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Allosteric modulators that are targeting the calcium-sensing receptor (CaSR) hold great therapeutic
potential, and elucidating the molecular basis for modulation would thus benefit the development

of novel therapeutics. In the present study, we aimed at investigating the mechanism of allosteric
modulation in CaSR by testing dimers carrying mutations in the allosteric site of one or both of the
subunits. To ensure measurements on a well-defined dimer composition, we applied a trans-activation
system in which only the specific heterodimer of two loss-of-function mutants responded to agonist.
Although one of these mutants was potentiated by a positive allosteric modulator, we showed that
receptor activity was further potentiated in a trans-activation heterodimer containing a single allosteric
site, however only when the allosteric site was located in the subunit responsible for G protein coupling.
On the contrary, preventing activation in both subunits was necessary for obtaining full inhibition by a
negative allosteric modulator. These findings correlate with the proposed activation mechanism of the
metabotropic glutamate receptors (mGluRs), in which only a single transmembrane domain is activated
at a time. CaSR and mGluRs belong to the class C G protein-coupled receptors, and our findings thus
suggest that the activation mechanism is common to this subfamily.

The calcium-sensing receptor (CaSR) is essential for the maintenance of calcium homeostasis as it continually
monitors the extracellular level of calcium'. The receptor is expressed at high levels in the parathyroid glands,
thyroid glands, kidneys and bones where its signaling controls secretion of calcium-elevating and —decreasing
hormones as well as absorption and excretion of calcium? CaSR is moreover one of the few G protein-coupled
receptors (GPCRs) in which a large number of naturally occurring mutations has been identified>*. Importantly,
many of these have been directly linked with severe diseases thus emphasizing the pathophysiological importance
of CaSR®.

In GPCR drug discovery it can be advantageous to focus on the allosteric binding site, as the orthosteric site is
highly conserved thereby making it difficult to achieve receptor selectivity for orthosteric ligands. Furthermore,
allosteric drug compounds might be less likely to show adverse effects, since the modulatory effect is dependent
on the presence of agonistS. Cinacalcet is a positive allosteric modulator (PAM) targeting CaSR and the very
first GPCR allosteric modulator to get regulatory approval. It is used to treat secondary hyperparathyroidism in
end-stage renal disease’, primary hyperparathyroidism where patients are unable to undergo parathyroidectomy®
and severe hypercalcemia in patients with parathyroid carcinoma®. The use of Cinacalcet is however limited due
to severe adverse effects'®, and improved allosteric drug compounds are thus in request.

CaSR belongs to the class C GPCRs and contains the structural features that are characteristic for this receptor
subfamily including a large amino-terminal domain (ATD) containing the orthosteric binding sites'!~** as well
as the seven transmembrane (7TM) domain that is common to all GPCRs. Class C receptors function either
as homo- or heterodimers at the cell surface, and homodimerization has indeed been verified for CaSR">~'8.
Most mechanistic studies of the class C receptors have been conducted on the metabotropic glutamate receptors
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(mGluRs), and only limited information about the mode of action in CaSR is currently available. For the mGluRs,
agonist binding in the ATDs has been shown to trigger conformational changes from an open to a closed state
resulting in a change in the relative orientation of the two ATDs in the dimer'*-2!. This triggers further rear-
rangements at the 7TM dimer interface, which is involved in mediating activation and subsequent G protein
coupling in the 7TMs??>-%. In the heterodimeric ~-amino butyric acid type B (GABAp) receptors, the GABAg,
subunit is responsible for agonist binding while G protein coupling occurs only in the GABAg, subunit**-%, and
interestingly, it has also been reported that only one 7TM domain at a time is activated in the mGluR dimer?**,
Collectively, this demonstrates an asymmetry in the activation mechanism of class C receptors despite the
requirement for dimerization. While recently published crystal structures of the ATD in CaSR confirmed that
this receptor undergoes domain closure with formation of a dimer interface that is critical for activation of the
receptor'>', the 7TM domains in which the allosteric site is located has yet to be studied. Fully elucidating the
mechanism of action and modulation in the 7TM domains could facilitate the development of novel allosteric
drug compounds of CaSR.

In this study, we aimed to investigate the role of allosteric modulation in the CaSR dimer. Specifically, we
examined whether it is a necessity to have modulators bound in both subunits or if one modulator per dimer is
adequate. Our data suggest that a single allosteric site per CaSR dimer is sufficient for obtaining positive modula-
tion of activity, while full inhibition is only achieved if activation of both 7TM domains is prevented.

Results

CaSR is able to signal via trans-activation of the dimer. When studying receptor dimers, it is of
crucial importance to ensure that functional readouts arise only from a single, well-defined subunit composi-
tion. Here, we applied a trans-activation assay, which has previously been demonstrated for the mGluRs**? and
CaSR****, Upon co-expression of a mutant preventing agonist activation and a mutant preventing G protein
coupling, a recovery of functional response can be observed although each of the mutants is non-functional on its
own. This functional response is specifically mediated by a heterodimer composed of the two mutants, as ligand
binding occurring in the subunit with impaired G protein coupling triggers G protein coupling in the subunit
with impaired ligand binding. The trans-activation mechanism thus allows for an assay in which a measured
functional response can only arise from one specific dimer. Accordingly, two types of inactivating CaSR mutants
were required in the present study in order to utilize the trans-activation system.

For class C receptors, a highly conserved orthosteric binding site is found in the cleft between the two lobes
of the ATD*. Based on previously published mutagenesis studies of CaSR!!**%, residues in this binding site were
chosen for mutation. G protein coupling is particularly dependent on conserved residues in the intracellular loop
3 (ICL3) of class C GPCRs?*7*, hence residues in this part of the receptor were also chosen for mutation. All
mutant constructs were tagged with an HA epitope allowing for validation of surface and total expression by use
of an enzyme-linked immunosorbent assay (ELISA). Data showed that all mutants were expressed at the surface
to the same extent or in significant higher levels than HA-tagged WT CaSR, except the S170A mutation, which
only displayed 54% surface expression and 43% total expression compared to WT (Fig. 1a,b). S147A, D190A
and S170A/D190A displayed a minor, yet significant, decrease in total expression (Fig. 1b). Functional char-
acterization of the mutants was conducted by testing the endogenous agonist Ca?* in the IP-One assay, which
measures activation of the G, signaling pathway. None of the six constructs with mutations in the conserved
orthosteric binding site displayed complete loss of function, however lower potency of Ca*" was observed for
all of them (Fig. 1c and Table 1). Only the S170A mutant displayed severe functional impairment with highly
reduced potency and max response of only 17% of the WT response at the highest tested Ca?* concentration. The
two constructs with mutated ICL3 regions likewise demonstrated highly reduced potency of Ca?* and only 25%
(for L797A) and 5.9% (for F801A) of the WT maximum response (Fig. 1c and Table 1).

In spite of lower expression levels, S170A was chosen for further studies, as this mutation resulted in the great-
est loss of function compared to the other mutations in the orthosteric binding site. Henceforward, the S170A
construct will also be referred to as the ATD mutant. Of the two constructs with mutations in ICL3, F801A was
chosen as it demonstrated complete loss of function while no impairment of receptor expression was observed.
F801A will be referred to as the ICL3 mutant.

