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The extracellular Ca®* sensing receptor (CaSR) belongs to Class C G-protein-coupled receptors (GPCRs)
which include receptors for amino acids, y-aminobutyric acid and glutamate neurotransmitters. CaSR has
been described as having an extended sequence containing a Ca>* binding pocket within an extracellular
amino (N)-terminal domain, called a Venus Fly Trap (VFT) module. CaSR is thought to consist of three
domains: 1) a Ca**~sensory domain, 2) a region containing 7 transmembrane (TM) helices, and 3) a
carboxy (C)-terminal tail. We find that SPOCTOPUS (a combination of hidden Markov models and arti-
ficial neural networks) predicts that Homo sapiens CaSR contains two additional TM helices (1°°D — G?1°;
2625_E282) with the second TM helix containing a pore-lining region (*°K — 1?8%). This predicts that the
putative Ca®* sensory domain is within an extracellular loop, N-terminal to the highly conserved hep-
tahelical bundle. This loop contains both the cysteine-rich domain (>*’V — €>%8) and a 14 residue “linker”
sequence (°%°I — F'2) thought to support signal transmission to the heptahelical bundle. Thus domain 1
may contain a 189 residue N-terminal extracellular region followed successively by TM-1, a short
intracellular loop, TM-2 and a 329 residue extracellular loop; rather than the proposed 620 residue VFT
module based on crystallography of the N-terminal region of mGIuR1. Since the topologies of the two
proteins differ, the published CaSR VFT model is questionable. CaSR also contains multiple caveolin-
binding motifs and cholesterol-binding (CRAC/CARC) domains, facilitating localization to plasma mem-
brane lipid rafts. lon sensing may involve combination of pore-lining regions from CaSR dimers and
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CaSR-bound caveolins to form ion channels capable of monitoring ionized Ca®* levels.
© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The calcium sensing receptor (CaSR) belongs to family C (or III)
of G protein-coupled receptors (reviewed in Refs. [1-5]). The
human CaSR contains 1078 amino acids: the extracellular Ca®*-
sensing domain reportedly consists of 612 N-terminal amino
acids and is followed by a 250 amino acid domain containing a
highly conserved 7 transmembrane (TM) helix bundle and in turn
by a carboxy (C)-terminal tail of about 200 amino acids (reviewed
in Ref. [6]). Molecular modeling based on crystallographic struc-
tures of a related metabotropic glutamate receptor (mGIluR1) [7]
suggests that the CaSR extracellular domain resembles a Venus
flytrap (VFT)-like motif, a bi-lobed structure with a crevice
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between the two lobes thought to contain a key binding site for
Ca®* [3,8]. The bi-lobed structure containing the Ca%* binding site
is tethered to the heptahelical signaling domain (reviewed in Ref.
[9]). The VFT is thought to be open in the absence of agonist and
to close upon Ca®* binding, thereby causing conformational
changes in TM and intracellular domains that initiate signal
transduction.

Because the insertion of TM helices into the plasma membrane
initiates complex molecular interactions among proteins, lipids and
water, the membrane topology of the N-terminal region of CaSR
may differ from that predicted by crystallographic analysis of the
purified mGluR1. In this study, CaSR and mGIluR1 are compared in
terms of membrane topology, pore-lining regions, cholesterol
binding domains and caveolin binding motifs [10,11]. Comparison
of the plasma membrane topology of CaSR and mGIluR1 should
provide insights into the Ca** signaling mechanism(s) and indicate
whether the Ca?*-sensing region is associated with an N-terminal
extracellular Venus Fly Trap (VTF)-like motif.

0006-291X/© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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2. Materials and methods
2.1. Materials

The amino acid sequences of Homo sapiens extracellular calcium
sensing receptor (Accession #P41180) and metabotropic glutamate
receptor 1 (Accession #Q13255) were downloaded from the
ExPASy Proteonomic Server of the Swiss Institute of Bioinfomatics
(http://www.expasy.org; http://www.uniprot.org). About 98% of
the protein sequences provided by UniProtKB are derived from the
translation of the coding sequences (CDS) which have been sub-
mitted to the public nucleic acid databases, the EMBL-Bank/
Genbank/DDB] databases (INSDC). Amino acid sequences were
compared using the Pairwise Sequence Alignment software
(LALIGN) at http://www.ebi.ac.uk/Tools/services/web lalign/to find
internal duplications by calculating non-intersecting local align-
ments [12]. The Emboss Water protocol (version 36.3.5e Nov, 2012;

preload8) used here employs the Smith—Waterman algorithm
(with modified enhancements) to calculate the local alignment of
two sequences.

