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The calcium-sensing receptor (CaR) belongs to family
C of the G-protein-coupled receptor superfamily. To
date 14 activating mutations in CaR showing increased
sensitivity to Ca21 have been identified in humans with
autosomal dominant hypocalcemia. Four of these acti-
vating mutations are found in the Ala116–Pro136 region of
CaR, indicating that this part of the receptor is partic-
ularly sensitive to mutation-induced activation. This re-
gion was subjected to random saturation mutagenesis,
and 219 mutant receptor clones were isolated and
screened pharmacologically in a high throughput
screening assay. Selected mutants were characterized
further in an inositol phosphate assay. The vast major-
ity of the mutants tested displayed an increased affinity
for Ca21. Furthermore, 21 of the mutants showed in-
creased basal activity in the absence of agonist. This
constitutive activity was not diminished when the mu-
tations were transferred to a chimeric receptor Ca/1a
consisting of the amino-terminal domain of the CaR and
the 7 transmembrane and intracellular domains of the
metabotropic glutamate receptor mGluR1a. CPCCOEt, a
noncompetitive antagonist acting at the 7 transmem-
brane domain of mGluR1a, suppressed the elevated
basal response of the constitutively activated Ca/1a
mutants demonstrating inverse agonist activity of CPC-
COEt. Taken together, our results demonstrate that the
Ala116–Pro136 region is of key importance for the main-
tenance of the inactive conformation of CaR.

The calcium-sensing receptor (CaR)1 belongs to family C of
the 7 transmembrane (7TM) G-protein-coupled receptors
(GPCRs) (1, 2). Besides CaR, the family comprises eight
metabotropic glutamate receptors (mGluR1–8) (3, 4), two

g-aminobutyric acid type B receptors (GABABR1–2) (5), and a
subfamily of putative pheromone receptors (6). The receptors in
this family consist of a peptide chain longer than those of
previously identified GPCRs and share no amino acid sequence
similarity with any of these. Most notable is the unusually long
amino-terminal domain (ATD) of ;500–600 amino acids,
which has been shown to contain the site of agonist binding of
CaR (7, 8), mGluR1 (9, 10), and GABABR1a (11, 12).

The ATDs of the family C receptors have limited amino acid
sequence similarity with procaryotic periplasmic binding pro-
teins (PBPs), a family of proteins involved in the transport of
nutrients into bacteria (13). Based on the crystal structure of
one of these PBPs, the leucine/isoleucine/valine-binding pro-
tein, we have previously proposed a tertiary molecular model of
the ATD of mGluR1 (9). Recently, Pin and co-workers (11) have
presented a model of the ATD of GABABR1a based on the
crystal structure of the leucine-binding protein. The ATD of the
family C receptor is thought to be constituted by two globular
lobes separated by a hinge region creating a cleft. Two pseudo-
conserved amino acids, corresponding to Ser79 and Thr102 in
the leucine/isoleucine/valine-binding protein, have been iden-
tified as agonist binding residues in mGluR1 and GABABR1
(9, 11). Furthermore, the two corresponding amino acids in
CaR, Ser147 and Ser170, have been shown to be involved in
receptor activation (7). Based on the known mechanism of the
PBPs (13), it has been suggested that agonist binding to these
amino acid residues causes the ATD of the family C receptor to
contract from an “open” inactive conformation to a “closed”
active conformation (9, 11). However, it is still unresolved how
the activation signal subsequently is transferred from the
closed ATD through the 7TM domain to the intracellular
G-proteins.

CaR plays a central role in the extracellular calcium home-
ostasis. The receptor is expressed in parathyroid, kidney, in-
testine, central nervous system, and several other tissues (14).
The primary function of CaR is to sense and mediate the effects
of even minute changes in extracellular Ca21 concentrations
into parathyroid hormone secretion and renal excretion (14). In
accordance with this, mutations in the CaR gene have been
shown to cause abnormalities in blood Ca21 levels. Three in-
herited human disorders have been linked to these somatic
mutations: familial hypocalciuric hypercalcemia and neonatal
severe hyperparathyroidism, which are caused by inactivating
mutations in CaR, and autosomal dominant hypocalcemia,
which has been associated with activating mutations in CaR
(14). The identified genetic mutations in CaR are depicted in
Fig. 1. As can be seen, almost all of the mutations are located
in the first half of the ATD and in the 7TM domain. We found
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it of particular interest that 4 of the 14 identified activating
mutations are located in the Ala116–Phe128 region of CaR.
Ala116–Phe128 constitutes the first part of a region, Ala116–
Pro136, which according to alignments with PBPs forms a loop
in the ATD (7, 9).

Previously, we have successfully used random saturation
mutagenesis on muscarinic acetylcholine receptors to investi-
gate regions involved in receptor activation (15, 16) and G-
protein coupling (17–19). In this study we have applied this
technique to investigate whether the Ala116–Pro136 region of
CaR is indeed as sensitive to mutational induced activation as
suggested by the pattern of genetic mutations. Furthermore,
we have studied the pharmacology of activated CaR mutants in
greater detail using chimeric CaR/mGluR1a receptors and the
noncompetitive mGluR1 antagonist, 7-(hydroxyimino)cyclo-
propa[b]chromen-1a-carboxylic acid ethyl ester (CPCCOEt).

EXPERIMENTAL PROCEDURES

Materials—All chemicals were obtained from Sigma. Culture media,
serum, antibiotics, and buffers for cell culture were obtained from Life
Technologies, Inc. (Paisley, UK). CPCCOEt was purchased from Tocris
(Bristol, UK). rCaR-pRK5 (2) and pmGR1 (20) were generous gifts from
professor Solomon H. Snyder (Johns Hopkins University School of

Medicine, Baltimore, MD) and professor Shigetada Nakanishi (Kyoto
University, Kyoto, Japan), respectively. The pSI and pEGFP-N2 vectors
were obtained from Promega (Madison, WI) and CLONTECH (Palo
Alto, CA), respectively. The tsA cells were a generous gift from Dr.
Penelope S. V. Jones (University of California, San Diego, CA).

