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Abstract (Word count 181 words)

G protein-coupled receptors (GPCRs) are known to interact with several other classes
of integral membrane proteins that modulate their biology and pharmacology. However,
the extent of these interactions and the mechanisms of their effects are not well
understood. For example, one class of GPCR-interacting proteins, receptor activity-
modifying proteins (RAMPs), comprise three related and ubiquitously expressed single-
transmembrane span proteins. The RAMP family was discovered more than two
decades ago, and since then GPCR-RAMP interactions and their functional
consequences on receptor trafficking and ligand selectivity have been documented for
several secretin (class B) GPCRs, most notably the calcitonin receptor-like receptor.
Recent bioinformatics and multiplexed experimental studies suggest that GPCR-RAMP
interactions might be much more widespread than previously anticipated. Recently,
cryo-electron microscopy has provided high-resolution structures of GPCR-RAMP-
ligand complexes, and drugs have been developed that target GPCR-RAMP
complexes. In this review, we provide a summary of recent advances in techniques that
allow the discovery of GPCR-RAMP interactions and their functional consequences and
highlight prospects for future advances. We also provide an up-to-date list of reported

GPCR-RAMP interactions based on a review of the current literature.
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Significance statement (Word count 71 words).

Receptor activity-modifying proteins (RAMPs) have emerged as modulators of many
aspects of G protein-coupled receptor (GPCR) biology and pharmacology. The
application of new methodologies to study membrane protein-protein interactions
suggests that RAMPs interact with many more GPCRs than had been previously
known. These findings, especially when combined with structural studies of membrane
protein complexes, have significant implications for advancing GPCR-targeted drug

discovery and the understanding of GPCR pharmacology, biology, and regulation.
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Body of Manuscript

. Introduction and background

Receptor activity-modifying proteins (RAMPs) and their roles in modulating G
protein-coupled receptor (GPCR) cell biology and pharmacology were first described
nearly 25 years ago. GPCR-RAMP complexes have now been targeted therapeutically
and high-resolution structures have been reported. In addition, it is now clear that many
more GPCRs may interact with RAMPs than previously anticipated. An updated
comprehensive review about the role of RAMPs is timely because the rate of discovery
of new GPCR-RAMP complexes is accelerating, and the techniques used to study
GPCRs and RAMPs are rapidly evolving. Recently, bioinformatics, multiplexed
proteomics screens, and genetics studies in animal and cell-based models have
dramatically expanded the known GPCR-RAMP interactome. In addition, molecular
dynamics (MD) simulations and cryo-electron microscopy (cryo-EM) with single particle
reconstruction have been used to study known GPCR-RAMP interactions for the first
time. In this review, we first provide an overview of the main facets of RAMP research,
highlighting key previous reviews for more exhaustive coverage when applicable. Next,
we explore the current state of methodologies for identification of GPCR-RAMP
complexes and for their functional characterization. We delve into the findings from
these new avenues of investigation and critique the pros and cons of different
approaches. We conclude by pointing out gaps in our knowledge and future potential
avenues for investigation.

A. GPCRs (G protein-coupled receptors)
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The GPCR superfamily comprises ~800 distinct receptor genes, of which ~400 are
non-olfactory receptors (Fredriksson et al., 2003). GPCRs respond to diverse classes of
agonist ligands and can trigger or modulate a wide range of intracellular responses. For
example, activated GPCR signaling cascades can induce changes in second-
messenger levels, activate cellular kinases and other regulatory enzymes, regulate ion
channels, and alter gene transcription (Hauser et al., 2017; Pierce et al., 2002). While
all GPCRs display the canonical seven helical transmembrane (TM) structure, different
GPCR classes have substantial differences in other aspects of their architecture,
especially at their extracellular N-terminal tails, intracellular C-terminal tails, and
intracellular loops. Post-translational modifications (PTMs) of GPCRs include
glycosylation, tyrosine sulfation, serine and threonine phosphorylation, and acylation.
GPCRs derive their name from the ability to bind heterotrimeric (afy) guanine
nucleotide-binding regulatory proteins (G proteins) to cause guanine-nucleotide
exchange. The active GTP-bound form of the G protein a subunit or the free G protein
By heterodimer subunit can then interact with downstream cellular effector enzymes or
channels. G proteins are classified according to conserved primary structures of the Ga
subunits (aio, Os, A12/13, @nd dq11) and generally initiate different signaling cascades (Wu
et al., 2019). Canonical GPCR activation of Gas is associated with generation of the
second messenger cyclic adenosine monophosphate (cCAMP), whereas Ga; activation
reduces cAMP levels. Gaq activation is associated with generation of inositol 1,4,5-
trisphosphate (IP3) and release of intracellular calcium (Ca®*). Several effectors
downstream of GPCR activation can mediate activation of extracellular signal-regulated

kinase (ERK) signaling pathways. Phosphorylation of the C-terminal tail of the active

10
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GPCR by GPCR kinases (GRKSs) creates a substrate for the binding of
adaptor/signaling molecules called non-visual arrestins (B-arrestins). -arrestin binding
turns off G protein signaling, and in some cases, initiates separate signaling cascades.
Bias in signaling between G protein and B-arrestin pathways can be observed
pharmacologically when a given ligand preferentially promotes signaling along one or
the other pathway (Kolb et al., 2022). Arrestin binding to active phosphorylated GPCRs
also drives arrestin-mediated trafficking and receptor internalization pathways (Gurevich
and Gurevich, 2019; Luttrell and Lefkowitz, 2002). Internalized receptors, which in some
cases remain competent to signal even when removed from the plasma membrane
(PM), are either recycled back to the cell membrane or degraded. The role of RAMPs
and other accessory proteins in trafficking has emerged for several GPCRs. More study
will be needed as additional GPCR-RAMP interacting pairs are discovered, especially
since the behavior of specific receptors can vary depending on cellular context.
1. GPCR classification based on phylogeny

Based on phylogenetic analysis of genomic sequences or primary structures, human
GPCRs are grouped into five main receptor families — termed the glutamate, rhodopsin,
adhesion, Frizzled (Fzd)/sweet taste receptor (TAS2), and secretin families — in the so-
called GRAFS system (Fredriksson et al., 2003). The structural hallmarks of GPCRs
within each family generally include unique N-terminal tail domains. For example,
rhodopsin receptors generally have relatively short (<560 amino acid residues) N-
terminal tails and an orthosteric ligand-binding site within the seven-helical TM core of
the receptor. The molecular composition of agonist ligands that bind to GPCRs varies

widely, especially among members of the rhodopsin receptor family (Fredriksson et al.,
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2003). One reason for this observation is that the rhodopsin GPCR family is the largest
family, with a total of ~700 members (Figure 1). The rhodopsin family is also referred to
as class A. The class A-F system is a homology-based classification that is designed to
encapsulate GPCRs in both vertebrates and invertebrates (Attwood and Findlay, 1994).
Class A receptors correspond to the rhodopsin family, class B receptors to a subfamily
of the secretin and adhesion receptor family, and class C receptors to the glutamate
receptor family. Classes D, E, and F include some receptors not found in humans. Here,
we will primarily use the GRAFS classification system, which includes only human
GPCRs. Within the rhodopsin GPCR family, many discrete receptors respond to diverse
odorant molecules and are termed olfactory GPCRs. Non-olfactory, rhodopsin family
GPCRs respond to small molecules, including amines, purines, and lipids, as well as
peptides and larger glycoproteins. The secretin family is composed of 15 GPCRs that
share intermediate-size (~150 amino acid residues) N-terminal hormone-
docking/binding domains, which play a pivotal role in the binding of medium-length (~30
or more amino acid residues) peptide ligands. Metabotropic glutamate receptors
(mGluRs) on the other hand have long (>600 amino acid residue) N-terminal tails that
comprise a venus-flytrap domain, which includes the orthosteric ligand-binding domain
and a cysteine-rich domain. The mGluRs form functional dimers (Pin and Bettler, 2016).
The adhesion family of GPCRs is characterized by long N-terminal tails (~200-2800
amino acid residues) with multiple O- and S-glycosylation sites, as well as epidermal
growth factor-binding domains and proteolytic sites that are important for their ability to
facilitate cellular adhesion. The Fzd receptors have intermediate-length N-terminal tails

(~200 amino acid residues), which include a Cys-rich domain and the ligand-
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docking/binding domain. The Fzd receptors respond to secreted glycoproteins named
Wingless-related integration sites (WNTs) and are instrumental in embryonic
development and cellular proliferation pathways (Nusse and Clevers, 2017). The TAS2
receptors are interesting because they are like mGIuRs in that they form functional
dimers and have a venus-flytrap domain that includes the orthosteric ligand-binding site.
2. GPCR protein-protein interactions and oligomerization

While GPCRs were originally thought to function simply as monomeric ligand-
activated binary switches for various intracellular signaling events, it is now known that
GPCR signaling and trafficking involves many oligomeric components that undergo
allosteric regulation (Pierce et al., 2002). A key element of this complexity arises from
protein-protein interactions (PPls) between GPCRs or between GPCRs and allosteric
modulators (Maurice et al., 2011). Many GPCRs form homo- and hetero-oligomers with
other GPCRs. For example, mGIuRs homodimerize, and it has been shown that some
MGIuRs such as mGIluR-2 and mGLuR-4 can heterodimerize (Moreno Delgado et al.,
2017). Another recent study solved several cryo-EM structures of mGluR-2 and mGIuR-
7 homodimers and heterodimers (Du et al., 2021). The GPCR Interaction database,
GPCR-HetNet [http://www.gpcr-hetnet.com] indicates a total of 537 pairwise interactions
between GPCRs, encompassing 183 GPCRs (Borroto-Escuela et al., 2014). The
functional consequences of GPCR dimerization and higher-order oligomerization vary
and are unknown in some cases. Some GPCR oligomers are disease specific. For
example, oligomerization between the GPCR dopamine D1 receptor and the ion
channel N-methyl D-aspartate (NMDA) receptor (which is not a GPCR) has been shown

to play a role in L-DOPA-induced dyskinesia pathology (Fiorentini et al., 2003). The
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dopamine D1 receptor-NMDA receptor PPI also highlights the diversity in GPCR-
interacting proteins, which is explored further in the next section.
3. GPCR accessory proteins

GPCRs can also interact with other non-GPCR membrane proteins, such as
RAMPs, receptor transporting proteins (RTPs), receptor expression-enhancing proteins
(REEPs), melanocortin receptor accessory proteins (MRAPSs), and receptor-component
protein (RCP) (Roux and Cottrell, 2014). RTPs are a family of transmembrane proteins
that facilitate cell-surface trafficking and ligand-induced responses of odorant receptors
(Yu et al., 2017). REEPs mediate the traffic of odorant receptors through modulation of
the endoplasmic reticulum (ER) cargo capacity (Bjork et al., 2013). MRAPs differentially
modulate the expression, trafficking, and signaling of melanocortin receptor 2 (MCR2)
and the adrenocorticotropic receptor, with important implications for diseases such as
obesity (Berruien and Smith, 2020). More specifically, MRAP1 is required for MCR2
trafficking and function, while MRAPZ2 interacts with several MCRs by mechanisms that
are more poorly understood (Chung et al., 2008; Sebag and Hinkle, 2007; 2009a; b).
RCP is a peripheral membrane protein that selectively promotes coupling of a specific
GPCR-RAMP complex to Gs (Evans et al., 2000; Routledge et al., 2020).

B. RAMPs (receptor activity-modifying protein)

RAMP1, RAMP2, and RAMP3 are single TM spanning proteins that are
ubiquitously expressed in human tissues and unique to vertebrates, indicating that they
are likely to be a relatively recent evolutionary development (Consortium, 2015; Klein et
al., 2016; McLatchie et al., 1998; Parameswaran and Spielman, 2006; Uhlen et al.,

2015). They have structured extracellular N-terminal tails and short intracellular C-
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terminal tails. The three RAMPs share only about 30% primary structure homology
(Klein et al., 2016; McLatchie et al., 1998; Parameswaran and Spielman, 2006). The
discovery of RAMPs resulted from the search for the GPCR that signals in response to
the peptide calcitonin-gene related peptide (CGRP) (McLatchie et al., 1998). In their
milestone discovery study, McLatchie et al. found that RAMP1 interacts with the
secretin family GPCR called calcitonin (CT) receptor-like receptor (CALCRL). CALCRL
is the gene that encodes the CALCRL receptor, which is also sometimes unofficially
abbreviated as CRLR or CLR. Here, we will refer to the calcitonin receptor-like receptor
as CALCRL, which is also how it appears in the original GRAFS system publication
(Fredriksson et al., 2003). The CALCRL-RAMP1 complex, but not CALCRL alone, is
activated by CGRP, while the CALCRL-RAMP2 and the CALCRL-RAMP3 complexes
signal primarily in response to distinct peptides, adrenomedullin (AM) or adrenomedullin
2 (AM2, also referred to as intermedin), respectively. CALCRL-RAMP3 can signal in
response to both AM and AM2. The complex of CALCRL-RAMP1 is called the CGRP
receptor (CGRPR), whereas the complexes of CALCRL-RAMP2 or CALCRL-RAMP3
are called the AM 1 receptor (AM1R) and AM 2 receptor (AM2R), respectively.

CGRP, AM, and AM2 belong to the calcitonin family of peptides. CGRP is a 37-
amino acid residue neuropeptide that is primarily secreted by sensory neurons but is
found throughout the central and peripheral nervous system. CGRP-mediated signaling
is important in the pathophysiology of diseases, including migraine, which is discussed
in more detail in Section D below. For reviews focused on CGRP signaling and
physiology, we recommend the following (Argunhan and Brain, 2022; Kim and

Granstein, 2021; Russell et al., 2014). Hay et al. have also reviewed CGRP with a
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broader focus on CT/CGRP peptide family pharmacology (Hay et al., 2018). AM is a 52-
amino acid residue peptide synthesized by adipocytes and a few other cell types. AM is
a potent vasodilator and also has other regulatory functions. AM2 is closely related to
AM and is widely expressed in the nervous system and peripheral tissue (Hong et al.,
2012).
1. Comparisons of the three RAMPs

The three RAMPs have the same topology, which includes an extracellular
domain, a TM a-helix, and a nine-amino acid cytoplasmic C-terminal tail. The
extracellular N-terminal tail is approximately 90-100 amino acid residues in length and
contains a three-helix bundle, with RAMP2 having an extracellular domain (ECD) that is
26 amino acids longer than that of RAMP1 or RAMP3, which have similar ECD
structures (Parameswaran and Spielman, 2006). Bioinformatics analysis suggests that
RAMP1 and RAMP3 share a higher sequence similarity than either of them do with
RAMP2. The same study also found that RAMP1 and RAMP3 co-evolved with a set of
GPCRs distinct from the set of GPCRs that evolved with RAMP2 (Barbash et al.,
2017a).

The RAMPs have several known and putative sites of PTM. RAMP2 and RAMP3
have one and four predicted N-link glycosylation sites within their ECDs, respectively. A
recent paper reports that RAMP1 contains a consensus motif WXXW for C-
mannosylation (Mizuta et al., 2022). C-mannosylation is a rare PTM consisting of a
carbon-carbon bond linking a single a- or B-D-mannopyranose to the pyrrole ring of the
first tryptophan residue in the WXXW motif (Crine and Acharya, 2021). The C-

mannosylation of RAMP1 at tryptophan 56 enhances protein stability. RAMP2 and
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RAMP3 also contain WXXW and WXWC motifs, respectively, but they were not
analyzed further in this study.

The C-terminal tails of the RAMPs contain a conserved serine-lysine (SK) motif.
For RAMP1 only, this motif is embedded within the ER retention signal QRSKT, which
interestingly is overridden upon association with CALCRL (Steiner et al., 2002). The role
of the SK motif in RAMPs has not yet been elucidated definitively. For example,
Kuwasako et al. studied C-terminal truncation mutants of RAMP1, 2, and 3 co-
expressed with CALCRL and concluded that the SK motif in RAMP3 negatively
regulates receptor internalization, whereas the SK motif in RAMP2 is involved in the
forward trafficking of CALCRL to the PM. They also show that the complete removal of
the RAMP3 C-terminal tail does not diminish the maximum extent of internalization and
hypothesize about the potential regulatory roles of the SK motif of the other RAMPs.
The limitation of this study was that truncation mutants, and not site-specific amino acid
substitutions, were employed (Kuwasako et al., 2006). The RAMP C-terminal tails were
also studied in the context of RAMP interaction with the calcitonin receptor (CALCR).
Udawela et al. used RAMP C-terminal deletion constructs to show that the RAMP C-
termini are important for the CALCR-RAMP ligand-binding phenotype in splice isoform
A of CALCR. The RAMP C-terminal tail did not appear to be directly involved in CALCR-
RAMP signaling. However, the authors found that the RAMPs may interact with other
cellular components via their C-terminal tails to facilitate G protein coupling to the
receptor (Udawela et al., 2006a). Udewala and colleagues followed up on their findings
by applying the same approach to study the B splice isoform of CALCR, with similar

results (Udawela et al., 2008).
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Interestingly, RAMP3 contains a type 1 PSD-95/Discs-large/Z0-1 (PDZ)
recognition site in its C-terminal tail. PDZ is an acronym derived from the names of the
first three protein structures in which this protein scaffolding domain was observed.
RAMP3 has been shown to affect the trafficking of an associated GPCR, such as
CALCRL, after receptor activation through RAMP3 interaction with Na*/H* exchanger
regulatory factor (NHERF) or N-ethylmaleimide-sensitive factor (NSF), a vesicle-fusing
ATPase (Bomberger et al., 2005a; Bomberger et al., 2005b; Klein et al., 2016). The
RAMPs have putative phosphorylation sites within their cytoplasmic tails, but Hilairet et
al. showed that agonist stimulation of the CALCRL-RAMP1 complex with CGRP leads
to phosphorylation of CALCRL, but not RAMP1, in the complex (Hilairet et al., 2001).
RAMPs also have putative ubiquitination sites, although RAMP ubiquitination has not
been directly demonstrated. On the other hand, RAMPs affect GPCR ubiquitination, and
it has been shown that AM-induced activation of CALCRL-RAMP2 promotes CALCRL
ubiquitination, whereas CGRP-induced activation of CALCRL-RAMP1 does not (Cottrell
et al., 2007; Roux et al., 2017).

