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Abstract

Many membrane receptors are regulated by nutrients. How these nutrients control a single
receptor remains unknown, even in the case of the well-studied calcium-sensing receptor
(CaSR) regulated by multiple factors including ions and amino acids. Here we developed an
innovative cell-free FRET-based conformational CaSR biosensor to clarify the main
conformational changes associated with activation. By allowing a perfect control of ambient
nutrients, this assay revealed that Ca®" alone fully stabilizes the active conformation, while
amino acids behave as pure positive allosteric modulators. Based on the identification of Ca**
activating sites, we propose a molecular basis for how these different ligands cooperate to
control CaSR activation. Our results bring important information on CaSR function and for our
understanding of the effects of genetic mutations responsible for human diseases. They also
provide insights on how a receptor can integrate signals from various nutrients to better adapt

the cell response.

Significance Statement

G protein-coupled receptors regulate many physiological processes and many of them sense
nutrients. The mode of action of these nutrients remains elusive as it is difficult to control
nutrient concentrations around living cells. The calcium-sensing receptor is regulated by
multiple factors including ions and amino acids to control calcium homeostasis, and genetic
mutations are responsible for human diseases. Here, we investigate this receptor in a perfect
control of ambient nutrient. Based on the identification of calcium ions activating sites, we
propose a molecular basis for how calcium and amino acids cooperate to control receptor
activation. It leads to a novel model for the mechanism of activation of this receptor, and its

modulation by multiple ligands and genetic mutations.



Main Text

Introduction

Cells have to constantly adapt to their environment, and as such sense through specific
receptors a large number of nutrients, such as ions, L-amino acids (L-AAs), glucose, various
metabolites and lipids (1). Despite the importance of such processes, how one receptor senses
various nutrients remains elusive as it is difficult to control nutrient concentrations around

living cells.

G protein-coupled receptors (GPCRs) form the largest family of membrane receptors
and the major drug targets (2). Many of them are activated or modulated directly by nutrients
(3,4). Among GPCRs, the calcium-sensing receptor (CaSR) is a prototypical nutrients sensory
receptor activated or modulated by both calcium (5) and amino acids (6), but also by
endogenous and exogenous compounds such as different cations, polyamines, polypeptides

and aminoglycoside antibiotics (7) (Fig. 1A).

The CaSR is essential in maintaining the extracellular calcium homeostasis. Indeed,
CaSR is key in the negative loop that links calcemia and parathyroid hormone (PTH) secretion
in the parathyroid gland (5). CaSR is also expressed in other tissues such as bone, gut, kidney
and brain (5, 8), where it has additional effects. Many genetic mutations that lead to loss- or
gain-of-function of the CaSR, have been identified in patients with metabolic syndromes, such
as familial hypocalciuric hypercalcemia (FHH), neonatal severe primary hyperparathyroidism
(NSPHT) or autosomal dominant hypocalcemia (ADH) (8, 9). In addition, CaSR
autoantibodies that modify the signaling properties of the receptor have been identified in rare
diseases (10). Finally, CaSR is the target of three commercial drugs acting as a positive
allosteric modulator (PAM). Etelcalcetide (11, 12) that targets the extracellular domain is used

for the treatment of secondary hyperparathyroidism after dialysis, while cinacalcet (13, 14) and



evocalcet (15) bind to the transmembrane domain and are used for the treatment of both

primary and secondary hyperparathyroidism.

CaSR belongs to the class C GPCRs, and most of these receptors are activated by L-
AAs or derivatives that bind to the conserved extracellular Venus flytrap (VFT) binding
domain, such as the mGlu, GABAg, GPCR6A and umami taste receptors, as well as the fish
olfactory receptors and some pheromone receptors (16). These receptors form obligatory
dimers providing a unique mode of activation compared to GPCRs from other classes. Like
most class C GPCRs, each subunit of the CaSR homodimer is composed of an extracellular
domain (ECD) made of a VFT and a cysteine-rich domain (CRD) connected to a heptahelical
transmembrane domain (7TM) responsible for G protein coupling (Fig. 1A). Numerous studies
have been performed to understand the molecular bases of calcium ions and amino acids
actions on the CaSR (17). Recent crystal structures of the isolated ECD have been solved in
absence or presence of calcium and amino acids by two different groups (18, 19) (Fig. 1B), but

how binding of these nutrients in this domain triggers receptor activation remains elusive.

