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Abstract

The calcium-sensing (CaS) receptor is a G-protein-coupled receptor (GPCR) that is of
fundamental importance for extracellular calcium signalling and calcium homeostasis. The CaS
receptor detects changes in free, ionized extracellular calcium concentration and initiates pathways
that constantly re-adjust levels of circulating calcium. In addition, the CaS receptor is involved in
processes such as stem-cell homing and regulation of neuronal-process outgrowth. To perform
these functions, the CaS receptor must be appropriately targeted to the plasma membrane so that
its large N-terminal calcium-sensing domain is positioned in the extracellular environment to
detect dynamic changes in ionic calcium concentration. Here, we provide an overview of the
molecular determinants controlling CaS receptor forward traffic and highlight the roles of CaS
receptor interactors such as receptor-activity-modifying proteins and subunits of other class C
GPCRs in this process.

Introduction to the calcium-sensing receptor: cloning, structure and
physiological roles

Calcium is a well-characterised and fundamentally important intracellular messenger [1]. In
addition, calcium ions also have essential roles as extracellular messengers, mainly via the
binding to surface-expressed calcium-sensing (CaS) receptors [2]. The parathyroid gland
orchestrates calcium homeostasis by secreting parathyroid hormone (PTH) in response to
variations in extracellular calcium concentration. Systemic calcium is normally at a
concentration of ~1.2 mM and a rise or decrease in systemic calcium inhibits or stimulates
PTH secretion, respectively [3]. These fluctuations in environmental calcium are detected by
calcium-sensing receptors situated at the plasma membrane of parathyroid cells [4]. The CaS
receptor was originally cloned by functional screening in an assay in which RNAs from a
bovine parathyroid-gland library were expressed in Xenopus oocytes and scrutinised for
their capacity to respond to gadolinium, an effective CaS receptor agonist [5]. This strategy
led to the isolation of a single clone, named BoPCaR (bovine parathyroid calcium receptor).
CasS receptors were subsequently isolated from other species and additional tissues including
kidney [6] and brain [7]. For simplicity, here, we use CaS receptor to encompass all these
highly related receptor variants.

The CaS receptor is a class C G-protein-coupled receptor (GPCR) closely related to
metabotropic y-aminobutyric acid (GABA)g and glutamate (mGlu) receptors. It contains an
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extracellular N terminal that includes a venus flytrap domain required for calcium binding
[8]. The CasS receptor is a homodimer at the cell surface [9] (Figures 1 and 2), and
intermolecular interactions between the monomers are important for receptor function [10].
Intriguingly, calcium is also an important extracellular signal in plants in which it regulates
the degree of stomatal closure through an increase in cytosolic free calcium [11]. A calcium-
sensing receptor named CAS was cloned from Arabidopsis thaliana [12]. The vegetal CAS
exhibits structural features distinct from animal CaS receptors. For example, CAS contains
only one transmembrane (TM) domain in contrast to seven TM domains for the CaS
receptor. Nevertheless, the fact that receptors sensing extracellular calcium are present in
both animal and plant kingdoms underlines the profound importance of extracellular calcium
signalling and homeostasis.

The CasS receptor is not only involved in the control of systemic global calcium [3] but it
also participates in cell-type-specific processes that involve local changes or gradients in
extracellular calcium, such as stem-cells homing [13] and the outgrowth of neuronal
processes in the peripheral and central nervous systems [14]. The CaS receptor can also
transduce extracellular signals other than calcium ions. A diverse range of molecules has
been shown to modulate CaS receptor activity. For example, the CaS receptor can be
activated by magnesium, gadolinium (which was used during the cloning strategy),
antibiotics (such as neomycin), several .-amino acids and by the amyloid p-peptide fragment
(for reviews, see Refs [15,16]). Of these, sensing of .--amino-acids by the CaS receptor
seems to be particularly physiologically relevant [17]. Thus, it seems that the CaS receptor
might participate in a much broader array of sensing and effector pathways than initially
appreciated.