2.2. Transmembrane (TM) helix and pore-lining region predictions

To identify possible transmembrane regions rich in non-polar
amino acids, various propensity scales have been developed
[13—17]. The first protein topology predictions were largely based
on the average hydrophobicity of TM segments. More recent ap-
proaches depend on statistics. Since TM regions share common
amino acids, machine learning systems were trained on datasets of
integral membrane proteins. Most machine learning methods rely
on hidden Markov models, neural networks, or support vector
machine algorithms [18—21]. Using a novel combination of hidden
Markov models and artificial neural networks, Viklund and Elofa-
son have developed a method (OCTOPUS) that predicts the correct
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Fig. 1. A comparison of the hydrophobicity values of the calcium sensing receptor (CaSR, Homo sapiens #P41189, top) and the glutamate receptor (mGluR1, Homo sapiens, Q13255,
bottom) using Mobyle 1.5 (available at mobile@pasteur). The blue lines represent plots of the hydrophobicity values with the red line indicating the upper cutoff and the green line
the lower cutoff for TM helix prediction. The amino acid sequences are those published in the Swiss Protein Knowledgebase (www.uniprot.org). (For interpretation of the references

to colour in this figure legend, the reader is referred to the web version of this article.)
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topology for 94% of 124 sequences with known structures [22].
SPOCTOPUS predicts signal peptides [23] in addition to TM helices.
The link for both is available at http://octopus.cbr.su.se/. Pore-lining
regions in transmembrane protein sequences were predicted using
the method (MEMSAT-SVM) of Nugent and Jones [11]: (http://
bioinfo.cs.ucl.ac.uk/psipred/).

2.3. Caveolin-binding motifs

Using a GST-fusion protein-bacteriophage display library sys-
tem, Couvet et al. [24] identified at least two related but distinct
caveolin binding motifs, dxxxx®xx® and dxdxxxxd (where &
represents an aromatic amino acid, W, Y, or F). The motifs have been
shown to interact with caveolin in most proteins.

2.4. The CRAC and inverse CRAC (CARC) domains

CRAC is a short linear amino acid motif that mediates binding to
cholesterol and stands for Cholesterol Recognition/Interaction
Amino acid Consensus sequence [25]. In a C- to N-terminus direc-
tion the motif consists of a branched apolar Leu (L) or Val (V) res-
idue, followed by a segment containing 1-5 of any residues,
followed by a mandatory aromatic Tyr (Y) residue, a segment
containing 1-5 of any residues, and finally a basic Lys or Arg. In the
one letter amino acid code the algorithm is (L/V) — X1.5 — (Y) — Xj-

- (K/R). A second cholesterol recognition domain similar to the
CRAC domain (CARC) has been identified [26]. The CARC domain is
comparable to the CRAC domain but exhibits the opposite orien-
tation along the polypeptide chain (“inverted CRAC"), i.e. (K/R) —
X1.5 — (Y/F) — X1.5 — (L/V). CARC is distinct from CRAC in that the
central amino acid can be either Y or F.

3. Results

3.1. Comparison of the hydrophobicity profile and transmembrane
(TM) helix topology in the calcium sensing receptor (CaSR) and the
metabotropic glutamate receptor 1 (mGIluR1)

