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ABSTRACT: A small change in the extracellular Ca’>" concentration ([Ca’*"],) integrates cell signaling
responses in multiple cellular and tissue networks and functions via activation of Ca*"-sensing receptors
(CaSR). Mainly through binding of Ca*" to the large extracellular domain (ECD) of the dimeric CaSR,
intracellular Ca?* responses are highly cooperative with an apparent Hill coefficient ranging from 2 to 4.
We have previously reported the identification of two continuous putative Ca?*-binding sites by grafting
CaSR-derived, Ca*"-binding peptides to a scaffold protein, CD2, that does not bind Ca**. In this paper,
we predict more potential noncontinuous Ca>*-binding sites in the ECD. We dissect the intact CaSR into
three globular subdomains, each of which contains two to three predicted Ca?*-binding sites. This approach
enables us to further understand the mechanisms underlying the binding of multiple metal ions to extended
polypeptides derived from a location within the ECD of the CaSR, which would be anticipated to more
closely mimic the structure of the native CaSR ECD. Tb** luminescence energy transfer, ANS fluorescence,
and NMR studies show biphasic metal-binding components and Ca>*-dependent conformational changes
in these subdomains. Removing the predicted Ca*>"-binding ligands in site 1 and site 3 abolishes the first
binding step and second binding step, respectively. Studies on these subdomains suggest the existence of
multiple metal-binding sites and metal-induced conformational changes that might be responsible for the
switching on and off the CaSR by the transition between its open inactive form and closed active form.

The Ca*"-sensing receptor (CaSR) is a seven-transmem-
brane protein that belongs to family C of the superfamily of
G protein-coupled receptors (GPCRs), which also includes
metabotropic glutamate receptors (mGIuR1—8), heterodimer-
ic y-aminobutyric acid B (GABAB) receptors, taste (T1R)
receptors, the promiscuous L-a-amino acid receptor (GPRC6A),
and several orphan receptors (/). Most of these receptors
are characterized by a large extracellular domain (ECD) at
the N-terminus, which binds various endogenous agonists.
Many physiological functions regulated by the family C
GPCRs are mediated through agonist-mediated allosteric
modulation of the respective ECDs; thus, understanding the
properties of ligand-binding sites is crucial for drug design.
The CaSR was first cloned by Brown et al. from bovine
parathyroid gland more than a decade ago (2). After removal
of the N-terminal, 20-residue signal peptide, the functional
form of the CaSR contains an ECD with more than 600
residues and shares 27% sequence identity with the corre-
sponding segment of the mGluRs (3).
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The CaSR responds to small changes in [Ca®'], by
modulating multiple signaling pathways, including activation
of phospholipases C, A,, and D, and inhibition of cAMP
production (4, 5). It is thought that binding of Ca*' to
multiple binding sites within the large extracellular domain
(ECD) of the CaSR produces intracellular Ca>* responses
([Ca*"];) that are highly cooperative, with an apparent Hill
coefficient ranging from 2 to 4 (6). More than 200 mutations
and polymorphisms have been identified in the CaSR that
either inactivate (e.g., have a reduced response to [Ca**],)
or activate (have an enhanced response to [Ca’'],) the
receptor and are associated with a number of human diseases,
including familial hypocalciuric hypercalcemia (FHH), neo-
natal severe hyperparathyroidism (NSHPT), and autosomal
dominant hypoparathyroidism (ADH) (7—10), which can
change the Ca®" response of the CaSR with regard to its
cooperativity and selectivity.

The ECD regions have been proposed to contain the major
Ca’*-binding sites and to respond to extracellular Ca*"
([Ca**],) for both the mGluRs and the CaSR, although
various regions in the transmembrane segments have also
been shown to bind Ca*" (6, 11, 12). While X-ray crystal-
lography has been the main tool for studying the structure
of metal-binding sites (/3—15), no bound Ca*" has been
observed in the structures of mGluR1 determined with or
without its ligand, glutamate (/6). To date, successful
crystallization of the CaSR ECD has not been reported
despite a decade or more of efforts directed to this end.

© 2009 American Chemical Society

Published on Web 12/22/2008



Multiple Ca**-Binding Sites in CaSR

Progress in understanding the mechanism underlying CaSR-
mediated responses to extracellular Ca?*t signals has largely
been hampered by a lack of knowledge regarding the Ca?*-
binding sites in this protein (4). While measurement of high
[Ca’*],-evoked increases in [Ca®"]; (with a Hill coefficient
of 2—4) suggests that the CaSR has multiple Ca**-binding
sites, it is not clear how this extracellular Ca*"-sensing
protein manages to cooperatively respond to small changes
in [Ca?*], within a narrow physiological window (1.1—1.3
mM).

With GG (/7) and MetalFinder (/8, 19), a computational
algorithm developed in our laboratory based on geometric
description, graph theory, and key structural features associ-
ated with Ca®"-binding sites in proteins, we have identified
at least five putative Ca’>-binding sites in the CaSR on the
basis of model structures (/7). Two continuous putative Ca**-
binding sites (denoted site 3 and site 5 in this work) were
reported to exhibit intrinsic Ca?* binding capability that could
be probed upon grafting of the respective peptides containing
these sites into a scaffold, non-Ca>"-binding protein, CD2'
(19). However, it is not clear whether these putative Ca**-
binding sites are able to bind Ca>" in an environment more
closely resembling that of the native protein. The cooperative
Ca?* binding properties of these predicted Ca**-binding sites
were also not examined. In this paper, we applied a
subdomain approach to further understand the mechanisms
of multiple metal-binding processes by dissecting the intact
CaSR ECD into three globular subdomains, each of which
contains two to three predicted Ca®*-binding sites. Studies
of these subdomains suggested the existence of multiple
metal-binding processes and metal-induced conformational
changes that might be responsible for switching on and off
the CaSR by promoting transitions between its opened
inactive form and closed active form.

MATERIALS AND METHODS

Computational Prediction of Ca**-Binding Sites from a
Model Structure. The sequences of the ECD regions (residues
1—540) of the human CaSR and mouse mGluR were aligned
with CLUSTALW (20), and the structural modeling of the
CaSR was performed using SWISS-MODEL (27, 22) and
the MODELER (23) based on the structure of mGluR1 [PDB
entries IEWT (/6) and 1ISR (24)]. As described previously,
the putative Ca®*-binding sites in the CaSR were predicted
using MetalFinder (/8, 19), and the electrostatic potentials
were calculated using DelPhi (25, 26).