Pathologies associated with CaS receptor mutations

CasS receptor mutations in humans that either inactivate or activate the receptor have been
linked to hypercalcemia and hypocalcemia, respectively [3,16,18,19]. Mutations resulting in
a loss of CaS receptor function are associated with familial benign hypercalcemia (FBH) and
neonatal severe primary hyperparathyroidism, a lethal disease resulting in skeletal
demineralization and multiple fractures [3]. To date, >70 inactivating mutations have been
identified, most of them being missense mutations. For an up-to-date and exhaustive list see
the CaS receptor database CASRdb (www.casrdb.mcgill.ca). Considering the central role of
the receptor on the maintenance of normal calcium levels, there has been substantial effort
towards the development of CaS receptor agonists and antagonists for the treatment of
disease. Allosteric activators (calcimimetics) increase CaS receptor affinity for calcium and
are being developed to inhibit PTH secretion [20,21]. Calcimimetics are currently in clinical
use for treating secondary hyperparathyroidism in patients receiving dialysis for renal
insufficiency [20,21]. Widely employed calcimimetics include the compounds NPS R-467,
NPS R-568 and cinacalcet. Negative allosteric modulators of the CaS receptor (calcilytics)
that indirectly stimulate PTH secretion through a decrease in CaS receptor activity are also
potentially useful compounds that might provide anabolic therapies for conditions such as
osteoporosis [20,21].

Of particular interest in the context of this review are the observations that certain of the
loss-of-function CaS receptor mutants display altered forward trafficking [22—26] (Table 1).
Consequently, these defective receptors are either not expressed or only poorly expressed at
the plasma membrane and, therefore, cannot mediate systemic calcium homeostasis.
Importantly, analysis of these mutants has provided increased understanding of some causes
of clinical hypercalcemia. In addition, comparison of mutated and wild-type (WT) CaS
receptors has shed light on the molecular mechanisms involved in the forward trafficking of
the receptor. As discussed in the following sections, it turns out that key determinants of
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CasS receptor forward trafficking include interaction with binding partners such as receptor-
activity-modifying proteins (RAMPS), GABAGRg receptors or mGlu receptors.

Early sorting of the CaS receptor: biosynthesis and homomeric assembly
in the endoplasmic reticulum

As shown in Figure 1, the forward trafficking of the CaS receptor is a highly regulated
multi-step process. During protein synthesis the polypeptide and ribosome are targeted to the
rough endoplasmic reticulum (ER) and the nascent polypeptide enters into this lumen. This
co-translational transport requires the presence of the signal peptide sequence at the extreme
N terminus of the nascent receptor. On completion of synthesis, the receptor inserts into the
membrane of the ER in an orientation that places domains destined to be extracellular within
the lumen of the ER and subsequent compartments of the secretory pathway (Figure 1). This
orientation exposes the intracellular domains of the receptor for interactions with proteins in
the cytoplasmic compartment. The CasS receptor escapes the ER via the formation of ci/s-
Golgi vesicles, reaches the other face of the Golgi (frans face) and, ultimately, is delivered to
the plasma membrane (Figure 1).

The signal peptide in the nascent CasS receptor protein comprises a stretch of hydrophobic
amino acids. Three mutations have been identified within the human CaS receptor signal
peptide (LeullSer, Leul3Pro and Thr14Ala) of three FBH patients, two of whom had
elevated PTH levels [23] (Table 1). /n vitro transcription and translation of the mutant
DNAs yielded proteins of the correct molecular weight but, when expressed in HEK293
cells, the Leull1Ser and Leul3Pro mutants generated receptors with defective signalling
response to an increase in extracellular calcium and altered plasma-membrane expression
[23]. This indicates that co-translational processing, the initial step of the forward-trafficking
pathway, is altered in Leu11Ser and Leu13Pro mutant CaS receptors. To test this hypothesis,
fragments of RNAs encoding WT, LeullSer or Leul3-Pro CaS receptors were in vitro
translated. All the constructs generated proteins of the expected size (33 KDa). Inclusion of
microsomes (small vesicles of ER obtained by cell disruption) in the cell-free assay resulted
in a 16 KDa increase in size of WT protein. The size of the mutants, however, remained
unchanged indicating that core glycosylation of the WT CaS receptor that occurs in the ER
is prevented in the mutants. Furthermore, the WT CaS receptor was resistant to proteinase
K, a proteolytic enzyme that cannot enter the ER lumen. The Leull1Ser and Leul3Pro
mutant CaS receptor, by contrast, were both degraded by proteinase K, indicating that they
do not enter the ER lumen [23]. This elegant work identified some of the molecular events
involved in the biosynthesis and early traffic of the CaS receptor (Figure 1). In particular,
the demonstration that signal-peptide mutants of the CaS receptor are incapable of entering
the initial step of the forward-trafficking pathway provide a possible mechanistic
explanation for the cause of some diseases characterised by deficient calcium sensing and
associated signalling [23].