These two mutants were subsequently investigated for heterodimeric trans-activation. In order to con-
firm expression of both mutants upon co-transfection, the HA-tag in the F801A construct was replaced with
a myc-tag. In accordance with results described above, ELISA experiments demonstrated lower expression of
HA-CaSR-S170A compared to WT HA-CaSR, while myc-CaSR-F801A displayed increased expression com-
pared to WT myc-CaSR. Importantly, the expression levels of each mutant were similar whether the mutant was
co-expressed with the pEGFPN1 vector or co-expressed in the heterodimer (Fig. 2a,b), and co-transfection of the
ATD and ICL3 mutants did consequently not influence the expression levels of each mutant. When tested in the
functional IP-One assay, myc-CaSR-F801A was shown to be non-functional at concentrations up to 45 mM Ca?*,
whilst HA-CaSR-S170A only displayed a very small increase in receptor activity at this concentration (Fig. 2c).
Upon co-expression of the two mutants, a functional response constituting 30% of the WT CaSR response was
detected (Fig. 2c, Table 2), which must arise from signaling in the S170A:F801A heterodimer. The potency of Ca**
was decreased for the trans-activation response as observed from a rightward shift in the concentration-response
curves (Fig. 2c) and the increase in ECs, of Ca?* from 2.98 mM for WT to 12.7 mM for the heterodimer response
(Table 2). In conclusion, the functionally impaired S170A and F801A mutants successfully demonstrated recov-
ery of activity upon co-expression, hence validating trans-activation of the CaSR dimer. In the present study, this
trans-activation assay was thus used to ensure measurements on dimers with specific subunit compositions when
investigating allosteric modulation in the CaSR dimer.
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Figure 1. Expression levels and functional characterization of mutations located in the amino-terminal
domain (ATD) or intracellular loop 3 (ICL3) of CaSR. HEK293T cells transiently transfected with the
different HA-tagged CaSR mutants were tested. The (a) surface and (b) total expression levels of the CaSR
mutants were determined by using anti-HA antibodies in ELISA. Data are shown as percentage of the
expression level of WT HA-CaSR and are means + S.E.M. of three independent experiments performed in
triplicates. Statistical analysis was performed using one-way ANOVA followed by Dunnett’s post-test in which
each mutant was compared to the WT receptor (*P < 0.05, **P < 0.01, ***P < 0.001). (¢) The function of HA-
CaSR WT and mutants was assessed using the IP-One assay, which measures increases in b-myo-inositol
monophosphate (IP,) upon activation of the G signaling pathway. The endogenous agonist Ca** was tested in
increasing concentrations. Data are means =+ S.D. of a single representative experiment performed in triplicates.
Two additional experiments gave similar results.

HA-CaSRWT 3.77 2.4240.01 100 3.6240.48
HA-S147A 9.07 2.0440.01 150+17 3.5040.26
HA-S170A >45 N.D. 17£0.7 N.D.

HA-D190A 17.8 1.754+0.01 11011 3.7740.39
HA-E297A 7.36 2.3140.02 130425 3.0140.07
HA-S147A/S170A 9.04 2.04£0.02 13028 3.0040.07
HA-S170A/D190A 31.8 1.50+0.04 49425 4.054+0.43
HA-L797A 11.7 1.9440.04 25435 3.224+0.71
HA-F801A >30 N.D. 58404 N.D.

Table 1. Functional parameters of WT CaSR and constructs with mutations in either the ATD or ICL3
region. Ca’"-mediated activation of the G signaling pathway was measured using the IP-One assay, and data
are means + S.E.M. of three independent experiments performed in triplicates. “The maximum response for
each mutant is normalized to the maximum response of WT CaSR. ECs;: the concentration of Ca*" that is
required for eliciting 50% of the maximum response. pECs, = —log(ECs,). N.D.: not determined due to a very
low activity at the highest tested Ca?" concentration.

The mutation E837A eliminates effects from both positive and negative allosteric modula-
tors. Binding sites for positive allosteric modulators (PAMs) and negative allosteric modulators (NAMs),
respectively, have been identified in the 7TM region of CaSR. As these sites are overlapping although not
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Figure 2. Trans-activation of the CaSR heterodimer. HEK293T cells transiently transfected with a HA-tagged
CaSR construct (or pEGFPN1) and a myc-tagged CaSR construct (or pEGFPNI1) in a 1:1 ratio were tested. The
(a) surface and (b) total expression levels of the CaSR constructs were determined by using ELISA and either
anti-HA antibodies or anti-myc antibodies as indicated in the figure. Data from using anti-HA antibody are
shown as percentage of the expression level of WT HA-CaSR while data from using anti-myc antibody are
shown as percentage of the expression level of WT myc-CaSR. All data are means & S.E.M. of three independent
experiments performed in triplicates. (c) Functional characterization was performed using the IP-One assay,
which measures increases in D-myo-inositol monophosphate (IP;) upon activation of the G, signaling pathway.
Ca”" was tested in increasing concentrations. Data are means + S.D. of a single representative experiment
performed in triplicates. Two additional experiments gave similar results.

HA-CaSR WT +myc CaSR-WT 2.98 2.5340.02 100 42440.19
HA-S170A + myc-F801A 12.7 1.90+0.03 30+1.9 2.6910.19

Table 2. Functional parameters of WT CaSR and the trans-activation response arising from the
S170A:F801A heterodimer. Ca*"-mediated activation of the G, signaling pathway was measured using
the IP-One assay, and data are means + S.E.M. of three independent experiments performed in triplicates.
*The maximum trans-activation response is normalized to the maximum response of WT CaSR. ECy: the
concentration of Ca*" that is required for eliciting 50% of the maximum response. pECs, = —log(ECs).

identical, it should be possible to identify a mutation impairing effects of PAMs and NAMs. Based on mutagen-
esis studies reported in the literature*~*, five single point mutations in the allosteric site were generated, and
ELISA experiments demonstrated that the constructs were all expressed to the same extent as WT HA-CaSR
(Fig. 3a,b). Functional characterization was performed by testing increasing concentrations of Ca®* in the
presence or absence of the PAM NPS R-568 or the NAM NPS 2143. All mutations except E837A affected the
potency of Ca** as they demonstrated a significant increase (F684A and F688A) or decrease (F821A and I841A)
in the ECs, of Ca*™ compared to the WT receptor (Fig. 3¢, Table 3), and these mutations thus interfered with the
agonist-mediated signaling of the receptor although being located in the allosteric site. For the WT receptor, as
well as the mutants F684A and F688A, ECs, values of Ca’" were significantly decreased upon addition of PAM,
while the presence of a NAM significantly increased the ECy, of Ca?™ for the WT receptor and all mutants except
E837A (Fig. 3¢, Table 3). For the E837A mutant, neither NPS R-568 nor NPS 2143 had any significant effect on
the Ca?*-induced response (Fig. 3¢, Table 3), and this mutation thus successfully impaired the overlapping PAM
and NAM sites. For that reason, E837A was chosen for further studies.
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Figure 3. Expression levels and functional characterization of mutations located in the allosteric site

of CaSR. HEK293T cells transiently transfected with the HA-tagged CaSR constructs were tested. The (a)
surface and (b) total expression levels of the CaSR mutants were determined by using anti-HA antibodies in
ELISA. Data are shown as percentage of the expression level of WT HA-CaSR and are means £ S.E.M. of three
independent experiments performed in triplicates. (c) The function of HA-CaSR WT and mutants was assessed
using the IP-One assay, which measures increases in b-myo-inositol monophosphate (IP;) upon activation

of the G signaling pathway. The endogenous agonist Ca** was tested in increasing concentrations in the
presence and absence of 1 uM NPS R-568 (positive allosteric modulator) and 5 M NPS 2143 (negative allosteric
modulator), respectively. Data are means & S.D. of a single representative experiment performed in triplicates.
Two additional experiments gave similar results.