Subcloning and Site-directed Mutagenesis of CaR—CaR was trans-
ferred from the pRK5 vector to the pSI vector as described previously
(7). A silent SalI restriction site was created in the coding sequence for
CaR spanning from nucleotide numbers 408–413 using the Quick-
change mutagenesis kit according to the manufacturer’s instructions
(Stratagene, La Jolla, CA). Construction of the CaRD1035-EGFP plas-
mid was done by subcloning CaR into pEGFP-N2 using the restriction
enzymes XhoI (a unique flanking restriction enzyme) and ApaI (cover-
ing nucleotides 3103–3108 in CaR). Subsequently, the mutagenic re-
gions of three constitutively active (CA) mutants (mutants 17, 37, and
122) were subcloned into CaRD1035-EGFP using the restriction en-
zymes XhoI and EcoRI. The construction of the chimeric receptor Ca/1a,
consisting of the ATD of CaR and the transmembrane and intracellular
domains of mGluR1a, has been described previously (7). The mutagenic
regions of the CA mutants of CaR-pSI were subcloned into Ca/1a-pSI
using the restriction enzymes XhoI and EcoRI. Amplified receptor
DNAs were sequenced on an ABI Prism 310 using Big Dye Terminator
Cycle Sequencing kit (Perkin-Elmer, Warrington, UK).

FIG. 2. Random saturation mutagenesis of nucleotides 346–
407 in CaR-pSI. A, design of a 15% doped primer (P2). During the
incorporation of each nucleotide, there was a 15% chance of misincor-
poration. B, library construction strategy. A silent SalI site was intro-
duced in nucleotides 408–413 in CaR-pSI. Polymerase chain reaction
was performed with the primers P1 and P2. The nonmutagenic primer
(P1) comprised nucleotide residues 405–427 in pSI, including the
HindIII site. The P2 primer comprised nucleotide residues 332–421 in
CaR, nucleotides 322–345 and 408–421 being nonmutagenic and nu-
cleotides 346–407 being 15% doped. The polymerase chain reaction
product was restricted with HindIII and SalI, and the HindIII-SalI
inserts were ligated into the HindIII-SalI fragment of the CaR-pSI,
yielding a population of mutant CaR-pSI. Competent DH5a cells were
transformed with this ligation mix, and plasmid DNA was isolated from
219 individual colonies.

FIG. 1. The cloned genetic mutations in the calcium-sensing
receptor. Shown is the topology of CaR with the inactivating muta-
tions (black circles) identified in individuals with familial hypocalciuric
hypercalcemia or neonatal severe hyperparathyroidism and the activat-
ing mutations (gray squares) identified in individuals with autosomal
dominant hypocalcemia (14, 33–37, 51–53). The individual mutations
are listed next to their respective locations in the receptor. The boxed
segment in the amino-terminal domain is the Ala116–Pro136 region. fs,
frameshift mutation (deletion of one nucleotide); Alu, Alu repetitive
element insertion.
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Library Construction—Random saturation mutagenesis was per-
formed on the 21-amino acid region Ala116–Pro136 in CaR-pSI (nucleo-
tides 346–407). The principles of random saturation mutagenesis are
given in Fig. 2. A polymerase chain reaction was performed using the
primers P1 and P2. P1 was a 23-nucleotide-long, nonmutagenic primer
that included the HindIII site in the pSI vector. P2 was a 90-nucleotide-
long primer. It was 15% “doped” in the 62-nucleotide region of interest,
meaning that 85% of the correct nucleotide and 5% of each of the three
other nucleotides were used for each individual nucleotide during in the
synthesis of the primer. Furthermore, P2 had a SalI site in the same
position as the silent SalI site in CaR-pSI. The polymerase chain
reaction product was digested with HindIII and SalI, and the cassettes
were ligated into the HindIII/SalI fragment of CaR-pSI yielding a
mutant CaR-pSI library. Competent DH5a Escherichia coli cells (Life
Technologies, Inc., Paisley, UK) were transformed with the ligation
mix, and mutant CaR-pSI clones were individually amplified. Plasmid
DNA was isolated from 219 clones with the QIAprep spin plasmid
miniprep kit (Qiagen, Hilden, Germany) and used for sequencing and
functional assays.

Cell Culture—NIH 3T3 cells and tsA cells (a transformed HEK 293
cell line (21)) were maintained at 37 °C in humidified 5% CO2 incubator
in Dulbecco’s modified Eagle’s medium supplemented with penicillin
(100 units/ml), streptomycin (100 mg/ml), and 10% calf serum.

Receptor Selection and Amplification Technology Assays—NIH 3T3
cells were plated into 96-well plates 1 day before transfection using 104

cells/well. The cells were transfected with 2.5 ng of wild type (WT) or
mutant CaR-pSI and 25 ng of b-galactosidase-pSI/well using Superfect
(Qiagen) as a DNA carrier. One day after transfection, cells were
suspended in Dulbecco’s modified Eagle’s medium supplemented with
penicillin (100 units/ml), streptomycin (100 mg/ml), 0.5% calf serum,
and 2% Cyto-SF3 (Kemp Laboratories, Gaithersburg, MD) to a final
volume of 200 ml. The concentration of CaCl2 in the medium was 0.9 mM

at “basal” and at “stimulation” conditions, whereas the concentration of
MgCl2 was 0.8 and 4.0 mM, respectively. After 5 days of incubation,
b-galactosidase levels were measured, as described previously (22). The
medium was removed from the wells, the cells were washed with 100 ml
of phosphate-buffered saline, and 200 ml of phosphate-buffered saline
supplemented with 3.5 mM o-nitrophenyl-b-D-galactopyranoside, and
0.5% Nonidet P-40 was added to each well. The 96-well plate was
incubated at room temperature up to 3 h, and the plates were read at
415 nm on a plate reader (Microplate Autoreader, Biotek Instruments
Inc., Burlington, VT). The screening of the mutants was done twice in
triplicate.