The transmembrane (TM) helix, as described by Hilldebrand
et al. [27], is a membrane-spanning 17.3 + 3.1 (SD, N = 160) amino
acid sequence with a hydrogen-bonded helical configuration,
including a-, 310- and m-helices. The a-helix is very common, while
the 319 helix is found at the ends of the TM =-helix. I1-helices are
rare. Fig. 1 compares the hydrophobicity plots of H. sapiens CaSR
(upper) and mGIuR1 (lower). Comparison of the hydrophobicity
profiles of the two proteins indicates 2 additional TM helices above
the upper cutoff (red line) present in the N-terminal region of CaSR
whereas mGluR1 indicates 1 additional TM helix at the lower cutoff
(green line); but no additional helices above the red line. CaSR and
mGIuR1 exhibit common heptahelical TM bundles in the C-termi-
nal region. Use of LALIGN (see Methods) indicated minimal amino
acid sequences in common within CaSR and mGluR1. Overall, CaSR
(1077 aa) and mGlIuR1 (1194 aa) had a 28.3% identity in a 951 amino
acid overlap (26-956:39-938); score: 1115 e (100000), indicating
limited sequence homology. The hydrophobicity plots also indicate
that both CaSR and mGluR1 contain TM helices in addition to those
associated with the heptahelical bundles.

Fig. 2 illustrates the TM helix topology as predicted for CaSR
(top) and mGIuR1 (bottom), using the program SPOCTOPUS: a
novel combination of hidden Markov models and artificial neural
networks [22,23]. The topology output (top diagram in Fig. 2)
represents the most likely topology as predicted by SPOCTOPUS. As
shown, we find that SPOCTOPUS predicts that CaSR contains two
TM helices the 200—300 residue region as well as a seven TM he-
lical array in the 600—900 residue regions (top). In contrast,

mGIluR1 contains only one additional TM helix in the 400 residue
region (bottom). The two diagrams labeled “Network value” in-
dicates the estimated preference for each residue to be located
among the different structural regions. The top Network Output
shows the preference of being in: 1) the hydrophobic part of the
membrane, 0-13A from the membrane center, 2) the membrane
water-interface, 11-18A from the membrane center, 3) a closed-
loop region, 13-23A from the membrane center, and 4) a globular
region, further than 23A from the membrane. The bottom Network
value shows the estimated preference of a particular residue to be
located either on the inside or on the outside of the membrane. The
prediction of TM helices in both CaSR and mGluR1 by SPOCTOPUS is
consistent with the hydrophobicity profiles in Fig. 1. As also shown,
both CaSR and mGluR1 contain N-terminal signal peptides (5 - 30
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Fig. 2. Comparison of the TM helix topology as predicted for CaSR (top) and mGluR1
(bottom), using the program SPOCTOPUS: a combination of hidden Markov models
and artificial neural networks [23]. The topology output (top diagrams) represents the
most likely topology as predicted by SPOCTOPUS. The two diagrams labeled “Network
value” indicates the estimated preference for each residue to be located in different
structural regions. The top Network Value Output shows the preference of being in: 1)
the hydrophobic part of the membrane, 0-13A from the membrane center, 2) the
membrane water-interface, 11-18A from the membrane center, 3) a closed-loop region,
13-23A from the membrane center, and 4) a globular region, further than 23A from the
membrane. The bottom Network value shows the estimated preference of a particular
residue to be located either on the inside (i) or on the outside (O) of the membrane.
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Fig. 3. The pore-lining regions and helix topology for CaSR predicted by the program of Nugent and Jones [11]) using the support vector machine-based TM topology predictor
MEMSAT-SVM (see Methods). The Nugent and Jones method identifying pore-lining regions predicts: 1) the likelihood of transmembrane helices being involved in pore (channel)
formation and 2) determines the number of subunits required to form a complete pore or channel. Blue squares indicate the predicted pore-lining region whereas the black squares
indicate classical TM helices. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

amino acid short sequences present at the N-terminus of a majority
of newly synthesized proteins that are destined towards the
secretory pathway).

Nugent and Jones have developed a method to predict pore-
lining helices in transmembrane proteins [11]. By using the Por-
eWalker program [28] to identify pore-lining residues in trans-
membrane protein structures, they were able to identify pore-
lining regions and predict both the likelihood of transmembrane
helices being involved in pore (channel) formation and determine
the number of subunits required to form a complete pore or
channel (see Methods). The pore often runs parallel to TM helices,
forming a path along which ions or molecules travel, with adjacent
structural features determining pore specificity. As shown in Fig. 3,
we find that CaSR contains a pore-lining region (26°K — 1289). This
pore-lining region corresponds to the second TM helix (2625—E?82)
predicted by SPOCTOPUS (Fig. 2). In contrast, mGluR1 lacks a
comparable pore-lining sequence (not shown). This is consistent
with the hydrophobicity profiles in Fig. 1.