These solved CaSR structures led to a proposed rearrangement of the ECD dimer upon
activation (18). This rearrangement is limited to the closure of both VFTs upon Ca”" binding,
without a major reorientation of the VFTs (Fig. 1B). This is in contrast to what has been
observed with the closely related mGlu receptors, for which, the closure of the VFTs results in
a major reorientation of the VFTs (20-23) (Fig. 1B). However, this CaSR model appears similar
to what was observed with the distantly related GABAp heterodimer (18) (Fig. 1B), but this

needs to be firmly documented with the full-length CaSR.

CaSR structures also revealed in much details the L-AAs binding mode, but the Ca**
sites involved in receptor activation still remain unclear, especially due to the limited resolution

of the structures. The two studies reporting CaSR structures eventually did not propose the



same Ca”" sites (Supplementary Fig. 1A-B). The molecular basis for L-AA activity was also
difficult to characterize in functional studies using cell-based assays, due to the ambient

concentrations of ions and other nutrients including L-AAs that are difficult to control tightly.

In this study, we have developed an innovative assay to clarify the conformational
changes occurring during CaSR activation, and to investigate how nutrients control this
activation. We have set up a time-resolved FRET (TR-FRET) conformational CaSR biosensor
that enables to work in cell-free conditions, where the nutrients concentrations can be well-
controlled (Supplementary Fig. 2). Using this assay, we demonstrate that calcium ions are
sufficient to stabilize the active state of the receptor, while L-AAs have no effect on their own
but enhance the effect of Ca®" then acting as pure PAMs. Moreover, we show that chloride ions
identified in the CaSR structures also act as PAMs, potentiating the effect of Ca>". We propose
a model with two separate binding sites for calcium ions in each CaSR VFT, allowing an
indirect interaction of both Ca*" ions with the L-AA. Our data allowed us to understand the
structural bases of the allosteric interaction between the calcium ions and the amino acids in
the CaSR and then provide new insights on how nutrients can directly activate or allosterically

regulate a membrane receptor.



Results

Development of a FRET-based conformational sensor for the CaSR

In order to better understand the mode of action of various ligands of the CaSR, we first aimed
at clarifying the conformational changes associated with its activation, to see if it is similar to
that of the mGluRs or of the GABAp receptor. We used the same SNAP-tag and FRET-based
approach as that used to examine conformational changes in mGlu and GABAg receptors (20,
23). The CaSR subunit was fused at its N-terminus with a SNAP-tag that can be covalently
labeled with time-resolved compatible fluorophores using specific cell-impermeant SNAP
substrates (24) (Fig. 1C). In the absence of agonists, when the cells are incubated in a calcium
free buffer, a high signal is measured between the two SNAP-tags of the CaSR dimer (Fig. 1D).
Upon calcium addition, a large and fast decrease in FRET is measured, and the high FRET
signal is restored with a calcium-free buffer (Fig. 1D). Accordingly, the FRET decay is slower
in the presence of calcium (Supplementary Fig. 3A). Since the TR-FRET signal is mostly
dependent on the distance between the donor and the acceptor, the strong decrease of FRET
revealed a large increase in distance between the two N-terminal SNAP-tags, similar to that
observed in mGluRs (20, 23), but different from what was observed with the GABAp receptor

for which a limited reorientation of the VFT occurs during activation (25).

To prove that the change of TR-FRET reflects receptor activation, we analyzed the
effect of different CaSR agonists. They all consistently induced a decrease in FRET efficiency
with potencies (fitted pECsp) in the range of those measured using cellular functional assays:
the inositol phosphate (IP;) accumulation and intracellular calcium (Ca®")) assays (Fig. 1E-H
and Supplementary Fig. 3B-D). Such a movement of the ECDs should also be affected by
allosteric modulators acting in the 7TM domain (20), such as those developed for the CaSR
(13) (Supplementary Fig. 3E). As expected, two commercial allosteric modulators of the

CaSR, NPS R-568 (26) and NPS 2143 (27), that are positive and negative allosteric modulators,
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respectively, were found to influence the agonist-induced changes in TR-FRET. While the
NAM NPS2143 decreased agonist potencies, the PAM NPS R-568 enhanced agonist potencies
in the TR-FRET assay (Fig. 1I). These data are perfectly in line with those obtained with the

IP; functional assay (Supplementary Fig. 3F).