Inositol Phosphate Assays—3 3 105 tsA cells were split into a 6-cm

tissue culture plate and transfected with 1.7 mg of plasmid the following
day using Superfect as a DNA carrier according to the protocol by the
manufacturer (Qiagen, Hilden, Germany). The day after transfection,
the cells were split into 12 wells in a poly-D-lysine-coated 24-well tissue
culture plate in inositol-free Dulbecco’s modified Eagle’s medium with
reduced concentrations of CaCl2 (0.9 mM) and MgCl2 (0.6 mM), supple-
mented with penicillin (100 units/ml), streptomycin (100 mg/ml), 10%
dialyzed calf serum, and 1 mCi/ml myo-[2-3H]inositol (Amersham Phar-
macia Biotech, Buckinghamshire, UK). 16–24 h later, the cells were
washed with Hanks’ balanced saline solution (HBSS) and incubated at
37 °C for 20 min in HBSS. The buffer was removed, and the cells were
incubated for 40 min in HBSS supplemented with 10 mM LiCl and
various concentrations of CaCl2 or 100 mM CPCCOEt. The reactions
were stopped by exchanging the buffer with 500 ml of ice-cold 20 mM

formic acid, and separation of total [3H]inositol phosphates was carried
out by ion exchange chromatography as described previously (23). All IP
experiments were performed in duplicate, and the results are given as
the means 6 S.E. of at least three independent experiments.

Measurement of the Content of Ca21 and Mg21 in HBSS—The en-
dogenous concentrations of Ca21 and Mg21 in HBSS were measured by
flame atomic absorption spectroscopy, using an AAnalyst 100 (Perkin-
Elmer, Warrington, UK).

Single Cell Fluorescence Measurement of WT and Mutant CaR Ex-
pression—3 3 105 tsA cells were split into a 6-cm tissue culture plate
and transfected with 1.7 mg of pSI, pEGFP-N2, CaRD1035-EGFP, or
mutant CaRD1035-EGFP the following day using Superfect as a DNA
carrier according to the protocol by the manufacturer (Qiagen). The day
after transfection, the cells were split into poly-D-lysine-coated 3.5-cm
wells containing a glass slide (MatTek Corp., Ashland, MA) in inositol-
free Dulbecco’s modified Eagle’s medium with reduced concentrations of
CaCl2 (0.9 mM) and MgCl2 (0.6 mM), supplemented with penicillin
(100 units/ml), streptomycin (100 mg/ml), and 10% dialyzed calf serum.
The following day, single cell fluorescence were viewed with an Axiovert
100M (Zeiss, Jena, Germany) using the objective Plan-Apochromat 63
3 14 W Oil (DiC) and an excitation wavelength of 488 nm (emission
maximum 507 nm).

Data Analysis—Data from the Ca21 concentration-response experi-
ments were fitted to the simple mass action equation as follows.

R 5
Rmax

1 1 ~EC50/[A])n 1 Rbasal (Eq. 1)

where [A] is the concentration of agonist, n is the Hill coefficient, and R
is the response. Curves were generated by nonweighted least squares

TABLE I
The nucleotide 346–408 sequence sequences of WT CaR and the 25 mutants first prepared

Mutated nucleotides are indicated as capital letters. Nucleotide number 408 (the bold G in the end of the sequences) was not subject to
mutagenesis. The total number of mutations of each nucleotide in the 25 mutants is given in the last row.

Receptor Nucleotide 346–408 sequence

WT gcc cag aac aaa atc gat tct ttg aac ctg gac gag ttc tgc aac tgc tct gag cac atc cc G
1 --- --- --- --- --- --- --G -A- --- -C- -C- --- --- --- --- --- A-- --A --A -A- -- G
2 --- --- --- --- G-- --- --- --- --- --- --- --- --- --A C-A --- --C --- --- --- -- G
3 --- --- G-- --- --- --G --- --- --- --- --- --- --- --- --- --- --A --- --- --- -- G
4 --- --- -T- C-- --- --- --- -G- --- --A CGG --- --- -T- C-- --- --- --C --G G-- -- G
5 --- --- G-- C-- --- --- --- --- --- T-- --- --- C-G A-- --A --- --- --- --- --A -- G
6 -T- --- --- --- --- --G --- --- --- --- --- --A --- --- --- --- -A- --- -C- -A- -- G
7 --- --- --- --- --T --- --- --- --- GA- --- --- C-- CGG --- --- -G- --- --- --- -- G
8 --- -G- G-- --- --- T-- --- --- --- --- --- T-- --T --- --- --- --- --- --- --- -- G
9 --T --- --- --- --- --- --- --T --- -A- AT- --- --- --G --- --- A-- A-- --- --- GA G
10 --- A-- --- --- --A T-- -A- --- --T G-- --- --T GC- --- -G- --- --- --- --- --- A- G
11 --- --- --- -T- --- AG- G-- --- G-T --- C-- --- --- --- G-T --- --- --- --- C-- -- G
12 --- --- G-A --- TG- --- -A- --- --- --- --- --A A-- --- -T- A-A --- --- --- -G- -T G
13 --- --- --A --- --- --- A-- --- --A --- --- --- G-- --G --- -A- --- -G- -C- --- -- G
14 --- --- --- --T --- --- --- --A --- -A- --- --- --- --- --- --- --- --- A-- --G -- G
15 --- -C- --- --- G-- --- --- -G- --- --- --- -T- --- --- C-- A-- --- --- --- CAA TG G
16 --A --T --- --C --- --A -T- --- --- G-- --- A-- --- A-- --- --- --C TGA --- --- -- G
17 -AT --A --A --- --- --C --- --C --- --A -C- A-- --- C-- --- G-- --- --- -T- --- -- G
18 -A- --- -T- --- --- -G- -A- --- --- --- --- --- G-A --T --- --T --- --- --- GA- -- G
19 -G- --- --- --- --- --- --- -A- --- --T --G -T- --- -C- --- --- --C --- --- -G- T- G
20 A-- T-- --- --- --A --- --- --T --- --- --G --- A-- -C- --- -TA --- -G- --- --- -- G
21 --- G-C --- --G --- --C -G- --- -T- A-- --A -C- --- --- --- --- -AA --- --- --- -- G
22 --- --- --A GT- --- T-- --- --T C-- G-- --- --- --- --- --- --A A-- --- --A --A -- G
23 --- --- --- --- G-- --- --- C-- --- --- --T --T --A -A- T-- --G -G- -C- --- --- -- G
24 --- --- -C- --- --A T-G --- C-- G-- --- --- --- G-- --- --- G-- -A- --- G-- --- -- G
25 --- TC- --- --- --- --- -AA --- --- -A- --- --- --- --- CC- --- --- -G- --- --- -- G

Mutation frequency 143 433 434 323 414 626 262 245 313 653 345 334 814 455 633 425 355 253 233 464 43-
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fits using the program KaleidaGraph 3.08 (Synergy Software, Reading,
PA).