Protein Engineering, Expression, and Purification. Three
subdomains were amplified from CaSR-pCDNA 3.1(+) (27)
and were further subcloned into the pRSET-A vector between
the BamHI and EcoRI restriction sites. Site-directed mu-
tagenesis was carried out as described previously (/9). As
shown in Figure 1, subdomain 1 (amino acids 132—300)
contains three predicted Ca’'-binding sites (sites 1—3),
subdomain 2 (amino acids 185—324) has two predicted Ca**-
binding sites (sites 2 and 3), and subdomain 3 (amino acids
340—445) includes two putative Ca>*-binding sites (sites 4
and 5). All the DNA sequences were verified by automated

! Abbreviations: CD2, cluster of differentiation 2; EGTA, ethylene
glycol tetraacetic acid; PBS, phosphate-buffered saline; NMR, nuclear
magnetic resonance; PTH, parathyroid hormone.
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FIGURE 1: Location of predicted Ca’'-binding sites and some
disease-associated mutations in the CaSR. (a) Modeled structure
of subdomain 1 (S132—A300), which contains three putative Ca®*-
binding sites (sites 1—3). (b) Predicted site 1 is located in the hinge
region of the ECD of the CaSR. (c and d) Predicted sites 2 and
site 3. Ca’*-binding ligand residues are colored gray, whereas the
disease-associated residues are colored green.

sequencing on an ABI PRISM-377 DNA sequencer (Applied
Biosystems).

The recombinant proteins were expressed as Hisq-tag
fusion proteins in Escherichia coli BL21(DE3)pLysS, Ro-
setta(DE3), or Tuner(DE3)pLacl cells transformed with the
plasmid constructs in LB medium with 100 mg/L ampicillin,
and the cells were grown at 37 °C. Isopropyl §-D-thioga-
lactopyranoside (IPTG) (100—400 4M) was added when the
ODgop reached 0.6 to induce protein expression for an
additional 3—4 h, and cell pellets were collected by
centrifugation and stored at —20 °C. The cell pellets were
subsequently resuspended in lysis buffer [1% sarcosine and
1 mM EDTA in PBS (pH 7.4)] and subjected to sonication.
After centrifugation, the clarified supernatants were subjected
to affinity chromatography using the Hitrap Ni>*-chelating
column (GE Healthcare). The eluates containing the target
proteins were extensively dialyzed against 10 mM Tris-HCI
buffer (pH 7.4) to remove the residual imidazole. The
concentrations of proteins and their mutants were determined
using absorption at 280 nm with extinction coefficients of
36130 M~ cm™! for subdomain 1, 34850 M~! cm™! for
subdomain 2, and 27550 M~ cm™' for subdomain 3. All
the extinction coefficients were calculated from primary
sequences according to the method by Gill and von Hippel
298).

Circular Dichroism Spectroscopy. The CD spectra of
samples were recorded in a Jasco-810 spectropolarimeter at
25 °C. For far-UV CD measurements, the protein concentra-
tions ranged from 15 to 20 uM, and spectra were recorded
using a 1 mm path length cell. For near-UV CD, the protein
samples at 100 uM were used with a 1 cm path length cell.
All spectra were obtained as the average of at least 10 scans
with a scan rate of 50 nm/min. The ellipticity was measured
from 190 to 260 nm or from 250 to 320 nm and then
converted to mean residue molar ellipticity after subtracting
the spectrum of the buffer as the blank.

Fluorescence Spectroscopy. Fluorescence emission spectra
were recorded on a PTI fluorimeter at 25 °C using a 1 cm
path length cell. Intrinsic tryptophan fluorescence spectra
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were recorded from 300 to 400 nm with the excitation
wavelength at 282 nm. The slit widths were set as 2 and 4
nm for excitation and emission, respectively. For Tyr/Trp-
sensitized Tb*" luminescence energy transfer (Tb**-LRET)
experiments, emission spectra were collected from 500 to
600 nm with the excitation at 282 nm. Slit widths for
excitation and emission were set at 8 and 12 nm, respectively.
Protein samples with concentrations ranging from 2 to 3 uM
were prepared in 20 mM PIPES, 120 mM NaCl, and 10 mM
KCI (pH 6.8) to prevent Tb>" precipitation. A glass filter
with a cutoff of 320 nm was used to circumvent secondary
Raleigh scattering. Protein samples were titrated with Tb*"
by gradually adding appropriate volumes of Tb*" stock
solutions. Two Tb*" stocks, 100 uM and 1 mM, were
prepared for the titration experiment. Both stocks contained
the same concentrations of proteins being studied in the
respective experimental protocols to prevent dilution of the
protein during addition of the Tb**. For the first binding
process, 5—10 uL aliquots of the 100 uM Tb** stock were
added to a 1 mL solution until the first binding process
reached a plateau (10—15 points). Aliquots (5 uL) of a 1
mM Tb** stock were subsequently added to achieve satura-
tion of the second binding process (8—12 points). The total
stock volume used was around 200—250 uL. Fifteen minutes
was allowed for equilibration of metal binding following each
addition of Tb*" prior to the next addition. For each data
point, the contribution of the Tb*" background signal was
subtracted using the fluorescence of the respective Tb**
solutions without protein as a control. The fluorescence
intensity was normalized by subtracting the contribution of
the baseline slope using logarithmic fitting. All the experi-
ments were repeated at least three times. For biphasic binding
processes, the first step of Tb*>* binding to the protein was
obtained by fitting normalized fluorescence intensity data
using the equation

£=[P1+ Ml + K = V(P + My + K)* — 4P M1, ] /2[P);
M

where f is the fractional change, K, is the dissociation
constant for Tb>*, and [P]r and [M]r are the total concentra-
tions of protein and Tb*", respectively.

The second cooperative metal binding step is fitted using
the equation

AS=AS, + As,— ML 2)
K+ M]"

where AS; and AS, are the corresponding signal changes
for each process, Ky is the apparent binding affinity, and n
is the Hill coefficient for the second binding component,
whereas [M] is the free metal concentration and AS the total
signal change in the equation.