Co-expression of an ATD and ICL3 mutant allows for surface expression of specific ATD:ICL3
heterodimers. Because the E837A mutation eliminates the allosteric modulation in the subunit that contains
the mutation, it was possible to identify whether the functional allosteric site in the other subunit was sufficient
for obtaining the modulatory effect in the dimer. Four specific dimers were tested and the trans-activation con-
trol system was used to ensure measurements on the specific subunit composition in each; a dimer without any
mutations in the allosteric sites, a dimer with an allosteric site mutation in one subunit, a dimer with a allosteric
site mutation in the other subunit and a dimer with mutated allosteric sites in both subunits. The four dimers of
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Ca2+

ECy (mM)* | pECs+S.EM. | Max+S.EM. (%)
HA-CaSR WT 321 2494001 ~100
HA-F684A 6.60 (***) 2.184+0.01 97434
HA-F688A 6.11 (**) 2214001 86+£3.1
HA-F821A 2.35 (%) 2.6340.02 87+4.3
HA-E837A 3.40 (ns) 2474001 87+ 16
HA-I$41A 2.59 (**) 2.59£0.01 8114

Ca?* with 1M NPS R-568 Ca?* with 5;:M NPS 2143

ECso (mM)© PEC5£SEM. | Max£SEM. (%) | ECs (mM)* PEC5+£SEM. | Max+SEM. (%)
HA-CaSR WT 1.28 (**%) 2.894+0.01 110£11 8.40 (***) 2.0840.01 72456
HA-F684A 2.89 (***) 2.5440.02 99+ 11 8.17 (**) 2.0940.004 70+8.1
HA-F688A 2.86 (***) 2.5440.02 110+9 8.31 (***) 2.0840.01 79+6.9
HA-F821A 1.92 (ns) 2724001 110+ 14 572 (**) 2.2540.05 51480
HA-E837A 3.88 (ns) 2.4140.04 1005 3.46 (ns) 2.4640.02 91457
HA-I841A 3.68 (ns) 2.5440.05 99418 529 (*) 2284003 97476

Table 3. Functional parameters of WT CaSR and constructs with mutations in the allosteric site.
Activation of the G signaling pathway was measured using the IP-One assay, in which the endogenous agonist
Ca?" was tested in the presence and absence of 1 pM NPS R-568 and 5M NPS 2143, respectively. Data are
means £ S.E.M. of three independent experiments performed in triplicates. *Statistical analysis was performed
using one-way ANOVA followed by Dunnett’s post-test in which the ECy, of Ca®* for each mutant was
compared to the EC5, for WT CaSR (ns, P> 0.05, **P < 0.01, **P < 0.001). bThe maximum response for each
mutant when stimulating with Ca?" alone was normalized to the maximum response of WT CaSR. “Statistical
analysis was performed using one-way ANOVA followed by Dunnett’s post-test in which the ECs, of Ca®* in
the presence of PAM or NAM for each construct was compared to the EC, for Ca®* alone for that construct
(ns, P> 0.05,*P < 0.05, **P < 0.01, **P < 0.001). “The maximum response when stimulating with Ca?* in the
presence of NPS R-568 or NPS 2143 is normalized to the maximum response when stimulating with Ca*" alone
for each construct. EC;: the concentration of Ca** that is required for eliciting 50% of the maximum response.
PECso=—log(ECs).

interest are shown schematically in Fig. 4a. For all of them, each subunit in itself should be nonfunctional due to
the ATD or ICL3 mutant, and although the mutant homodimers would also be present at the cell surface, the only
active dimer composition would thus be the heterodimer of interest.

At first, receptor expression was validated for each mutant upon co-expression in the four dimer combinations
of interest. In accordance with results described above, the S170A mutant displayed only 42% surface expression
and 59% total expression compared to WT HA-CaSR upon co-expression with pEGFPN1. When introducing
the allosteric site mutation E837A in the HA-S170A construct, expression levels increased to the level of WT
HA-CaSR expression (Fig. 4b). Both myc-F801A and myc-F801A/E837A were expressed in levels correspond-
ing to about 140% of the WT myc-tagged receptor (Fig. 4c). When co-transfecting mutants in the four dimer
combinations, the expression level of each mutant was not significantly different from the expression level upon
co-expression with pEGFPNI1 (Fig. 4b,c), and the heterodimer co-expression did consequently not interfere with
the expression levels of each subunit.

Dimerization between a myc-tagged receptor construct and a HA-tagged receptor construct can be validated
by use of a time-resolved fluorescence resonance energy transfer (TR-FRET) dimerization assay**. When adding
an anti-HA antibody conjugated to a donor fluorophore and an anti-myc antibody conjugated to an acceptor
fluorophore, FRET occurs when the two fluorophores are in close proximity. This would be the case upon receptor
dimerization. At first, the assay setup was validated by co-expressing WT HA-CaSR and WT myc-CaSR, which
resulted in an 11.8 fold increase in FRET signal thus confirming homodimer formation. When each of the WT
constructs was instead co-expressed with pEGFPN1, no FRET signal could be detected (Fig. 4d). In order to
confirm the specificity of the assay, CaSR was tested in the presence of the closest related mammalian receptor
GPRC6A. Co-expressing WT HA-CaSR and WT myc-GPRC6A or WT myc-CaSR and WT HA-GPRC6A only
triggered very minor, non-significant FRET signals, which were likely to arise merely from the over-expression of
both receptors. In comparison, co-expressing WT HA-GPRC6A and WT myc-GPRC6A gave rise to a 9.80 fold
increase in FRET signal (Fig. 4d) thereby confirming the previously reported homodimerization of GPRC6A*.
In conclusion, only specific dimer formation gave rise to an increase in FRET ratio.

Upon co-expressing a myc-tagged and a HA-tagged version of each of the four CaSR mutants, increases in
FRET signal were detected for each and homodimerization was thus verified (Fig. 4e). Although the S170A
mutant displayed a significant decrease in FRET signal compared to the WT receptor while the FRET signal of
the F801A mutant was equal to, if not higher than, the WT receptor (Fig. 4e), these findings correlate with the
expression levels determined for each mutant. On the contrary, the SI70A/E837A mutant and the F801A/E837A
mutant were both expressed in equal or higher levels than the WT receptor, while the FRET signal was decreased
compared to WT, although not significantly for F801A/E837A. When testing the four dimer combinations of
interest, a large increase in FRET signal was detected for all of them, which confirmed heterodimerization. The
increases in FRET signal were not significantly different from that of the WT receptor, and in conclusion, the four
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Figure 4. Validation of the expression levels and dimerization of the four CaSR heterodimers of interest.
HEK293T cells transiently transfected with a HA-tagged construct (or pPEGFPN1) and a myc-tagged construct
(or pEGFPNI1) in a 1:1 ratio were tested. (a) Schematic figure depicting the four heterodimers of interest. Each
dimer contains the ATD mutant in which activation by agonist is prevented and the ICL3 mutant in which G
protein coupling is prevented. As a consequence, only the heterodimer is functional active. (b) and (c) Surface
and total expression were assessed for each mutant upon co-expression with pEGFPN1 or another mutant.
Expression levels were determined using ELISA and (b) anti-HA antibodies or (c) anti-myc antibodies. Data
from measurements of surface expression are shown as percentage of the surface expression of WT CaSR, while
measurements of total expression are shown as percentage of the total expression of WT CaSR. All data are
means & S.E.M. of three independent experiments performed in triplicates. Statistical analysis was performed
using one-way ANOVA followed by Tukey post-test (ns, P>0.05). (d) and (e) Dimerization of HA-tagged
receptor constructs and myc-tagged receptor constructs was assessed using the TR-FRET dimerization assay,
which measures FRET between a donor fluorophore conjugated to an anti-HA antibody and an acceptor
fluorophore conjugated to an anti-myc antibody. Constructs were co-expressed and tested as indicated in the
figure. (d) WT receptor constructs were tested for validation of the assay. (e) Mutant CaSR constructs were
tested as homodimers and upon co-expression in the four heterodimers of interest. The FRET ratio (acceptor
emission/donor emission) for each condition was normalized to the FRET ratio of pPEGFPN1. Data are

means £ S.E.M. of three independent experiments performed in triplicates. Statistical analysis was performed
using one-way ANOVA followed by Dunnett’s post-test in which each condition was compared to (d) pPEGFPN1
or (¢) WT CaSR (**P< 0.01, ***P < 0.001).
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heterodimers were present in the cell membrane in levels that were equal to the amount of WT CaSR dimers,
although varying expression levels were observed for each individual subunit.