RESULTS

Evaluation of the Mutant Library—To investigate whether
the receptor library was indeed randomly mutated, we se-
quenced the 25 mutant receptor clones first isolated, prior to
the pharmacological screen. As shown in Table I, the mutations
are randomly distributed over the entire region of interest. All
of the 62 individual nucleotides in the region are mutated
between one and eight times in the 25 mutants. The mean
value 6 S.D. of number of mutations of an individual nucleo-
tide in these 25 mutants is 3.6 6 1.4, which is in excellent
agreement with the theoretical mean of 3.75. The number of
mutations of each individual nucleotide in these 25 mutants
can be described by the binomial function; b (25,0.15). H0: p 5
0.15 was accepted, when tested both with n 5 1 and n 5 8.
Hence H: p Þ 0.15 could not be proven for any of the 62
nucleotides. Consequently, it is reasonable to conclude that this
library consists of mutant receptors being randomly mutated in
the nucleotide 346–407 region.

Screening of the Mutant Library—Plasmid DNA was pre-
pared from 219 individual clones, and the mutants were
screened for pharmacological activity in R-SATTM (15–19, 24).
Both Ca21 and Mg21 were present in low concentrations (0.9
mM Ca21 and 0.8 mM Mg21) at basal conditions, because of
their importance for proper cell adhesion and function. These
concentrations of Ca21 and Mg21 did not activate WT CaR (Fig.
3). This is in agreement with previous results using, for exam-
ple, IP measurements (7, 25). As exemplified by Mg21 in Fig. 3,
both agonists showed robust responses on CaR transfected cells
in R-SATTM when the concentration was increased. However,
we decided to use Mg21 for the library screening because Ca21

showed a significant effect on mock-transfected NIH 3T3 cells
at concentrations higher than 1.5 mM (data not shown). This
was not the case with submaximal concentrations of Mg21

(Fig. 3).
The screening data for a representative collection of mutants

are given in Fig. 3. Based on the screening, the mutants could
be divided into “WT-like” mutants, mutants with increased
basal activity, and impaired/nonfunctional mutants. 78 mu-
tants with either a significantly increased basal activity or a
response comparable with that of WT CaR were selected for

further pharmacological characterization.
Pharmacological Characterization of the CaR Mutants—The

pharmacological characterization was performed using PI hy-
drolysis as a functional assay. In this assay exposure of mock-
transfected tsA cells to Ca21 at concentrations up to 10 mM did
not give rise to any significant increase in IP accumulation
(data not shown). In agreement with previous reports (7, 25),
WT CaR displayed a 6–10-fold Ca21 concentration-response
curve with a Hill slope of 4–5 and an EC50 of 2.40 6 0.08 mM

(Fig. 4 and Table II). Based on the increase in basal response in
the mutated receptors compared with WT, the mutants were
either characterized as WT-like (,2.5-fold increase; Table II) or
constitutively activated (.2.5 fold increase; Table III).

Only a few of the CaR mutants tested displayed a Ca21

potency similar to or lower than that of the WT receptor
(Table II). The majority of the mutants exhibited a significantly
left-shifted pharmacological profile in comparison with WT
CaR, i.e. the potency of Ca21 was considerably increased (Table
II and Fig. 4). There was a weak correlation of lower Hill slope
values with decreasing EC50 values (Table II). Some of these
left-shifted mutants displayed approximately the same fold

FIG. 3. R-SATTM screening data for WT CaR and selected mu-
tant CaRs. Data of a representative selection of CaR mutants from the
R-SATTM screening are shown. The screening was performed as de-
scribed under “Experimental Procedures,” and the induced b-galacto-
sidase activities were measured 2 h after substrate exposure. The pSI
vector was included in the screening as a control. The screening was
done at basal (0.8 mM MgCl2 and 0.9 mM CaCl2) and stimulation
(4.0 mM MgCl2 and 0.9 mM CaCl2) conditions, and data are the means 6
S.D. of triplicate experiments performed in parallel.

FIG. 4. Ca21 concentration-response curves for WT CaR and
CaR mutants. Concentration-response curves of Ca21 induced IP stim-
ulation (expressed as dpm/24-cluster well) in tsA cells transfected with
WT and WT-like CaR mutants (A) or WT and CA CaR mutants (B). The
cells were prelabeled overnight with 1 mCi/ml myo-[2-3H]inositol,
washed with HBSS, and incubated with HBSS for 20 min. The buffer
was removed, and the cells were incubated for 40 min in HBSS supple-
mented with 10 mM LiCl and various CaCl2 concentrations. The buffer
was aspirated, and the reactions were stopped by addition of ice-cold 20
mM formic acid. Total IP formation was determined by an ion exchange
assay. Data are the means 6 S.D. of duplicate experiments performed
in parallel.
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responses as WT, whereas others were reduced. One explana-
tion for reduced fold responses could be that basal responses
are slightly increased in these mutants compared with WT
(Fig. 4A). Whereas WT CaR reached its maximal stimulation at
a Ca21 concentration of 6.0 mM and remained at this level of
response beyond this concentration, several of the “left-shifted”
mutants displayed biphasic curves with a maximal response at
2.5–3.0 mM Ca21 and a declining response at higher Ca21

concentrations (Fig. 4A). This phenomenon has previously been

reported by Brown and co-workers (26).
A considerable fraction of the mutants tested displayed a

significantly higher level of basal IP accumulation than WT
CaR, indicating that they might be constitutively activated
(Fig. 4B and Table III). The mutants (termed CA CaR mutants)
were still able to become activated in a concentration-depend-
ent manner by Ca21, although the Hill slopes of the mutants
were significantly decreased compared with that of WT
(Table III). These same mutants had previously exhibited an

TABLE II
The CaR mutants with a basal response comparable with that of WT

The amino acid 116–136 sequence and pharmacological profile of those CaR mutants displaying a basal response comparable with that of WT
in the inositol phosphate assay (less than 2.5-fold increase compared to WT). The assay was performed as described in Fig. 4, and the data are given
as the means 6 S.E. of at least three independent experiments. The mutants are listed after ascending EC50 values. The sequence of mutant 36
was the same as WT. The average number of mutations in the mutants is 5.6 6 1.6. A hyphen indicates that the amino acid is conserved in WT
CaR.