For metal-binding to subdomain 3, the binding affinity was
fitted by the Hill equation

(M1

AS=——2—
Kdll + [M]ﬂ

3)

where AS is the total signal change in the equation, Ky is
the apparent binding affinity, n is the Hill coefficient, and
[M] is the free metal concentration.
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ANS Binding Measurement. For the ANS (8-anilino-1-
naphthalenesulfonic acid) binding assay, protein samples
were incubated with 40 uM ANS in 50 mM Tris-HCI and
100 mM KCI (pH 7.4) with either 5 mM EGTA or 5 mM
Ca’* at room temperature for 1 h prior to measurement. The
excitation wavelength was set at 370 nm, and the emission
spectra were acquired from 400 to 600 nm. For the Ca*"
titration, the protein concentration was 3 uM and the Ca®"
concentration was varied from 0 to 30 mM in 20 mM Tris-
HCI and 50 mM KCI (pH 7.4). The free Ca*" concentration
in the buffers used in this study without Chelex-100 treatment
has been measured to be <10 uM using BAPTA, a calcium-
specific chelator (data not shown). In view of this, we have
paid careful attention to potential contamination by back-
ground Ca?* in buffers and proteins during our initial pilot
titration experiments. All buffers were pretreated with
Chelex-100 (Bio-Rad). All the glassware and plasticware
used in the preparation of samples were pretreated with 2%
HNO; (optima grade; Fisher Scientific) and then rinsed with
Chelexed, double-distilled water. Protein samples were
extensively dialyzed against Chelex-100-treated buffers.
Under such stringent conditions, the Ca?™ dissociation
constant was determined to be ~0.7 mM for the “high-
affinity” Ca*"-binding site, a value which is at least >70-
fold higher than the free, background Ca®* concentration in
the buffers even without Chelex-100 treatment. Given this
fact, we carried out subsequent titration experiments using
buffers that were not pretreated with Chelex-100.

Analysis of the Gibbs Free Energy of Metal Binding to
Subdomains. The Gibbs free energies of metal binding to
subdomains (the second transition for subdomain 1 and sub-
domain 2, as well as subdomain 3) were obtained by fitting the
Ca?* or Tb* titration data to the model-independent two-site
Adair function as previously described (29, 30):

P efAG/RT[M] +2 efAGg/RT[M]Z
2(1 + e 2R M] + e 2RI IMP)

“

M stands for metal ions. The sum of the two intrinsic free
energies of a subdomain (AG; + AGy) is given by the
macroscopic free energy AGy, and the total free energy of
metal binding (AGIAGyAG;—y) to both sites in each subdo-
main is given by the term AG,. The term AGj_y accounts
for any positive or negative intradomain cooperativity within
subdomains. It is not possible to obtain intradomain coopera-
tive energy merely from the fluorescence titration data;
however, the lower limit of the cooperative free energy (AG,)
can be estimated by assuming that both sites in each
subdomain have equal intrinsic binding constants (AG; =
AGy), which is defined as

AG,=AG,—2AG,—RTIn4 5)

Fluorescence Quenching by Acrylamide. Acrylamide
quenching was performed to assess the solvent accessibility
of Trp residues in subdomains before and after the addition
of Ca*". A 1 mL solution of 5 uM protein in 50 mM Tris,
135 mM NaCl, and 10 mM KCI (pH 7.4) was titrated with
10—20 uL aliquots of a 4 M acrylamide stock solution in
the same buffer. All quenching experiments were conducted
at 22 °C and repeated three times. The samples were excited
at 295 nm, and the fluorescence spectra were recorded from
310 to 450 nm. The integrated fluorescence intensity from
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Table 1: Properties of Subdomains and Predicted Ca**-Binding Sites in Each Subdomain

molecular
amino acid Cys mass
protein from CaSR location no. PI (kDa) predicted Ca”>"-binding sites mutations
subdomain 1~ S132—A300 lobe 1 1 4.95 229 site 1 (S147, S170, D190, Y218, E297)  mutation 1 (D190A/E297I)
lobe 2 site 2 (D215, L242, S244, D248, Q253)  mutation 2 (D215A/D248A)
site 3 (E224, E228, E229, E231, E232) mutation 3 (E2241/E2281/E2291/
E2311/E232I)

subdomain 2 R185—A324 lobe 2 1 4.62 20.3 site 2 (D215, L1242, S244, D248, Q253)
site 3 (E224, E228, E229, E231, E232)

subdomain 3 A323—G49%4 lobe 1 5 5.05 23.8 site 4 (E350, E353, E354, N386, S388) mutation 4 (E350/E3531/E3541)

site 5 (E378, E379, T396, D398, E399)

mutation 5 (E3781/E3791/
D398A/E3991)

310 to 450 nm was plotted as a function of the acrylamide
concentration and analyzed according to a modified Stern—
Volmer equation by taking into account both collisional and
static quenching:

F,
+ = (1 + K QDe"™ (©)
where Fjy and F are the tryptophan fluorescence intensities
in the absence and presence of the quencher, respectively,
Ksy is the collisional quenching constant, V is the static
quenching constant, and [Q] is the quencher concentration.
NMR Spectroscopy. One-dimensional 'H spectra were
recorded at 25 °C on a Varian 500 MHz NMR spectrometer
with a spectral width of 6600 Hz. Protein samples (~300
uM) were used in 20 mM PIPES, 150 mM KCl, and 10%
D,0 (pH 6.8). Appropriate amounts of Ca>* stock solutions
were gradually added into the NMR sample tube. FELIX98
(MSI) was used to process NMR data with an exponential
line broadening window function of 2 Hz and the suppression
of water signal with a Gaussian deconvolution function
having a width of 20.

Measurement of [Ca®"]; in Cell Populations by Fluorim-
etry. The [Ca*"]; responses of wild-type and mutant CaSRs
were assessed as described by Bai et al. (27). In brief,
HEK?293 cells transfected with the CaSR or its mutant
cDNAs were loaded with Fura-2AM, and the remaining
extracellular Fura-2AM was washed out before the cells were
transferred into a fluorescence cuvette. The fluorescent
emission at 510 nm was collected with excitation at 340 and
380 nm at varying [Ca?*], values (0.5—20.5 mM). The ratio
of the fluorescence intensities is used to derive the level of
[Ca™ ],

RESULTS

Design of Subdomains of CaSR. Three-dimensional,
globular lobes 1 and 2 are formed by discontinuous protein
sequences in the ECD. Figure 1 and Table 1 show the design
and model structures of the subdomains based on homology
modeling of the different forms of mGluR1 (/9). Using our
previously developed computational algorithms (/7), we have
predicted several potential Ca>*-binding pockets in the CaSR
(19). These predicted Ca>*-binding sites could be organized
into two classes as shown in Figure 1 and Table 1, two
continuous Ca’"-binding sites (sites 3 and 5), and three
noncontinuous Ca’*-binding sites (sites 1, 2, and 4).

The predicted site 1, formed by S147, S170, D190, Y218,
and E297, is located within the hinge region of the ECD.
Residues of predicted site 2 (D215, L242, S244, D248, and

Q253) and site 3 (E224, E228, E229, E231, and E232) are
in the first half of the sequence of lobe 2 (amino acids
215—253), whereas predicted Ca?*-binding sites 4 (E350,
E353, E354, N386, and S388) and 5 (E378, E379, T396,
D398, and E399) are clustered in the second half of lobe 1
(amino acids 350—400).