One allosteric site is sufficient for obtaining potentiation of CaSR. Potentiation of Ca?*-mediated
responses from the four heterodimers of interest was investigated by testing increasing concentrations of Ca>™
in the presence of 0.05puM, 0.1 uM and 1 pM NPS R-568, respectively. The S170A:F801A heterodimer contains
functional allosteric sites in both subunits and accordingly, leftward shifts of the Ca?t curves were observed thus
demonstrating a concentration-dependent potentiation by NPS R-568 (Fig. 5a). On the contrary, the response
of the S170A/E837A:F801A/E837A heterodimer was not potentiated, as the heterodimer contains mutations
in both allosteric sites, (Fig. 5b). The S170A:F801A/E837A and S170A/E837A:F801A dimers both contain only
one functional allosteric site per dimer, however responses of the former was potentiated (Fig. 5¢) whilst those
of the latter was not (Fig. 5d). In the S170A:F801A/E837A heterodimer, the functional allosteric site is located
in the subunit that is responsible for G protein coupling, thus it seems that potentiation can only occur when the
functional allosteric site and the G protein coupling site are in the same subunit. In the S170A/E837A:F801A
heterodimer, the allosteric site is located in the subunit in which G protein coupling is prevented and accordingly,
no potentiation was observed. The Ca’>*-mediated response of this heterodimer was in fact inhibited by the high-
est tested concentration of NPS R-568. Importantly, potentiation of the Ca?*-induced response in the WT CaSR
dimer was not significantly increased compared to the potentiation obtained in the S170A:F801A heterodimer
containing two allosteric sites and in the S170A:F801A/E837 A heterodimer containing only one site (Fig. 5e), and
one allosteric site per dimer thus seemed sufficient for fully potentiating the agonist-mediated response of CaSR.

Although the activity of each subunit in the four heterodimers was impaired by the S170A or F801A mutation,
they would nevertheless be present at the cell surface as homodimers. In order to confirm the loss of activity for
these homodimers, 10 mM Ca*" was tested at each mutant in the presence or absence of 0.05pM, 0.1 pM and
1M NPS R-568, respectively (Fig. 5f). While F801A, S170A/E837A and F801A/E837A were all inactive upon
addition of Ca?* and PAM, an increase in IP, was observed for the S170A construct upon addition of 10 mM Ca®*
+1uM of NPS R-568 although no response was detected for Ca?" alone (Fig. 5f). To study the potential influ-
ence from the mutant homodimers at increased agonist concentrations, the highest tested Ca?* concentration
from the heterodimer experiments (23 mM Ca?*) was likewise tested at each mutant in the presence of 0.05pM,
0.1pM and 1 uM NPS R-568, respectively (Fig. 5g). At this Ca>™ concentration, F801A and F801A/E837A were
still inactive upon addition of Ca** and PAM, while the S170A/E837A construct elicited a small, yet significant,
increase in Ca*"-mediated signaling, although potentiation of this agonist response was successfully impaired by
the E837A mutation (Fig. 5g). In conclusion, neither of these mutants should thus influence the measurements
of potentiation in the heterodimers. Surprisingly, a concentration-dependent potentiation was observed for the
S170A construct in spite of the very limited Ca*"-mediated activity (Fig. 5g), and this potentiation was thus
likely to contribute when measuring on the S170A:F801A and S170A:F801A/E837A heterodimers, as they both
contain the S170A subunit. Importantly, the potentiated concentration-response curves of the S170A mutant
(Fig. 5h) were right-shifted in comparison to the curves obtained when co-expressing S170A and F801A (Fig. 5a)
or S170A and F801A/E837A (Fig. 5¢), and the NPS R-568-mediated activity in Fig. 5a and ¢ can therefore not be
solely mediated by S170A homodimers. As a consequence, the heterodimers must be partly responsible for the
measured potentiation.

To further emphasize these findings, a low Ca?* concentration (4.6 mM), at which the contribution from the
$170A homodimer was highly limited, was chosen from the curves shown in Fig. 5a-d,h. For S170A, a very small,
yet significant, increase in IP, was observed only at the highest tested PAM concentration, whereas no significant
agonist effect or potentiation was observed for any of the other mutants. On the contrary, robust and highly sig-
nificant potentiation was detected for the responses of the S170A:F801A and S170A:F801A/E837A heterodimers
(Fig. 5h). In conclusion, S170A homodimers are likely to contribute when measuring on the S170A:F801A and
S170A:F801A/E837A heterodimers, however the S170A homodimers alone can not account for the observed
activity, and the heterodimers must thus also be subjected to NPS R-568-mediated potentiation.

Preventing activation in both subunits of CaSR is required for full inhibition of activity. In
order to study the negative modulation of CaSR activity, Ca>" was tested in the presence of 0.2 uM NPS 2143,
1M NPS 2143 and 5pM NPS 2143, respectively. The S170A:F801A heterodimer that contains allosteric sites in
both subunits displayed concentration-dependent inhibition by NPS 2143, in which full inhibition was observed
at the highest tested NPS 2143 concentration (Fig. 6a). As expected, the activity of the S170A/E837A:F801A/
E837A heterodimer was not subjected to inhibition by NPS 2143 (Fig. 6b), as the allosteric site in both subunits
was impaired by mutation. The S170A:F801A/E837A dimer contains a functional allosteric site in the subunit
responsible for G protein coupling and displayed concentration-dependent inhibition with full inhibition at 5uM
NPS 2143 (Fig. 6¢), while NPS 2143 triggered only 30% inhibition of the Ca?*"-induced max response of the
S170A/E837A: F801A heterodimer that contains an allosteric site in the subunit unable to couple G proteins
(Fig. 6d). Consequently, full inhibition of a dimer with only one NAM binding site was not observed when the
adjacent subunit allowed G protein coupling, whereas the activity of the S170A:F801A/E837A dimer was fully
prevented due to NAM binding in the S170A subunit and mutational impairment of G protein coupling in the
F801A/E837A subunit. In accordance with results from the PAM testing, a small, but significant, increase in
IP, production was observed for the S170A/E837A mutant upon stimulation with 23 mM Ca?*, which was not
subjected to inhibition by NPS 2143 due to the E837A mutation (Fig. 6¢). No effect of Ca*" or NPS 2143 was
observed when testing S170A, F801A and F801A/E837A, respectively, and neither of the mutant homodimers
thus had any influence on the responses measured for the heterodimers (Fig. 6e).
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Figure 5. Positive allosteric modulation of the four CaSR heterodimers of interest. HEK293T cells transiently
transfected with a HA-tagged CaSR construct (or pPEGFPN1) and a myc-tagged CaSR construct (or pEGFPN1)

in a 1:1 ratio were tested. Specifically, cells co-expressing (a) HA-S170A and myc-F801A, (b) HA-S170A/E837A
and myc-F801A/E837A, (c) HA-S170A and myc-F801A/E837A and (d) HA-S170A/E837A and myc-F801A were
tested. The function of these heterodimers was assessed using the IP-One assay, which measures increases in
D-myo-inositol monophosphate (IP,) upon activation of the G, signaling pathway. The endogenous agonist Ca**
was tested in increasing concentrations in the presence and absence of 0.05pM, 0.1 uM and 1pM NPS R-568,
respectively. (e) Effect of 1pM NPS R-568 on the ECs, of Ca?* on WT HA-CaSR and the S170A:F801A and
S170A:F801A/E837A heterodimers. EC,, values are shown as fold decrease of the EC, value of Ca?* alone for each
of the constructs. ECs: the ligand concentration that is required for eliciting 50% of the maximum response. Data
are means & S.E.M. of three independent experiments performed in triplicates. Statistical analysis was performed
using one-way ANOVA followed by Dunnett’s post-test (ns, P> 0.05). (f,g) The function of each mutant upon
co-expression with pPEGFPN1 was assessed by testing (f) 10mM Ca®* or (g) 23 mM Ca?" in the presence and
absence of 0.05uM, 0.1 pM and 1pM NPS R-568, respectively. In (g), statistical analysis was performed using
one-way ANOVA followed by Dunnett’s post-test in which the Ca®* response for each mutant was compared to
the Ca?* response of S170A (*P < 0.05) (h) Ca*" concentration-response curves of HA-S170A were generated