2. RAMPs in other species

As discussed in the review of Klein et al., RAMPs have been identified in 53
species, including many model organisms (Foord et al., 2005; Klein et al., 2016).
According to a phylogenetic analysis by Klein and colleagues based on a database of
the European Bioinformatics Institute called TreeFam (TF333286), most organisms
have three distinct RAMP genes, as is the case for Homo sapiens, but there are a few
fish species that have two RAMP1-like and two RAMP2-like genes, thereby encoding

five RAMPs in total (Guindon et al., 2010; Klein et al., 2016; Ruan et al., 2008). A
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different study, which included a tissue expression analysis, co-evolution analysis, and
phylogenetic comparison of GPCRs and RAMPs, used data from the Orthologous
Matrix (OMA) and identified 44 species with at least one orthologous GPCR and RAMP
gene (Barbash et al., 2017a).

There have been several studies of the roles of RAMPs in fish and invertebrates.
For example, Nag et al. identified and characterized CALCRLs and RAMPs in pufferfish.
The authors then went on to show that in pufferfish, RAMP1 affects CALCRL
glycosylation and trafficking, and that some RAMPs can be expressed as multimers on
the surface (Nag et al., 2006; Nag et al., 2012). Sekiguchi and colleagues identified
three CT/CGRP family peptides, one CALCR/CALCRL, and three RAMP-like proteins in
the basal chordate amphioxus (Branchiostoma floridae). Their work is the first molecular
and functional characterization of a CT/CGRP family receptor and of RAMPs from
invertebrates (Sekiguchi et al., 2016). Two reviews by Sekiguchi provide a summary of
the CT/CGRP family peptides and their receptors in mammals and invertebrate
deuterostomes, highlighting teleosts, urochordates, cephalochordates, and invertebrate
chordates, including ascidians and amphioxi (Sekiguchi, 2018; 2022). Moreover,
putative CT/CGRP family peptides are identified in cartilaginous fish based on genomic
data analysis.

3. RAMP localization and homodimerization

RAMPs were recently shown to be allosteric modulators of GPCR function
(Gingell et al., 2016; Lee et al., 2016; Pioszak and Hay, 2020). They are also known to
be chaperones for GPCRs that promote receptor translocation from the ER to the PM.

Interestingly, RAMP1 has been shown to interact with tubulin (Kunz et al., 2007).
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RAMP1 has also been shown to co-localize in the Golgi as a disulfide-linked
homodimer, suggesting additional possible roles for the RAMPs apart from affecting the
biology of GPCRs (Hilairet et al., 2001). These findings were further corroborated by a
bioluminescence resonance energy transfer (BRET)-based study of CALCRL and
RAMP1, which showed that RAMP1 and CALCRL may both homodimerize (Héroux et
al., 2007). There is additional evidence that RAMP1 homodimers may be disrupted by
complex formation with CALCRL or the vasoactive intestinal peptide (VIP) and pituitary
adenylyl cyclase-activating protein (PACAP) receptor 1 (VIPR1) (Udawela et al., 2004).
Another study also applied a BRET-based method and showed that there is potential
RAMP dimerization in intracellular biosynthetic compartments that can be disrupted by
expression of the secretin receptor (SCTR) (Harikumar et al., 2009). However, the
presence, regulation, and function of RAMP homodimers has not been well
characterized.
C. Overview of how RAMPs affect GPCR biology and pharmacology

RAMPs have been reported to interact with up to 46 GPCRs (Table 1, Figure 1).
Here, we define an interaction as: i) formation of a relatively stable and long-lasting
physical bimolecular complex, ii) a transient physical complex formation that has some
functional consequence, or iii) indirect effects mediated by complex formation, either
stable and long-lasting, or transient with another relevant regulatory protein. RAMPs
can exert a range of effects on an interacting GPCR (Figure 2), including a chaperone
function to facilitate the transport of a receptor to the cell surface. For example, in the
absence of RAMPs, CALCRL is poorly localized to the cell membrane. RAMPs have

been shown to act as forward trafficking chaperones for several additional GPCRs,
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including corticotropin-releasing hormone (CRH) receptor 1 (CRHR1), G protein-
coupled estrogen receptor 1 (GPR30) and calcium-sensing receptor (CaSR) (Bouschet
and Henley, 2005; Bouschet et al., 2008a; Lenhart et al., 2013a; Wootten et al., 2013).
RAMPs can also modulate ligand selectivity, affect the downstream signaling of an
activated receptor, or alter receptor recycling after agonist stimulation (Figure 2).
Receptor-RAMP interactions that affect GPCR cellular trafficking and recycling can
result in apparent alterations of receptor expression levels. How a RAMP affects a
particular GPCR must be determined experimentally, and it is currently not possible to
predict from theoretical or structural considerations. In addition, it is possible that
signaling molecules can induce RAMP expression, as was reported in the case in which
parathyroid hormone (PTH) induced RAMP3 expression in osteoblasts (Phelps et al.,
2005). Co-regulated expression of GPCRs and RAMPs was also suggested in a study
that looked at concordant GPCR and RAMP mRNA levels using multiplexed error-
correcting fluorescence in situ hybridization (MERFISH) (Barbash et al., 2019). Modes
of RAMP-mediated regulation of GPCR function have been reviewed earlier (Hay and
Pioszak, 2016), so the aim here is to highlight some key individual studies.
1. Ligand selectivity

Potential GPCR-RAMP interactions that affect the ligand specificity and
selectivity for the GPCR in the complex are particularly interesting. So far, this effect
has only been well documented for the receptors CALCRL (Hilairet et al., 2001;
Husmann et al., 2003; McLatchie et al., 1998) and CALCR (Armour et al., 1999;
Christopoulos et al., 1999a; Gingell et al., 2014; Hay et al., 2005; Morfis et al., 2008;

Udawela et al., 2006a; Udawela et al., 2006b). The ligand selectivity of the complexes
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formed between CALCRL and the three RAMPs has been discussed at the start of
section B. CALCR in complex with any one of the three RAMPs binds amylin and forms
the amylin receptors 1-3 (AMY1.3). AMY 13 bind amylin with high affinity and CT with low
affinity. CALCR in the absence of interaction with RAMPs has the opposite phenotype: it
binds CT and is also capable of binding amylin, but with lower affinity than for CT.
Amylin is a 37-amino acid residue peptide hormone that is co-secreted with insulin from
pancreatic B-cells and plays a role regulating food intake and glucose metabolism (Hay
et al., 2015). CT is a 32-amino acid residue peptide hormone produced by parafollicular
C-cells in the thyroid and among other functions regulates calcium metabolism. Notably,
the RAMP1-based amylin receptor complex, AMY, binds CGRP with high affinity and
may be a dual receptor for CGRP and amylin (Hay et al., 2018). It is therefore important
to interpret studies with RAMP1 in the context of both these peptides.

The degree of ligand discrimination is not very selective in the case of other
RAMP-interacting GPCRs. Moreover, the species from which the receptor or RAMP are
derived can influence these pharmacological profiles, and it has been shown recently
that there are differences between mouse and human CT and CALCRL (Garelja et al.,
2022). There are conflicting results regarding whether RAMPs affect the ligand
selectivity of the glucagon receptor (GCGR). Weston et al. showed that RAMP2
increases glucagon potency and efficacy for activating the GCGR, while Cegla et al.
and Shao et al. found that RAMP2 does not alter glucagon binding to or activation of the
GCGR (Cegla et al., 2017; Shao et al., 2022; Weston et al., 2015). One example where
RAMP-mediated ligand selectivity effects have not been demonstrated is the receptor

VIPR1, for which RAMPs have been shown not to affect binding of the VIP ligand
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(Christopoulos et al., 2003). It has been suggested that the mechanism of peptide-
hormone binding for CALCRL and CALCR is unique compared with peptide binding to
other secretin family GPCRs. The hormones that bind selectively to GPCR-RAMP
complexes have been hypothesized to retain a partial N-terminal a-helix motif in solution
that extends upon binding. Solution structures of other peptide ligands that bind to
secretin family GPCRs tend to be more disorganized and form an extended a-helix only
upon binding. This difference in the ability of a receptor to induce secondary structure in
peptide ligands upon binding may help to explain why the RAMPs only appear to act as
ligand-binding selectivity switches for CALCRL-RAMP or CALCR-RAMP complexes
(Deganutti et al., 2021; Liang et al., 2020Db).
2. GPCR trafficking

The chaperone activities of RAMPs that affect GPCR cellular trafficking and
localization have been examined for CALCRL (Bomberger et al., 2012; Kuwasako et al.,
2000; McLatchie et al., 1998), CALCR (Hay et al., 2006; Morfis et al., 2008), VIPR1
(Christopoulos et al., 2003), CaSR (Bouschet et al., 2005; Bouschet et al., 2008b),
SCTR (Harikumar et al., 2009), VIP and PACAP receptor 2 (VIPR2) (Wootten et al.,
2013), GPR30 (Lenhart et al., 2013b), CRHR1 (Bailey et al., 2019b; Wootten et al.,
2013), glucagon-like peptide 1 receptor (GLP1R) (Wootten et al., 2013), GCGR (Cegla
et al., 2017; McGlone et al., 2021), atypical chemokine receptor 3 (ACKR3) and other
chemokine receptors (Mackie et al., 2019a), and gastric-inhibitory polypeptide (GIP)
receptor (GIPR) (Harris et al. Preprint 2021).

It is important to note that unlike the case of CALCRL, many other RAMP-

interacting GPCRs, such as CALCR, traffic to the cell surface even in the absence of

23

#7202 ‘6 |udy uo sjeulnor 134SY e Bio'sjeulnofiedse’ newireyd wiol) papeojumoq


http://pharmrev.aspetjournals.org

Pharmrev Fast Forward. Published on 8 December 2022 as DOI 10.1124/pharmrev.120.000180 This article

has not been copyedited and formatted. The final version may differ from this version.

RAMP co-expression. Thus, both RAMP-free and RAMP-associated GPCRs are
present on the cell surface, potentially confounding the measurements of RAMP-
specific pharmacological effects, which are discussed below. RAMPs may also have the
inverse effect of decreasing apparent GPCR surface expression, as evidenced by the
flow cytometry-based surface expression screen for chemokine receptors reported by
Mackie and colleagues (Mackie et al., 2019a). Another example is GCGR, which
demonstrated increased internalization upon co-expression of RAMP2, in both basal
and agonist-stimulated conditions, when assayed in Chinese hamster ovary (CHO) cells
and human embryonic kidney 293T (HEK293T) cells (Cegla et al., 2017; McGlone et al.,
2021). There is also evidence for the presence of CALCRL-RAMP1 complexes in
endosomal compartments that are signaling competent (Yarwood et al., 2017).

RAMPs can also affect the movement of an interacting receptor from the PM
after agonist stimulation. The RAMP-specific regulation of receptor desensitization has
been studied most extensively for CALCRL. CALCRL-RAMP1 and CALCRL-RAMP2
internalization has been shown to be -arrestin dependent, whereas RAMP3 mediates
CALCRL internalization through PPIls between the PDZ domain of RAMP3 and NSF
and NHERF, which have been introduced above in Section B, Subsection 1 (Bomberger
et al., 2005a; Bomberger et al., 2005b; Héroux et al., 2007; Hilairet et al., 2001;
Kuwasako et al., 2006). Recently, RAMP3 has been shown to be required for the rapid
recycling of atypical chemokine receptor 3 (ACKR3) (Mackie et al., 2019a). The PDZ
motif of RAMP3 has also been implicated in GIPR localization (McGlone et al., 2021)

(Harris et al. Preprint 2021).
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There is some overlap between the discussion of the effect of RAMPs on GPCR
trafficking after agonist stimulation and on the ability of RAMPs to modulate B-arrestin
recruitment, which is an element of the GPCR desensitization process. Therefore, some
of the studies referenced here are discussed in more detail in the section on G protein
and B-arrestin-mediated signaling.

3. G protein- and B-arrestin-mediated signaling

The effects of RAMPs on downstream GPCR signaling pathways are pleiotropic,
and thus far, no clear patterns have emerged. Depending on the receptor, RAMPs can
either augment or inhibit GPCR signaling through G protein- and -arrestin-mediated
signaling pathways. The effect of RAMP association on receptor pharmacology and
signaling is discussed further below, where we provide select examples that are not
meant to be a comprehensive review of all instances of RAMP effect on G protein- and
B-arrestin-mediated signaling. The modulatory effects of the RAMPs on G protein-
mediated signaling has been reviewed for several secretin family receptors (Hay and
Pioszak, 2016; Klein et al., 2016).

There have been several studies on B-arrestin recruitment to CALCRL-RAMP
complexes (Gingell et al., 2020; Héroux et al., 2007; Hilairet et al., 2001; Kuwasako et
al., 2006; Kuwasako et al., 2016; Schonauer et al., 2015). For example, Héroux et al.
showed that when CALCRL is co-expressed with RAMP1, there is much higher [3-
arrestin recruitment to CALCRL compared with the case where CALCRL is expressed
alone (Héroux et al., 2007). More recently, Pearce and colleagues carried out a
complete characterization of 3-arrestin1 and B-arrestin2 recruitment to all three

CALCRL-RAMP complexes. The authors also characterized the effect of the GRKs on
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CALCRL-RAMP complexes, and the effects of RAMPs on agonist-dependent and
agonist-independent trafficking (Pearce et al., 2022). Using a BRET-based approach
they found that CALCRL-RAMP1 recruits both B-arrestins more potently than CALCRL-
RAMP2 and CALCRL-RAMP3, and that the three complexes have different
internalization and recycling pathways. Characterization of the effect of GRK expression
on CALCRL-RAMP signaling revealed that GRK5 and GRK®G, out of the six GRKs
tested, had the strongest effects on the surface expression of CALCRL-RAMP
complexes.

In studies of GCGR, Cegla et al. used a non-BRET-based B-arrestin recruitment
assay to study GCGR with RAMP2, and in contrast to the Heroux et al. and Pearce et
al. results for CALCRL-RAMP1, showed that co-expression of GCGR with RAMP2
abolished B-arrestin recruitment to GCGR (Cegla et al., 2017). Recently, McGlone et al.
showed that RAMP2-GCGR co-expression enhanced GCGR internalization in both
basal and stimulated conditions compared with GCGR expressed alone. GCGR was
shown to co-localization with an early endosome marker and an increase in ligand-
stimulated cAMP production was measured upon RAMP2 co-expression. RAMP2 did
not seem to affect G protein subtype bias for GCGR. The authors argued that the
spaciotemporal pattern of GCGR signaling was altered due to RAMP2 co-expression,
although they were not able to connect their findings to an in vivo phenotype in mice
with hepatic RAMP2 overexpression (McGlone et al., 2021).

Shao and colleagues interrogated the effect of RAMPs on both G protein- and [3-
arrestin-mediated signaling of the glucagon family receptors and showed that RAMPs

affect receptor signaling in a RAMP-, GPCR-, and ligand-dependent manner. For
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example, cAMP production was decreased upon stimulation with GIP when GIPR was
co-expressed with RAMP3 compared with the case where GIPR was expressed alone.
However, recruitment of B-arrestin1 or B-arrestin2 was not significantly affected. In
contrast, RAMP3 co-expression with glucagon-like peptide 2 (GLP2) receptor (GLP2R)
resulted in a decrease of G4 activation, and both B-arrestin1 and B-arrestin2 coupling,
while GLP2-mediated cAMP production was not significantly affected. In all the cases
tested, RAMP2 only seemed to affect the -arrestin recruitment to an interacting
receptor, and for some GPCRs, like growth hormone-releasing hormone receptor
(GHRHR), none of the RAMPs seemed to have any effect on cAMP production, Gq
activation, or B-arrestin1/2 recruitment (Shao et al., 2022). The authors posited that the
modulatory effects of the RAMPs, or lack thereof for some receptors, may be cell line-
dependent, and that a RAMP may be affecting other aspects of GPCR biology that were
not measured, such as receptor internalization and degradation.