Receptor EC50 nH Amino acid 116–136 sequence

mM Ca21

WT 2.40 6 0.08 4.6 6 0.3 A Q N K I D S L N L D E F C N C S E H I P
54 0.78 6 0.06 4.1 6 1.3 - R - - S K - W - - - V V - - - - V - - -
154 0.88 6 0.13 3.3 6 0.4 - R - - - - - - - - - V G - - - - - N - -
84 0.92 6 0.09 2.5 6 0.3 - - - - - - - - - - - G - - - G - R - - -
71 0.97 6 0.05 3.1 6 0.4 - - - - - - V - - - N - - G - - - - - - -
33 0.97 6 0.08 3.3 6 0.5 - H - - N - C F K - - - - W - - - - - - -
155 0.97 6 0.20 3.4 6 0.7 D E I R - - - - - H - - - - - - - A - - -
176 1.01 6 0.08 2.7 6 0.3 - - H - - - - M K E - - - S - F - D P - -
125 1.02 6 0.05 2.7 6 0.5 T - - - - - - - Q - G Q L - - D - Q - - Q
62 1.03 6 0.03 3.0 6 0.5 - - - - N - - - - - - - L - K - Y - - - -
188 1.06 6 0.08 3.3 6 0.2 - - K - - - T - - - - - - - - - - D D - -
203 1.08 6 0.01 3.6 6 0.2 - - - - - - - A - M - V - - - - - G - - -
151 1.13 6 0.04 3.0 6 0.1 - - - - - - - - - Q - D S S - F P - R - -
146 1.14 6 0.10 2.9 6 0.3 - - K - V Y - F - - - - - - - - - D - - -
93 1.16 6 0.12 3.0 6 0.3 - K - - - E - - K - - D S S - - - - - - Q
206 1.17 6 0.22 3.1 6 0.3 - - G - - - - V - M - Q - - - - - - - - -
112 1.18 6 0.05 3.3 6 0.6 - - - - - - - - - Q - D S S - F P - R - -
128 1.20 6 0.09 2.0 6 0.4 - - E Q - - - - I - - V - G K - - - - - -
9 1.21 6 0.08 3.3 6 0.5 - - - - - - - - - Q I - - W - - T K - - E
57 1.21 6 0.22 3.1 6 0.3 - H D - - - - - - R - - L - - - F - - - -
174 1.27 6 0.07 3.4 6 0.6 - - K - N - C - - - - - R - - - T - E S -
90 1.34 6 0.07 2.9 6 0.4 - - K - - - V - I Q - - - - - - - - - - -
95 1.37 6 0.15 3.2 6 0.5 - - - - - - - - K V - - I S - - - - N T -
198 1.37 6 0.05 3.9 6 0.3 - - - - - - - - - - - - S - - - F - Q L -
14 1.40 6 0.29 2.6 6 0.4 - - - N - - - - - Q - - - - - - - - N M -
190 1.42 6 0.12 3.0 6 0.3 - - H - L - - - - V - - - - - - - - Y - -
170 1.42 6 0.04 2.8 6 0.5 - - G - - - - - - V A - - - - - - - Y - -
23 1.44 6 0.08 3.7 6 0.3 - - - - V - - - - - - D L Y Y W C A - - -
39 1.45 6 0.07 4.4 6 1.0 - - - - M - P - - - - - I - - - - - - T -
131 1.46 6 0.13 4.6 6 1.7 - - S T - - T - - Q H - - - - - - - - - -
111 1.46 6 0.00 4.2 6 0.6 - - - T - - - F Y - - A S - K - - - - - -
113 1.46 6 0.02 3.3 6 0.3 - E K - - - - - - - E - V S - - T K - - -
120 1.51 6 0.17 3.1 6 0.1 - K - - - E - M - - - A S N - - C - - - -
143 1.54 6 0.05 5.4 6 0.6 S M - - - E Y - - - - - - - K - - - - - -
61 1.55 6 0.03 3.3 6 0.5 D K - - L - - - S V - - - Y K - - - Y - L
163 1.58 6 0.05 4.0 6 0.3 - - - - - A F - - - N - - S - - - - - M -
6 1.60 6 0.03 3.3 6 0.7 V - - - - E - - - - - - - - - - Y - P N -
183 1.61 6 0.06 2.5 6 0.2 S - - - - - F - - - - K - - - - T - - - -
3 1.61 6 0.09 3.2 6 0.3 - - D - - E - - - - - - - - - - - - - - -
124 1.62 6 0.16 3.6 6 0.2 - - - - K N - - - R - K - - - - R - - - T
72 1.64 6 0.14 3.1 6 0.3 - K - - - E - F - - - D - - I - C - Y - -
204 1.67 6 0.16 3.2 6 0.1 - - - - - - F F - - G - - - K - A - R - -
191 1.74 6 0.03 2.9 6 0.4 - K - - - - - M - P - - Y S K - - - N - -
209 1.80 6 0.04 3.6 6 0.3 - - K S - - - - T - E - V - H Y - - - - -
100 1.81 6 0.17 4.3 6 0.9 - - D - - - - - - I - - L - K - C G - - -
7 1.83 6 0.14 3.0 6 0.4 - - - - - - - - - E - - L R - - C - - - -
5 1.84 6 0.02 3.8 6 0.2 - - D Q - - - - - - - - L S K - - - - - -
82 1.87 6 0.03 3.1 6 0.5 - - - - L - - F - - - - I Y - - - - - M -
180 1.95 6 0.11 3.9 6 0.4 - - - Q - - Y S - - Y - - - K - T D - - -
10 2.01 6 0.20 3.8 6 0.5 - K - - - Y Y - - V - D A - S - - - - - T
184 2.26 6 0.17 3.9 6 0.9 - - - - - H - - - T G - M - D - C - L - -
172 2.28 6 0.08 5.8 6 0.7 - - - - - - - - - - E - - - - - T - - - -
36 2.29 6 0.16 4.4 6 0.6 - - - - - - - - - - - - - - - - - - - - -
46 2.40 6 0.11 4.5 6 0.3 - - K - L - N - I - - - - - K - A - - S -
135 2.51 6 0.15 4.0 6 0.3 - K - - - E - M - - - A S N - - C - - - -
74 2.88 6 0.11 4.5 6 0.8 - - Y - - - - F Y - G - L - D - F - - - -
197 3.18 6 0.24 4.6 6 0.4 - - Y T - - - - K - E - I - - - F - Y L -
55 3.21 6 0.11 4.0 6 0.4 - - T - - - A - - - E - - - - - T - - - -
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increased basal response in R-SATTM (examples of these are
given in Fig. 2).