in the presence and absence of 0.05pM, 0.1 uM and 1 pM NPS R-568, respectively. Data obtained in Fig. 5a-d,h
from stimulation with 4.6 mM Ca®" is depicted in (i). Statistical analysis was performed using one-way ANOVA
followed by Dunnett’s post-test in which responses in the presence of PAM were compared to the Ca’*-mediated
response alone for each mutant homodimer or heterodimer (*P < 0.05, ***P < 0.001). All data are shown as fold
increase over the basal level of IP, upon incubation in ligand buffer and are means & S.E.M. of three independent
experiments performed in triplicates.
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Figure 6. Negative allosteric modulation of the four CaSR heterodimers of interest. HEK293T cells
transiently transfected with a HA-tagged CaSR construct (or pEGFPN1) and a myc-tagged CaSR construct (or
pEGFPNI1) in a 1:1 ratio were tested. Specifically, cells co-expressing (a) HA-S170A and myc-F801A, (b) HA-
S170A/E837A and myc-F801A/E837A, (c) HA-S170A and myc-F801A/E837A and (d) HA-S170A/E837A and
myc-F801A were tested. The function of the heterodimers was assessed using the IP-One assay, which measures
increases in D-myo-inositol monophosphate (IP,) upon activation of the G, signaling pathway. The endogenous
agonist Ca’t was tested in increasing concentrations in the presence and absence of 0.2 M, 1pM and 5puM
NPS 2143, respectively. All data are shown as percentages of the maximum response for Ca?* in the absence of
NPS 2143 and are means £ S.E.M. of three independent experiments performed in triplicates (e) The function
of each mutant upon co-expression with pEGFPN1 was assessed by testing 23 mM Ca?" in the presence and
absence of 0.2pM, 1M and 5pM NPS 2143, respectively. Statistical analysis was performed using one-way
ANOVA followed by Dunnett’s post-test in which the Ca*" response for each mutant was compared to the Ca**
response of S170A (**P < 0.01). Data are shown as fold increase over the basal level of IP1 upon incubation in
ligand buffer and are means + S.E.M. of three independent experiments performed in triplicates.

Discussion

In the current study, we have shown that one allosteric site per CaSR dimer was sufficient for obtaining the mod-
ulatory effect of the PAM NPS R-568, while prevention of activation in both 7TM domains were required for
achieving full inhibition by the NAM NPS 2143.

In order to investigate the allosteric modulation in CaSR, we needed an assay that allowed for measurements
on a dimer comprised of well-defined subunits each carrying specific mutations. For that purpose, we applied
a trans-activation system, in which only the heterodimer comprised of a mutant preventing agonist activation
and a mutant preventing G protein coupling was functionally active. This trans-activation signaling mechanism
has previously been reported for CaSR*. In the present study, the S170A and F801A mutants were chosen for
setting up the trans-activation system, as F801A was non-functional at concentrations up to 45 mM Ca?*, while
S170A demonstrated very limited activity at this concentration. S170 is a highly conserved residue located in the
orthosteric binding site of class C receptors?**4546, and F801 is found in the ICL3 in which it has proven crucial
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for G protein coupling in the mGluRs, CaSR and GABAj receptors?”*#%. The specific S170A:F801A heterodimer
displayed a recovery of receptor activity with a Ca?*-mediated response constituting 30% of the WT response.
CaSR thus only requires one subunit for agonist binding and one subunit for G protein coupling, however the
response was less efficacious than for the WT receptor. This is consistent with previously reported trans-activation
responses, which also demonstrated a considerable decrease in max response®-**. For the mGluRs, it has been
shown that agonist binding in both ATDs in the dimer was required for achieving the full receptor response!*-*2
and likewise, full activation was only obtained in dimers having both 7TM domains available for G protein cou-
pling?. This would explain the observed decrease in efficacy for the trans-activation response in CaSR, as the
heterodimer contains only one functional ATD and one subunit that allows G protein coupling. Furthermore,
non-functional homodimers of each mutant was also formed upon the co-expression, and the functional pro-
portion of receptors was thus smaller than for the WT receptor. In conclusion, we have confirmed that CaSR can
signal via trans-activation, which supports that signal transduction from the ATDs to the 7TM domains depends
on intersubunit rearrangements rather than intrasubunit movements in accordance with studies conducted on
the mGluRs?.

By applying the trans-activation assay, it was possible to test CaSR dimers containing allosteric sites in one or
both of the subunits. The responses of a heterodimer containing an allosteric site in both subunits (S170A:F801A)
and a heterodimer with only one allosteric site (S170A:F801A/E837A) were both subjected to potentiation upon
addition of NPS R-568, and our findings thus proved that one allosteric site was sufficient for obtaining potentia-
tion of the agonist response in CaSR. Importantly, this potentiation was only achieved when the PAM was bound
to the subunit in which G protein coupling occurred. If the allosteric site was located in a subunit with impaired
G protein coupling, a small NPS R-568-mediated inhibition was instead observed. These findings are in perfect
correlation with results obtained for an mGluR5/mGluR1 dimer, in which an mGluR5 PAM fully enhanced the
agonist response in spite of the dimer having only one mGluR5 PAM site, while an mGluR1 PAM acted as a
non-competitive antagonist, when G protein coupling was prevented in the mGluR1 subunit®.

Although the applied S170A mutant was virtually inactive, substantial NPS R-568-mediated potentiation was
observed, hence suggesting that the mutation did not completely eliminate agonist activation in CaSR, although
the potency of Ca*" was greatly reduced. It is well established that agonist binding in CaSR is highly cooperative
with a Hill coefficient of 3-4%, thus strongly indicating that numerous agonist binding sites are found in this
receptor. At least five putative Ca”" sites were identified in CaSR by use of homology modeling*”%, while recent
crystal structures of the ATD provided further evidence to the existence of multiple divalent cation sites!>!4,
although the precise location differed between studies. Additionally, it has been shown that agonist stimulation of
CaSR triggers an increase in the level of receptors at the cell surface, which also contributes to the cooperativity
of the Ca*"-mediated response of CaSR*. In the present study, the low potent activity of the SI70A construct
seems likely to arise from the additional agonist binding sites in the receptor. While the NPS R-568-mediated
activity of S170A was likely to contribute to the responses measured upon co-expression of S170A and F801A or
S170A and F801A/E837A, the S170A homodimers alone was not sufficient to trigger the observed potentiation,
hence demonstrating that the S170A:F801A and S170A:F801A/E837A heterodimers must also be subjected to
potentiation. Nevertheless, it is difficult to evaluate the exact contributions from S170A against the contributions
from the relevant heterodimer, and is has therefore not been possible to asses the extent of potentiation for the
heterodimers in the current study. This limitation should be kept in mind when interpreting the results from
testing PAMs at the heterodimers.

Negative modulation of receptor activity was likewise studied by using CaSR dimers carrying mutations in
one or both of the allosteric sites. Results showed that the activity of the S170A:F801A/E837A dimer with a
single allosteric site was subjected to full inhibition by 5 M NPS 2143, and the NAM thus seemed able to com-
pletely inhibit the activity of CaSR when binding in only one subunit. Noticeably, neither of the subunits in
the S170A:F801A/E837A dimer was however able to trigger intracellular signaling, as the F801A mutation was
impairing G protein coupling in the adjacent subunit. The S170A/E837A:F801A dimer also contained only one
allosteric site, however NPS 2143 triggered only 30% inhibition of the max response of this receptor dimer, as
the S170A/E837A subunit was still available for activation and G protein coupling. In conclusion, only a dimer in
which activation and/or G protein coupling were prevented in both 7TM domains demonstrated full inhibition of
CaSR activity. These results also correlate well with studies conducted using the mGluRs, for which it was shown
that full inhibition required binding of antagonist in both subunits®.