In a preprint from April 2021, Harris et al. describe how RAMPs regulate the
signaling bias and internalization of GIPR (Harris et al., April 2021). The authors
reported that GIPR can activate multiple G protein effectors, not just the “classically
activated” Gs subtype. They then studied the effect of GIPR-RAMP co-expression on
GIP signaling and proposed that RAMP3 association impairs GIPR-mediated activation
of Gs, and therefore reduces cAMP accumulation. In contrast, RAMP1 and RAMP2
association with GIPR is linked to reduced G4, G11, and G4s5 activation, and therefore
attenuated Ca®* mobilization and ERK1/2 phosphorylation. However, many of the
effects observed are relatively subtle.

4. GPCR activation dynamics
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In a study published this year, Nemec and colleagues investigated the class B
GPCR-RAMP interaction of PTH 1 receptor (PTH1R) and RAMP2 (Nemec et al., 2022).
They used a Forster resonance energy transfer (FRET) experiment with C-terminally-
tagged PTH1R (mCitrine, acceptor) and RAMPs (mTurquoise2, donor) to show that
PTH1R interacts with RAMP2, but not with RAMP1 or RAMP3. Using a PTH1R FRET
biosensor, a rapid superfusion system, and a circularly-permuted green-fluorescent
protein (cpGFP)-based PTH1R biosensor, they draw two conclusions. First, co-
expression of RAMP2 may promote a pre-activated conformation of PTH1R, given that
PTH1R is activated by PTH twice as quickly in the presence of RAMP2 than alone.
Second, there are no RAMP2-dependent changes on PTH1R activation by PTHrP,
which is another endogenous agonist for the receptor.

Looking at events downstream of PTH1R activation with BRET- and FRET-based
assays, Nemec et al. found that RAMP2 co-expression accelerated G activation and
increased the potency of Gjz activation upon PTH stimulation compared with PTH1R
expressed alone. However, the G protein activation profile for PTHrP-stimulated PTH1R
was not affected. RAMP2 co-expression also increased B-arrestin2 recruitment to both
PTH- and PTHrP-stimulated PTH1R but did not affect GRK2 recruitment or ERK
activation. Modeling a PTH1R-PTH-RAMP2-Gs complex based on the previously solved
CALCRL-CGRP-RAMP1-G;s structure indicated that the RAMP2 linker and ECD make
important contacts with PTH1R ECD and extracellular loop (ECL) 2, which connects
TM4 and TM5 (Liang et al., 2018a). These PHT1R-RAMP2 contacts may promote or
stabilize significant pre-activation conformational changes, thereby providing a

structure-based explanation for the observed effects of RAMP2 on PTH1R activation.
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Overall, the findings suggest that RAMP2 promotes a unique “partially pre-activated
state” of PTH1R. The effects of RAMP2 were ligand specific, suggesting that
endogenous ligands can be regulated differently. The authors posit that their findings
can be exploited to advance treatments to increase bone density, since RAMP2 affects
B-arrestin2 recruitment to PTH1R, which may in turn upregulate PTH1R-mediated
effects on bone mass.
D. Physiological relevance of RAMPs
Shortly after the discovery of the three RAMPs in human-derived cell lines, they
were also identified in rodents (Husmann et al., 2000). In the decades following, many
groups have investigated the effects of modulating RAMP expression on phenotypes in
mice and in human cells, and more have hypothesized the potential roles of RAMP
dysfunction in disease. The review by Serafin and colleagues (Serafin et al., 2020)
focuses on in vivo RAMP studies, so here we will first highlight some foundational
studies and then summarize key recent findings from about 2019 onwards.
1. Physiological studies of RAMPs in mice
Physiological studies in mouse models have mostly focused on the interaction
between RAMPs and just a subset of interacting GPCRs, largely secretin (class B)
receptors such as CALCRL. Different RAMP transgenic mouse models demonstrate
distinctive phenotypes, and it is important to note that several GPCRs could contribute
to the phenotypes of RAMP transgenic mice. Since the exact number of RAMP-

interacting GPCRs has not yet been determined, the effects observed in global KO

mouse studies might ultimately be attributable to GPCRs other than the intended target.

Therefore, at present it is difficult to assign a phenotype associated with a global RAMP
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KO transgenic model to a specific RAMP-interacting GPCR, as there may be many
different GPCR-RAMP complexes contributing to the observed phenotypes.

RAMP1 KO mice are viable but show dysfunction in the vascular system as well
as an alteration in inflammatory responses. Kurashige et al. generated RAMP1 KO mice
that exhibited suppressed wound-induced angiogenesis, lymphangiogenesis and
healing compared with wild-type (WT). In particular, the KO mice showed reduced
expression of vascular endothelial growth factor (VEGF)-A, VEGF-C, and VEGFR-3,
and suppressed formation of lymphatic vessels for draining interstitial fluids (Kurashige
et al., 2014). The role of RAMP1 in lymphangiogenesis was studied in the context of a
mouse model of secondary lymphedema in RAMP1 KO mice. The RAMP1 KO mice
displayed sustained lymphedema, suppressed lymphangiogenesis, and reduced
expression of VEGF-C and VEGFR-3 distal to lymphatic lesions, suggesting that
RAMP1 plays a role in accelerated lymphangiogenesis associated with reduced
recruitment of pro-inflammatory macrophages (Mishima et al., 2017).

Recently, Yin and colleagues studied the role of RAMP1 in wound healing using
a skin wound mouse model and mouse skin fibroblast cell lines. They found that
RAMP1 expression levels were altered during skin wound healing. Moreover, RAMP1
overexpression (OE) promoted cell proliferation and was associated with increased yes-
associated protein (YAP) expression and altered expression patterns of G proteins (Yin
et al., 2022). Interestingly, CALCRL-RAMP1 has been shown to have
mechanoresponsive properties and is involved in mechanical force transduction in
macrophages in mice, thereby pointing to a role for RAMP1 in innate immunity

(Muschter et al., 2019). A role for RAMP1 in CGRP sensory nerve regulation of
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chondroitin sulfate synthesis in the context of extracellular matrix homeostasis of
intervertebral discs was also reported (Hu et al., 2022). The precise mechanism for
mechanical force transduction effects mediated by GPCR complexes remains to be
elucidated.

Although both CALCRL-RAMP2 and CALCRL-RAMP3 complexes form a
receptor for AM, KO mice of RAMP2 and RAMP3 have revealed distinct roles of these
two RAMP isoforms. Genetic loss of RAMP2 causes embryonic lethality due to defects
in vascular development and cardiac mitochondrial dysregulation. Consistent with the
role of RAMP2 in vasculature, endothelial restoration of RAMP2 expression rescues
Ramp2” lethality, but mice still exhibit cardiomyopathy. Haploinsufficient RAMP2 mice
survive to birth but demonstrate increased vascular permeability (Barrick et al., 2012;
Dackor et al., 2007; Yamauchi et al., 2014; Yoshizawa et al., 2013). In a rodent model
of renal dysfunction with deficiency in vascular endothelium RAMP2, there were
elevated levels of exogenous AM in the plasma, pointing to a role of RAMP2 in AM
distribution (Hosoda et al., 2022).

In contrast to the situation with RAMP2, Ramp3” mice have no major
abnormalities, but exhibit higher blood pressure and reduced lymphatic vessel function,
and therefore RAMP3 may be involved in regulation of draining through lymphatic
vessels (Shindo et al., 2022; Yamauchi et al., 2014). Interestingly, the phenotypes
described above are recapitulated by genetic loss of Calcrl or AM. RAMP3 KO mice
exhibit an age-dependent weight decrease phenotype compared with control. Other
RAMP3 null mice studies have pointed to a role for RAMP3 in negatively regulating

bone adaptation (Dackor et al., 2007). A recent study on the effect of RAMP3 on
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skeletal growth and development showed that Ramp3”” young mice have increased
bone volume, osteoblast numbers, and bone apposition rate compared with WT mice.
RAMP3 may act interdependently with RAMP1 in this context. Pacharne and colleagues
showed that there are correlations between the mRNA levels of RAMP3 with RAMP1,
but not with RAMP2 in osteoblasts cultured from the Ramp3” mice (Pacharne et al.,
2021).

Studies of RAMP OE in the context of CALCRL have also been reported. In mice
with neural OE of RAMP1, increased sensitivity to CGRP caused increased neurogenic
inflammation (Li et al., 2014; Pawlak et al., 2017; Tsujikawa et al., 2007). Mouse models
with RAMP1 OE in the central nervous system have been generated and show that
neuronal RAMP1 is positively correlated with energy expenditure and is involved in
modulating the brain actions of amylin and CGRP (Zhang et al., 2011). As RAMP2 KO
is lethal, some studies use OE mouse models to interrogate RAMP2 function. Tam et al.
generated transgenic mice with RAMP2 OE in smooth muscles to study the role of
RAMP2 in blood pressure and vascular function. The authors found that RAMP2 plays a
key role in the sensitivity and potency of AM-induced hypotensive response (Tam et al.,
2006).

Studies of CALCRL-RAMP interactions and their functional consequences have
dominated the landscape of in vivo-focused RAMP studies. However, the effects of
RAMPs on several other GPCRs have also been studied in mouse model systems.
Wootten et al. showed a loss of responsiveness to CRH in RAMP2*" mice (Wootten et
al., 2013). McGlone et al. studied the effect of RAMP2 on GCGR trafficking in the liver

with experiments that employed cell lines and mouse models. Although they observed
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an effect of RAMP2 on GCGR cellular localization and signaling in HEK293T and MEF
cells, they did not see phenotypic changes or differences in glucose tolerance, glycemic
response, or insulin tolerance in lean and obese mice with hepatic RAMP2 upregulation
compared to control mice. The authors speculated that the lack of a readily observable
effect of RAMP2 upregulation in hepatocytes on carbohydrate metabolism indicates that
there is a compensatory mechanism involved (McGlone et al., 2021).

Liu et al., showed that female RAMP3 homozygous KO mice had a decreased
glucose tolerance (Liu et al., 2018). Using RAMP1/RAMP3 KO mice, Lutz et al. showed
that RAMP1 and RAMP3 are involved in amylin (also known as islet amyloid
polypeptide, IAPP) signaling in the brain (Lutz et al., 2018). The study also showed that
amylin may negatively regulate its receptor by affecting the downregulation of RAMP1
and RAMP3 mRNA levels. Another study employing global KO RAMP1, RAMP3, and
RAMP1+RAMP3 mice investigated the effect of RAMPs in the context of food intake,
energy balance, and amylin receptor function (Coester et al., 2020). The authors found
that RAMP1 has a role in mediating fat utilization, whereas RAMP3 is likely involved in
glucose homeostasis. Notably, mice with the RAMP1+RAMP3 double KO that were on
a high fat diet had higher food intake, weight gain, and leptin levels compared with WT
mice fed the same diet. RAMP1+RAMP3 KO mice also displayed amylin insensitivity.
These results extend upon the findings of the previous report from the same authors
that RAMP1+RAMP3 KO mice were insensitive to the effects of amylin on eating, or of
leptin on food intake. RAMP1 KO effects were sex dependent, suggesting the possibility

of some influence of female sex hormones (Coester et al., 2019).
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In addition to its reported roles in metabolism and skeletal growth and
development, RAMP3 may also be involved in cardiovascular physiology. RAMP3 acts
as a chaperone and essential regulator of GPR30 function. Genetic loss of RAMP3
eliminated the cardioprotective effects of GPR30 activation in chronic hypertension and
cardiac hypertrophy mouse model (Lenhart et al., 2013b). Studies in mice have also
pointed to a potential role of ACKR3 and its regulation by RAMP3 in cardiovascular
disease (Duval et al., 2022). Mackie et al. showed that ACKR3 and RAMP3 form a
complex that can scavenge AM, which in turn reduces AM bioavailability and decreases
signaling through the CALCRL-RAMP3 complex, a pathway thought to be involved in
angiogenesis (Mackie et al., 2019b). Additional studies also reported ACKR3 interaction
with RAMP3 and showed that RAMP3 does not affect B-arrestin recruitment in response
to AM, although the CALCRL-RAMP2 and CALCRL-RAMP3 complexes seemed to play
roles as AM scavengers (Meyrath et al., 2021; Szpakowska et al., 2018). Additional
work is needed to ascribe AM as a physiological ligand for the ACKR3-RAMP3 complex
and to dissect the precise regulatory role for ACKR3 in AM signaling.

2. Small molecules and biologics targeting RAMP-interacting GPCRs

CGRP, which signals primarily through the CALCRL-RAMP1 complex, plays an
important role in the pathophysiology of migraine. Small molecules and monoclonal
antibodies (mAbs) have been developed to inhibit the effects of CGRP by blocking the
interaction between CGRP and CALCRL-RAMP1 (Reuter et al., 2018; Tepper, 2018;
Wattiez et al., 2020). Erenumab was the first FDA-approved therapeutic mAb targeting
the RAMP1-CALCRL complex. There are three other FDA-approved mAbs that target

the CGRP peptide instead of the receptor indicated for treatment of migraine:
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Eptinezumab (approved February 2020), fremanezumab (approved September 2018),
and galcanezumab (approved September 2018), which were all in clinical trials at the
same time as erenumab. The small molecule ubrogepant, which is a CALCRL-RAMP1
antagonist, was approved in December 2019 after showing promising clinical trial
results (Edvinsson et al., 2018). Two additional small molecules, rimegepant and
atogepant have been approved recently (Scuteri et al., 2022). The CGRP antagonists
olcegepant and telcagepant bind to CALCRL and RAMP1 directly, with the RAMP
affecting the selectivity of the small molecules, an effect which is reviewed in more
detail in Sexton et al. (Sexton et al., 2009). Another orally dosed compound called MK-
3207 was developed, but it and tecalgepant have been discontinued due to side effects
on the liver associated with chronic dosing (Bell et al., 2010; Bucknell et al., 2020;
Hewitt et al., 2011).

More anti-migraine drugs targeting the CALCRL-RAMP1 complex are currently in
the pipeline. Uniquely, zavegepant is an intranasal small molecule CALCRL-RAMP1
antagonist that has recently undergone a phase Il/1ll trial, with promising results
(Chaturvedula et al., 2013; Croop et al., 2021). Using olcegepant as a starting point,
Bucknell et al. have used a structure-activity relationship-based approach and
developed a new CALCRL-RAMP1 antagonist, called HTL22562 (Bucknell et al., 2020).
An in silico drug repurposing study using molecular docking has identified the FDA-
approved compounds pentagastrin and leuprorelin as potential antagonists of CALCRL-
RAMP1 (Aksoydan and Durdagi, 2022).

Novel classes of anti-migraine therapeutics targeting CALCRL-RAMP1 are also

being developed. Jamaluddin et al. have developed and tested the activity of lipidated
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peptide analogues based on CGRP (Jamaluddin et al., 2022). Cansfield et al. have
developed novel macrocycle antagonists for CALCRL-RAMP1 and solved two crystal
structures of the extracellular portion of the complex bound to each of two different
macrocycles (Cansfield et al., 2022).

AM and the CALCRL-RAMP2 and CALCRL-RAMP3 complexes have been
implicated in tumor progression. Selective CALCRL-RAMP2 antagonists recently have
been developed as anti-tumor therapeutics, although they are still in the preclinical
stage of development (Avgoustou et al., 2020; Jailani et al., 2022).

Shifting from therapeutics targeting CALCRL to those targeting CALCR, several
amylin analogues, notably pramlintide and cagrilintide have been developed.
Pramlintide is a synthetic amylin analogue that is FDA approved for use with insulin to
treat patients with type 1 and type 2 diabetes mellitus (Ratner et al., 2004; Ryan et al.,
2005). Cagrilintide is an amylin analogue and dual amylin and calcitonin receptor
agonist (DACRA) that has shown promising results in weight reduction in overweight
and obese individuals in a phase Il clinical trial (Fletcher et al., 2021; Kruse et al., 2021;
Lau et al., 2021). Salmon CT, which is also a DACRA, has been tested in a phase llI
clinical trial for post-menopausal osteoporosis and showed some benefit over placebo
(Binkley et al., 2012). The synthetic peptide DACRA called KPB-088 has shown
promising results in preclinical studies for weight loss and improving key metabolic
parameters (Larsen et al., 2020). A preclinical study has also identified an amylin
receptor peptide antagonist called AC253 that may confer protection from Alzheimer’s

disease progression (Soudy et al., 2019).
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Overall, RAMP regulation is correlated with various disease states (Jacob et al.,
2012), information that can potentially be leveraged with tissue-specific GPCR
expression to identify functional consequences of GPCR-RAMP interactions relevant to
the pathophysiology of disease. Key information needed to make targeting GPCR-
RAMP complexes viable includes a strong understanding of how RAMPs regulate
GPCR biology at the cell and system level. These insights can, in turn, be applied to
rational drug design, usually in combination with cell-based screening strategies to
create targeted therapeutics with minimal off-target effects.

3. Other potential associations between RAMPs and human disease

CALCRL upregulation has been identified in promoting treatment resistance and
increased stemness in transformed cells in acute myeloid leukemia (AML). As
discussed in Grandits et al. there are conflicting reports as to whether AM, CGRP, or
both are the relevant ligands contributing to the observed effect (Grandits and Wieser,
2021). Therefore, the expression and regulation of the three RAMPs in AML, and in
different systems of studying AML such as cell lines and animal models, remains to be
validated (Grandits and Wieser, 2021; Larrue et al., 2021).