Our design of three subdomains of the CaSR is based on
four criteria. First, a well-folded globular protein domain is
preferred to ensure the formation of an intact Ca*"-binding
site. To avoid disruption of structural integrity, the domain
boundary is chosen near an unstructured or loop region
according to our modeled structure and secondary structure
prediction using PHD (37) and PSIPRED (32). Second, a
size of <30 kDa is preferred since such a size will allow us
to use high-resolution NMR to monitor the Ca’>" binding
event. Third, the cysteine-rich region within the C-terminal
portion of the ECD is not included, since it has been shown
to play less important roles in the Ca>" responsiveness of
the CaSR (33). In addition, the cysteine residues, Cys129
and Cys131, which participate in intermolecular disulfide
bonds between the CaSR monomers in the biologically active
CaSR dimer are excluded to limit cooperative effects to those
occurring within monomeric subdomains and since they
are less likely to be important for the Ca** response (e.g.,
increase in [Ca®"];) (34). To obtain the Ca?* binding affinity
of site 1 and to estimate cooperativity, it is important to have
a sequence that encompasses site 1 since this site has been
shown to be highly important for the proper Ca>" response
(35). According to these criteria, subdomain 1, which spans
both lobes 1 and 2, ranges from S132 to A300 and contains
putative Ca*>"-binding sites 1—3; subdomain 2 (amino acids
R185—A324) contains sites 2 and 3 in lobe 2, and subdomain
3 (amino acids A323—G494) contains sites 4 and 5 (Figure
1, Table 1, and Figure Sla,b of the Supporting Information).
All these proteins were successfully purified to near homo-
geneity with more than 90% purity (Figure Slc of the
Supporting Information).

Designed Subdomains Are Folded and Bind Ca*'. To
ensure that the designed subdomains have proper structures,
we carried out conformational analysis using various bio-
physical methods. First, we examined the secondary and
tertiary structures of the subdomains using CD spectroscopy.
As shown in Figure 2a, the far-UV CD spectra of subdomains
1—3 exhibited negative maxima at 208 and 222 nm,
suggesting the existence of substantial helical structure as
predicted in the model structure. Next, we examined the
intrinsic fluorescence of the subdomains, since each of them
contains two or three tryptophans. Upon excitation at 282
nm, the Trp fluorescence spectra of subdomains 1—3
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FIGURE 2: CD and fluorescence spectra of subdomains in the absence (———) or presence (—) of 5 mM Ca®". The top, middle, and bottom

panels for each diagram represent spectra from subdomains 1—3, respectively: (a) far-UV CD spectra and (b) Trp fluorescence spectra of
subdomains with 5 mM EGTA or 5 mM Ca”". (c) ANS fluorescence spectra of ANS alone (gray line) and ANS complexed with subdomains

with 5 mM EGTA (---) or 5 mM Ca’t (—).

exhibited emission maxima at 339, 338, and 334 nm,
respectively (Figure 2b). Moreover, the near-UV CD spectra
of subdomain 1 showed significant bands in regions corre-
sponding to immobilized aromatic residues (280—300 nm)
(Figure S2a of the Supporting Information). In subdomain
1, the peaks at 262 and 268 nm arise from the L, transition
of phenylalanine and the peaks around 288 and 297 nm are
attributed to the L, transition of tryptophan. The positive
band in the range of 274—280 nm comes from the L,
transition of tryptophan. To further estimate the overall
solvent accessibility of the tryptophan residues within each
subdomain, we performed additional fluorescence quench-
ing studies with acrylamide. As shown in Figure S2b of the
Supporting Information, the fully exposed free L-tryptophan
has a K, of 20.9 M!, whereas the apparent collisional
quenching constants (Kj,) for subdomains 1—3 are 3.7, 13.4,
and 3.8 M|, respectively. All these results suggest that the
aromatic residues in these three subdomains were at least
partially buried, as in other folded proteins.

Ca*"-Induced Conformational Changes in Subdomains. As
shown in Figure 2a—c (solid lines), the addition of saturating
amounts of Ca?" results in changes in both the Trp
fluorescence and CD spectra of the respective subdomains.
Notably, more negative signals were acquired above 210 nm
for subdomains 1 and 3, suggesting the formation of greater
helical contents or the rearrangement of secondary structure
induced by Ca®' in these two proteins. In addition, Ca**
induced tertiary structural changes in subdomain 1, as
suggested by substantially more prominent near-UV CD
bands around 275 and/or 288 nm (Figure S2a of the
Supporting Information). Ca*"-induced CD signal changes
were not significant in subdomain 2. Furthermore, binding
of Ca’* leads to a 3 nm blue shift of the emission maxima,
a 15% increase in Trp fluorescence intensity in subdomain
1, and slight intensity changes in both subdomains 2 and 3

(Figure 2b). Consistent with the changes in fluorescence
intensity, the acrylamide quenching studies revealed that the
apparent collisional quenching constants for the subdomains
were decreased by 10—18% (Figure S2b and Table S1 of
the Supporting Information). ANS, a widely used hydro-
phobic probe, was also used to characterize Ca’>"-induced
conformational changes. Compared to those of the Ca’*-
depleted proteins, the ANS fluorescence spectra of subdo-
main 1 in the presence of Ca’>! underwent a 12 nm blue
shift and further exhibited a 30% increase in fluorescence
intensity (Figure 2c), suggesting Ca’*-induced exposure of
more hydrophobic regions in this protein. Similar intensity
increases, though to lesser extents, were detected in subdo-
mains 2 (15%) and 3 (10%), suggesting that Ca?* induced
conformational changes in all three subdomains.

More importantly, such Ca®*-induced blue shifts of
emission maxima, as well as the enhancement in the Trp
fluorescence (Figure 3a) or ANS fluorescence intensities
(Figure 3b), were significantly decreased or abolished after
mutation of predicted Ca’>"-binding ligand residues in sub-
domain 1 [i.e., E297I/D190A in site 1 (subdomain 1,
mutation 1), D215A/D248A in site 2 (subdomain 1, mutation
2), or E2241/E2281/E2291/E2311/E2321 in site 3 (subdomain
1, mutation 3)]. Similar phenomena were observed within
subdomain 3 and its mutants (data not shown). Thus, the
Ca**-induced conformational changes primarily arose from
its binding to the predicted sites but were not due to its
nonspecific binding to other negatively charged regions.