Altogether, our data show that the CaSR dimer undergoes a similar change in
conformation at the level of the VFTs as that observed in mGluRs (20-23). This conformational
change can be used to monitor the activation of the receptor, and to analyze the effects of ligand

binding on the conformation of the receptor including allosteric modulation.

FRET sensor to detect the CaSR conformation stabilized by mutations

To further validate our sensor as a tool to measure the conformational change of the receptor,
we have introduced mutations in regions of the receptor known to control the active state of
receptor. We show that the A843E™® genetic and gain-of-function mutation (28) in the
transmembrane domain 7 (TM?7) that induced autosomal dominant hypocalcemia, stabilized
the activate state of the ECD as revealed by the low FRET signal (Fig. 1J), without changing
the cell surface expression of the receptor (Supplementary Fig. 3G). This is consistent with

the reported constitutive activity of this mutant (28) (Supplementary Fig. 3H).

While the mechanism of activation of the mGluR ECD has been well-studied (21, 22,
29-31), less is known for the CaSR. Crystal structures of the isolated CaSR ECD revealed that
the lower lobes of the VFT come closer in presence of agonists leading to a close contact
between the CRDs (18). As reported with the mGlu2 receptor (32), the mutation of Pro569 into
Cys led to a largely reduced FRET signal (Fig. 1J) despite a normal cell surface expression
(Supplementary Fig. 3G). This mutation also induced a strong constitutive activity of the
receptor in the IP; accumulation assay (Supplementary Fig. 3H), consistent with a

stabilization of the receptor in an active state likely resulting from the crosslinking of the two



CRDs. These data are consistent with Pro569 being at the CRD interface in the active ECD
structure of the CaSR (18). Of note, Ca>" can still further decrease the FRET signal (Fig. 1J),
an effect that may be due to a fraction of receptors not being crosslinked, or alternatively that

crosslinking did not stabilize the receptor in its fully active state.

FRET sensor unravels the rearrangement of CaSR dimer interface during activation

We then used the FRET sensor to investigate the changes in the 7TM dimer interface during
the activation of the CaSR using a disulfide cross-linking approach, as recently reported for the
mGlu (21, 33) and the GABAg (34) receptors (Fig. 2A-B). We speculated that locking the
active state 7TM interface should result in a lower basal FRET, while locking the inactive
interface should limit Ca**-induced FRET change (Fig. 2C). We have screened positions in
TM4, TMS5, TM6 and TM?7 since these transmembrane helices were involved in the interface
of other class C receptors (21, 33, 34). After copper phenanthroline (CuP) treatment to favor
disulfide cross-linking between the introduced Cys residues, we observed a low FRET signal
relative to control for six mutants in TM6 (1822C6'54, P823C6'55, A824C6‘56, A826C6'58,
S827C** and T828C*®") (Fig. 2C), and not for other positions in TM6 and in the other TMs
(Fig. 2C and Supplementary Fig. 4A-B). In contrast, for some mutants in TM4 and TM5
(V740C**, 1741C**, Y744C*2, T745C*> and M771C>%), CuP treatment resulted in a
decrease in the Ca®" effect suggesting these mutations prevent the full rearrangement of the
ECD dimer induced by the agonist, or alternatively, that a fraction of the receptors can no
longer reach an active state (Fig. 2C). No such effect on the Ca®"-induced signal is observed
with other cysteine mutants in these TMs (Supplementary Fig. 4A) and in the TM6 and TM7
(Fig. 2C and Supplementary Fig. 4B). It indicated that TM4s and TMS5s form the resting
interface of the CaSR. All mutants were well expressed to the cell surface compared to the

wild-type receptor (Supplementary Fig. 4C-D).