Interestingly, a long non-coding RNA was found to be encoded on the antisense
strand of RAMPZ2 and was denoted RAMP2-AS1. RAMP2-AS1 regulates endothelial cell
homeostasis and may also play a role in cancer-related angiogenesis (Cheng et al.,
2020; Hassani et al., 2021; Lai et al., 2021; Li et al., 2022; Song et al., 2021).

In a study on migration of CR6-interacting factor 1 (CRIF1)-deficient endothelial
cells, CRIF1 expression was inversely correlated with mRNA levels of RAMP2, RAMP3,

and AM2. Addition of exogenous AM2 led to increased expression of RAMP2, RAMP3,
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and AM2 in human umbilical vein endothelial cells (HUVECs). The authors posited that
these findings could represents a mechanism by which AM2 compensates for CRIF1
deficiency (Nagar et al., 2021). Clark and colleagues focused on endogenous CALCRL
in human cardiomyocytes and HUVECs and demonstrated that CALCRL exhibits
RAMP-dependent signaling bias using multiple cellular readouts (Clark et al., 2021).
Though not studying the RAMPs directly, Han et al. have identified CALCRL as a
biomarker for low grade glioma prognostic risk and developed a model in which the
expression of the gene for CALCRL was noted to be inversely correlated to risk score
(Han et al., 2021). A different study, which also was not focused on the RAMPs directly,
implicated AM in progression of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) infection. Kita and Kitamura described that AM administration correlated
with reduction of inflammation in rodent models and reviewed clinical trials for
coronavirus disease pandemic 2019 (COVID-19) focused on therapeutics related to AM
(Kita and Kitamura, 2022). AM-based therapeutics are also currently being investigated
for treatment of irritable bowel disorder (Ashizuka et al., 2021). Patel et al. have created
a compound mouse model of genetically-depleted CALCR in an Alzheimer’s disease
predisposition background to identify whether amylin receptor activation or blockage
might be beneficial to treat or prevent Alzheimer’s disease. Their work suggests that
expression of the amylin receptor is inversely correlated with spatial memory. Although
the mechanism underlying this observation is not known, the authors posit a few
explanations, such as the known connection between Alzheimer’s development and glia

and brain vasculature alterations, and the connection between vasculature and the
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amylin receptor. The results support the potential utility of developing amylin receptor
antagonists as Alzheimer’s disease therapeutic agents (Patel et al., 2021).

A small cohort study on post-traumatic headache revealed correlations between
headache burden post-concussion injury and particular single-nucleotide
polymorphisms (SNPs) in the genes for RAMP1 and CGRP (La Fountaine et al., 2022).
In an exome sequencing study of sporadic primary open angle glaucoma (POAG), six
different point mutations in RAMPZ2 were identified in a cohort of 398 cases (Gong et al.,
2019). The RAMP2 protein variants corresponding to the six somatic mutations were
tested for localization and CALCRL-RAMP?2 signaling in African green monkey kidney
(COS)-7 cells in culture. If RAMP2 forms complexes with other receptors in retinal
ganglion cells, then the RAMP2 point mutations might be affecting those interactions
and contributing to the pathology through mechanisms that are not CALCRL-dependent.
Prakash et al. looked for correlations between five SNPs in and around the RAMP3
gene in cohorts of 25- and 75-year-old women to try to identify correlations between
RAMP3 and age-related body composition phenotypes (Prakash et al., 2019). They
found that RAMP3 SNPs may play a minor role in increased age-related fracture risk
and fat mass. The authors did not find any RAMP3-related differences in bone density.

Il. Strategies to identify GPCR-RAMP interactions

Several methods have been developed to identify and quantify direct PPIs.
However, to measure functionally relevant interactions between and among membrane
proteins presents unique challenges (Figure 3). While not exhaustive, the following
section provides summaries of key studies and methodologies directly related to the

problem of identifying GPCR-RAMP interactions (Table 2).
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A. Expression cloning

A cell-based expression cloning approach was used to identify the GPCR that
signals in response to CGRP stimulation. This work led to the discovery of RAMP1,
which was needed to form functional complexes with CALCRL (McLatchie et al., 1998).
SK-N-MC cells are known to respond to CGRP stimulation, so to identify the CGRP-
responsive receptor, SK-N-MC cRNA pools were injected into Xenopus oocytes and the
oocytes’ response to CGRP stimulation was measured. The cRNA pool that
corresponded to an elevated response was subdivided and tested further until RAMP1
was identified. No direct binding assays between CALCRL and RAMP1 were performed
(although CGRP binding was measured with radionuclide-labeled ligand). However,
McLatchie et al. observed that co-expression of CALCRL and RAMP1 led to a dose-
dependent response to CGRP, increased trafficking of both proteins to the cell surface,
complex formation as detected by immunoblot, and a change in the glycosylation
pattern of CALCRL (terminal glycosylation) (McLatchie et al., 1998). Public database
searches revealed the existence of RAMP2 and RAMP3. The authors then showed that
RAMP2 and RAMP3 could each form an AM receptor when co-expressed with
CALCRL.

B. Methods to detect changes in surface expression

The rationale behind using indirect, surface expression-focused methods to
identify RAMP-interacting GPCRs is that the RAMPs, RAMP1 and RAMP2 in particular,
have poor cell-surface expression on their own. The N-linked glycosylation patterns of
the RAMPs vary. As introduced previously, RAMP1 has no N-glycosylation sites within

its extracellular domain and the ER retention signal QSKRT within its C-terminal tail
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(Steiner et al., 2002). RAMP2 has one N-glycosylation site, whereas RAMP3 has four.
RAMP2 and RAMP3 lack the QSKRT motif. Therefore, it is important to note that some
GPCR-independent RAMP3 surface expression is possible and has been observed
(Parameswaran and Spielman, 2006). As RAMP1 is not glycosylated, it is probably not
translocated to the cell surface without interacting with another protein that is properly
glycosylated (Bomberger et al., 2012). However, glycosylation can merely be a marker
that a protein has traveled through the various intracellular compartments necessary for
subsequent surface expression. It may not play a role in the function of a mature
surface-expressed receptor, and it has been shown that functional GPCRs without any
glycosylation can be generated (Reeves et al., 2002). Therefore, any potential
functional role of glycosylation in RAMP surface trafficking must also be interpreted
carefully. Overall, the different N-linked glycosylation patterns, and therefore abilities of
the three RAMPs to translocate independently to the cell surface must be considered
when analyzing RAMP cell surface expression data.

The most commonly used techniques to identify GPCR-RAMP interactions that
correlate with changes in surface expression are immunofluorescence (IF),
fluorescence tag-based microscopy, enzyme-linked immunosorbent assay (ELISA),
fluorescence-activated cell sorting (FACS), and immunoprecipitation (IP). Although
these experimental techniques are the foundation for many GPCR-RAMP interaction
discoveries, details such as the tags used and whether localization of the GPCR, or
RAMP, or both are tracked vary widely. The traditional approach of monitoring changes
in tagged RAMP surface expression upon co-expression with a GPCR is indirect but is

still relevant in recent work. In some cases, co-overexpression of the RAMP and the
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RAMP-interacting GPCR changes RAMP surface localization, as illustrated by the
examples below. Most studies that report on RAMP surface localization do not
simultaneously monitor the GPCR, and therefore do not provide direct evidence for
GPCR-RAMP complex formation.

Many of the first examples demonstrating a particular GPCR-RAMP interaction
tested for changes in GPCR or RAMP surface expression and validated the putatively
identified complex with other approaches. Christopoulos et al. transfected c-myc- or
hemagglutinin (HA)- tagged RAMP + GPCR, where the GPCR was either VIPR1,
PTH1R, PTH 2 receptor (PTH2R), or GCGR, and looked for an increase in RAMP
surface localization by IF. They noted that cellular background is an important factor
(Christopoulos et al., 2003). Earlier, Christopoulos and colleagues identified the
CALCR-RAMP1/2/3 interactions with a combination of experimental methods including
radioligand binding assay (each of the three RAMPs) and IF of c-myc-tagged RAMP
expressed in the presence or absence of CALCR (RAMP1 only) (Christopoulos et al.,
1999b). Cegla et al. studied GCGR in more detail using an ELISA-based method to
measure GCGR surface expression in CHO cells stably expressing GCGR alone or with
RAMP2 (Cegla et al., 2017). Bouschet et al. studied the class C (glutamate family)
receptor CaSR with all three RAMPs using myc- (RAMP1) or HA- (RAMP2/3) tagged
RAMPs. Uniquely, they used a pH-sensitive fluorescently-tagged CaSR to monitor
changes in both RAMP and CaSR surface expression with IF. Surface biotinylation
assays were used to quantitate GPCR surface expression (Bouschet et al., 2005). IP
was then used to validate the findings and provide additional information about

trafficking. Harikumar and colleagues used COS cells transfected with yellow
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fluorescent protein (YFP)-tagged RAMPs, expressed with or without SCTR, and
monitored changes in RAMP surface expression with fluorescence microscopy. They
followed up with BRET-based studies and functional assays to provide additional
evidence for the SCTR-RAMP3 interaction (Harikumar et al., 2009). Lenhart et al.
studied whether RAMP3 interacts with GPR30 using HA-RAMP3 and FLAG-GPR30 and
the IF technique, looking for GPCR-RAMP colocalization at the cell surface (Lenhart et
al., 2013b). They complemented their results from the microscopy experiments with
other techniques including BRET. The authors also carried out IP and immunoblot
experiments on fractionated cardiac lysates of mice and compared the amount of
GPR30 in the membrane and cytosolic fractions of RAMP3"* and RAMP3" mice with a
heart-disease prone genetic background.

Wootten et al. transfected FLAG-tagged RAMPs + HA-tagged GPCRs and
looked at whether GPCR co-expression increased RAMP surface expression by ELISA
for the receptors CRHR13, GLP1R, and VIPR2. They also checked whether the RAMP
increased GPCR surface expression, which is less commonly investigated (Wootten et
al., 2013). In a study from 2019, Bailey et al. used HA-tagged versions of different
CRHR1 subtypes, CRHR1a and 3, and measured increases in FLAG-RAMP surface
expression by FACS (Bailey et al., 2019b). CRH receptor 2 (CRHR2) was also included
in the study but was not epitope tagged. Examining RAMP2 cell surface expression,
they showed that CRHR1a and CRHR1[3 co-expression with RAMP2 increased RAMP2
surface expression, suggesting that the receptor and RAMP interact. They also tested
whether RAMP surface expression decreased after agonist stimulation using an ELISA

method. Mackie et al. used FACS for “hit validation” after a BRET-based screen for
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RAMP-interacting chemokine receptors. With flow cytometry they measured changes in
HA- and FLAG-tagged RAMP1, 2, and 3 surface expression upon GPCR co-expression
(Mackie et al., 2019b). The FACS-based RAMP surface expression data did not
correlate well with the results from the BRET-based screen, suggesting that monitoring
surface expression changes, by FACS and in general, may not be the most informative
approach for identifying GPCR-RAMP interacting pairs (Mackie et al., 2019b).
C. Recent applications of methods to map the GPCR-RAMP interactome

Unlike earlier studies that primarily focused on studying one GPCR at a time,
recent reports have applied screening approaches to identify GPCR-RAMP interactions
across entire subfamilies of GPCRs. The BRET-based screening approach noted above
was used to map the chemokine GPCR-RAMP interactome (Mackie et al., 2019b) and
the glucagon family GPCR-RAMP interactome (Shao et al., 2022). In a recent pre-print
(Harris et al., April 2021) a BRET screen has also been used to map the secretin family
GPCR-RAMP interactome. Applying a different technique, Lorenzen et al. developed a
multiplexed immunoassay using a suspension bead array (SBA) for mapping the
secretin family GPCR-RAMP interactome (Lorenzen et al., 2019a). Notably, the SBA
and BRET assays enable direct measurement of GPCR-RAMP interactions, and their
respective strength and limitations are described in greater detail below. The results
provide an insightful direct comparison of both approaches. In general, there is good but
not perfect agreement in the results of BRET- and SBA-based approaches across the
studies, which can serve as a cross-validation of the results. In the case of both BRET
and SBA screens, the results should be interpreted as “high probability hits” that require

validation by other methods.
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Collectively, the GPCR-RAMP interactome screens reported so far have used
FACS, IF, and proximity ligation assay (PLA) for hit validation. Within this sub-section
we will discuss the in situ PLA, an orthogonal immunoassay used for hit validation. The
PLA enables direct detection of GPCR-RAMP complexes in cell membranes and is
semi-quantitative. As mentioned above, Mackie et al. also use a flow cytometry
validation method to look at changes of surface expression of RAMP upon GPCR co-
expression, but as discussed previously, measuring changes in surface expression is
an indirect method with results that must be interpreted very carefully because a true
GPCR-RAMP interaction might not always increase RAMP surface expression. For
example, a RAMP may cause the retention of an interacting GPCR, or, for the case of
RAMP3, there may already be RAMP present on the surface. Shao et al. looked at
colocalization and changes in RAMP surface expression with IF to validate their findings
(Shao et al., 2022).

1. Bioluminescence Resonance Energy Transfer (BRET)

The BRET assay has been developed and improved extensively since it was
described in 1999 (Xu et al., 1999). The most recent generation of BRET assay, called
NanoBRET, uses a 19-kilo-Daltons (kDa) subunit of nanoluciferase (Nluc) that is more
stable and yields brighter signal than other versions of luciferase (Dale et al., 2019; El
Khamlichi et al., 2019; Hall et al., 2012; Machleidt et al., 2015). The principle behind
BRET is that two proteins of interest are ectopically expressed in cells, with one protein
fused to a luminescence “donor” and the other to a fluorescence “acceptor” that absorbs
the resonance energy that is emitted by the donor. If the two proteins are sufficiently

close and a chemiluminescence substrate is added, there will be a detectable signal of
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the “acceptor” fluorescence. Quantitation of BRET signal depends on the Forster
distance that defines resonance energy transfer efficiency from the donor to the
acceptor fluorophore, and generally must be less than 10nm, which is the same
magnitude as the size of a typical protein. BRET-based methods to study GPCRs were
pioneered two decades ago, shortly after the development of the BRET assay (Angers
et al., 2000; El Khamlichi et al., 2019).

Mackie et al. used a BRET-based screen to identify GPCR-RAMP interactions
among the rhodopsin family (class A) chemokine receptors (Mackie et al., 2019b).
Twenty-four chemokine receptors were screened for interactions with each of the three
RAMPs, with CALCRL-RAMP1/2/3 used as a positive control and the 32-adrenergic
receptor (B2ADR)-RAMP1/2/3 as a negative control. A constant amount of an
expression construct encoding for GPCR fused to Renilla luciferase (Rluc, donor) was
transfected along with increasing amounts of an expression construct encoding RAMP
fused to YFP (acceptor). Then, the BRET ratio was measured upon addition of
coelenterazine h substrate. A BRET ratio threshold was applied to exclude non-
interacting receptors with BRET ratios below the cutoff. Hits were further parsed by
applying a best-fit comparison and classifying interactions that yielded BRET data that
could be well described by a hyperbolic curve as true hits. Although Mackie and
colleagues were the first to use BRET to screen for tens of GPCR-RAMP interactions,
BRET assays have been applied previously for identifying and studying specific GPCR-
RAMP interactions and are mentioned earlier in this review. For example, Lenhart et al.
used BRET assays to show the interaction between GPR30 and RAMP3 (Lenhart et al.,

2013b). Earlier on, Harikumar et al. used BRET assays to test for interactions between
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SCTR and RAMP3 (Harikumar et al., 2009). Héroux and colleagues applied their
expertise in BRET assays to study CALCRL-RAMP1 complexes (Héroux et al., 2007).
The most recent peer-reviewed BRET-based GPCR-RAMP interaction screen
was conducted by Shao and colleagues and focused on seven glucagon family GPCRs:
GCGR, GHRHR, splice variant 1 of GHRHR (SV1), GIPR, GLP1R, GLP2R, and SCTR.
Like the above work, the authors transfected a constant amount of GPCR-RIuc8 (donor)
with increasing amounts of RAMP fused to a variant of the acceptor YFP, called Ypet,
and measured the BRET ratio upon addition of coelenterazine h substrate. Applying a
similar hit classification criterion as Mackie et al., the authors postulated that out of the
21 possible GPCR-RAMP complexes tested, there were only four likely negative hits:
GLP2R-RAMP1, GLP2R-RAMP2, GLP1R-RAMP1, and SV1-RAMP3. Shao et al.,
proposed an underlying structural mechanism for why GLP2R does not interact with
RAMP1, as amino acids on GLP2R that are likely to be RAMP-interacting, based on the
CALCRL-RAMP structures, would form repulsive interactions with RAMP1. Interestingly,
the authors qualitatively validated the complexes identified with IF using HA-tagged
receptor and FLAG-RAMP. Consistent with the above discussion on the limitations of
identifying GPCR-RAMP complexes through monitoring changes in surface expression,
Shao et al. observed that in most cases RAMP surface expression was not significantly
altered upon co-expression of an interacting GPCR, with the exceptions of SCTR-
RAMP1, and SCTR, GCGR, or SV1 in complex with RAMP3. When SCTR was co-
expressed with RAMP1, RAMP1 surface expression increased. However, when SCTR,

GCGR, and SV1 were co-expressed with RAMP3, RAMP3 surface expression
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decreased compared with its surface expression when expressed alone (Shao et al.,
2022).