3.2. Caveolin and cholesterol binding domains of H. sapiens CaSR

The shortest sequence of amino acids in proteins that contains
functional and structural information is often defined as a “motif”,
whereas a conserved part of a given protein that can evolve,
function and exist independently is termed a “domain”. Fig. 4
compares the distribution of the caveolin-binding motifs (high-
lighted in red), and CRAC/CARC (cholesterol binding) domains
(highlighted in orange) within the 1078 amino acid sequence of H.
sapiens CaSR. A cysteine-rich domain (°3’V — C%8; reviewed in Ref.
[9]) is highlighted largely in green and denoted by a wavy

underline. The additional TM helices predicted by SPOCTOPUS
(Fig. 2) are underlined with a single black line whereas members of
the “classical” 7 TM G-protein helical bundles are double under-
lined. A 14 amino acid “linker” sequence between the cysteine-rich
domain and TM-3 (°%°I — F%12) reportedly supports signal trans-
mission from the putative VFT domain to the heptahelical bundle
[9]. SPOCTOPUS predicts (Fig. 2) that the N-terminal region is
extracellular and highlighted in blue, whereas the C-terminal re-
gion is intracellular and highlighted in black.

As indicated in Fig. 4, SPOCTOPUS predicts that the N-terminal
extracellular sequence contains 189 residues. Since a large N-ter-
minal region composed of 400—500 residues is required [9] for bi-
lobed Venus flytrap (VFT) domains, it is unlikely that the N-ter-
minal region (Fig. 4) would form a VFT structure. Three caveolin
binding motifs (red highlights) were identified within CaSR (Fig. 4),
one in the N-terminal extracellular region and two overlapping TM-
3 and TM-8 within the heptahelical bundle. Five CRAC and/or in-
verse CRAC (CARC) cholesterol binding motifs (orange highlights)
are present; one associated with the amino-terminal region and
two within the extracellular loop containing the cysteine-rich
sequence. A fourth CRAC/CARC motif overlaps TM-5 of the hepta-
helical bundle and a fifth is within the C-terminal tail.

A comparison of CaSR and mGIluR1 indicate a number of dif-
ferences in helix topology, motifs and domain interfacing with the
intra- and extracellular environment. Although CaSR and mGIluR1
each contained 3 caveolin binding motifs, CaSR contained only 5
CRAC/CARC domains whereas mGIuR1 contained 15. A CRAC/CARC
domain overlap occurred with 4 of the 8 TM helices (TM-1, TM-3,
TM-4, and TM-8) for mGluR1, whereas an overlap occurred for
only one TM helix (TM-5) in the case of CaSR.
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4. Discussion

Using the SPOCTOPUS method [23] to predict TM helices and
the Nugent and Jones method [11] to identify pore-lining regions,
we find that H. sapiens calcium sensing receptor (CaSR) contains
two additional transmembrane (TM) helices as well as a pore-lining
region, all within the putative Ca®* sensing amino-terminal region.
The two TM helices and pore-lining region are in addition to the
highly conserved seven TM helix bundle within the second CaSR
domain, common to all G-proteins (reviewed in Ref. [3]). Based on
computational analysis, CaSR contains an initial N-terminal extra-
cellular region containing 189 amino acids, followed by a 329 res-
idue extracellular Ca’* sensing loop. This extracellular loop
contains both the cysteine-rich domain (°>’V — C>%8) (reviewed in
Ref. [4]) and a 14 residue sequence (>*°I — F®12) thought to support
signal transmission [9].