The ER also plays a crucial part in assembly and stability of the CaS receptor homodimer, as
demonstrated recently using confocal studies combining fluorescence resonance energy
transfer (FRET) and fluorescence recovery after photobleaching (FRAP) [24]. Interestingly,
two loss-of-function mutants on the same arginine residue (Arg66Cys and Arg66His) failed
to reach the plasma membrane (Table 1) despite the fact that they assemble as dimers in the
ER [24]. This indicates that dimerization is not sufficient to drive the exit from the ER and
that an additional mechanism might account for the traffic to the Golgi apparatus.
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Traffic of the CaS receptor from the ER to the plasma membrane

Surface expression of rat CaS receptor at the plasma membrane has been investigated using
the pH-sensitive green-fluorescent-protein variant super ecliptic pHluorin (SEP) [27] (Figure
2a). SEP is non-fluorescent at acidic pH values (<6.0) and its brightness increases with pH
values up to 8.5 [28] (Figure 2a). Vesicular compartments of the forward-trafficking
pathway have an acidic lumen, with the exception of the ER [29]. The fluorescence from the
CasS receptor tagged at the N terminus with SEP is eclipsed in these compartments because
the receptor is anchored in sorting vesicles with the N terminus orientated within the acidic
environment of the lumen. Thus, SEP-CaS-receptor is only visible at the cell surface or in
the ER, which has a neutral luminal pH of ~7 [28]. Using this construct it was possible to
reliably track CaS receptor surface expression in near real time in intact HEK293 cells
(Figure 2b). Furthermore, this indicated that this tagging approach could be applied to other
GPCRs [27]. Since this original report, similar strategies using the same SEP reporter have
been applied to study the mGluy; receptor [30] and the cannabinoid receptor CB; [31].

SEP-CasS-receptor trafficking and surface expression differs markedly when expressed in
HEK?293 cells (Figure 2b) compared with COS7 cells [27] (Figure 2c¢). Although SEP-CaS-
receptor is efficiently expressed in COS7 cells it is not able to exit the ER. Thus, SEP-CaS-
receptor displays robust surface localisation in HEK293 cells but is absent from the surface
of transfected COS7 cells (Figure 2b—c).

RAMPs are involved in the forward trafficking of several GPCRs [32]. RAMPs form a
family of three single TM-domain proteins (RAMP1, RAMP2 and RAMP3). RAMP1 has
been shown to be integral in the transport of the calcitonin-receptor-like receptor (CRLR) to
the plasma membrane, generating a receptor responding to calcitonin-gene-related peptide
(CGRP) [33]. Surprisingly, however, when CRLR is transported by RAMP2 or RAMP3, the
receptor selectively responds to adrenomedullin [33]. Using RAMP translocation to the cell
surface as a marker of RAMP-receptor interaction, six different class B GPCRs have been
identified as RAMP interactors [34], indicating that RAMPs might interact with a wider
variety of GPCRs than previously estimated [33].

Intriguingly, it has been reported previously that RAMPs are expressed in some HEK293
cell lines but not in COS?7 cells [35]. On further investigation, we determined that COS7
cells lack all RAMPs, whereas our HEK293 cells expressed only RAMP1 [27]. Gain-of-
function experiments in which RAMP1, RAMP2 or RAMP3 were coexpressed with the CaS
receptor in RAMP-deficient COS7 cells showed that RAMP1 and RAMP3 (but not
RAMP2) restored cell-surface targeting of the GPCR (Figure 1). In the converse
experiments, RNA-interference-mediated suppression of RAMP1 expression in HEK293
cells impaired forward trafficking of the CaS receptor [27].

Other CaS receptor binding partners affecting its surface expression

In addition to RAMPs, other proteins modulate CaS receptor trafficking. GABAg receptors
also belong to the class C GPCRs and assemble as heterodimers of GABAg1—-GABAg,
subunits to form functional receptors at the cell surface. Recently, it has been demonstrated
that GABAg-receptor subunits can heterodimerize with the CaS receptor to modulate CaS
receptor surface expression [36,37] (Table 2). Coexpression of GABAg, promotes an
increase of both CaS receptor surface and total expression in HEK293 cells, whereas
GABAGR; exerts the opposite effect (Table 2) and also inhibits the positive-forward traffic
effects of the GABAR; subunit [36]. Consistent with this, CaS receptor surface expression is
enhanced in GABARg:-gene knockout cells. Reciprocally, the CaS receptor enhances both
GABARg; and GABAg; surface expression, possibly by masking an ER retention site on
GABAGR;. In solubilised brain extracts both GABAg; and GABAR, co-immunoprecipitate
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with the CaS receptor and the proteins show some immunocytochemical colocalisation in
neurones [36] and in growth-plate chondrocytes [37]. Thus, heterodimerization of the CaS
receptor with GABAg receptors might provide another mechanism to modulate receptor
function [36,37].