Overall, there is good agreement between the BRET screen results described
above and those obtained using the SBA method as described in more detail below
(Lorenzen et al., 2019a). An example of an exception to the good agreement is the
putative complex between GHRHR-RAMP1, which was not identified by SBA. Table 1
lists the reported RAMP interactions for individual receptors across studies, enabling
direct comparison of agreement across studies on a receptor-by-receptor basis.
Although Shao and colleagues detected the GHRHR-RAMP1 interaction by BRET, they
did not identify any functional consequences for complex formation in terms of GPCR-
mediated cAMP production, Gq activation, or B-arrestin recruitment.

In the previously introduced Harris et al. preprint, the authors conducted a BRET-
based screen to test for secretin family GPCR-RAMP interactions and showed that
GIPR interacts with all three RAMPs. Like in the Mackie et al. study, Harris and
colleagues also used flow cytometry to measure the surface expression of each RAMP
co-expressed with the GPCRs to validate the BRET results (Mackie et al., 2019b)
(Harris et al., April 2021). The authors identified several GPCR-RAMP interactions
either through the BRET screen, flow cytometry, or both, but focused on GIPR for
subsequent investigation. GIPR exhibited complex formation with the three RAMPs as
determined by BRET-based assay. Further, co-expression of GIPR and each RAMP
correlated with a significant increase of RAMP surface localization compared with
RAMP expressed alone, assessed by flow cytometry. As in the other studies, the BRET-

based assay results were not always in agreement with the flow cytometry data, again
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highlighting that RAMPs can modulate an interacting GPCR in many ways. The RAMPs
are not necessarily always acting as chaperones from the ER to the PM for an
interacting GPCR, as they are for CALCRL. Harris et al. suggest that not all GPCR-
RAMP complexes traffic to the surface because they may be instead targeted for
degradation or reside intracellularly. Still, the results from the BRET-based portion of the
screen from this pre-print are added to the list of published GPCR-RAMP interactions
(Table 1). Here, we again see a generally good, but not perfect agreement between the
complexes identified by this BRET screen, compared with those previously identified by
SBA (Lorenzen et al., 2019a).

BRET assays have multiple advantages, including their capacity to
accommodate medium to high throughput analysis. As a BRET assay measures protein
proximity and binding, it can, at least in theory, also be used to study the kinetics and
dynamics of GPCR-RAMP complex formation and the effect of a ligand on complex
stability. Moreover, BRET assays can be adapted to study cell membrane-specific
interactions, as was done by Harris and colleagues. BRET-based assays are conducted
in live cells, are scalable, and do not depend on the availability of validated antibodies
(Abs) for every new target. One disadvantage of BRET assays is that they require
ectopic expression of engineered RAMPs and GPCRs. It is possible that adding a C- or
N-terminal BRET donor or acceptor, especially one of a larger molecular weight, might
interfere with endogenous interactions or cause some artifacts, which is a concern for
the Mackie et al. and Shao et al. studies that used YFP/YPet and Rluc. Effects of the
luciferase tag on function have been somewhat ameliorated by the emergence of Nluc,

since it is about one-half the size of Rluc8 (19.1 kDa versus 36 kDa) and, depending on
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the chemiluminescent substrate used, up to 100-fold brighter. Moreover, Nluc-tagged
GPCRs have been shown to traffic to the surface normally (Stoddart et al., 2015).
Another disadvantage of BRET in general is that very high OE levels of the proteins
being studied may cause artifacts. A recent paper has reported an application of
CRISPR to facilitate “endogenous” BRET, which would address some of these pitfalls,
but this approach is not yet in widespread use (White et al., 2017).

2. Multiplexed suspension bead array (SBA)

To circumvent the limitations in throughput of other approaches, Lorenzen et al.
developed a multiplexed assay using the SBA platform and performed a proof-of-
concept study to detect GPCR-RAMP PPIs on a larger scale than had been attempted
earlier (Lorenzen et al., 2019b). The SBA immunoassay detects GPCR-RAMP binding
in a multiplexed format and is based on magnetic, color-coded beads that can be
coupled to anti-RAMP or anti-GPCR specific Abs and subsequently read-out using a
Luminex flow cytometer. In a single experiment, the SBA assay enables the
determination of three modalities: Ab specificity, quantitation of target protein
expression levels, and quantitative detection of the presence of GPCR-RAMP
complexes. In this context, Ab specificity refers to affinity for the target receptor and lack
of cross-reactivity with other receptors in the same subfamily, which tend to have the
highest homology. Using dual epitope-tagged GPCR and RAMP constructs and mAbs
targeting the four different tags allows for the measurement of a single interaction using
up to eight different capture-detection schemes. This strategy serves as an immediate

internal validation and increases the confidence in the results obtained.
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Lorenzen et al. first used 23 dual-epitope-tagged secretin, adhesion, and
rhodopsin subfamily GPCRs and three dual-tagged RAMPs to validate anti-GPCR Abs
from the Human Protein Atlas (HPA) against 19 of the receptors studied (Uhlen et al.,
2015). Developing specific anti-GPCR Abs presents a significant challenge: i) it can be
very difficult to purify high-quality, functional GPCRs to use as immunogen, ii) most of a
typical GPCR is hydrophobic and occluded in the plasma membrane or in a detergent-
lipid micelle, iii) the ECD of GPCRs can be poorly immunogenic, iv) there is high
homology among human and mouse GPCRs, and v) there is high homology between
closely related GPCRs such that anti-GPCR Abs tend to have high cross-reactivity
(Hutchings et al., 2017). The HPA adopted a unique pipeline approach to systematically
develop approximately 2,400 Abs for more than 600 GPCRs. The HPA uses 50-150
amino acid-residue long peptide immunogens to generate polyclonal Abs in rabbits
(Uhlén et al., 2005). Lorenzen et al. used one of the SBA modalities to validate the
selectivity of 55 anti-GPCR HPA Abs and found low cross-reactivity against all other
tested overexpressed GPCRs for 31 of the Abs (Lorenzen et al., 2019b).

Lorenzen and colleagues then used the SBA approach to study GPCR-RAMP
interactions and showed that RAMP-interacting GPCRs generally either form complexes
with all three RAMPs, or with RAMP2 and RAMP3. These findings are in line with
previous bioinformatics work that suggested that RAMP1 and RAMP3 coevolved with a
similar set of GPCRs that is distinct from RAMP2, and that RAMP1 and RAMP3 evolved
less than RAMP2 (Barbash et al., 2017a; Benitez-Paez and Cardenas-Brito, 2008). The
GPCR-RAMP complexes detected by the SBA are consistent with most of the earlier

“‘indirect approach” findings. The SBA also revealed that there are several additional
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secretin receptors, rhodopsin family orphan receptors, and chemokine GPCRs that can
form complexes with RAMPs. As previously noted, the data from a single experiment is
highly multiplexed, therefore it is possible to generate very high confidence “hits” from
just one microtiter plate of expressed GPCRs and RAMPs. The SBA can achieve
multiple aims within the same experiment, including detection of PPIs and simultaneous
validation of Abs. The validated Abs can then be used to detect specific GPCR-RAMP
interactions by SBA without depending on epitope tags. While Lorenzen et al. used
ectopically expressed GPCR and RAMP constructs, which represents a potential
limitation to the SBA, once Abs are validated, the SBA can be applied to study
endogenous GPCR-RAMP interactions in cells and tissues if sensitivity is adequate.
The flip side to the potential strength of the SBA approach is that validated Abs are
required for endogenous PPI studies. Conversely, using epitope-tagged constructs,
while cumbersome, can enable the capture of a whole library of tagged GPCRs onto
SBA beads. The SBA approach is also scalable to high throughput.

3. Proximity ligation assay (PLA)

The PLA is an immunolocalization assay that was successfully used to verify the
results of the above-mentioned SBA assay with five GPCR-RAMP pairs (Lorenzen et
al., 2019b). The PLA was also used to validate a newly identified interaction between
ACKR3 and RAMP3 (Mackie et al., 2019a). The PLA is an immunoassay with stringent
distance constraints. It relies on special oligonucleotide-conjugated Ab probes that bind
to two primary Abs from different species, and that in turn are bound to two potentially-
interacting proteins (Soderberg et al., 2006). Previously, PLA has been applied to detect

endogenous GPCR heterodimers in both cells and tissues with primary Abs targeting
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the native GPCR (Gomes et al., 2016). Lorenzen et al. used the PLA with Abs targeting
FLAG and HA N-terminal epitope tags engineered onto the respective receptor and
RAMP constructs and validated five GPCR-RAMP2 complexes detected by SBA.
Mackie et al. also used the same basic PLA approach to validate the ACKR3-RAMP3
interaction in situ. The DuoLink PLA detects PPIs that are up to 40-nm apart, a
maximum distance determined by the size of the oligonucleotide-conjugated Abs and
the length of the connector oligonucleotide that serves as part of the template for rolling
circle amplification [sigmaaldrich.com]. For comparison, the inter-receptor distance
between two GPCRs in a dimeric complex is about 4.5 nm, and an IgG Ab has a
diameter of about 10 nm (Gurevich and Gurevich, 2008). PLA can be applied to study
endogenously expressed proteins if there are verified Abs available for both protein
targets. PLA assay kits with the proprietary DuoLink probes have been used for both the
Lorenzen et al. and Mackie et al. GPCR-RAMP screening studies. Recently, the
company Navinci Diagnostics [www.navinci.se] has developed its own proprietary
system with an additional reaction step that is purported to confer superior sensitivity
(Klaesson et al., 2018).

One potential disadvantage of the PLA is low throughput. Individual samples
such as cells or tissue slices must be mounted on coverslips for PLA processing and
imaged with confocal or deconvolution-based fluorescent microscopy. In theory, PLA is
amenable to flow cytometry, and DuoLink does offer a flow-adapted PLA kit. Scaling up
through use of micro-titer plates could also be possible. A 384-well-based PLA screen
was recently performed to identify compounds that affected integration of tau and

bridging integrator 1, a genetic risk factor for Alzheimer’s disease (Mendes et al., 2020).
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However, there are some barriers to implementation and this level of throughput for PLA
is not common so far. Moreover, multiplexing the PLA with many colors is limited by the
nature of the PLA probes. The PLA probes and reaction components are proprietary,
which could also be considered a disadvantage to the technique. The PLA requires
specific and functional Abs against the target proteins, in this case the GPCRs and
RAMPs, to study the interactions between endogenous proteins. The use of the SBA
approach to validate anti-RAMP and anti-GPCR Abs could enable the parallel
advancement of PLA strategies, as Abs validated by SBA assay could potentially be
applied to “endogenous” PLA in cells or tissues expressing potential GPCR-RAMP pairs
of interest.

D. Computational approaches to identify GPCR-RAMP interactions

There have been relatively few studies using computational approaches to

identify or validate hypothesized RAMP-interacting GPCRs. Using a global co-
expression and co-evolution analysis, Barbash and colleagues showed that GPCRs and
RAMPs are globally co-expressed and likely co-evolved, suggesting that GPCR-RAMP
interactions should be widespread among the superfamily of GPCRs (Barbash et al.,
2017b). The authors did not discuss hypotheses about mechanisms of specific GPCR-
RAMP interactions, but their work clearly points to specific GPCR subfamilies that might
be most likely to interact with RAMPs. In a follow up study, Barbash et al. selected 14
GPCRs based on their original phylogenetic analysis and measured changes in GPCR
MRNA levels upon RAMP2 co-expression using MERFISH (Barbash et al., 2019). The
results agreed with the original bio-informatics analysis, thereby strengthening the

hypothesis of widespread GPCR-RAMP interactions.
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Il. Molecular characterization of GPCR-RAMP interactions

There have been numerous recent reports of structures of GPCR-RAMP
complexes (Table 3). There are also several recently solved structures of GPCRs that
are now known to interact with RAMPs, although the RAMP is not a part of the reported
structure. Published structures inform MD simulations and other computational
investigations. Static structures provide useful information, but do not give the whole
picture, as there is mounting evidence that RAMPs affect key aspects of GPCR
structural dynamics. These themes are discussed in more detail below. Mutagenesis
continues to be particularly valuable where elements of a receptor structure are poorly
resolved.

A. Mutagenesis approaches to study GPCR-RAMP interactions

Site-directed mutagenesis was frequently used to determine key amino acid
residues in RAMPs that are responsible for their functional effects on GPCRs (Gingell et
al., 2010). The technique is now mostly used to complement other approaches, such as
cryo-EM structural determination and MD simulations. For example, Qi et al. used in
silico alignment of the RAMPs followed by functional characterization of mutants to
determine that position 74 in RAMP1 and RAMP3 is important for AM pharmacology (Qi
et al., 2008). Woolley et al. used targeted CALCRL mutagenesis along with MD
simulations to determine residues that affect signaling of the CRGPR (Woolley et al.,
2017). They determined which CALCRL alanine mutations affected CALCRL-RAMP1
expression, CGRP or AM ligand binding, and G protein-mediated signaling.

Gingell et al. coupled alanine mutagenesis functional studies with modeling of the

AMY receptor, which is discussed in more detail below, to identify key residues for
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ligand potency and selectivity (Gingell et al., 2016). Lee and colleagues performed
mutagenesis on RAMP2 and an amylin analogue called AC413 with a fluorescence
polarization readout to provide evidence for the interaction between specific residues on
the peptide and RAMP2 (Lee and Pioszak, 2020). Sun et al. used mutagenesis to study
GLP2R, and Liang et al. complemented their recently solved structures of CALCRL-
RAMP2 and CALCRL-RAMP3 with mutagenesis studies of the RAMP linker regions
(Liang et al., 2020a; Sun et al., 2020). Another recent cryo-EM “companion paper”
focused on alanine scanning mutagenesis of AM (Garelja et al., 2020). Pham et al.
studied the AMY; receptor with alanine scanning mutagenesis of the CALCR ECL2 and
ECL3 (Pham et al., 2019). Functional readouts of surface expression, peptide binding,
cAMP accumulation, and ERK phosphorylation revealed peptide ligand-dependent
differences in the roles of the loops.

Unnatural amino acid incorporation is another mutagenesis approach that may
yield insights into important sites and residues of a GPCR. This strategy is also known
as genetic code expansion and is based on amber codon suppression using an
orthogonal tRNA and amino acyl-tRNA synthetase pair engineered to recognize an
amber codon introduced into a transfected gene of interest and incorporate a particular
unnatural amino acid. Ye et al. first employed the strategy for studies of GPCRs (Ye et
al., 2008). Specific unnatural amino acids can be introduced to facilitate “targeted photo-
crosslinking” or bio-orthogonal covalent labeling with small-molecule fluorophores to
create FRET or BRET conformational sensors (Koole et al., 2017; Kowalski-Jahn et al.,
2021). Simms and colleagues employed a targeted photo-cross-linking strategy to study

the ECL2 of CALCRL and identified two major contact points for CGRP, 1284 and L291
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(Simms et al., 2018). For earlier, more complete reviews that have a focus on RAMP
mutagenesis, we recommend these sources (Hay and Pioszak, 2016; Qi and Hay,
2010).

B. Recent GPCR-RAMP complex structures and molecular dynamics (MD)
simulations

1. Insights from recently solved 3D (three dimensional) structures

Over the past decade, high-resolution X-ray crystallography and cryo-EM with
single-particle reconstruction, along with high-performance computational approaches,
including long-time-scale all-atom MD simulations, have provided significant insights
into the molecular mechanism of signaling by GPCRs. Several GPCR structures have
been reported in complex with RAMPs, and these provide important validations for the
existence of specific GPCR-RAMP complexes. All currently available RAMP structures
and co-structures are listed, along with references and PDB accession codes, in Table
3. ldeally, structures would provide insights about GPCR-RAMP subtype specificity
determinants. GPCR-RAMP structures might also be expected to reveal a mechanism
to explain how certain RAMPs affect ligand-binding specificity and selectivity (Figure 4).
Overall, the structures available to date show that the presence of the RAMP has only
relatively subtle effects on the structure of the GPCR in its respective GPCR-RAMP
complex. Additional structural studies will help to reveal more about the mechanism of
regulatory effects of RAMPs on GPCR pharmacology. Earlier studies with chimeric ECD
proteins showed that both RAMP1 and RAMP2 have ECDs with a three-helix bundle
fold and have similar interactions with CALCRL. Because RAMPs make only minimal

contacts to a given agonist, the molecular mechanism by which RAMPs affect ligand
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binding to CALCRL, based on current information, is mostly through allosteric shaping
of CALCRL conformation.

A cryo-EM structure at a global resolution of 3.3 A of a complex including
RAMP1, CALCRL, CGRP, and a Gs protein heterotrimer defined the interaction of the
TM domains and confirmed findings from previous crystal structures of the ECDs (Liang
et al., 2018b). RAMP1 forms extensive contacts with CALCRL, causing ~23% of the
RAMP1 surface to be buried. The TM domain of RAMP1 nestles into an interface
between TM helices 3, 4, and 5 of CALCRL, and the ECD of RAMP1 interacts with the
ECD and ECL2 of CALCRL. As seen in prior crystal structures, there are minimal
contacts between RAMP1 and the agonist CGRP. Based on the structural models and
complementary MD simulations, which are discussed in more detail in the next section,
the authors postulated that RAMP1 is stabilizing the ECD and ECL2 of CALCRL, which
promotes CGRP binding to the complex. This conclusion, which is relatively self-evident
from the structure itself, requires further refinement to provide more general insights
about the effects of RAMPs on GPCR ligand binding characteristics.