We have verified that both resting and active interfaces were cross-linked by blot
analysis of the SNAP-CaSR subunits after their labeling at the cell surface with a cell-
impermeant fluorophore (Fig. 2D), as previously performed for the mGlu2 receptor (33). The
wild-type CaSR dimer is covalently linked by disulfide bridges between the two VFTs,
involving two conserved cysteines (Cys129 and Cys131), but that are not required for receptor
assembly and activity (35, 36). Then first, we have mutated these cysteines into alanine in a

construct named CaSRA*

(Fig. 2A). As expected, this construct migrated mostly as a
monomer in nonreducing conditions, in contrast to WT CaSR that migrated as a dimer (Fig.
2D). We then analyzed whether Cys residues introduced in the TM could cross-link the
CaSR“““*, Efficiency of cross-linking between the two subunits induced by CuP was
quantified by the change in the dimer signal to the total quantity of CaSR subunit detected on
blots (Fig. 2D). The results revealed efficient cross-linking when Cys was introduced in TM4,
5 or 6. As a negative control, no such cross-linking was observed with the mutant V737C**
(Supplementary Fig. 4E), a site in TM4 which cannot be cross-linked in agreement with the
FRET results (Supplementary Fig. 4A). These data show that TM4, 5 and 6 very likely
constitute the CaSR dimer interface. Finally, we have confirmed that TM6 dimer interface

corresponds to the active state as stabilizing this interface with a cysteine cross-linking at

residues Ala824°° or Thr828% leads to a constitutively active receptor (Fig. 2E).

Altogether, our results revealed a relative rearrangement between the two 7TMs during
activation. While TM4-5 of each subunit face each other in the inactive state, a TM6-TM6
contact occurs in active state (Fig. 2F and Supplementary Fig. 4F). This movement is then
similar to that proposed for other class C GPCRs (21, 33, 34), and is consistent with the inactive

and active-like structures of mGlu5 (21).

Ambient L-amino acids are pure PAMs of the CaSR

Some L-AAs, especially aromatic ones, are known to regulate CaSR activity (6). The binding
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site of the L-AAs in the VFT domain was found to be equivalent to the glutamate binding site
in mGluRs, as revealed by site-directed mutagenesis (37, 38) and the crystal structures of the
CaSR VFT dimer (18, 19). However, the exact role of L-AAs in the activation process of the
CaSR remains elusive as the CaSR function has always been studied in cellular assays, then in
the presence of an unknown concentration of various of L-AAs (39). As illustrated here, L-Phe
produced a modest PAM effect measured either with our FRET sensor (Supplementary Fig.
5A), or with functional assays (Supplementary Fig. 5SB-C) in living cells, in agreement with
previous reports (6, 18, 19).

To be able to perfectly control the ambient L-AA concentration, we established a cell
free assay for the CaSR based on membranes containing our TR-FRET based sensor. The
sensor is functional (Fig. 3A-C), although agonist potencies were slightly better in living cells
compared to membranes (Fig. 3C,E). This may possibly result from a loss of bound L-AAs in
the CaSR during membrane preparations.

To completely remove any L-AA, membranes were dialyzed, and under such condition
Ca”" potency was significantly lower but yet it induced a full rearrangement of the ECD
indicating that L-AAs are not required for Ca®" to fully activate CaSR (Fig. 3D-E). As
expected, the addition of L-AAs such as L-Phe restored the high CaCl, potency measured in
cells (Fig. 3D-E). As control, D-Phe had no effect on both non-dialyzed and dialyzed
membranes (Supplementary Fig. SD-E), consistent with previous studies (6). As an additional
control, NPS R-568 induced similar potency changes of CaCl, in non-dialyzed and dialyzed
membranes consistent with the absence of ambient NPS R-568-like compound
(Supplementary Fig. SD-E).

We have then determined the effect of all 20 natural L-AAs at 10 mM (except L-Tyr at
1 mM) on these dialyzed membranes (Fig. 3F-G and Supplementary Fig. 6). In the absence

of calcium most L-AAs did not induce a significant FRET decrease, except L-Cys (Fig. 3F
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and Supplementary Fig. 6). We could not exclude that slight basal FRET change in presence
of L-Cys, as well as L-Leu and L-Met might be due to fluorescent quenching or some effects
unrelated to receptor conformation change (Fig. 3F). It shows that L-AAs have no intrinsic
capacity in stabilizing the active state of the CaSR in the absence of calcium. However, most
L-AAs have a significant PAM effect at 10 mM as revealed by the increased calcium potency,
except L-Leu, L-Asp, L-Lys and L-Pro (Fig. 3G). The aromatic L-AAs have the strongest PAM
effects, as previously reported (6). The potency of each L-AA, was determined in the presence
of 5 mM CaCl, (Fig. 3H and Supplementary Fig. 7), at which concentration L-AAs show the
maximum PAM effects. Aromatic L-AAs are the most potent with ECsy ranging from less than
100 uM (L-Trp and L-Tyr), to less than 1 mM (L-Phe and L-His). Of note, the L-Trp derivative
TNCA (L-1,2,3,4-tetrahydronorharman-3-carboxylic acid) observed in the CaSR structure (19)
displays the highest potency among all L-AAs tested (Fig. 3G-H and Supplementary Fig.
5F). This high potency (less than 100 nM) likely explains why this compound was co-purified
with the CaSR from HEK-293 cells (19). Other non-aromatic L-AAs displayed potencies from
around 1 mM (L-Ala, L-GIn, L-Glu, L-Ile, L-Ser, L-Thr and L-Val) to more than 10 mM