When co-transfected in HEK?293 cells, the CaS receptor associates with the group |
metabotropic glutamate receptors, mGlu; and mGlus, through disulfide-bond interactions
(Table 2). Co-expression of mGlus in HEK293 cells enhances CasS receptor surface
expression, whereas mGluy has no marked effect [38] (Table 2). Interestingly, both mGlu,
and GABAg are also sensitive to extracellular calcium concentration [39,40]. Thus,
heterodimerization between these receptor types could act to modulate extracellular calcium
signalling by fine-tuning CaS-receptor-dependent sensitivity and/or responses. For example,
when transfected together with mGluy, the CaS receptor then internalises in response to
glutamate [38]. Although this has not yet been shown to occur in a native system, such a
mechanism could enable the extracellular levels of glutamate to adjust the number of surface
receptors available to sense extracellular calcium, for example in conditions of intense
synaptic activity or ischaemia. Another possibility is that the CaS receptor heterodimerizes
with different GPCR partners to facilitate targeting to specific subcellular locations. For
example, the CaS receptor is crucial for neuronal and dendrite outgrowth [14], but the
mechanisms by which the receptor is targeted to axons and dendrites remain enigmatic. It is,
therefore, possible that the CaS receptor could use its association with mGlus to be targeted
to synapses via the Homerl-mGlus interaction [41]. Consistent with this, Homerlc has been
shown to increase the plasma-membrane localisation of the CaS receptor when co-expressed
with group | mGlu receptors [38].

Perspectives on CasS receptor traffic

The most important currently known mechanisms involved in CaS receptor forward traffic
are summarized in Figure 1. Two main checkpoints have been identified that must be passed
during the sorting of the receptor. First, co-translational transport requires the integrity of the
signal peptide. Second, sorting from the ER involves the binding of proteins acting as
chaperones such as RAMPs or the GABARg receptor. There are undoubtedly additional
quality checkpoints that control CaS receptor anterograde transport. For example, the CaS
receptor C terminus interacts with the E3 ubiquitin ligase Dorfin [42] (Table 2). Dorfin
triggers ubiquitination and degradation of immature, non-fully glycosylated CaS receptors
via the ER-associated degradation pathway when the receptor and the enzyme are co-
expressed in HEK293 cells [42]. This degradation response probably acts to prevent the
presence of non-functional CaS receptors at the plasma membrane and might be triggered by
misfolded receptors accumulating in the ER. Interestingly, this degradation process occurs in
physiological conditions in cells that endogenously express the CasS receptor such as Madin-
Darby canine kidney cells.

The traffic of some loss-of-function CaS receptor mutants that are ordinarily degraded and,
thus, less abundant at the plasma membrane can be rescued by overnight treatment with the
calcimimetic NPS-R568 [43]. NPS-R568 might produce a conformational change that
rescues the misfolded receptor. This pharmacological chaperone-like property might provide
a fruitful avenue of investigation for potential therapeutic interventions. The degradation
process is finely balanced by protective mechanisms such as stabilization of the CaS
receptor by the scaffolding molecule filamin [44] (Table 2). A similar mechanism might
account for GABAR> action on the CasS receptor total expression [36].

Once the homodimeric CaS receptor is correctly expressed at the plasma membrane, it
responds to extracellular stimuli, primarily extracellular calcium. As with other GPCRs, a
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complex process of desensitization is set in train thereby contributing to the control of the
extent and duration of the intracellular signalling response. It is established that CaS
receptor desensitization involves phosphorylation by G-protein-receptor kinase and the
binding of B-arrestin [45,46]. p-arrestin is also required for CaS-receptor-induced plasma-
membrane ruffling [47], indicating that extracellular calcium desensitization and signalling
to the cytoskeleton are intimately linked. Desensitization does not seem to involve
internalisation, at least in the short term, because little CaS receptor internalisation is
detected in response to agonist treatment [46]. However, the CaS receptor might redistribute
along the plasma membrane to selected microdomains such as caveolin-rich domains [48] or
plasma-membrane ruffles [47]. Redistribution of the CaS receptor to plasma-membrane
ruffles at the leading edge of the migrating cell might provide a mechanism for sensing
extracellular ionic environment to orientate the migrating cell accordingly [47].