The full-length cryo-EM structures of RAMP2 in complex with CALCRL, AM, and
Gs, and two structures of CALCRL-RAMP3-Gs, with either AM or AM2 bound to the
activated complex have also been solved recently (Liang et al., 2020a). Across all
structures, there is minimal contact between any of the ligands and any of the RAMPs,
again highlighting that RAMPs modulate GPCR biology and pharmacology allosterically
(Pioszak and Hay, 2020). The authors found that the identity of the complexed RAMP
affects the orientation of the ECD of CALCRL relative to the receptor core, and that

CALCRL-RAMP2 had greater motion of its ECD overall compared with that of CALCRL-
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RAMP3. The RAMP also alters the kinking of TM6 in CALCRL, the conformation of its
intracellular loop (ICL) 2, and the positioning of its ECL3. CALCRL-RAMP1 (active,
CGRP bound) exhibited the most different and dramatic ECD rotation of the complexes,
although the ECDs across all structures were highly dynamic and therefore of lower
resolution.

The use of so-called cryoSPARC software to perform multivariate analysis of the
cryo-EM data suggested that the different RAMPs affected the GPCR ECD mobilities in
subtly different ways. Since a component of the motion of the GPCR ECD and the
bound G protein occur in a coordinated manner, the RAMP may be indirectly influencing
GPCR-G protein interactions. Interestingly, it appears that the C-terminal tail of RAMP3,
but not RAMP2, makes transient contacts with the G protein. In both the 2018 and 2020
Liang et al. studies there was limited, or no density observed for the C-terminal tail of
CALCRL and the RAMP. Considering other known CALCRL PPIs, the authors
suggested that one implication of RAMP-dependent ICL2 orientation might be
differences in the CALCRL-RCP interaction, and therefore G protein signaling. The
authors proposed a critical role for the RAMP “linker” region, which connects its TM and
extracellular N-terminal domain, for exerting RAMP-specific stabilizing effects on the
CALCRL extracellular regions. To test this hypothesis experimentally, they created a
series of chimeric RAMPs, exchanging different portions of the linker regions in the
three RAMPs, and then tested CALCRL-RAMP G protein-mediated signaling in
response to CGRP, AM, and AM2. Linker exchange affected signaling to varying

degrees, with the results indicating that the RAMP linker contributes to the allosteric
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modulation imparted by the RAMPs, perhaps through different intracellular interactions
that alter receptor dynamics.

A companion paper to Liang et al. (2020) focused on extensive alanine scanning
mutations of AM (Garelja et al., 2020). The authors characterized CALCRL-RAMP
signaling profiles for the unmodified AM peptide and peptides with single alanine
substitutions, revealing AM residues that are critical for function. Good agreement
between known ligand-receptor interactions and functional aberrations upon mutation of
an involved amino acid residue highlights that mutagenesis and functional
characterization studies are an important way to confirm and contextualize structure-
based findings.

To complement the active, ligand-bound structures obtained by Liang and
colleagues in 2018 and 2020, Josephs et al. recently published the cryo-EM structure of
unmodified apo-CALCRL-RAMP1 and unmodified CGRP-bound CALCRL-RAMP1
without transducer protein bound. To assess the conformational dynamics of the
complexes, the authors conducted a cryoSPARC multivariate analysis on the cryo-EM
data and performed hydrogen-deuterium exchange mass spectrometry (HDX-MS)
experiments (Josephs et al., 2021).

In many published structural studies, the protein of interest is commonly modified
to increase stability at the expense of other potential native constraints, thereby altering
native dynamics. As highlighted by the previously discussed publications, RAMP-
mediated effects on GPCR dynamics are important to consider, so obtaining cryo-EM
data on unmodified GPCR-RAMP complex represents a key advance in understanding

native complex dynamics. Josephs and colleagues aimed to provide insights into
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RAMP-CALCRL activation and showed that the effect of RAMP1 on CALCRL dynamics
plays an important role in initiating the activation process after CGRP C-terminal tail
binding. Comparing the two CALCRL-RAMP1 structures, the apo complex with the
CGRP bound-inactive complex, revealed that the ECD of RAMP1 differed significantly
in relative position in the apo structure compared with that in the CGRP-bound
structure, but the ECD of CALCRL did not. Interactions between residues in the RAMP1
linker and CALCRL ECL2 are stronger in the CGRP-bound structure, suggesting that
the RAMP is stabilizing active or active-like conformations.

Akin to the previous cryo-EM structures, there was low resolution or no density
for the CALCRL and RAMP1 C-terminal tails, and portions of the CALCRL ECD, ECLS3,
and ICL3. Notably, the density of the RAMP1 linker region was too low for confident
side chain assignment. HDX-MS studies of apo and CGRP-bound complex dynamics
agreed with the complementary 3D-variance analysis of the cryo-EM data. Interestingly,
both approaches showed that the RAMP1 ECD and C-terminal tail were highly dynamic
in the apo structure, and that the RAMP ECD was largely stabilized upon CGRP
binding, whereas the C-terminal tail increased in mobility. The authors proposed a
model for CGRP binding and activation in which binding of the peptide C-terminal tail
stabilized the dynamic RAMP1 ECD, promoting the interaction of RAMP1 with the ECL3
of CALCRL. The resulting stabilization of ECL3 promotes the dynamic motion of the
intercellular facing portion of CALCRL, facilitating G protein binding. Engagement of the
transducer promotes the numerous structural rearrangements associated with a fully-
active CALCRL-RAMP1 complex and binding of the CGRP N-terminus deep within the

TM7 cavity.
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The cryo-EM structures of the three AMY receptors (CALCR-RAMP1/2/3) have
been solved in complex with G5 and either rat amylin (CALCR-RAMP1/2/3), salmon CT
(CALCR-RAMP1/2), or human CT (CALCR-RAMP2) (Cao et al., 2022). These six
structures have been reported alongside three structures of CALCR (no RAMP) bound
to Gs and each of the abovementioned three peptide ligands. This study supports the
findings that amylin and CT agonists bind and activate CALCR through distinct
mechanisms, and the differences may be attributed to characteristics of the peptide
agonists and to allosteric modulation by the RAMPs.

Overall, the presence of the RAMP had little effect on the CALCR core in rat
amylin-bound structures. In all three rat amylin-bound AMY receptors there was a 12 A
rigid-body translation of the CALCR ECD when compared with the location of the ECD
in CT-bound CALCR with no RAMP present. The RAMPs did not have a pronounced
effect on the TMD and ECLs of CALCR, but there were subtle differences in the
conformation of ICL2. Accompanying analysis of structure dynamics showed that all
three RAMPs made contacts with the aN helix of Gas, but with varied strength,
dynamics, and relative positioning to ICL2. Therefore, the RAMPs may differentially
affect G protein coupling efficiency.

The structural and dynamic consequences of RAMP2 complex formation with
CALCRL were most distinct from those of RAMP1 and RAMP3, thereby potentially
explaining the different ligand binding characteristics and selectivity of each AMY
subtype. RAMP1 and RAMP3 formed a much more robust TM interface with CALCR
than RAMP2, thereby conferring a higher degree of stability to the CALCR ECD for

AMY and AMY3. Further, RAMP1 and RAMP3, but not RAMP2, form stabilizing
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interactions with CALCR ECD loop 5, which may in turn stabilize the proximal rat amylin
residues. The authors also use dynamics analysis to show that the weak RAMP2 TM-
CALCR TMD interaction contributes to decreased complex stability within both the TMD
and ECD, weaker amylin potency, and stronger CT potency. Conversely, RAMP2 and
RAMP3, but not RAMP1, may form transient polar contacts with tyrosine 37 of rat
amylin.

The identity of the peptide ligand did not have a pronounced effect on the
CALCR-RAMP interface, but the RAMPs allosterically modulated ligand selectivity of
CALCR. The selective agonist rat amylin preferentially bound CALCR when its ECD
was stabilized by the RAMPs, as this enabled the peptide to adopt a unique so-called
“‘bypass motif.” Conversely, salmon CT, a nonselective agonist, appeared to stabilize
the CALCR-RAMP interface. Cao and colleagues postulate that the increased stability
of AMY4 and AMY3 corresponds to a higher activation energy that salmon CT must
overcome to bind and activate the complex, and therefore it has higher potency for
CALCR and AMY; (Cao et al., 2022).

Similar to the CALCRL-RAMP structures, there were no direct interactions
observed between each RAMP and the peptide N-terminus, but some hydrophobic
interactions with the C-terminus. As is the case with CALCRL-RAMP complexes, the
RAMP interacts with TM3, 4, and 5, and make extensive contact with ECL2 of CALCR.
Unlike the CALCRL-RAMP structures, in which each unique complex had different
GPCR and RAMP ECD orientations and locations, CALCR-RAMP complexes exhibited
only subtle differences in RAMP ECD orientation relative to the CALCR ECD. Another

contrast is that the RAMP linker region was more stabilized in the AMY receptors than
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in CALCRL-RAMP complexes. As in the CALCRL-RAMP structures, there was limited
or no density for the RAMP linker region and portions of the C-terminal tail. The effect of
each RAMP on conformational dynamics is a key contributor to the allosteric modulation
imparted by the RAMPs on both CALCRL and CALCR.

Cryo-EM has enabled the determination of multiple different CALCRL-RAMP and
CALCR-RAMP structures in the span of just a few years. This powerful technique has
also highlighted the importance of understanding the dynamics of GPCR-RAMP
interactions, which play a vital role in how the RAMPs affect the pharmacology of
interacting receptors.

2. Computational-based insights into GPCR-RAMP dynamics

Multiple groups have carried out MD simulations and other computational
approaches, taking advantage of solved structures to generate hypotheses regarding
how RAMPs may alter GPCR dynamics. Liang and colleagues used the CALCRL-
RAMP1 cryo-EM structure as the basis for simulations that indicated that RAMP1 is
stabilizing the positioning of the CALCRL ECD, thereby increasing the stability of the C-
terminal region of CGRP (Liang et al., 2018b). In general, they observed that the
regions of lower resolution or lacking cryo-EM density (i.e., RAMP C-terminus, CALCRL
ECL3) in their solved structure are predicted to have high mobility in MD simulations,
indicating that dynamics play an important role in GPCR-RAMP interactions and
complex stability. Modeling predicted that the C-terminal tail of RAMP1 interacts
transiently with ICL2 of CALCRL and the aN helix of the Gas subunit. There were no
persistent interactions observed between RAMP1 and the ligand CGRP. Simulations of

CGRP-CALCRL without bound RAMP1 revealed increased ECD dynamics and
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decreased persistence of key intermolecular interactions within CALCRL that are
thought to contribute to signal propagation.

Bower and colleagues modeled a full-length AMY 4 receptor with amylin bound to
test the importance of the C-terminal amino acid sequence of amylin for binding to
CALCR in the presence of RAMP. Their simulations showed that the ligand-interacting
residues of CALCR were RAMP1-dependent and that RAMP1 affected the number and
persistence of intermolecular interactions within CALCR and between CALCR and
amylin. The presence of RAMP1 also affected amino acid bond angle values for CALCR
and amylin. The amylin-CALCR binding pathway was stabilized by RAMP1, especially
for the C-terminal amide form of the peptide (Bower et al., 2018). Overall, there is good
agreement between the findings of Bower et al. and the recently solved AMY structure.

As introduced previously, Bailey et al. studied the secretin family GPCRs CRHR1
and CRHR2 and experimentally identified putative CRHR1-RAMP2 interactions. The
authors then identified a potential contact interface between RAMP2 and CRHR by
molecular modelling of the extracellular portions, thus supporting their experimental
findings (Bailey et al., 2019b). On the other hand, a study by Tasma et al. investigating
biased signaling mediated by ligands of CRH receptors found that CRHR1 or CRHR2
expression had no effect on RAMP1 or RAMP2 surface expression (Tasma et al.,
2020).

In line with these studies, others have shown that the presence of a RAMP
affects GPCR flexibility and dynamics. To highlight a few of these works, Weston and
colleagues focused on the RAMP-dependent G protein-signaling bias (Gs versus G;vs

Ggn1) of activated CALCRL-RAMP complexes (Weston et al., 2016). Gingell et al.
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conducted MD simulations showing that the CALCR N-terminal tail as well as the ECD
loop 4 and EDC loop 5 are more flexible in the presence of RAMP1. The decreased
rigidity of the receptor may be exploited by ligands such as amylin (Gingell et al., 2016).
The results of this study are consistent with those from later work by Deganutti and
colleagues, which drew on the multitude of recently published cryo-EM structures of
secretin family GPCRs to computationally interrogate ligand binding to CALCRL
(Deganutti et al., 2021). Deganuitti et al. used a combination of supervised MD and
classical MD simulations to study the second step in the proposed “two-step binding
mechanism” of a ligand to a class B GPCR, namely the binding of the peptide ligand N-
terminal tail to the receptor TM domain. Their study was the first example of dynamic
docking of CGRP and the small molecule antagonist telcagepant to CALCRL-RAMP1.
The study identified residues in CALCRL ECD loop 4 as playing an important role in
peptide association, and the authors speculated that different RAMPs may promote
divergent ECD loop 4 states, thereby allosterically modulating the affinity of CALCRL to
different peptides. Consistent with previously published structures, very few interactions
were formed between CGRP and RAMP1 in the docking. Also consistent with recent
findings, differences in the dynamics of the RAMP linkers may affect selectivity.

As mentioned above, Woolley et al. also used a combined experimental and
computational approach to study the activation of the CALCRL-RAMP1 complex
(Woolley et al., 2017). CALCRL mutants that had a significant difference in a parameter
such as signaling compared with WT were then analyzed by MD simulation. The
authors found that mutation of certain residues at the extracellular face of the TM

bundle affected signaling in a ligand- and RAMP-dependent manner and that tighter
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CALCRL TM packing correlated with higher ligand potency. They proposed that the
ECLs of CALCRL play an important role in the ligand binding and the subsequent
activation process, a hypothesis that is further supported by the recent structure and
dynamics studies discussed here. The authors also found that certain CALCRL residues
were involved in receptor activation in a RAMP-independent manner, again consistent
with later insights into the CALCRL-RAMP1 interface (Liang et al., 2018b). Woolley and
colleagues also used computational modeling to compare their modeled CALCRL-
RAMP to the cryo-EM structure of CALCR solved in the absence of RAMP (the
CALCRL-RAMP1 structure was not solved yet at that time). It appears that the RAMP
caused reorganization of TM1, TM6 and TM7 to restrict the outward movement of the
top of TM6, and therefore ECL3, in CALCRL-RAMP1 relative to CALCR.

The previously mentioned study by Pham et al. of the AMY3 receptor included
MD simulations that accompanied the mutagenesis experiments (Pham et al., 2019).
The simulations showed that ECL2 and ECL3 loop dynamics are highly dependent on
RAMP3, further supporting an allosteric mechanism by which RAMPs regulate an
interacting receptor. Overall, computation modeling suggests that the dynamics of
CALCRL ECLZ2, ECL3, and ECD loop 4 are highly RAMP-dependent.

II. Perspectives and future directions

A. Drug discovery and GPCR-RAMP pharmacology

Several outstanding gaps in knowledge about GPCR-RAMP interactions hamper
our full understanding of GPCR-mediated pharmacology. Filling these gaps is important
for both basic and translational research, especially since many GPCRs remain orphan.

Identification of more RAMP-interacting GPCRs may enhance de-orphanization efforts

67

#7202 ‘6 |udy uo sjeulnor 134SY e Bio'sjeulnofiedse’ newireyd wiol) papeojumoq


http://pharmrev.aspetjournals.org

Pharmrev Fast Forward. Published on 8 December 2022 as DOI 10.1124/pharmrev.120.000180 This article

has not been copyedited and formatted. The final version may differ from this version.

since ligands could be identified for GPCR-RAMP complexes that do not bind to the
same GPCR in the absence of a RAMP. Although approximately one-third of current
FDA-approved drugs target GPCRs, many difficult or refractory GPCR drug targets
remain undrugged. Small molecules targeting GPCRs still have a relatively high failure
rate in advanced clinical trials (Hauser et al., 2017). Advancing our understanding of
how RAMPs regulate GPCRs might help to address this problem. One notable set of
examples illustrating the importance of RAMPs to drug discovery targeting GPCRs are
the recently approved anti-migraine therapeutics that target the CALCRL-RAMP1
complex (Scuteri et al., 2022). The success of drugs targeting CALCRL-RAMP1
indicates the importance of considering the RAMP for a RAMP-interacting GPCR in
GPCR-targeted drug design. Drug screens that involve both GPCRs and interacting
RAMPs can potentially yield hits with a higher chance of clinical success. Elucidating
the full breadth of GPCR-RAMP interactions can inform drug screen design and
hopefully decrease the pipeline failure rate. Targeting GPCR-RAMP PPI interactions, for
example by targeting the interaction interface to develop inhibitors, or conversely,
bivalent ligand “glues”, might be another approach to modulate GPCR-RAMP
pharmacology. Chemical tools developed in the course of drug discovery programs
could also be leveraged to address many basic research questions in the future (Chang
and Hsu, 2019; Hendrikse et al., 2020).