(Supplementary Fig. 7).

A genetic mutation shows a stronger PAM effect of L-AAs

Our FRET biosensor enables to investigate more precisely the molecular basis of genetic
mutations on L-AA action on CaSR. As an example, we studied the genetic mutation E297D,
responsible for the gain-of-function ADH (40). Glu297 is part of the L-AA binding site
according to crystal structures (18, 19) and is proposed to be involved in Ca®" binding (40-42).
In the cellular format, Ca® has a higher potency for the mutant compared to WT
(Supplementary Fig. 8A,C), while in dialyzed membranes, Ca* potency was similar on both

receptors (Supplementary Fig. 8B-C). The high Ca*" potency was recovered after addition of

11



L-Phe, with a more pronounced effect on the E297D mutant (Supplementary Fig. 8B-C).
These data revealed that the gain-of-function of E297D mutation results from a more

efficacious PAM effect of L-AAs.

Chloride ions are PAMs at the CaSR

The structure of CaSR ECD in the active state (PDB SFBK) (19) revealed three possible
chloride binding sites (site b, c and g; Fig. 4A). As Cl ions were recently found to allosterically
regulate most mGluRs (39, 43, 44), we investigated whether they could have any effect on the
CaSR. We have performed TR-FRET assay in a gluconate buffer containing no chloride ions
(“0mM CI1 buffer”, ClI being replaced by gluconate). In these conditions, calcium gluconate
induced a large decrease in FRET indicating that Ca®" was able to induce rearrangement of
CaSR ECD in the absence of CI , although with a lower potency (Fig. 4B, Supplementary
Fig. 9A). Chloride ions enhanced the Ca*" effect by largely increasing its potency, while having
no effect on their own, revealing a pure PAM action of Cl up to its physiological concentration
(larger than 100 mM) (Fig. 4B). Similar results were obtained in intracellular calcium release
assays (Fig. 4C).

Three chloride binding sites were reported in the VFT cleft (PDB 5FBK)
(Supplementary Fig. 9B-E). Site g exists only in this structure but it is most probably a
structural binding site for chloride, and as such was not studied further except through a
mutation that has no effect (Supplementary Fig. 9E). Sites b and ¢ are proposed to be a Ca**
binding site in another active conformation of CaSR (PDB 5K5S) (Supplementary Fig. 1).
Site b was also proposed to bind calcium in the resting state (PDB 5K5T). Site b is the most
conserved Cl binding site in mGluRs (44) and other class C GPCRs such as the taste receptors
T1Rs (PDB 5X2P) (45). Mutation of the most conserved residues of this site (Supplementary
Fig. 10), T100A, impaired strongly the activation of the receptor by calcium. In contrast, the

mutation T100E did not impair the activity of the receptor consistent with the distal carboxylate
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group of Glul00 mimicking a chloride ion (44) (Supplementary Fig. 9C). These two
mutations produced similar effect than the same mutations in mGlu4 receptor (44), suggesting
this site could be a chloride binding site important for receptor function. In contrast, site c is
composed of non-conserved residues (Arg66, Ser302 and Ser303) and their mutations do not
strongly impair receptor activity (Supplementary Fig. 9D), suggesting this site is not

important for chloride or calcium effects on CaSR.

Functional calcium binding sites nearby the L-AA at the CaSR
As already mentioned, several Ca*" binding sites have been proposed based on the crystal
structures of the CaSR dimer (18, 19), but none of them have been firmly validated, and

discrepancies exist between the two studies (Supplementary Fig. 1).