According to the model of receptor activation that has been proposed for the mGluRs, only one 7TM domain
in the dimer is activated at a time?*2°. The 7TM domain alternates between active and inactive conformations,
of which PAM favors the active conformation that allows for G protein coupling while NAM stabilizes the 7TM
domain in an inactive conformation. In the present study, potentiation was observed for dimers containing
only one allosteric site, which suggests that only one 7TM domain in CaSR is stabilized in an active conforma-
tion. This model also provides an explanation to the NPS R-568-mediated inhibition of activity for the S170A/
E837A:F801A dimer, as PAM binding in F801A favored activation of this subunit in spite of the impairment of
G protein coupling. Favoring the active conformation of one subunit would simultaneously prevent activation of
the adjacent subunit, and signaling in the S170A/E837A subunit was thereby inhibited by NPS R-568. Our results
from testing negative modulation in CaSR further supports this activation mechanism as inhibition of activity in
both subunits would be required for fully preventing receptor signaling if a single 7TM domain is activated at a
time. Accordingly, full inhibition of CaSR was observed only when one subunit was inactivated by NAM whilst
G protein coupling was impaired in the other subunit. On the contrary, the S170A/E837A:F801A heterodimer
retained 70% activity as the S170A/E837A subunit was still available for G protein coupling.

In conclusion, we have shown that one allosteric site per dimer was sufficient for obtaining potentiation of
the agonist-mediated activity of CaSR, while prevention of activation in both 7TM domains was required for full
inhibition of the functional response. These findings correlate with the current model for mGluR activation, in
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which only one 7TM domain is activated at a time, and our study thus suggests that the activation mechanism is
shared among the class C receptors. This asymmetry in the activation of the 7TM domains is however puzzling, as
dimerization has proven crucial for the functional coupling between the ATDs and the 7TM domains, and more
studies are therefore required in order to fully understand the molecular basis for activation and modulation in
the 7TM domains of class C receptors. Such knowledge would be highly beneficial for the development of much
needed novel therapeutics targeting CaSR.

Methods

Materials. Dulbeccos modified eagle medium (DMEM), 10.000 units/mL penicillin and 10.000 pg/mL strep-
tomycin mixture (P/S), dialyzed fetal bovine serum (dFBS), Opti-MEM, Dulbecco’s Phosphate Buffered Saline
(DPBS), Hank’s Balanced Salt Solution (HBSS) and Lipofectamine 2000 were all purchased from Thermo Fisher
Scientific (Waltham, MA, USA). NPS R-568 hydrochloride was purchased from Tocris Bioscience (Bristol, UK),
while NPS 2143 hydrochloride was synthesized as previously published*® and kindly provided by Dr. Daniel Sejer
Pedersen, University of Copenhagen, DK. All other chemicals were purchased from Sigma-Aldrich (St. Louis,
MO, USA) unless otherwise stated.

Constructs. The previously described myc-tagged rat GPRC6A-pEGFPN1 construct, which contains the
mGluR5 signal peptide upstream of the myc tag®, was used as template for generating the CaSR constructs used
in the present study. myc-tagged CaSR was generated by replacing the rat GPRC6A sequence with the rat CaSR
sequence by use of the restriction sites Mlul and NotI. A sequence comprised of the mGIuR5 signal peptide and
an HA tag was synthesized by Genscript (Piscataway, NJ, USA) and inserted in myc-CaSR-pEGFPNI1 instead
of the mGluRS5 signal peptide and the myc tag by use of Xhol and Mlul thus generating HA-CaSR. All mutants
were generated by Genscript (Piscataway, NJ, USA) using the HA-CaSR-pEGFPNI1 construct as template and
mutations were verified by sequencing. myc-tagged mutants were generated by exchanging the mGIuR5 signal
peptide and HA-tag sequence with the mGluRS5 signal peptide and myc-tag sequence by using the XhoI and Mlul
restriction sites.

Cell culturing and transfection. Human embryonic kidney (HEK) 293T cells were cultured in DMEM
supplemented with 10% dFBS and 1% P/S at 37°C and 5% CO,. 48 h prior to assay, transient transfection was per-
formed using Lipofectamine 2000 as the transfection reagent. White opaque 96-well culture plates (PerkinElmer,
Waltham, MA, USA) were used for the ELISA and the TR-FRET dimerization assay, while clear tissue culture
treated 96-well plates (Corning, Corning, NY, USA) were used for the IP-One assay. Both plate types were coated
with poly-p-lysine before addition of cells and transfection mix. 0.25 pl/well of Lipofectamine 2000 were diluted
in 25 pl/well of Opti-MEM and incubated at room temperature (RT) for 5min. 0.03 pg/well of DNA was diluted
in 25 pl/well of Opti-MEM, and subsequently mixed with the Lipofectamine 2000 dilution and incubated 20 min
at RT before addition to the plates. Cell suspensions of 170.000 HEK293T cells/mL were prepared in complete
growth medium and 100 pl/well (17.000 cells/well) was added to the plates, which were incubated for 48h at 37°C
and 5% CO, before performing assays.

ELISA. For assessment of surface and total expression of WT and mutant CaSR constructs, ELISA was per-
formed as previously described*:. In brief, cells were fixated using 4% paraformaldehyde in DPBS for 5 min at
RT. For measurements of total expression, cells were permeabilized using 0.1% Triton-X in DPBS. All wells were
incubated in blocking solution (ddH,O with 3% skim milk, 1 mM Ca**, 50 mM Trizma hydrochloride solution,
pH 7.4) for 30 min after which primary antibody incubation for 45 min at RT was performed by addition of either
anti-HA antibody (Nordic BioSite, Taby, Sweden) or anti-myc antibody (Thermo Fisher Scientific, Waltham, MA,
USA) diluted 1:1000 in blocking solution. Subsequently, horseradish peroxidase conjugated anti-mouse antibody
(GE Healthcare Biosciences, Pittsburgh, PA, USA) diluted 1:1500 in blocking solution was added and plates were
incubated for 45 min at RT. Receptor levels were detected by addition of 80 pl/well of DPBS supplemented with
1 mM CacCl, and 10 pl/well of SuperSignal ELISA Femto Substrate (Thermo Fisher Scientific, Waltham, MA,
USA). Chemiluminescence was measured on an EnSpire plate reader (PerkinElmer, Waltham, MA, USA) and
normalized to the level of WT CaSR.

Functional IP-One assay. Functional activity was measured using the IP-One assay, which is an IP; accu-
mulation assay®2. For agonist testing, ligands were prepared in final concentrations in ligand buffer (HBSS, 20 mM
HEPES, pH 7.4 supplemented with 20 mM LiCl). Cells were washed once with 100 ul/well of assay buffer (HBSS,
20mM HEPES, pH 7.4) and 50 pl/well of agonist solution was added after which plates were incubated at 37°C
for 30 min. Subsequently, ligand solutions were removed and cells were washed with 100 pl/well of assay buffer.
Cell lysis was performed by addition of 30 ul/well of IP-One Conjugate & Lysis Buffer (Cisbio Bioassays, Codolet,
France) and plates were incubated at RT for 30 min. Afterwards, 30 ul/well of assay buffer was added to dilute the
cell lysate. 10 ul/well of cell lysate was transferred from the 96-well plate to a 384-well Optiplate and 10 ul/well of
detection solution (Assay buffer +2.5% of anti-IP, antibody cryptate Terbium conjugate + 2.5% IP,-d2 conjugate
(Cisbio Bioassays, Codolet, France)) was also added. The 384-well plate was incubated for 1 h at RT in dark before
being measured on an EnVision plate reader (PerkinElmer, Waltham, MA, USA). Upon excitation at 340 nm,
emission at 615nm and 665 nm was measured, and the FRET ratio (665 nm/615nm) was converted to IP; con-
centrations by interpolating values from an IP, standard curve generated from a provided IP, calibrator (Cisbio
Bioassays, Codolet, France). When testing allosteric modulators, cells were pre-incubated for 30 min at 37°C
with 50 pl/well of ligand buffer supplemented with allosteric modulator and a final concentration of 1% DMSO.
Afterwards, the buffer solution was removed and 50 pl/well of agonist solution in ligand buffer supplemented with
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allosteric modulator and a final concentration of 1% DMSO was added. Plates were incubated for 30 min at 37°C
followed by one wash in 100 pl/well of assay buffer. Cell lysis and detection was performed as described above.