Measurement of Endogenous Ca21 and Mg21 Levels in
HBSS—To ensure that the CA mutants were not merely being
activated by Ca21 or Mg21 in the HBSS, the content of these
cations were measured in the buffer by flame atomic absorp-
tion spectroscopy. The endogenous concentrations of Ca21 and
Mg21 was determined to be below 150 ppb (3.8 mM) and 20 ppb
(0.8 mM), respectively.

Measurement of WT and Mutant CaR Expression—The in-
creased basal response of the CA CaR mutants could be due to
an increased level of cell surface expression of the mutants
compared with the WT receptor. To investigate this possibility,
WT CaR and three of the CA mutants were subcloned into
pEGFP-N2, which encodes a green fluorescent protein mutant
(F64L,S65T). In a recent study of cell surface expression of
carboxyl-terminal truncations of CaR fused in frame with
EGFP, a CaR truncated at amino acid 886 displayed a phar-
macology similar to that of WT CaR, when stably expressed in
HEK 293 cells (27). Hence, it is reasonable to assume that the
CaRD1035-EGFP construct used in this study is representative
for WT CaR.

In agreement with the study of Gama and Breitwieser (27),
the fluoroscence pattern of tsA cells transfected with EGFP-N2
and that of cells transfected with the CaRD1035-EGFP con-
struct turned out to be quite different (Fig. 5, A and B). Fur-
thermore, the cell surface expression of the three CA mutants
tested, CA17-, CA37-, and CA122-CaRD1035-EGFP, were not
that different from that of the CaRD1035-EGFP (Fig. 5). In tsA
cells transfected with pSI, no fluorescence was detected (data
not shown).

Recent studies have revealed that several of the cysteines in
the ATD of CaR are crucial for CaR expression, dimerization,
and functionality (28, 29). The two cysteines in the Ala116–
Pro136 region, Cys129 and Cys131, are among the few cysteines
that are of little or no importance for receptor expression levels
(28). In CA17-CaRD1035-EGFP both of these cysteines have
been mutated and as just mentioned the expression levels are
comparable with WT (Fig. 5, B and C). However, when it comes

to implications for receptor functionality, mutations of Cys129

and Cys131 clearly do not impair receptor function in any way
(Tables II and III), which is in excellent agreement with the
previous studies (28, 29).

Pharmacological Characterization of Ca/1a and the CA
Ca/1a Mutants—The majority of the mutants displaying a
significantly elevated basal response in the R-SATTM screen
and in the IP assay were subcloned from CaR-pSI into Ca/1a-
pSI. Ca/1a and Ca/1b are chimeric receptors consisting of the
ATD of CaR and the 7TM region and carboxyl terminus of
mGluR1a or mGluR1b, respectively. Both chimers have been
shown to display pharmacological profiles very similar to that
of the WT CaR (7, 8, 30). The reason for the transfer was that
no antagonist for CaR has yet been published. By transferring
the CA mutations to Ca/1a, we were able to use the noncom-
petitive mGluR1 antagonist CPCCOEt (31), which has been
shown to bind to the extracellular side of TM7 of mGluR1 and

FIG. 5. Confocal images of tsA cells transiently transfected
with EGFP-N2 and CaRD1035-EGFP constructs. All images were
taken using an excitation wavelength of 488 nm and are as follows. A,
EGFP-N2; B, CaRD1035-EGFP; C, CA17-CaRD1035-EGFP; D, CA37-
CaRD1035-EGFP; E, CA122-CaRD1035-EGFP.

TABLE III
The constitutive active CaR mutants

The amino acid 116–136 sequence and pharmacological profile of those CaR mutants displaying a basal response at least 2.5-fold higher than
WT in the inositol phosphate assay. The assay was performed as described in Fig. 4, and the data are given as the means 6 S.E. of at least three
independent experiments. The average number of mutations in the mutants is 6.6 6 1.9. A hyphen indicates that the amino acid in the mutant
is conserved in WT CaR.