Multiple Metal Binding Processes. According to the model
structure of the ECD of the CaSR, the Trp residues in the
subdomains are within 5—10 A of the closest predicted
metal-binding pocket, thus making it possible to use aromatic
residue-sensitized Tb*" luminescence resonance energy
transfer (Tb*"-LRET) to monitor the binding process. As a
trivalent Ca>* analogue, Tb*" has been widely used to probe
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FIGURE 4: Metal titration of subdomains and their mutants. (a) Tb3" titration curve of subdomain 1 and its mutants. (b) Ca" titration curve
of subdomain 1. ANS fluorescence changes were monitored during Ca* titration. (c) Tb>" titration curve of subdomain 3 and its mutants.
The buffer for Tb** titration consisted of 20 mM PIPES, 135 mM NaCl, and 10 mM KCI (pH 6.8). The buffer for Ca*" titration contained
50 mM Tris-HCI and 50 mM KCI (pH 7.4). The titration curve is fitted as described in Materials and Methods.

Ca*"-binding sites due to their similarities in ionic radii and
coordination chemistry. The advantages of using Tb>" are
threefold. First, its spectroscopic properties for energy
transfer between aromatic residues close to the binding
pocket and Tb*" bound in the pocket not only give quantita-
tive measurements of Ky but also help to reveal structural
information. Second, its 43 charge, combined with an affinity
higher than that of Ca®", is a big plus in studying metal
binding properties of proteins with weak K, values. Third,
the level of background contamination of Tb*" is lower than
that of Ca®>". A notable biphasic Tb*" binding process was
observed in subdomain 1, which contains three predicted
Ca*"-binding sites (sites 1—3), as shown in Figure 4a. The
first step could be fitted by a 1:1 binding process with a
dissociation constant (Ky) of 0.8 £ 0.3 uM. The second step
can be fitted by a cooperative Hill equation with an apparent
K4 of 13.2 &£ 0.9 uM and a Hill coefficient of 2.3 £ 0.1
(Table 2). For subdomain 3, a cooperative Tb*' binding curve
was obtained with a dissociation constant of 82.0 £ 1.2 uM
and a Hill coefficient of 6 (Figure 4c and Table 2).

We generated a series of charged ligand mutations at each
predicted site to knock out metal binding capability and
compare resultant changes in metal binding behavior. As one
can see in Figure 4a and Table 2, mutations of predicted

Table 2: Tb>" Dissociation Constants for Subdomains and Their
Mutants

K, for transition Ky for transition

protein 1 (uM) 2 (uM)
subdomain 1 0.8+£0.3 13.2 4+ 09
subdomain 1, mutation 1 not available 28.4 £+ 0.5¢
subdomain 1, mutation 2 22405 21.5+2.7°
subdomain 1, mutation 3 10.8 + 4.3° not available
subdomain 2 18.0 +5.8° 27.7 +2.6¢
protein K4 (uM) Tl
subdomain 3 82.0+ 1.2 5.8+1.2
subdomain 3, mutation 4 117.1 £2.7¢ 55+19
subdomain 3, mutation 5 132.6 +7.9° 51413

“p <0.01.°P < 0.05.

site 1 (subdomain 1, mutation 1) resulted in almost complete
loss of the first component of the titration curve with a K4
of 28.4 & 0.5 uM for the second step, whereas mutations of
predicted site 3 (subdomain 1, mutation 3) led to the
elimination of the second phase of the titration curve and
exhibited a Ky of 10.8 4= 4.3 uM for the first step. In the site
2 mutant of subdomain 1 (subdomain 1, mutation 2), the
biphasic binding curve still exists. However, mutations
resulted in a >50% decrease in the fluorescence enhancement
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Relative change of chemical shift
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FIGURE 5: Ca”" titration of subdomain 1 monitored by 1D 'H NMR. Ca?*-induced, gradual chemical shift changes were observed at resonances
in the main chain amide proton region, such as 7.76 (a) and 7.03 ppm (b). The Ca*" concentrations from bottom to top were 0, 0.3, 0.7,
1.1, 1.5, 1.9, 2.8, 4.7, and 6.7 mM. (c) Chemical shift change plotted as a function of total Ca>" concentration.
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FIGURE 6: Metal competition assay for subdomains on the basis of Tb**-LRET. Protein samples (2 M) were preincubated with 50 uM
Tb*"; 100 mM KCI, 1 mM CaCl,, 10 mM MgCl,, or 0.1 mM La*" was subsequently added to individual Tb*"-protein solutions. All the
buffers consisted of 20 mM PIPES, 135 mM NaCl, and 10 mM KCI (pH 6.8).

and significantly weaker binding affinities for both the first
(Kqg = 2.2 £ 0.5 uM) and second (Kq = 21.5 + 2.7 uM)
steps. The binding curves were right-shifted after the
substitution of charged ligand residues in either site of
subdomain 3 with Ile (Figure 4c).

A notably biphasic binding process, similar to that depicted
by the Tb’* binding curve, was also observed for Ca*"
titration by monitoring ANS fluorescence. The dissociation
constants obtained were 0.7 £ 0.1 mM for the first
component and 6.4 + 0.8 mM with a Hill coefficient of 3
for the second component (Figure 4b). Consistently, two
distinct binding components were observed in one-dimen-
sional (1D) '"H NMR for subdomain 1. As seen in Figure 5,
resonances in the main chain amide proton region, such as
peaks at 7.76 ppm (Figure 5a) and 7.03 ppm (Figure 5b),
exhibited gradual changes in chemical shift, whereas reso-
nances corresponding to protons from aromatic side chain
and methyl groups experienced changes in sudden peak shape
and the appearance of more dispersed peaks when the Ca**
concentration reached ~2 mM (Figure S3 of the Supporting
Information). An apparent dissociation constant of 1.6 £ 0.1
mM and a Hill coefficient of 2.3 4+ 0.2 were obtained by
fitting chemical shift changes as a function of total Ca*"
concentration with a nonlinear Hill equation.

Metal Selectivity. In addition to Ca?t, other metal ions,
including Mg?* and Ba?*, are reported to function as agonists
for the CaSR as revealed by functional assays (36). By
utilizing the Tb*"-LRET assay, we screened an array of
monovalent (K"), divalent (Ca®>* and Mg>"), and trivalent
(La*") metal ions for their effectiveness in competing for
the protein-bound Tb**. As shown in Figure 6, for all the
subdomains, the addition of a 2-fold excess of La’", a 20-

fold excess of Ca®*, and a 200-fold excess of Mg to the
Tb**-bound proteins is capable of competing for Tb**" from
the binding pockets and leads to a 15—50% decrease in the
magnitude of the LRET signal. By comparison, the addition
of a 200-fold excess of K™ fails to dislodge Tb** from the
binding sites.