Conclusion

Despite recent progress, important questions remain about the mechanics, activity
dependence and pathways of CaS receptor trafficking. For example, it seems that RAMPs
act to enable forward trafficking of SEP—CaS-receptor from the ER to the Golgi and, in that
way, facilitate mature glycosylation of SEP—CaS-receptor exogenously expressed in clonal
cell lines (Table 2). However, it remains to be determined if RAMPSs are involved in the
traffic of endogenously expressed CasS receptors, and possibly other class C GPCRs, in
functionally relevant cells. The CaS receptor and RAMP1 or RAMP3 are co-expressed in
the brain and kidney [33]. However, the expression of RAMPs in other cell types in which
the CasS receptor has a physiological role, such as stem or parathyroid cells, remains to be
determined. The roles of RAMPs in the targeting and asymmetrical localisation of the CaS
receptor in polarised cells [49] also remain undefined. RAMPs might also influence the
pharmacological properties of the receptors. Given that the CaS receptors respond to
multiple agonists including spermine or amino acids [16], RAMPs could potentially alter the
ligand potency and/or selectivity analogous to their roles in CRLR pharmacology. At a more
fundamental level, the sites of interaction between RAMPs and the CaS receptor have not
been established. Thus, future elucidation of the roles of RAMPs in CaS receptor signalling,
pharmacology and trafficking will provide insight into the mechanisms regulating CaS
receptor function and, therefore, could lead to the development of therapeutic strategies to
manipulate surface functional expression of the CaS receptor in diseased cells.

Similarly, the observations that the CaS receptor can heterodimerize with other GPCR
subunits (Table 2) raise many questions about the potential interchange of subunits from
different GPCRs that would enable subtle modulation of the expression and function of the
heteromeric receptors. If widespread, this ‘pick-and-mix’ mechanism would provide a
potentially huge number of receptor combinations, especially when subunit splice isoforms
are included. It is conceivable that subtle but functionally important variations in receptor
composition dictate with very high specificity the precise cellular localisation and
pharmacological properties of receptor subpopulations. This would enable individual cells or
cell compartments to contain unique receptors that are determined by the environment and
are exquisitely fine-tuned for their specific role. Furthermore, the exact nature of the
receptors might change in response to changed intracellular or extracellular conditions.
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Figure 1.

Model of CaS receptor sorting traffic. During synthesis the polypeptide, together with the
ribosome, is targeted to the rough ER due to the presence of the signal sequence (co-
translational transport). Upon completion of synthesis, the receptor becomes anchored in the
ER membrane in an orientation maintained throughout the secretory pathway. In the ER,
CaS receptor monomers assemble as homodimers, which are retained (stop sign) and are
core glycosylated. CaS receptor dimers in association with RAMP1 or RAMP3 bypass the
ER retention and reach the Golgi apparatus where they are terminally glycosylated before
being delivered to the plasma membrane (PM). For clarity, additional proteins modulating
CasS receptor traffic such as GABAg; and GABAg; are not indicated. The stoichiometry
between RAMP and the CasS receptor is not known but, for simplicity, we depict one RAMP
per CaS receptor homodimer. Figure adapted and reproduced, with permission of the
Company of Biologists, from Ref. [27].
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Figure2.

Super-eclipitic pHluorin-tagged CaS receptor (SEP-CaS-receptor), a tool to track CaS
receptor cell-surface expression and traffic. (a) Theoretical levels of SEP-CaS-receptor
fluorescence at different pH levels in the compartments of the sorting pathway. Tagging
with SEP enables real-time visualization of bulk endocytosis and exocytosis by measuring
changes in fluorescence at the plasma membrane (PM). (b) Images obtained during live
confocal imaging revealing the distribution of SEP—CaS-receptor fluorescence in two
cultured HEK293 cells transfected with SEP—CaS-receptor. Note, the fluorescence is mainly
visible at the plasma membrane (indicated by arrowheads) at an extracellular pH 7.4. At pH
6, a decrease in fluorescence is observed as surface SEP—CaS-receptor is eclipsed. By
contrast, application of a solution at pH 7.4 containing NH4CI (50 mM), which rapidly
equilibrates intracellular pH levels, causes a sharp increase as all the SEP—CaS-receptor
fluorescence in the cell (marked by asterisks) is revealed. (c) SEP—CaS-receptor is absent
from the surface of transfected COS7 cells. A transmitted light image shows the location of
the plasma membrane. Figure adapted and reproduced, with permission of the Company of
Biologists, from Ref. [27]. Abbreviations: CaSR, CaS receptor.
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