Receptor EC50 nH Amino acid 116–136 sequence

mM Ca21

WT 2.40 6 0.08 4.6 6 0.3 A Q N K I D S L N L D E F C N C S E H I P
11 0.81 6 0.10 2.6 6 0.5 - - - I - S A - D - H - - - D - - - - L -
15 0.88 6 0.01 2.1 6 0.2 - P - - V - - W - - - V - - H S - - - Q W
17 0.75 6 0.06 3.2 6 0.5 D - K - - - - F - - A K - R - G - - L - -
29 0.95 6 0.10 3.2 6 0.8 G - K - - - - - - - - - - W K - - - R - -
30 1.13 6 0.23 3.7 6 0.7 - - K E - - - - T - - - - - H - Y - - - -
34 0.90 6 0.01 1.8 6 0.6 - R - - S V - - - - - - - - S Y T Q Q - -
37 0.75 6 0.05 3.3 6 0.5 V - - E - E P - K - - K - - - - - - R N T
40 1.11 6 0.02 3.2 6 0.9 - - - Q M - - - - - - - - - D - - - - L -
41 1.08 6 0.20 1.5 6 0.7 T - K - - G Y - - R - - L - - - - - - V -
53 0.72 6 0.13 1.7 6 0.6 - - - I N - - - - - G D - - - - - - D S -
58 1.02 6 0.08 3.1 6 0.3 - P - T - - A - - M - - - - - - - - - - -
63 1.15 6 0.14 2.7 6 1.1 - - - - S - - S - - - - - - - - Y - Q - -
76 0.98 6 0.06 3.1 6 0.7 - - - T S - F V E - - - - I K G - - P - -
83 0.92 6 0.09 3.1 6 1.1 I - D E - - - - - - - D - - - - - - - - -
86 0.86 6 0.02 2.5 6 0.6 - - I N N Y - - I M - - I - - R - - N - -
97 1.61 6 0.16 2.1 6 0.3 - - - - N H - - - V Y G - S - - - - - - -
108 0.79 6 0.05 1.8 6 0.4 - - - - N - - - T P - - - - - S L G - - -
122 1.17 6 0.19 1.5 6 0.4 - P I - - - P - K - G - - - - - - - - - -
136 0.85 6 0.14 3.1 6 0.3 - - - - - - F - H - - - I Y - F T D - - -
150 0.93 6 0.04 2.4 6 0.3 - - - I - E Y - - - E Q L W - F K - D - -
157 0.53 6 0.38 1.9 6 0.5 - K - R S - - - - - G V - R - - - K - - -
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to antagonize Ca21 mediated agonist responses by Ca/1b (30,
32). CPCCOEt has also been shown to have no effect on Ca21

induced activation of WT CaR in concentrations up to 100 mM

(30).
The basal level of IP accumulation was not significantly

reduced, when Ca/1a transfected tsA cells were exposed to
100 mM CPCCOEt in the absence of Ca21, indicating that the
chimeric receptor is not constitutively active (Fig. 6B). In ac-
cordance with previous findings (7), Ca/1a exhibited a 5–7-fold
increase in IP accumulation, when exposed to 6.0 mM Ca21

(maximal stimulation; Fig. 6A). In contrast, the mutants trans-
ferred from CaR maintained their high basal response as Ca/1a
mutants (termed CA Ca/1a mutants), when compared with
Ca/1a (Fig. 6). They could all become further activated upon
exposure to Ca21 (Fig. 6A), and the elevated basal response of

almost all the mutants could be inhibited with 100 mM CPC-
COEt (Fig. 6B). A few of the mutants did not respond to 100 mM

CPCCOEt (Fig. 6B). Because of the reported toxicity of CPC-
COEt concentrations above 100 mM (30), it was not possible to
study these mutants in greater detail using this ligand.

DISCUSSION

CaR is among the relatively few GPCRs for which genetic
mutations have been linked to human disorders. Almost all of
the identified somatic mutations in CaR are located either in
the first half of the ATD or in the 7TM region of the receptor
(Fig. 1). A number of at least 14 activating mutations in CaR
have been found in individuals with autosomal dominant hy-
pocalcemia (14, 33–36). Four of these are located in a region of
only 13 amino acids in the ATD, Ala116–Phe128 (14). This pat-
tern of genetic mutations indicates that the region is particu-
larly sensitive to mutationally induced activation and thus
could be involved in the activation mechanism of CaR. As
pointed out previously, Ala116–Phe128 constitutes the first half
of a region, Ala116–Pro136, which according to alignments with
PBPs forms a loop in the ATD (7, 9). In the present study we
subjected the entire Ala116–Pro136 region to random saturation
mutagenesis.

We report that the Ala116–Pro136 region is in fact of key
importance to the equilibrium between the inactive and the
active state of the receptor. The left-shifted concentration-re-
sponse curves observed for the majority of the mutants in this
study are similar to the pharmacological profiles for several of
the CaR mutations found in individuals with autosomal dom-
inant hypocalcemia, including those with mutations in the
Ala116–Phe128 region (26, 37–39). In addition to these left-
shifted mutants, we have identified a considerable number of
constitutively active mutants (10% of the entire mutant li-
brary). The observation that the CA mutants displayed EC50

values in the millimolar range well above the low micromolar
concentrations of Ca21 and Mg21 measured in the HBSS buffer
shows that the elevated basal level is agonist-independent.
Furthermore, the cell surface expression levels of a represent-
ative selection of these mutants are not significantly different
compared with that of the WT receptor. Together, these obser-
vations clearly indicate that the mutants are truly constitu-
tively activated. Comparison of Tables II and III indicates that
changes in Ca21 potency and basal activity are independent of
each other. Previously, we have found these two pharmacolog-
ical parameters to be highly correlated in the m5 muscarinic
acetylcholine receptor (40), whereas Kjelsberg et al. (41), in
analogy with the present results, also reported the two phar-
macological parameters to be independent of each other on a
series of mutations in the a1B-adrenergic receptor.

We and others have previously described constitutively acti-
vating mutations in the 7TM region of family A GPCRs such as
adrenergic (41, 42) and muscarinic acetylcholine receptors (15,
16, 40). In the same studies it was found that some antagonists
previously thought merely to act as agonist blockers were able
to decrease the elevated basal activity, and thus these ligands
were reclassified as inverse agonists according to generally
accepted definitions (43). Constitutive activity and inverse ago-
nism are best explained by a two-state model in which recep-
tors equilibrate between an inactive and active conformation.
According to this model agonists and inverse agonists stabilize
the active and an inactive receptor conformation, respectively,
and thus shift the equilibrium accordingly. Mutations confer-
ring constitutive activity are thought to change the equilibrium
constant to favor the active conformation thus leading to ago-
nist-independent basal activity (40, 42).