Metal Binding Free Energies and Intradomain Cooper-
ativity. The above-mentioned Hill coefficient is widely used
to estimate intradomain cooperativity; however, this term
reflects only the macroscopic properties of multiple metal
binding processes and is not directly related to the true
intradomain cooperative energy changes (37). A more
accurate and quantitative way to analyze the intradomain
cooperativity could be achieved by comparing the lower limit
of intradomain cooperative energy (AGc). We first tried using
the two- or three-site Adair function to fit the whole biphasic
Tb** binding curve (Figure 4a) and Ca’' binding curve
(Figure 4b). Surprisingly, all of our attempts at fitting either
yielded a 1:1 binding mode (which is clearly not the case
on the basis of visual inspection of the data) or were
unsuccessful. However, by assuming that the free Ca’"
concentration is close to the total Ca*™ concentration, which
can be justified because of the low affinity of the binding
sites for Ca®* and the use of protein concentrations 10—1000-
fold lower than those of total and free Ca®*, the second
transition of both Tb** and ANS curves, and the cooperative
curve obtained from NMR studies (Figure 5c), can be fitted
with a two-site model-independent Adair function. We then
analyzed all the titration data using the Adair function and
calculated the changes in the total metal binding free energies
(AG,) and the lower limit of cooperative binding energy
(AG,) (Table 3). For Ca®* binding to subdomain 1 (from
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Table 3: Free Energies of Metal Binding to Subdomains of CaSR“

Gibbs free energy (kJ/mol)

sample metal AG,” AG," AGS AAG,” AAGS

subdomain 1 Tb** —12.0£0.1 —245+0.1 —39+0.2 na na

Ca*™ —5.4+£0.1 —11.24+0.2 —3.8+03 na na

Ca’te —50+£02 —10.9 £ 0.1 —44+03 na na
subdomain 1, mutation 1 Tb>*" —12.1 £0.1 —23.34+0.1 —24+0.1 12402 1.54+03
subdomain 1, mutation 2 Tb** —11.4 4+ 0.1 —22.44+0.1 —3.0+£0.2 2.1+£0.2 09+03
subdomain 2 Tb** —11.6 £ 0.1 —22.6 £0.1 —29+0.1 1.94+0.2 1.0+0.3
subdomain 3 Tb** —10.1 £0.1 —20.1 £0.1 —33+£0.2 na na
subdomain 3, mutation 4 Tb**+ —10.2 +£0.1 —19.4 £+ 0.1 —2.4+0.1 0.7+0.2 09+03
subdomain 3, mutation 5 Tb** —99+0.1 —19.1 £ 0.1 —2.7+0.2 1.0+0.2 0.6+03

“ Subdomain 1 and its mutant, as well as subdomain 2, exhibited biphasic metal binding. Only the second cooperative transition could be analyzed
with the Adair function. Subdomain 1, mutation 3 was not included since it lacks the second transition. ® AG, and AG, were obtained by fitting the
titration data at 25 °C with eq 4. AG, reflects the sum of the free energy of the first ligand binding to each subdomain. Each domain is assumed to
contain two Ca’"-binding sites. AG, stands for the total free energy for the binding of two Ca®' ions to the subdomain and accounts for any
cooperativity between the two sites in each subdomain. AAG, = AG,m(mutant) — AG,1(WT). © By assuming that both sites in each subdomain have
equal intrinsic Ca®" binding affinities, the lower limit of free energy due to cooperative Ca’>" binding (AG,) was calculated according to eq 5. AAG, =
AG. ro(mutant) — AG.1,(WT). ¢ Data from Ca®" titration monitored by changes in ANS fluorescence. ¢ Ca®" titration data from NMR experiments.

ANS fluorescence or NMR studies), the changes in total
binding free energy AG, were found to be —10.9 to —11.2
kJ/mol. The intradomain cooperativity estimated by AG, was
between —3.8 and —4.4 kJ/mol, which is very close to the
value obtained from Tb*" binding data (—3.9 kJ/mol). After
mutation of the predicted metal binding site 1 or 2 in
subdomain 1, the changes in total binding free energy AG,
were decreased by 1.2 or 2.1 kJ/mol, respectively. Compared
to subdomain 1, subdomain 2, a truncated version of
subdomain 1 that lacks the hinge region and part of predicted
site 1, had a less favorable AG, with a AAG, of 1.9 kJ/mol.
For subdomain 3, mutagenesis within site 4 or 5 also resulted
in a less favorable AG,, with a AAG, of 0.7 or 1.0 kJ/mol,
respectively. All these results are consistent with the changes
in macroscopic dissociation constants obtained by using the
nonlinear Hill equation [Ky, (Table 2)]. More importantly,
the apparent cooperativity reflected by AG. was altered after
mutation of key metal-binding residues within the predicted
sites. In subdomain 1, the intradomain cooperativity was
changed unfavorably by 1.5 kJ/mol in mutation 1 and 0.9
kJ/mol in mutation 2. Compared to subdomain 1, subdomain
2 also exhibited a lower intradomain cooperativity (AAG,
= 1.0 kJ/mol). A similar scenario was observed in subdomain
3. A drop in the intradomain cooperativity by 0.7 or 1.0 kJ/
mol was observed in mutation 4 or 5, respectively, of
subdomain 3.

Mutations of Putative Ca*"-Binding Ligand Residues Alter
the Intracellular Ca®* Response of the CaSR. To investigate
the role of the proposed Ca*"-binding sites in the biological
functions of the CaSR, we introduced several mutations into
the full-length intact CaSR (E2971 in site 1 located at the
crevice, D2151 in site 2, and E228/2291 in site 3). These
mutants were overexpressed in HEK293 cells, which contain
no endogenous CaSR (3). The effects of the mutations in
the CaSR on intracellular Ca*" signaling are summarized in
Table 4 and Figure 7. Compared to wild-type CaSR, the
mutant receptor containing the E2971 mutation in site 1
exhibited significantly impaired sensitivity to [Ca?*], with
an increase in ECsg from 2.8 £ 0.3 to 10.0 £ 0.2 mM and
a decrease in the Hill coefficient from 2.9 + 0.2 to 1.5 £
0.2. In addition, the ECsy for the D2151 mutant in site 2
increased to 6.3 + 0.2 mM, while the maximal response in
the E228I/E2291 mutant in site 3 decreased to 64 £ 3%.

Table 4: Summary of the Intracellular Ca®>* Response in CaSR and Its
Mutants

ECso (mM) maximal response (%) Hill coefficient

WT 28403 100 29+02
E2971 at site 1 10.0 £ 0.2¢ 89+5 1.5+0.2
D215I at site 2 6.3 +0.2¢ 90 £2 25+03
E228/2291 at site 3 3.2+ 0.3 64 £ 3¢ 26+£03
“p <00l
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FIGURE 7: Intracellular Ca®t response of HEK293 cells transiently

overexpressing WT CaSR and its various mutants using Fura-2AM

during stepwise increases in the extracellular Ca*t concentration
from 0.5 to 20.5 mM.