B. Elucidating endogenous GPCR-RAMP interactions

A combination of evidence from bioinformatics, co-expression analysis, and
multiplexed direct binding assays suggests that GPCR-RAMP interactions are

widespread and are likely to be identified across different classes of GPCRs. We do not
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yet know the functional effects of all known and potential GPCR-RAMP interactions.
However, the array of functional studies on GPCR-RAMP pairs also suggests that
RAMPs can exert a diverse range of effects on GPCR biology and pharmacology.
Recent developments in the field of affinity proteomics can be leveraged to study
GPCR-RAMP complexes. For example, SBA on endogenous tissues and other
approaches to study endogenous GPCR-RAMP interactions should be attempted. Such
studies may reveal which GPCR-RAMP interactions are most prominent in different
tissues and cell types. Cross-linking mass spectrometry proteomics (XLMS) also holds
the potential to identify GPCR-RAMP interactions in native systems. Additionally,
RNAseq or single-cell RNAseq and related mRNA profiling strategies could be used to
measure transcriptional effects of RAMP-dependent GPCR signaling pathways in
endogenous systems. Such studies might address the question of how RAMPs are
regulated and to what extent their expression is interdependent.

Some work along these lines was reported earlier (Jacob et al., 2012; Pondel
and Mould, 2005). However, it is still unknown whether global deletion of a single RAMP
alters the expression of other RAMPs (Coester et al., 2019). Is there some sort of
negative feedback loop that downregulates one RAMP upon increased expression of
another? Is there some redundancy and thus compensatory mechanisms for expressing
the three RAMPs, and if so, what are they? Globally and on a single-cell level, mMRNA
can usually be detected for more than one RAMP [DepMap.org]. However, what about
the cellular RAMP composition at the protein level?

C. Future prospects for structural studies
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High resolution CALCRL- and CALCR-RAMP structures are now available to
help provide insights about GPCR-RAMP interactions and their functional correlates.
However, data are lacking for the cytoplasmic, C-terminal-tail portions of CALCRL,
CALCR, and the interacting RAMP. In addition, there is a lack of structural information
to date about CALCRL-RAMP complexes bound to B-arrestin, or bound transducer
protein other than G if they are in the active form. The full-length, inactive state
structure of GLP1R was recently solved, and multiple different active-conformation
structures have also been published. These structures will enable a more detailed
comparison of those structures with inactive and active GLP1R structures bound to
RAMP1, 2, or 3, once those structures become available (Jazayeri et al., 2017; Liang et
al., 2017; Wu et al., 2020; Zhang et al., 2017). The structures of two other RAMP-
interacting secretin family GPCRs have also been solved recently, that of PTH1R and
GCGR, such that now there are structures available for all 15 secretin family (class B)
receptors (Cong et al., 2022; Zhang et al., 2018; Zhao et al., 2019). A structure of one of
these GPCRs in complex with a RAMP would prove to be very interesting. For example,
it has been postulated that peptide interaction with TM7/ECL3/TM6 are involved in
biased agonism (Lei et al., 2018) and a structure of a receptor with and without an
interacting RAMP would help to test this hypothesis.

A GPCR-RAMP complex structure for a rhodopsin family and/or glutamate family
receptor is another step in expanding our understanding of how the RAMPs regulate
GPCRs of different families. As discussed in the first section, class A, or rhodopsin
family, receptors traditionally lack the large extracellular domains common to class B, or

secretin family, GPCRs, so there will be a need to explore whether the RAMP linker-
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GPCR ECLZ2/3 interactions plays a similar role in activation of rhodopsin family GPCR-
RAMP complexes as it does in CGRP-mediated CALCRL-RAMP1 activation. A full-
length structure may reveal whether a particular RAMP affects a rhodopsin family
receptor allosterically, or whether the RAMP adopts a conformation that enables direct
contacts with a ligand.

Liang and colleagues determined that the consensus structures of CALCRL-
RAMP are largely similar and hypothesized that the unique influence of each RAMP on
GPCR dynamics is the main driver of distinct GPCR-RAMP phenotypes (Liang et al.,
2020a). Moving forward it will be necessary to consider the dynamics of a complex
when analyzing a new structure. Cryo-EM is particularly well suited to this future
direction, as it can reveal receptor dynamics through analysis of the different
conformations captured. However, additional methods to assess dynamics, such as
HDX-MS, and perhaps also FRET and double electron-electron resonance (DEER) may
provide complementary insights. Previous MD simulations have provided insights that
were supported by structures obtained subsequently. Therefore, MD simulation
continues to be an important tool to understand GPCR-RAMP dynamics, but one that is
intricately tied to the availability of some structural information.

There is significant potential in applying other computational approaches to study
GPCR-RAMP interactions. A few examples of other approaches include: i) homology
modeling to identify potential RAMP-interacting GPCRs, ii) machine learning using
known interactions to predict other pairs, and iii) MD simulations to design drugs
targeting GPCR-RAMP complexes. Coarse-grain simulations have not yet been

successfully applied to demonstrate the biophysical basis for GPCR-RAMP complex
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formation, but this strategy should prove promising, especially when structures of
additional complexes become available (Periole et al., 2012).

D. Dynamics of GPCR-RAMP complex formation

How does a RAMP select a GPCR partner in cells with multiple RAMPs and
GPCRs present? There are many open questions pertaining to confirming the direct
physiological and pathophysiological relevance of specific GPCR-RAMP pairs.
Arguably, extremely detailed analysis has been carried out for only the CALCRL-
RAMP1 complex, in part because of the challenges of working in cellular systems
containing tens of GPCRs and all three RAMPs. As highlighted within the sections
above, new methods, including structural biology using cryo-EM and single particle
reconstruction methods, are beginning to address the question of how RAMPs affect
GPCR activation. A related question is, once formed are GPCR-RAMP interactions
stable and long lasting or transient? Do interaction dynamics vary for each RAMP
receptor pair, or are there common shared features? Do interaction dynamics vary with
cell membrane compartment?

RAMP1 has been shown to localize primarily in the ER and the Golgi and to
interact with tubulin (Hilairet et al., 2001; Kunz et al., 2007), so perhaps the RAMPs play
some sort of more generalized chaperoning role inside the cell, where they interact with
non-GPCR proteins. Moreover, within the context of modulating GPCR biology, do
RAMPs exert any effects that have so far not been reported or characterized? For
example, RAMPs may regulate GPCRs by disrupting hetero- or homo-dimerization.
RAMP3 has been shown to interact with ACKRS3, a receptor that can heterodimerize

with CXCR4 (Levoye et al., 2009; Mackie et al., 2019b). The CXCR4-ACKR3
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heterodimer has a distinct signaling profile relative to CXCR4 alone (Decaillot et al.,
2011). Therefore, the RAMP3 interaction with ACKR3 may regulate heterodimer
formation by competition for binding at the TM3, 4, and 5 interface, and thereby affect
CXCR4 signaling.

Our understanding of the PTMs of RAMPs is incomplete. There are putative
phosphorylation and ubiquitination sites on the C-terminal tails of the RAMPs, which
have not yet been confirmed experimentally. It is possible that RAMP phosphorylation
regulates dynamics of GPCR-RAMP interaction?

E. RAMPs in human disease

The precise role of RAMPs in human disease states remains to be determined.
Additional mouse genetic models should prove useful to create and study relevant
disease models. Genome sequencing studies focused on identifying RAMP variants
and their correlation with SNPs or somatic mutations in their interacting GPCRs,
especially in patient cohorts with a particular pathology could identify novel disease
connections for all three RAMPs. Genome sequencing studies across different large
populations might reveal mutations in RAMPs that correlate with various predispositions
for disease. For example, a recent genome-wide association study (GWAS) of migraine,
expanding upon previous work, identified 86 novel loci associated with migraine, and
123 loci in total. One previously unknown locus was that for the genes CALCA and
CALCB, which encode the two isoforms of CGRP. However, CALCRL and RAMP1
genes did not show a statistically comparable association with migraine (Hautakangas

et al., 2022).
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The role of anti-GPCR auto Abs in human immune disorders and post-infections
syndromes has recently been discovered (Cabral-Marques et al., 2018; Skiba and
Kruse, 2021). However, the potential role for RAMPs in the pathophysiology of
autoimmune syndromes has not been considered. It will be interesting to test serum
samples from patients with systemic sclerosis and other disorders for anti-RAMP Ab
activity and to determine whether or not the presence of RAMPs plays a role in the

immunogenicity of GPCRs associated with auto-immune diseases.
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Table 1. Reports of GPCRs tested for RAMP interaction, followed by summary

statistics.” GPCRs are grouped by family, and sorted alphabetically within each family.

GPCR Abbreviation | Uniprot | Family RAMP
Adhesion G-
protein coupled ADGRF5 Q8IZF4 | Adhesion RAMP3 (Lorenzen et al., 2019a)
receptor F5
Cadherin EGF
LAG seven-pass . None (only RAMP?2 tested)
G-type receptor CELSR2 Q9HCU4 | Adhesion (Barbash et al., 2019)
2
Frizzled famil . None (only RAMP2 tested
receptor 1 ’ FZD1 Q9UP38 | Frizzled (Barbésh Zt al., 2019) )
Calcium-sensing RAMP1 and 3 (Bouschet et al.,
receptor CaSR P41180 | Glutamate 2005;_ Bouschet et al., 2008b;
Desai et al., 2014)
Pituitary
adenylate- RAMP1,2,3 (Lorenzen et al.,
cyclase . 2019a)
activating ADYCAPIR1 | P41586 | Secretin | paAVP 2,3 (Harris et al. 2021
polypeptide type biorxiv)
1
Calcitonin RAMP1, 2 and 3 (McLatchie et
receptor-like CALCRL Q16602 | Secretin al., 1998) and many others
receptor (including solved structures)
Calcitonin _ RAMP1, 2_and 3 (Armour et al.,
receptor CALCR P30988 | Secretin 1999; Christopoulos et al.,
1999a) and many others
None (Tasma et al., 2020)
Corticotropin- RAMP2 (Bailey et al., 2019b;
releasing . Wootten et al., 2013)
hormone CRHR1 P34998 | Secretin RAMP3 (Lorenzen et al., 2019a)
receptor 1 RAMP2,3 (Harris et al. 2021
biorxiv)
None (Lorenzen et al., 2019a;
Corticotropin- Tasma et al., 2020)
releasing . None (only RAMP2 tested)
hormone CRHR2 Q13324 | Secretin (Bailey et al., 2019a)
receptor 2 RAMP2,3 (Harris et al. 2021
biorxiv)
RAMP2 (Cegla et al., 2017;
Christopoulos et al., 2003;
Glucagon ' McGlone et al., 2021; Weston et
receptor GCGR P47871 | Secretin al., 2015)
RAMP1,3 (Lorenzen et al.,
2019a)
RAMP1,2,3 (Shao et al., 2022)
92

#7202 ‘6 |udy uo sjeulnor 134SY e Bio'sjeulnofiedse’ newireyd wiol) papeojumoq


http://pharmrev.aspetjournals.org

Pharmrev Fast Forward. Published on 8 December 2022 as DOI 10.1124/pharmrev.120.000180 This article
has not been copyedited and formatted. The final version may differ from this version.

(Harris et al. 2021 biorxiv)

None (Christopoulos et al., 2003)
RAMP2,3 (Lorenzen et al.,

Growth
hormone- 2019a)

: GHRHR Q02643 | Secretin RAMP1,2,3 (Shao et al., 2022)
releasing . o
hormone (Harris et aI._ 2021_ b|orX|\()

RAMP1,2 with splice variant 1 of
GHRHR (Shao et al., 2022)
Gastric inhibitory RAMP1,2,3 (Lorenzen et al.,
polypeptide GIPR P48546 | Secretin 2019a; Shao et al., 2022) (Harris
receptor et al. 2021 biorxiv)
None (Christopoulos et al., 2003;
Glucagon-like \F/evpc\)l?/lt;eznsezsarl{’ o 2022)
: . , ao et al.,
feefetldt((e)r1 GLP1R P43220 | Secretin RAMP1 2,3 (Lorenzen et al..
p 2019a)
(Harris et al. 2021 biorxiv)
None (Christopoulos et al., 2003)
Glucagon-like RAMP1,2,3 (Lorenzen et al.,
peptide 2 GLP2R 095838 | Secretin 2019a) (Harris et al. 2021
receptor biorxiv)
RAMP3 (Shao et al., 2022)
RAMP2 (Christopoulos et al.,
2003; Nemec et al., 2022)
Parathyroid RAMP1,3 (Lorenzen et al.,
hormone 1 PTH1R Q03431 | Secretin 2019a)
receptor RAMP2,3 (Harris et al. 2021
biorxiv)
RAMP3 (Phelps et al., 2005)
RAMP3 (Christopoulos et al.,
: 2003)
Parathyroid
hormone 2 PTH2R P49190 | Secretin %\1%2)1 2 (Lorenzen et al.,
receptor RAMP1,2,3 (Harris et al. 2021
biorxiv)
RAMP3 (Harikumar et al., 2009)
RAMP1,2 (Lorenzen et al.,
Secretin receptor | SCTR P47872 | Secretin 2019a)
RAMP1,2,3 (Shao et al.,
2022)(Harris et al. 2021 biorxiv)
RAMP1,2,3 (Christopoulos et al.,
VIP and PACAP : 2003) (Harris et al. 2021 biorxiv
receptor 1 VIPR1 P32241 | Secretin RAMI)3(2,3 )
(Lorenzen et al., 2019a)
RAMP1,2,3 (Wootten et al.,
VIP and PACAP . 2013) (Harris et al. 2021 biorxiv)
receptor 2 VIPR2 P41587 | Secretin RAMP2.3
(Lorenzen et al., 2019a)
Atypical .
chemokine ACKR1 Q19570 | Rhodopsin | parer 1% (Mackie etal,
a)
receptor 1
Atypical ACKR2 000590 | Rhodopsin | RAMP1,3 (Mackie et al., 2019a)
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chemokine
receptor 2

. RAMP2,3 (Lorenzen et al.,
Atypical 2019a)
;::Ceg?okrlrge ACKR3 P25106 | Rhodopsin RAMP1,2,3 (Mackie et al.,

P 2019a)
Atypical
chemokine ACKR4 QI9NPB9 | Rhodopsin | RAMP2,3 (Mackie et al., 2019a)
receptor 4
Atypical
chemokine ACKR5 000421 | Rhodopsin | None (Mackie et al., 2019a)
receptor 5
gi‘zr;‘t’j;”e A2B | ADORAZ2B P29275 | Rhodopsin | RAMP2 (Barbash et al., 2019)
Beta 2 None(Mackie et al., 2019b; Shao
adrenergic B2ADR P07550 | Rhodopsin | etal., 2022) (Harris et al 2021
receptor biorxiv)
C-C Chemokine . RAMP1,2,3 (Mackie et al.,
receptor type 1 CCR1 P32246 | Rhodopsin 2019b)
C-C Chemokine | gy P41597 | Rhodopsin | RAMP2,3 (Mackie et al., 2019b)
receptor type 2
C-C Chemokine , RAMP1,2,3 (Mackie et al.,
receptor type 3 CCR3 P51677 | Rhodopsin 2019b)
C-C Chemokine . RAMP1,2,3 (Mackie et al.,
receptor type 4 CCR4 P51679 | Rhodopsin 2019b)
C-C Chemokine . None (Lorenzen et al., 2019a)
receptor type 5 | CCR0 P51681 | Rhodopsin | p AP 3 (Mackie et al., 2019b)
C-C Chemokine . RAMP1,2,3 (Mackie et al.,
receptor type 6 CCR6 P51684 | Rhodopsin 2019b)
C-C Chemokine . None (Lorenzen et al., 2019a)
receptor type 7 | CCR7 P32248 | Rhodopsin | p A\np3 (Mackie et al., 2019b)
C-C Chemokine | 5opg P51685 | Rhodopsin | RAMP3 (Mackie et al., 2019b)
receptor type 8
C-C Chemokine | o pg P51686 | Rhodopsin | RAMP1,3 (Mackie et al., 2019b)
receptor type 9
C-C Chemokine . RAMP1,2,3 (Mackie et al.,
receptor type 10 CCR10 P46092 | Rhodopsin 2019b)
Chemokine-iike | ¢y R1 Q99788 | Rhodopsin | RAMP2,3 (Mackie et al., 2019b)
receptor 1
Chemokine C- . RAMP1,2,3 (Mackie et al.,
X3-C receptor 1 CX3CR1 P49238 | Rhodopsin 2019a)
C-X-C
chemokine CXCR1 P25024 | Rhodopsin | RAMP1,2 (Mackie et al., 2019a)
receptor type 1
C-X-C
chemokine CXCR2 P25025 | Rhodopsin | RAMP2,3 (Mackie et al., 2019a)
receptor type 2
chomokine CXCR3 P49682 | Rhodopsin | None (Lorenzen et al,, 2019a)