TR-FRET dimerization assay. Dimerization of a HA-tagged receptor construct and a myc-tagged receptor
construct was assessed by a TR-FRET-based assay as previously described**. In brief, cells were washed once in
100 pl/well of 4 °C assay buffer (HBSS, 20 mM HEPES, 0.5 mM CaCl,, 0.5mM MgCl,, 5mg/mL bovine serum
albumin, pH 7.4) before addition of the fluorophore-conjugated antibodies. Tb** conjugated anti-HA antibody
(Cisbio Bioassays, Codolet, France) was used as the donor fluorophore and was diluted in 4 °C assay buffer to
a final concentration of 1 nM, while d2 conjugated anti-myc antibody (Cisbio Bioassays, Codolet, France) was
used as the acceptor fluorophore and was diluted in 4 °C assay buffer to a final concentration of 50 nM. 25 pul/well
of each fluorophore was added to the plate, which was incubated for 24 h at 4 °C. Cells were washed four times
with 100 pl/well of 4°C assay buffer before being measured on an EnVision plate reader (PerkinElmer, Waltham,
MA, USA). Upon excitation at 340 nm, emission at 615nm and 665 nm were measured, and the FRET ratio
(6651nm/615nm) was calculated for each condition and normalized to the FRET ratio of pPEGFPN1.

Data analysis. Data were analyzed using GraphPad Prism version 6 (GraphPad Software, San Diego, CA)
and normalized as indicated in figure legends.

References
1. Brown, E. M. et al. Cloning and characterization of an extracellular Ca(2+)-sensing receptor from bovine parathyroid. Nature 366,
575-580 (1993).
2. Brown, E. M. Role of the calcium-sensing receptor in extracellular calcium homeostasis. Best Pract. Res. Clin. Endocrinol. Metab. 27,
333-343 (2013).
3. Hu, J. & Spiegel, A. M. Naturally occurring mutations of the extracellular Ca2+--sensing receptor: implications for its structure and
function. Trends Endocrinol. Metab. 14, 282-288 (2003).
4. Leach, K. et al. Identification of molecular phenotypes and biased signaling induced by naturally occurring mutations of the human
calcium-sensing receptor. Endocrinology 153, 4304-4316 (2012).
5. Brown, E. M. Clinical lessons from the calcium-sensing receptor. Nat. Clin. Pract. Endocrinol. Metab. 3, 122-133 (2007).
6. May, L. T,, Leach, K., Sexton, P. M. & Christopoulos, A. Allosteric modulation of G protein-coupled receptors. Annu. Rev. Pharmacol.
Toxicol. 47, 1-51 (2007).
7. Block, G. A. et al. Cinacalcet for secondary hyperparathyroidism in patients receiving hemodialysis. N. Engl. J. Med. 350, 1516-1525
(2004).
8. Shoback, D. M. et al. The calcimimetic cinacalcet normalizes serum calcium in subjects with primary hyperparathyroidism. J. Clin.
Endocrinol. Metab. 88, 5644-5649 (2003).
9. Silverberg, S. J. et al. Cinacalcet hydrochloride reduces the serum calcium concentration in inoperable parathyroid carcinoma. J.
Clin. Endocrinol. Metab. 92, 3803-3808 (2007).
10. Chonchol, M. et al. A randomized, double-blind, placebo-controlled study to assess the efficacy and safety of cinacalcet HCI in
participants with CKD not receiving dialysis. Am. J. Kidney Dis. 53, 197-207 (2009).
11. Brauner-Osborne, H,, Jensen, A. A., Sheppard, P. O., O’'Hara, P. & Krogsgaard-Larsen, P. The agonist-binding domain of the calcium-
sensing receptor is located at the amino-terminal domain. J. Biol. Chem. 274, 18382-18386 (1999).
12. Hammerland, L. G. et al. Domains determining ligand specificity for Ca2+ receptors. Mol. Pharmacol. 55, 642-648 (1999).
13. Zhang, C. et al. Structural basis for regulation of human calcium-sensing receptor by magnesium ions and an unexpected
tryptophan derivative co-agonist. Sci. Adv. 2, €1600241, (2016).
14. Geng, Y. et al. Structural mechanism of ligand activation in human calcium-sensing receptor. eLife 5, €13662 (2016).
15. Bai, M, Trivedi, S. & Brown, E. M. Dimerization of the extracellular calcium-sensing receptor (CaR) on the cell surface of CaR-
transfected HEK293 cells. J. Biol. Chem. 273, 23605-23610 (1998).
16. Pace, A. ., Gama, L. & Breitwieser, G. E. Dimerization of the calcium-sensing receptor occurs within the extracellular domain and
is eliminated by Cys —> Ser mutations at Cys101 and Cys236. J. Biol. Chem. 274, 11629-11634 (1999).
17. Ray, K. et al. Identification of the cysteine residues in the amino-terminal extracellular domain of the human Ca(2+) receptor
critical for dimerization. Implications for function of monomeric Ca(2+) receptor. J. Biol. Chem. 274, 27642-27650 (1999).
18. Zhang, Z., Sun, S., Quinn, S. J., Brown, E. M. & Bai, M. The extracellular calcium-sensing receptor dimerizes through multiple types
of intermolecular interactions. J. Biol. Chem. 276, 5316-5322 (2001).
19. Kunishima, N. et al. Structural basis of glutamate recognition by a dimeric metabotropic glutamate receptor. Nature 407, 971-977
(2000).
20. Muto, T,, Tsuchiya, D., Morikawa, K. & Jingami, H. Structures of the extracellular regions of the group II/IIT metabotropic glutamate
receptors. Proc. Natl. Acad. Sci. USA. 104, 3759-3764 (2007).
21. Doumazane, E. et al. Illuminating the activation mechanisms and allosteric properties of metabotropic glutamate receptors. Proc.
Natl. Acad. Sci. USA. 110, E1416-1425 (2013).
22. El Moustaine, D. et al. Distinct roles of metabotropic glutamate receptor dimerization in agonist activation and G-protein coupling.
Proc. Natl. Acad. Sci. USA. 109, 16342-16347 (2012).
23. Wu, H. et al. Structure of a class C GPCR metabotropic glutamate receptor 1 bound to an allosteric modulator. Science 344, 58-64
(2014).
24. Dore, A. S. et al. Structure of class C GPCR metabotropic glutamate receptor 5 transmembrane domain. Nature 511, 557-562
(2014).
25. Xue, L. et al. Major ligand-induced rearrangement of the heptahelical domain interface in a GPCR dimer. Nat. Chem. Biol. 11,
134-140 (2015).
26. Galvez, T. et al. Mapping the agonist-binding site of GABAB type 1 subunit sheds light on the activation process of GABAB
receptors. J. Biol. Chem. 275, 41166-41174 (2000).
27. Duthey, B. et al. A single subunit (GB2) is required for G-protein activation by the heterodimeric GABA(B) receptor. J. Biol. Chem.
277, 3236-3241 (2002).
28. Havlickova, M. et al. The intracellular loops of the GB2 subunit are crucial for G-protein coupling of the heteromeric gamma-
aminobutyrate B receptor. Mol. Pharmacol. 62, 343-350 (2002).
29. Hlavackova, V. et al. Evidence for a single heptahelical domain being turned on upon activation of a dimeric GPCR. EMBO J. 24,
499-509 (2005).
30. Goudet, C. et al. Asymmetric functioning of dimeric metabotropic glutamate receptors disclosed by positive allosteric modulators.
J. Biol. Chem. 280, 24380-24385 (2005).
31. Brock, C. et al. Activation of a dimeric metabotropic glutamate receptor by intersubunit rearrangement. J. Biol. Chem. 282,
33000-33008 (2007).

SCIENTIFIC REPORTS | 7:46355 | DOI: 10.1038/srep46355 13



www.nature.com/scientificreports/

32. Kniazeff, J. et al. Closed state of both binding domains of homodimeric mGlu receptors is required for full activity. Nat. Struct. Mol.
Biol. 11, 706-713 (2004).

33. Bai, M., Trivedi, S., Kifor, O., Quinn, S. J. & Brown, E. M. Intermolecular interactions between dimeric calcium-sensing receptor
monomers are important for its normal function. Proc. Natl. Acad. Sci. USA. 96, 2834-2839 (1999).