DISCUSSION

Correlation of Predicted Metal-Binding Sites with Disease-
Associated Mutations. Responding to a narrow range of
[Ca?*], values, the CaSR is able to trigger multiple intra-
cellular signaling pathways, including cooperative changes
in [Ca?"];. The CaSR has been linked to a number of human
diseases, such as FHH, NSHPT, and ADH (7, 10). Among
these, FHH and NSHPT are characterized by a reduced
sensitivity of the CaSR to [Ca®'],, whereas the CaSRs of
patients with ADH are oversensitive to changes in [Ca*'],.

We have predicted five potential Ca>*-binding sites within
the CaSR’s ECD based on homology modeling and analysis
of its geometric properties and charge distributions. Figure
1 shows the model structure of putative Ca?*-binding sites
1—3 and surrounding disease-associated mutations. In site
1, Y218S and E297K, with mutations on the ligand residues,
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and L174R, R185Q, and P221S, with mutations close to the
ligand residues, inactivate the CaSR, while P221L activates
the protein. Similarly, related to site 2, E250K is an
inactivating mutation and Q245R is an activating mutation.
Related to site 3, R220W and R220Q are inactivating
mutations and E228Q) is an activating mutation. Among these
mutations, E297K, L174R, R185Q, Q245R, R220W, and
R220Q might disturb the charge balance in the Ca**-binding
pocket, resulting in a reduced Ca?* binding affinity of the
CaSR and thus an impaired Ca®" sensitivity of the CaSR
with a right-shifted intracellular Ca®* response curve. The
Y218S mutation is also expected to decrease the binding
affinity of the CaSR for Ca*" due to the much shorter side
chain of Ser compared to that of Tyr. The mutations on P221
have opposite effects (/0), possibly due to their different
effects on the a-helical structures. Leu favors the formation
of o-helix, while Ser is an unfavored residue for a-helix
formation. The activating mutation, E228Q, could reduce the
net negative charge of site 3 and reduce the degree of
repulsion between those ligands, resulting in increased
binding affinity for Ca*". The presence of disease-associated
mutations within the proposed Ca’*"-binding ligands in all
these predicted sites (Table 2) suggests a link between these
diseases and the impaired Ca*" binding capabilities of the
respective mutant receptors.

Although no disease-associated mutations are present on
the proposed ligand residues in sites 4 and 5, our previous
functional data suggest that the mutations of the ligands in
predicted site 5 lead to opposite effects on the [Ca®t]; change
in response to [Ca*"], (19). The double mutant E3781/E3791
results in a left-shifted concentration—response curve to
[Ca®"],, whereas the double mutant E398I/E3991 produces
a right-shifted concentration—response curve to [Ca**],. The
effects of other disease-associated mutations around the Ca**-
binding sites on the Ca®' binding properties will be a subject
of further investigation in our laboratory.

Multiple Cooperative Metal Binding Processes. Functional
studies as well as our metal binding studies demonstrate that
CaSR has multiple Ca**-binding sites (27). We have previ-
ously investigated the site-specific metal binding properties
of two continuous predicted sites (sites 3 and 5 in this study)
by grafting them individually into the host protein, CD2 (19).
Site-directed mutations on engineered proteins and the full-
length CaSR support the idea that the predicted Ca®*-binding
residues are important in Ca®>" binding capability and in
regulating CaSR functions. Interestingly, these probed site-
specific Ca®>" binding affinities (4—20 mM) are weaker than
the ECs (2.7—3.1 mM) of the CaSR for Ca*" (19), possibly
due to the fact that the additional structural constraints
imposed on the domain structures when they are in the intact
ECD have additional effects not revealed in the structures
of the isolated subdomains. In addition, some of the
mutations within the predicted sites exhibit opposite effects
on the protein’s sensitivity to its native ligand. These
observations indicate that binding of Ca’" at different
locations has diverse influences on the binding of subsequent
Ca’" ions and that the interaction of coupled metal-binding
sites and cooperativity are likely to contribute to the overall
capacity of the intact CaSR to respond to [Ca®*],.

Dissection of metal-binding sites utilizing subdomains has
been successfully applied to EF-hand Ca*-binding proteins,
such as calmodulin and calbindin Dogg (38, 39). We have
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constructed three subdomains of the CaSR, and each sub-
domain contains two or three predicted Ca*"-binding sites.
The purified subdomains are well-folded as suggested by the
CD, fluorescence, and NMR spectra. These well-folded
domains allow us to visualize multiple metal binding
processes within each subdomain and metal-dependent
conformational changes within the subdomains.

Tb*" and Ca®" titrations clearly show that at least two
distinct metal binding processes occur in subdomain 1. The
fluorescence intensity and binding affinity are significantly
reduced when any one of the three predicted sites is removed,
indicating that the predicted Ca*>*-binding sites function in
concert, and each site is crucial for maintaining the observed
binding process. In particular, studies using site-directed
mutagenesis suggest that predicted sites 1 and 3 are mainly
responsible for the first and second components of the
titration curve, respectively (Figure 4 and Table 2). The
second transition is cooperative with an apparent intradomain
cooperativity of —3.8 to —4.4 kJ/mol. Furthermore, the
impaired Ca®" binding ability coincides with abnormal
[Ca”"T]; responses mediated by the CaSR in HEK cells. In
particular, the E2971 mutation in the full-length CaSR results
in a striking right shift of the Ca*>* concentration—response
curve. Concomitantly, the Hill coefficient was reduced from
29 + 0.2 to 1.5 = 0.2, which is in agreement with the
abolition of the first binding process in subdomain 1 (Table
2 and Figure 4). Thus, it seems that site 1 has a higher
binding affinity than site 2 and plays the major role in sensing
low levels of plasma Ca?*; in addition, the binding of Ca>*
to site 1, situated in the hinge region of the CaSR, lowers
the energy barrier and enables further cooperative binding
of Ca’" ions to the other sites. This view is further
corroborated by the fact that mutating key metal-binding
residues in site 1 leads to a significant decrease in the changes
in free energy for metal binding to subdomain 1 (AAG, =
1.2 kJ/mol) as well as a drop in the intradomain cooperativity
of 1.5 kJ/mol. Our site-directed mutagenesis studies also
suggest that predicted Ca**-binding site 3 in subdomain 1
plays unique roles in the Ca*" binding and sensing events.
The charged ligand mutations in this site abolished the second
component of metal binding in subdomain 1 (Figure 4).
Correspondingly, the maximal response of the mutant con-
taining the E228I and E229I mutations in the full-length
CaSR was significantly decreased, suggesting that site 3 is
indeed crucial for transducing [Ca**], to intracellular Ca*"
signals.