P RAMP3 (Mackie et al., 2019a)
receptor type 3
C-X-C . None (Lorenzen et al., 2019a)
chemokine CXCR4 P61073 | Rhodopsin | £ \mp1 3 (Mackie et al., 2019a)
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receptor type 4
C-X-C
chemokine CXCR5 P32302 | Rhodopsin | None (Mackie et al., 2019a)
receptor type 5
C-X-C
chemokine CXCRG6 000574 | Rhodopsin | RAMP3 (Mackie et al., 2019a)
receptor type 6
Proteinase-
activated F2RL1 P55085 | Rhodopsin | None (only RAMP? tested)
(Barbash et al., 2019)
receptor 2
Proteinase-
activated F2RL3 Q96RI0 | Rhodopsin | RAMP2 (Barbash et al., 2019)
receptor 2
G-protein
coupled receptor | GRP4 P46093 | Rhodopsin E&'\gm 2,3 (Lorenzen et al.,
4 3)
G protein-
coupled estrogen | GPR30 Q99527 | Rhodopsin | RAMP3 (Lenhart et al., 2013b)
receptor 1
Melatonin- . None (only RAMP?2 tested)
related receptor GPRS0 Q15385 | Rhodopsin (Barbash et al., 2019)
Probably G
protein-coupled GPR141 Q72602 | Rhodopsin | RAMP2 (Barbash et al., 2019)
receptor 141
Probably G
i . None (only RAMP2 tested)
protein-coupled GPR160 Q9UJ42 | Rhodopsin (Barbash et al., 2019)
receptor 141
G protein-
. None (only RAMP2 tested)
c;c;lépled receptor | GPR176 Q80WT4 | Rhodopsin (Barbash et al., 2019)
G-protein
coupled receptor | GRP182 015218 | Rhodopsin 2R(,)A1|\gP1 2,3 (Lorenzen et al.,
182 3)
Leucine-rich
repeat-
. ) . None (only RAMP?2 tested)
conta_lnlng G LGR4 Q9BXB1 | Rhodopsin (Barbash et al., 2019)
protein coupled
receptor 4
p2Y P2RYS Q86VZ1 | Rhodopsin | RAMP2 (Barbash et al., 2019)
purinoceptor 8
Neurotensin . None (only RAMP?2 tested)
receptor type 1 NTSR1 P30989 | Rhodopsin (Barbash et al., 2019)
8-type opioid OPRD1 P41143 | Rhodopsin | RAMP2 (Barbash et al., 2019)
receptor
Sphingosine 1-
. None (only RAMP2 tested)
phosphate S1PR1 P21453 | Rhodopsin (Barbash et al., 2019)
receptor 1
Chemokine XC | y cr1 P46094 | Rhodopsin | None (Mackie et al., 2019b)
receptor 1
Summary statistics:
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RAMP1 RAMP2 RAMP3
# of GPCR 28 30 41
interactors (at least
one study)
Secretin | Rhodopsin | Glutamate | Adhesion | Frizzled
# of GPCRs that interact with | 15 29 1 1 -

any RAMP(s) (based on at
least one report)

# of GPCRs that don’t 5 8* - 1 1
interact with any RAMP
(based on at least one report)

# of GPCRs in the family 15 719 22 33 11

'Key references provided.

*And 7 additional instances where the GPCR does not appear to interact with a RAMP,
but only RAMP2 was tested.
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Table 2. Summary of experimental methods used to identify GPCR-RAMP interactions.

Studies are sorted chronologically.

Study Method Looked for GPCR-RAMP Also looked at
tested
Mclatchie Expression Signaling in Discovered Li’gand binding,
1998 cloning response to CALCRL- FACS for RAMP
(McLatchie CGRP RAMP1,2,3 and CALCRL
et al., 1998) surface expression,
immunoblot
(crosslinkin?,
radioligand labeling,
glycosylase
treatment)
Christopoulo | Radioligand Increased Discovered Competition assay
s 1999 binding binding of CALCR- for peptide
(Christopoul amylin and RAMP1,2,3 radioligand binding,
os et al., salmon CT cAMP response,
1999a) upon RAMP immunoblot
expression crosslinking?, IF for
AMP1 localization
Christopoulo | IF Increased Interacting: VIPR1 | VIPR1 signaling
s 2003 RAMP surface | — RAMP1,2,3 (CAMP, PI),
(Christopoul expression GCGR - RAMP2 [ radioligand binding
os et al., PTH1R — RAMP2
2003) PTH2R — RAMP3
Noninteracting:
GHRH, VIPRZ,
GLP1R, GLP2R
Bouschet IF Increased Interacting: CaSR | Surface
2005 GPCR surface | - RAMP1,3 biotinylation,
(Bouschet et expression siRNA KD of
al., 2005) Noninteracting: RAMP1 (look at
GPCR-RAMP [ CaSR -RAMP2 | CaSR surface
colocalization expression), co-IP,
IF of GPCR with
different cell
compartment
markers, GPCR
glycosylation
changes
Harikumar Fluorescence, | Increased Interacting: SCTR | Bimolecular
2009 BRET RAMP surface | — RAMP3 fluorescence
(Harikumar expression complementation
et al., 2009) Noninteracting: ;Iook for
Saturating SCTR - RAMP1,2 | fluorescence at the
BRET signal PM), assays with

that increases
then plateaus.

truncation and
chimeric mutants of
SCTR with WT or
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truncation mutants
of RAMP, SCTR

allng cAMP,
flux RK1/2
phosphorylatlon)
Wootten ELISA Increased Interacting: VIPR2 | G-protein binding to
2013 RAMP surface | — RAMP1,2,3, GPCR, GPCR
(Wootten et expression CRHR1 —'RAMP2 S|g£1allng (cCAMP,
al., 2013) Noninteracting: flux), in vivo
Increased GLP1R experlment
GPCR surface (measured plasma
expression levels of
adrenocorticotropic
hormone in
RAMP2" mice)
Lenhart IF Increased Interactlng1 Co-IP, expression
2013 BRET RAMP surface | GPR30—- RAMP3 changes In vivo,
(Lenhart et expression localization,
al., 2013b) and changes in vivo, in
colocalization Vivo experlment
with GPCR, gstudled cardiac
ibrosis and left
Saturating ventricular
BRET signal hypertrophy in Y
that increases RenTgMk; AMP3
then plateaus *and RAMP3”
mice)
Cegla 2017 | IF Changes in GCGR - RAMP2 | Radioligand
Cegla et al., GPCR surface binding, GPCR
017) expression sg\ allng with
note: MP2
PCR- GPCR-RAMP overexpressmn or
RAMP co-localization RJ\IA KD (cAMP,
interaction flux, B
was arrest|n1
previousgl recruitment
published)
Barbash MERFISH Significant 14 GPCRs: Bioinformatics
2019 chan%es in ADORAZB, comparison to
(Barbash et GPC S1PR1, NTSR1, | phylogenic
al., 2019) expression at | OPRD1, F2RL3, correlation
the mMRNA GPR50, GPR141, | coefficient
level upon GPR160,
RAMP2 co- GPR176, LGR4,
expression P2YRS8, CELSR2,
FZD1 (tested with
RAMP2 only)
Bailey FACS Increased Interacting: GPCR signaling
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2019(Bailey | ELISA RAMP surface | CRHR1aq, cAMP), GPCR and
et al., 2019b) expression CRHR1B - AMP expression
(FACS) RAMP2 (mRNA), molecular
modeling of
Increased Noninteracting: interaction interface
GPCR surface | CRHR2[3 —
exEressmn RAMP2
ELISA)
Lorenzen SBA High median Overview: 15 PLA
2019 fluorescence | Secretin GPCRs
(Lorenzen et intensity signal | plus ACKR3,
al., 2019a) relative to ADGRF5, CCRS5,
control CCRY7, CXCRS,
CXCR4, GPRA4,
GPR182 Swith all
3 RAMPs
Mackie 2019 | BRET Saturating Overview: 24 PLA, co-IF with
(Mackie et FACS BRET signal Chemokine different
al., 2019b) that increases | GPCRs (with all 3 | biomarkers, ACKR3
then plateaus | RAMPs) signaling (cAMP)
coculture
Increased scavenging activity
RAMP surface assay, In vivo
expression experiment (retinal
angiogenesis in
Adm’™", Adm™* o
Ackr3 Ackr3
RAMP3++ and
RAMP3” mlce)
Shao 2022 BRET Saturating Overwew 7 GPCR si nallng
Shaoetal., |IF BRET signal %uca on family (cCAMP,
022) that increases s (with aII 3 actlvatlon
then plateaus | RAMPs) arrestin1 and B-
arrestin2

Altered RAMP
surface
expression
and
colocalization,

recruitment)
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Table 3. Published structures with RAMPs. Asterisk (*) indicates structure obtained by

cryo-electron microscopy. Otherwise, structures obtained by X-ray crystallography. All

structures marked Full include the ECD and TM domains of the RAMP, with no or very

poor C-terminal density observed. Stabilizing mutations made to the RAMP and/or

GPCR are not listed but may be present.

GPCR RAMP | Full Relevant Other PDB Ref | Ref
length? molecules molecules
present present
None RAMP1 [ ECD only MSE (L-peptide |[2YX8 (Kusa
linking no et
molecule) al.,
2008)
None RAMP2 [ ECD only Ca*? 2XVT Not
publis
hed
(Quigl
ey201
0)
None RAMP2 [ ECD only MSE (L-peptide | 3AQE (Kusa
linking molecule, no et
MSE= al.,
selenomethionin 2012)
e)
CALCRL | RAMP1 | ECD (both [ Olcegepant | 3N6, 3N7, 3N7S (ter
RAMP and sulfate ion Haar
GPCR) et al.,
2010)
CALCRL | RAMP1 | MBP - AM variant Maltose 5VeY (Booe
RAMP1 et al.,
ECD- 2018)
CALCRL
ECD fusion
CALCRL | RAMP1 | MBP- AM2 Maltose, sodium | 6D1U (Roeh
RAMP1 ion rkass
ECD- e et
CALCRL al.,
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ECD fusion 2018)
CALCRL | RAMP1 | ECD+ TM CGRP, Gs Nb35 6E3Y* (Liang
(noC heterotrimer et al.,
terminus), 2018a
CALCRL full )
length
CALCRL | RAMP1 | ECD (both [ Telcagepant | 3N6, N7R 3N7R (ter
RAMP and Haar
GPCR) et al.,
2010)
CALCRL | RAMP1 | ECD (both [ (unliganded) | sulfate ion, MSE | 3N7P (ter
RAMP and (L-peptide Haar
GPCR) linking et al.,
molecule) 2010)
CALCRL | RAMP1 | MBP - CGRP Maltose, 4RWG
RAMP1 analog magnesium ion (Booe
ECD- et al.,
CALCRL 2015)
ECD fusion
CALCRL | RAMP1 | ECD (both | Erenumab (F 6UMG (Garc
RAMP and | ab) es et
GPCR) al.,
2020)
CALCRL | RAMP1 | MBP - Olcegepant [ SNG, tetraethyl [ 6ZIS (Buck
RAMP1 glycol (PG4), nell et
ECD- maltose, alpha- al.,
CALCRL D- 2020)
ECD fusion glucopyranose
CALCRL | RAMP1 | MBP - HTL22562 tetraethyl glycol | 6ZHO (Buck
RAMP1 (PG4), maltose, nell et
ECD- alpha-D- al.,
CALCRL glucopyranose 2020)
ECD fusion
CALCRL | RAMP1 | MBP - HTL0028125 | Unknown (PDB | 7POF (Cans
RAMP1 (macrocycle) | entry on hold) field
ECD- et al.,
CALCRL 2022)
ECD fusion
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CALCRL | RAMP1 | MBP - Macrocycle | Unknown (PDB | 7POI (Cans
RAMP1 compound entry on hold) field
ECD- 13 et al.,
CALCRL 2022)
ECD fusion
CALCRL [ RAMP1 |ECD + TM Detergent TKNT* (Jose
(noC micelle phs et
terminus), al.,
CALCRL full 2021)
length
CALCRL [ RAMP1 |ECD + TM CGRP Detergent 7TKNU* (Jose
(noC micelle phs et
terminus), al.,
CALCRL full 2021)
length
CALCRL | RAMP2 | ECD only MSE (L-peptide | 3AQF (Kusa
linking no et
molecule) al.,
2012)
CALCRL | RAMP2 | MPB- AM Maltose, 1,2- 4RWF
RAMP2 ethanediol (Booe
ECD- et al.,
CALCRL 2015)
ECD fusion
CALCRL | RAMP2 | MPB- high-affinity | alpha-D- 6V2E (Booe
RAMP2 AM (37-52) glucopyranose- et al.,
ECD- S45R/K46L/ | (1-4)-alpha-D- 2020)
CALCRL S48G/Q50W | glucopyranose,
ECD fusion maltose, formic
acid, amino
group
CALCRL | RAMP2 AM, Nb35 (Liang
Full Gs heterotrim 6UUN* et al.,
er 2020a
)
CALCRL [ RAMP3 | Full AM2, Nb35 6UVA* (Liang
Gs heterotrim et al.,
er 2020a
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CALCRL | RAMP3 | Full AM, Nb35 6UUS* (Liang
Gs heterotrim et al.,
er 2020a

)

CALCR | RAMP1 | Full Rat amylin, Nb35, P42, 7TTYF* (Cao
Gs phosphatidyleth et al.,
heterotrimer | anolamine, 2022)

cholesterol
hemisuccinate,
palmitic acid, 2-
acetamido-2-
deoxy-beta-D-
glucopyranose

CALCR | RAMP1 | Full Salmon CT, | Nb35, 7TYW* | (Cao
Gs heterotrim | cholesterol et al.,
er hemisuccinate, 2022)

palmitic acid, 2-
acetamido-2-
deoxy-beta-D-
glucopyranose

CALCR | RAMP2 | Full Rat amylin, Nb35, 7TYX* (Cao
Gs cholesterol et al.,
heterotrimer | hemisuccinate, 2022)

palmitic acid, 2-
acetamido-2-
deoxy-beta-D-
glucopyranose

CALCR | RAMP2 | Full Salmon CT, [ Nb35, 7TYY* (Cao
Gs heterotrim | cholesterol et al.,
er hemisuccinate, 2022)

palmitic acid, 2-
acetamido-2-
deoxy-beta-D-
glucopyranose

CALCR | RAMP2 | Full CT, Nb35 7TTYH* (Cao
Gs heterotrim et al.,
er 2022)

CALCR | RAMP3 | Full Rat amylin, Nb35, P42, TTZF* (Cao
Gs cholesterol et al.,
heterotrimer | hemisuccinate, 2022)
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palmitic acid, 2-
acetamido-2-
deoxy-beta-D-
glucopyranose
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Figure Legends
Figure 1. The phylogenetic tree position of GPCRs tested for RAMP interactions.

Adapted from Lv et al. (Lv et al., 2016).

Figure 2. Summary of how RAMPs modulate GPCR biology. The four major regulatory
effects of RAMPs on RAMP-interacting GPCRs are shown, with techniques commonly
used to interrogate the regulatory effect or the presence of the complex in green text
bubbles. BRET, bioluminescence resonance energy transfer; co-IP, co-
immunoprecipitation; cryo-EM, cryogenic-electron microscopy; ELISA, enzyme-linked
immunosorbent assay; FACS, fluorescence assisted cell sorting; IF,

immunofluorescence; PLA, proximity ligation assay; SBA, suspension bead array.

Figure 3. Schematic highlighting the most common methodologies used to identify
GPCR-RAMP interactions and the results obtained for each. Ab, antibody; IF,
immunofluorescence; BRET, bioluminescence energy transfer; SBA, suspension bead
array; PLA, proximity ligation assay; FACS, fluorescence assisted cell sorting; ELISA,

enzyme-linked immunosorbent assay.

Figure 4. Structure of CALCRL in complex with RAMP1 and CGRP obtained from cryo-
EM (PDB code: 6E3Y) (Liang et al., 2018a). Center panel: CALCRL, rainbow color
gradation from deep blue (N-terminal tail) to deep red (C-terminal tail); RAMP1,
magenta; CGRP, grey. The original published structure also included the bound G

protein, which has been removed here for clarity. The N-terminal tails and the
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extracellular domains (ECDs) of CALCRL and RAMP1 are at the top, while their C-
terminal tails and intracellular domains (ICDs) are at the bottom. The C-terminal
residues of RAMP1 that stretch beyond the membrane bilayer are not resolved (dashed
line). All residues of RAMPs that interact with CALCRL as determined by all recent cryo-
EM structures are shown as sticks in the center and right-side insets (Josephs et al.,
2021; Liang et al., 2018a; Liang et al., 2020a). Similarly, residues of CALCRL that may
interact with either RAMP1, 2, or 3 are shown as sticks in the center panel and right-
side insets. In the right-side insets, any atoms between CALCRL and RAMP1 that are
within 4 A of each other are marked with yellow dashed lines. The left-side boxed
structure shows interacting residues as spheres to highlight the potential CALCRL-
RAMP interaction interface. All RAMP amino acid residues with potential interactions
with CALCRL are shown as magenta spheres. Amino acid residues in the TM, ECL and
ECD regions of CALCRL that potentially interact with RAMPs are shown as blue

spheres.
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Figure 2
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Figure 3
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Figure 4
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