One Class C G-protein-coupled receptor (metabotropic gluta-
mate receptor mGIuR1) has been characterized using x-ray

crystallography (1ewt; RCSB PDB) [7] and used as a model for the
VFT structure of CaSR (reviewed in Refs. [7,29]). The presence of
additional TM helices within the Ca*"-sensing domain (Fig. 2)
would appear to rule out a Venus Flytrap-like structure in the CaSR
molecule. Similar analyses of the 8 metabotropic glutamate re-
ceptors (mGIuRs) indicate that most contain at least 1 additional
TM helix in the same region. Although analysis of crystallographic
data for the mGIluR1 dimer indicates a possible bi-lobed Venus
flytrap domain, extrapolation from one highly purified protein to
another with a differing topology and sequence may be
misleading. The finding that the Ca?*-sensing receptor forms a
complex with, and is upregulated by caveolin-1 [30], in human
osteosarcoma cells indicates that purified crystalline CaSR may not
be the physiological form of the Ca>*-sensing receptor. Two of the
3 caveolin binding sites within each CaSR monomer overlap TM-3
and TM-8 within the heptahelical bundle (Fig. 4) thought to sup-
port signal transmission [9] and may identify a portion of the
signaling pathway.
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Fig. 4. Analysis of the Homo sapiens CaSR amino acid sequence for transmembrane helices, pore-lining regions, protein motifs and/or domains. Extracellular amino acids are in
blue; intracellular (cytoplasmic) amino acids are in black. TM helices predicted by SPOCTOPUS [23] are underlined in solid black. The classical helices in the heptahelical bundle are
double underlined. Caveolin binding motifs are indicated in red; CRAC/CARC domains are highlighted in orange. A cysteine-rich domain (**’V — C5%) is highlighted in green and
denoted by a curvy underline. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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The extracellular Ca®*-sensing receptor (CaSR) is activated
allostearically by 1-amino acids [29] which act, at least in part, by
increasing the frequency of [Ca®" Jo-activated oscillations in the
cytoplasmic ionized Ca®* concentrations. Evidence for functional
significance of the amino (N)-terminal domain comes from double
mutation experiments by Mun et al. [31]. These investigators
identified mutations of the putative Ca?*-sensing receptor Venus
flytrap domain that specifically impaired only amino acid sensing,
leaving Ca’*-sensing intact. Conservative double mutations
included residues Ser-147, Ser-170, Tyr-218, and Glu-297, with site-
directed mutagenesis of Thr-145. When the mutations are
compared with their positions in the CaSR sequence map (Fig. 4),
only three of the five mutations (Thr-145, Ser-147, and Ser-170)
were found to occur within the N-terminal extracellular domain.
Tyr-218 is within an intracellular loop and Glu-297 is within the
extracellular loop which also contains the cysteine-rich region.
Mun et al. [31] also found that double mutants exhibited normal or
near-normal sensitivity to extracellular Ca%* but were resistant to
increasing levels of L-phenylalanine. These findings suggest that the
Ca?* and 1-amino acid binding sites lie within the N-terminal
domain of CaSR, but are independent.

The presence of multiple caveolin- and cholesterol-binding
(CRAC/CARC) motifs indicates that CaSR is concentrated within
the cholesterol-rich surface caveolae of membrane lipid rafts
[32,33]. This is consistent with other evidence for segregation of
heterotrimeric G-proteins in cell surface microdomains (e.g. Refs.
[32,33]). A CRAC motif has been previously identified in caveolin 1
(**VTKYWFRY!®!) (reviewed in Ref. [34]). Subsequent studies
indicated [34] the presence of three additional inverse CRAC motifs
(5SKIDFEDV7!; 86KASFTTFTV?4; ®’KYWFYRLL!?3) in CAV-1 (Q03135).
Similar analyses identified 4 CRAC/inverse CRAC (CARC) motifs in
CAV-2 (P51686) and 3 CRAC/CARC motifs in CAV-3 (P56539). This
indicates that caveolins associated with 3 CB motifs in CaSR
(highlighted in red in Fig. 4) could, in turn, bind additional
cholesterol molecules and contribute a cluster of bound cholesterol
molecules to the Ca®*-sensing region of CaSR. As shown previously,
each caveolin contains a pore-lining region [34]. Our findings
suggest: 1) the cholesterol-binding domains localize the CaSR di-
mers to lipid rafts, 2) the N-terminal Ca>*-sensing sequence of CaSR
extends into intracaveolar space (not forming a VFT), and 3) pore-
lining regions of CaSR dimers and bound caveolins combine to
form ion channels that may play a role in monitoring ionized Ca®*
levels and function in cell signaling.
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