In subdomain 3, we also observed a cooperative binding
curve, suggesting the existence of more than one binding
site in the protein. Fitting the binding curve with a two-site
Adair function resolves a lower limit of change in intrado-
main cooperativity, with AG, of —3.3 kJ/mol. Similar to the
scenario observed in subdomain 1, mutations on either of
the two predicted sites (sites 4 and 5) result in significant
decreases in AG, of 0.7—1.0 kJ/mol and lower the intrado-
main cooperativity by 0.6—0.9 kJ/mol. The metal selectivity
screening experiments indicate that the CaSR has a wide
spectrum of metal agonists, including at least Mg>t, Ca®",
and its trivalent analogues Tb*" and La**, which is consistent
with previous reports (36). This observed cooperativity could
be the result of direct site-to-site interactions or Ca**-induced
conformational change. If Ca?* effectively cross-linked and
neutralized negative charges in two different parts of the
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Inactive form Active form

CT secretion

FIGURE 8: “Two-state” working model of CaSR. The active and
inactive forms are in equilibrium, and the state of the receptor’s
activity varies in response to the association or dissociation of Ca’*
ions in the predicted Ca*>*-binding sites. High-affinity site 1 (with
a K4 of ~0.5—1 mM) is capable of sensing the normal range of
[Ca®"], values. Both forms are in dynamic equilibrium in the normal
physiological range of [Ca**],. Under low-[Ca"], conditions, the
Ca’*-binding sites are largely devoid of ions, and the CaSR ECD
exists as an inactive open form that favors PTH secretion. PTH is
responsible for elevating [Ca®'],. Under high-extracellular Ca®"
conditions, the binding of Ca* to all sites leads to conformational
changes that favor activation of the receptor, which produces several
homeostatic responses designed to normalize [Ca®'],. These include
inhibition of PTH secretion, stimulation of calcitonin (CT) secretion,
a hormone that reduces [Ca>"],, and enhancement of renal Ca>*
excretion. Thus, deviation from the state of homeostasis can be
restored by the sensing of [Ca>"], by these putative Ca>*-binding
sites and the resultant reversible conformational changes. The filled
circles indicate the loading of the sites with Ca>", while the empty
circles indicate the absence of Ca’",

molecule, which then caused the lobes to close, then loss of
one of those negative charges could reduce the level of
repulsion between the negative charges that was present in
the absence of Ca’*" and favor activation of the receptor at
lower extracellular Ca?* concentrations.

Ca*"-Induced Conformational Changes. Ca*'-induced
conformational changes were observed in both fluorescence
and NMR studies. The ANS binding assay further suggests
that Ca?" binding results in more exposure of hydrophobic
regions. However, the removal of any one of the three
predicted sites eliminates such significant Ca®*"-induced
conformational changes. Suggested by the glutamate binding
that occurs in mGluR1, the hinge that connects the two lobes
directly responds to the stimulus-inducing receptor activation
in the GPCR family C proteins. The predicted Ca?*-binding
site in the crevice is likely to play an important role in
modulating the function of the CaSR by Ca®*-induced
conformational change (19).

On the basis of all these results, we postulate a working
model for the CaSR with emphasis on the roles of the
predicted Ca’>'-binding sites (Figure 8). Under normal
physiological conditions with a [Ca®*], of 1.1—1.3 mM, the
active and inactive forms of the CaSR are in dynamic
equilibrium with each other. The “high-affinity” site (site 1
with a K4 of ~0.5—1 mM) is responsible for the sensing
and maintenance of this balance. If [Ca®"], is lower than
the physiological level, the balance would shift to the inactive
form of the CaSR and Ca®* might dissociate from site 1,
which would change the conformation of the CaSR. Such
conformational changes are further relayed to the cytoplasm,
leading to a signaling cascade favoring the secretion of PTH,
which, in turn, elevates the extracellular level of Ca?>*. On
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the other hand, under abnormally high [Ca®*], conditions,
the Ca’>"-binding sites are loaded with Ca’*" ions, and the
CaSR exists in a conformation that is persistently activated.
Ca®" binding to weak sites (most probably sites 4 and 5 with
affinities in the low millimolar range) results in further
conformational changes that activate signaling cascades in
favor of inhibition of PTH secretion as well as stimulation
of renal Ca”>" excretion and secretion of calcitonin (CT), a
hormone known to reduce the extracellular Ca*" concentra-
tion. In this way, deviations from homeostatic balance can
be self-corrected via modulation of the activities of different
signaling pathways in cell types involved in maintaining Ca**
homeostasis (e.g., parathyroid, kidney, and C-cells).

This model is consistent with the disease-associated
mutations. In loss-of-function diseases, such as FHH/NSHPT,
which are characterized by hypercalcemia, the Ca?* binding
ability of the CaSR is weakened, which shifts the balance
to the inactive form. This leads to an increase in the level of
PTH secretion, resulting in hypercalcemia. On the other hand,
in the gain-of-function disease, ADH, some of the activating
mutations increase the affinities of the Ca*"-binding site(s),
thereby inhibiting PTH secretion and renal tubular Ca*"
reabsorption and stimulating calcitonin secretion, which leads
to hypocalcemia and hypercalciuria.

Overall, our findings provide further insights into the
molecular mechanisms of the family of class III G protein-
coupled receptors that are regulated by extracellular Ca>t
signaling. Our study describes a methodology for dissecting
factors in Ca®' binding, thereby contributing to our under-
standing of the general mechanism of Ca*"-modulated
conformational change in the CaSR, which can be correlated
with its biological function. In addition, this study explores
an approach to visualizing and probing Ca?*-binding sites
at simplified and more readily approachable levels, overcom-
ing the obstacles encountered in expression and purification
of highly hydrophobic membrane proteins. Indeed, this
strategy for prediction and evaluation of Ca?*-binding sites
in the CaSR will likely also be useful for probing the roles
of Ca®" in many other proteins for which structural informa-
tion is lacking.
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Summary of the Stern—Volmer quenching constants of
subdomains (Table S1), modeled structures of subdomains
2 and 3 and SDS—PAGE of purified subdomains (Figure
S1), near-UV CD spectra of subdomain 1 in the absence or
presence of Ca?t (Figure S2a), overall solvent accessibility
of the tryptophan residues within each subdomain using
fluorescence quenching with acrylamide (Figure S2b), and
methyl group region of the 1D 'H NMR spectrum of
subdomain 1 (Figure S3). This material is available free of
charge via the Internet at http://pubs.acs.org.
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