Of the 14 activating CaR mutations reported today, only
A843E located in the 7TM region (Fig. 1) has been reported to

FIG. 6. Ca21 induced IP stimulation and CPCCOEt inhibition
of constitutive activity of Ca/1a and CA Ca/1a mutants. A, IP
accumulation in tsA cells transfected with Ca/1a and mutant Ca/1a’s
tested in the absence of Ca21 (basal) and in the presence of 6.0 mM Ca21.
B, CPCCOEt inhibition of basal IP accumulation in tsA cells transfected
with Ca/1a and CA Ca/1a mutants. The cells were prelabeled overnight
with 1 mCi/ml myo-[2-3H]inositol, washed with HBSS, and incubated for
20 min in HBSS. The buffer was removed, and the cells were incubated
for 40 min in HBSS supplemented with 10 mM LiCl and with or without
the indicated concentrations of CaCl2 (A) or CPCCOEt (B). Finally, the
buffer was aspirated, and the reactions were stopped by addition of
ice-cold 20 mM formic acid. Total IP formation was determined by an ion
exchange assay. IP accumulation is expressed as dpm/24-cluster well.
Data are the means 6 S.D. of duplicate experiments performed in
parallel.
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cause agonist-independent increase of the basal level (35). To
our knowledge, the present study is the first report of muta-
tion-induced constitutive activity in the ATD of a family C
receptor. Interestingly, the mutations are located in the ATD
rather than in the 7TM region as previously reported. Based on
the homology of the ATDs with the PBPs and the known
mechanism of the latter, we have previously suggested that the
initial event in family C receptor activation is transformation of
the open ATD into a closed agonist-bound ATD (9). This is in
agreement with the two-state model in which the open and
closed form of the ATD would represent the inactive and active
receptor conformation, respectively.

As pointed out previously (4, 7, 30), the mechanism by which
the signal is transferred from the ATD through the 7TM to the
intracellular G-proteins is unknown. However, several models
of “signal transference” have been suggested (4, 9, 35). Agonist
binding to and activation of the ATD can be speculated to
initiate 1) a transference of the agonist from the ATD to a
second agonist site in the 7TM followed by a “classical” 7TM
conformational change, 2) a specific interaction between re-
gions in the ATD and the 7TM of the receptor inducing a
conformational change in the latter, or 3) a conformational
change in the entire receptor protein, enabling the G-protein
coupling. Because the chimeric receptors Ca/1a and Ca/1b have
been shown to have almost identical pharmacological profiles
as WT CaR (7, 8, 30), the existence of a second Ca21-binding
site in the TM7 of CaR is very unlikely. Following the same
reasoning and considering the low amino acid sequence simi-
larity between the CaR and mGluR1, it is also hard to imagine
regions in the ATD of CaR and the 7TM of mGluR1 interacting
in a specific manner, although this possibility cannot be en-
tirely excluded. In any case, in consideration of the lack of
sequence similarity between the Ala116–Pro136 region in CaR
and the corresponding region in the mGluR1, Arg124–Pro155 (7),
it seems almost impossible that residues in the Ala116–Pro136

region could substitute amino acids in the corresponding
mGluR1 region and function as an “intramolecular agonist”
involved in a specific interaction with the 7TM of mGluR1. The
fact that constitutive activity in the CA CaR mutants can be
transferred to the Ca/1a receptor indicates that the activating
effect created by the mutations can be ascribed solely to struc-
tural changes arising within the ATD of CaR. In this context it
is interesting to note the absence of specific mutations or mu-
tational patterns causing constitutive activity by comparing
Tables II and III. Based on studies of constitutively activating
mutations in the a1B-adrenergic (41) and m5 muscarinic recep-
tors (40), it has been suggested that GPCRs are constrained in
the inactive conformation and that mutational induction of
constitutive activity is caused by disruption of the inactive
receptor conformation. The fact that the vast majority of mu-
tants in the study showed left-shifted concentration-response
curves, a large fraction of them being constitutively activated,
is consistent with this hypothesis. Thus, the Ala116–Pro136

region appears to be important for constraining the ATD of
CaR in the inactive conformation. Mutations within the region
relieve these constraints, favoring the active conformation
through the same activation mechanism of unknown nature as
that induced by agonists on the WT CaR.

Based on the results from our study of Ser465 (located on the
extracellular side of TM6) in the m5 muscarinic acetylcholine
receptor, we have previously suggested that this region could
be a potential site of drug action because ligands acting at this
site could mimic the mutations and thus increase the affinity of
the endogenous agonist (40). In analogy with this, it seems
likely that ligands acting at the Ala116–Pro136 region could act
as allosteric activators/agonists. Although the site of action

remains to be determined, compounds such as NPS R-467 and
NPS R-568 have been shown to be allosteric activators of CaR
(44), and compounds with this pharmacological profile have
shown potential as agents for the treatment of primary hyper-
parathyroidism (45, 46). In light of the results presented in this
study, it should be interesting to study the mechanism of action
of these compounds in greater detail.

In agreement with previous studies using mGluR1 and
mGluR5 chimers (32), we have recently shown that the non-
competitive mGluR1 antagonist CPCCOEt interacts with the
7TM region of the receptor (30). In the present study we ex-
tended this finding by showing that CPCCOEt acts as an in-
verse agonist. This observation is in agreement with recent
findings of Pin and co-workers,2 where it was shown that
CPCCOEt acts as a partial inverse agonist on the increased
basal activity generated by co-transfection of cells with
mGluR1 and the G-protein Gq. The basal response of the few
CA Ca/1a mutants that were not affected by 100 mM CPCCOEt
could perhaps have been suppressed with higher concentra-
tions of this ligand. However, because of the reported toxicity of
CPCCOEt at concentrations higher that 100 mM (30), we were
unable to study these “nonresponsive” CA mutants in greater
detail using of this ligand. On the other hand, our results
clearly demonstrate that chimeric CA receptors can be used as
a tool to determine whether compounds acting at the TM7
region are inverse agonists. Given that a growing number of
noncompetitive family C receptor antagonists are being iden-
tified (32, 47–50), of which several have been shown to act at
the 7TM region, chimeric CA receptors such as those presented
in this study, may prove to be valuable tools for studies of these
compounds.
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Note Added in Proof—In agreement with our results, a very recent
follow up study by the group of Dr. Spiegel (Ray, K., Hauschild, B. C.,
Steinbach, P. J., Goldsmith, P. K., Hauache, O., and Spiegel, A. M.
(1999) J. Biol. Chem. 274, 27642–27650) has shown that Cys1293 Ser,
Cys1313 Ser, and Cys1293 Ser/Cys1313 Ser mutants display 2–4-fold
lower EC50 values for Ca21 than WT CaR.
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