34. Hauache, O. M., Hu, J,, Ray, K. & Spiegel, A. M. Functional interactions between the extracellular domain and the seven-
transmembrane domain in Ca2+- receptor activation. Endocrine 13, 63-70 (2000).

35. Briuner-Osborne, H., Wellendorph, P. & Jensen, A. A. Structure, pharmacology and therapeutic prospects of family C G-protein
coupled receptors. Curr. Drug Targets. 8, 169-184 (2007).

36. Silve, C. et al. Delineating a Ca2+- binding pocket within the venus flytrap module of the human calcium-sensing receptor. J. Biol.
Chem. 280, 37917-37923 (2005).

37. Ray, K., Fan, G. F, Goldsmith, P. K. & Spiegel, A. M. The carboxyl terminus of the human calcium receptor. Requirements for cell-
surface expression and signal transduction. J. Biol. Chem. 272, 31355-31361 (1997).

38. Francesconi, A. & Duvoisin, R. M. Role of the second and third intracellular loops of metabotropic glutamate receptors in mediating
dual signal transduction activation. J. Biol. Chem. 273, 5615-5624 (1998).

39. Chang, W., Chen, T. H., Pratt, S. & Shoback, D. Amino acids in the second and third intracellular loops of the parathyroid Ca2+
-sensing receptor mediate efficient coupling to phospholipase C. J. Biol. Chem. 275, 19955-19963 (2000).

40. Hu, J,, Reyes-Cruz, G., Chen, W,, Jacobson, K. A. & Spiegel, A. M. Identification of acidic residues in the extracellular loops of the
seven-transmembrane domain of the human Ca2+ receptor critical for response to Ca2+ and a positive allosteric modulator. J. Biol.
Chem. 277, 46622-46631 (2002).

41. Petrel, C. et al. Modeling and mutagenesis of the binding site of Calhex 231, a novel negative allosteric modulator of the extracellular
Ca(2+)-sensing receptor. J. Biol. Chem. 278, 49487-49494 (2003).

42. Miedlich, S. U, Gama, L., Seuwen, K., Wolf, R. M. & Breitwieser, G. E. Homology modeling of the transmembrane domain of the
human calcium sensing receptor and localization of an allosteric binding site. J. Biol. Chem. 279, 7254-7263 (2004).

43. Petrel, C. et al. Positive and negative allosteric modulators of the Ca2+-sensing receptor interact within overlapping but not
identical binding sites in the transmembrane domain. J. Biol. Chem. 279, 18990-18997 (2004).

44. Norskov-Lauritsen, L., Jorgensen, S. & Brauner-Osborne, H. N-glycosylation and disulfide bonding affects GPRC6A receptor
expression, function, and dimerization. FEBS Lett. 589, 588-597 (2015).

45. Sato, T, Shimada, Y., Nagasawa, N., Nakanishi, S. & Jingami, H. Amino acid mutagenesis of the ligand binding site and the dimer
interface of the metabotropic glutamate receptor 1. Identification of crucial residues for setting the activated state. J. Biol. Chem. 278,
4314-4321 (2003).

46. Wellendorph, P. et al. Deorphanization of GPRC6A: a promiscuous L-alpha-amino acid receptor with preference for basic amino
acids. Mol. Pharmacol. 67, 589-597 (2005).

47. Huang, Y. et al. Multiple Ca(2+)-binding sites in the extracellular domain of the Ca(2+)-sensing receptor corresponding to
cooperative Ca(2+) response. Biochem. 48, 388-398 (2009).

48. Zhang, C. et al. Direct determination of multiple ligand interactions with the extracellular domain of the calcium-sensing receptor.
J. Biol. Chem. 289, 33529-33542 (2014).

49. Grant, M. P, Stepanchick, A., Cavanaugh, A. & Breitwieser, G. E. Agonist-driven maturation and plasma membrane insertion of
calcium-sensing receptors dynamically control signal amplitude. Sci. Signal. 4, 10.1126/scisignal.2002208 (2011).

50. Johansson, H., Cailly, T., Thomsen, A. R. B., Brauner-Osborne, H. & Sejer Pedersen, D. Synthesis of the calcilytic ligand NPS 2143.
Beilstein J. Org. Chem. 9, 1383-1387 (2013).

51. Wellendorph, P. et al. The rat GPRC6A: cloning and characterization. Gene 396, 257-267 (2007).

52. Norskov-Lauritsen, L., Thomsen, A. R. & Brauner-Osborne, H. G protein-coupled receptor signaling analysis using homogenous
time-resolved Forster resonance energy transfer (HTRF(R)) technology. Int. J. Mol. Sci. 15, 2554-2572 (2014).

Acknowledgements
This work was supported by a grant from the Lundbeck Foundation. Dr. Lenea Norskov-Lauritsen is greatly
acknowledged for conducting preliminary TR-FRET dimerization experiments.

Author Contributions

S.E.J. designed, performed and analyzed all the experiments, and wrote the manuscript. U.G. supervised the
project, performed data interpretation and wrote the manuscript. H.B.O. conceived the idea for the project,
supervised the project, performed data interpretation and wrote the paper.

Additional Information
Competing Interests: The authors declare no competing financial interests.

How to cite this article: Jacobsen, S. E. ef al. Investigating the molecular mechanism of positive and negative
allosteric modulators in the calcium-sensing receptor dimer. Sci. Rep. 7, 46355; doi: 10.1038/srep46355 (2017).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

X or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

SCIENTIFIC REPORTS | 7:46355 | DOI: 10.1038/srep46355 14


http://creativecommons.org/licenses/by/4.0/

	Investigating the molecular mechanism of positive and negative allosteric modulators in the calcium-sensing receptor dimer

	Results

	CaSR is able to signal via trans-activation of the dimer. 
	The mutation E837A eliminates effects from both positive and negative allosteric modulators. 
	Co-expression of an ATD and ICL3 mutant allows for surface expression of specific ATD:ICL3 heterodimers. 
	One allosteric site is sufficient for obtaining potentiation of CaSR. 
	Preventing activation in both subunits of CaSR is required for full inhibition of activity. 

	Discussion

	Methods

	Materials. 
	Constructs. 
	Cell culturing and transfection. 
	ELISA. 
	Functional IP-One assay. 
	TR-FRET dimerization assay. 
	Data analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Expression levels and functional characterization of mutations located in the amino-terminal domain (ATD) or intracellular loop 3 (ICL3) of CaSR.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Trans-activation of the CaSR heterodimer.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Expression levels and functional characterization of mutations located in the allosteric site of CaSR.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Validation of the expression levels and dimerization of the four CaSR heterodimers of interest.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Positive allosteric modulation of the four CaSR heterodimers of interest.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Negative allosteric modulation of the four CaSR heterodimers of interest.
	﻿Table 1﻿﻿. ﻿  Functional parameters of WT CaSR and constructs with mutations in either the ATD or ICL3 region.
	﻿Table 2﻿﻿. ﻿  Functional parameters of WT CaSR and the trans-activation response arising from the S170A:F801A heterodimer.
	﻿Table 3﻿﻿. ﻿  Functional parameters of WT CaSR and constructs with mutations in the allosteric site.



 
    
       
          application/pdf
          
             
                Investigating the molecular mechanism of positive and negative allosteric modulators in the calcium-sensing receptor dimer
            
         
          
             
                srep ,  (2017). doi:10.1038/srep46355
            
         
          
             
                Stine Engesgaard Jacobsen
                Ulrik Gether
                Hans Bräuner-Osborne
            
         
          doi:10.1038/srep46355
          
             
                Nature Publishing Group
            
         
          
             
                © 2017 Nature Publishing Group
            
         
      
       
          
      
       
          © 2017 The Author(s)
          10.1038/srep46355
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep46355
            
         
      
       
          
          
          
             
                doi:10.1038/srep46355
            
         
          
             
                srep ,  (2017). doi:10.1038/srep46355
            
         
          
          
      
       
       
          True
      
   