The main Ca*" site was proposed to be located between the lower lobes (lobes 2) in the
VFT dimer interface, and other cations (magnesium, gadolinium) have been proposed to also
bind at this interface (see sites d-f) (Fig. SA and Supplementary Fig. 1) (18, 19, 46). It is a
region composed of highly negatively charged residues with numerous Glu and Asp residues
(Fig. SA and Supplementary Fig. 11A) and reported to stabilize the active state of other class
C GPCRs by binding cations that neutralize these negative repulsive electrostatic charges (47).
We investigated the importance of this interface for calcium activation by site-directed
mutagenesis. We have mutated all negative charges residues of this interface including residues
shown to bind calcium, magnesium or even gadolinium in the CaSR structures (Fig. SA-B and
Supplementary Fig. 11B-E). These single and multiple mutants were well activated by

calcium suggesting the activating binding site for calcium is not at this interface.

Among the other monatomic ion binding sites found in the crystal structures
(Supplementary Fig. 1), sites b and ¢ have low probability to bind functional Ca*" as they

likely bind C1 as shown above. In addition, site a is a conserved structural binding site for

13



cations as previously reported in mGluRs (48), and formed by the polypeptide backbone
(Supplementary Fig. 11F-G), so it also has low probability to bind cations important for CaSR

activation.

Since L-AAs have a strong PAM activity, and calcium was proposed to bind nearby the
L-AA binding pocket in the receptor (19, 40, 41), we then explored this possibility for the Ca**
binding site (Fig. 5C). The first possible site (site /, Fig. SD-E) is located close to the hinge of
the VFT. At this site, previous computational studies described a calcium ion binding to the
conserved network of residues found in class C GPCRs activated by amino acids (e.g. mGluRs,
DmXR, T1Rs, OR5.24, GPRC6A) (40, 46). This network makes a signature motif that interacts
with the amino acid moiety of the various agonists (49) (Supplementary Fig. 10). However,
none of the CaSR VFT crystal structures displays an ion at such a position. Instead, a water
molecule is reported in the two crystal structures with enough resolution (SFBH and 5KS5S)
(18, 19). Changing this water molecule to a calcium ion and minimizing the binding residues,
revealed the interactions previously computed with two different algorithms (Ser170, Asp190,
GIn193, Tyr218, Glu297, Fig. SE) (40, 46). Indeed, the electronic density radii of a calcium
ion and oxygen of a water molecule are close (http://abulafia.mt.ic.ac.uk/shannon/radius.php).
Accordingly, we were confident with site / and proceeded to its validation by mutagenesis and
functional assays. Among the five mutants of the residues predicted to bind calcium, three
(S170A, D190A and Y218A) largely impaired the Ca*" effect (Fig. 5F) consistent with Silve
et al. (40). Interestingly, the Hill number of Ca”" on these mutants (S170A, ny = 1.44 + 0.18;
DI190A, ng = 1.57 £ 0.19; and Y218A, ng = 1.09 + 0.19) was much lower compared to that on
the wild-type receptor (ng = 2.33 £ 0.07). It suggests one calcium ion binds in site /. Due to
the dimeric nature of the CaSR, there are two sites / per receptor, then possibly explaining why
the ny is still higher than 1. Among the residues binding the calcium ion, Asp190 and Glu297

establish the strongest ionic interactions because of their negatively charged side chains. In
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addition, Asp190 is found in the hinge of the VFT where the closing movement is initiated,
and supporting its major role.

The highly cooperative nature of Ca®" activation (ny >2) suggests the existence of at
least a second site important for receptor activation (Fig. 5G). Zhang et al. have suggested that
the electron density surrounded by Asp216, Ser272, Asp275 and a coordinating water molecule
could be a magnesium ion (Mg>") (19). They finally opted for a highly ordered water molecule
instead of a metal cation. Actually, a similar water molecule is found in all three structures of
the closed CaSR VFT (PDB 5FBK, SFBH and 5K5S) (18, 19). We propose that a calcium ion
may be found in place of this water molecule, although this calcium binding site was not
predicted in any of the previous computational studies. We made that change in the 3D-
structure SFBK and similarly in 5K5S. We observed interactions between calcium and Asp216,
Ser272, Asp275 and a coordinating water molecule (Fig. SH). In order to validate our model,
we mutated these three residues to alanine in this site 2. Mutations D216A impaired strongly
the activation of the receptor by calcium (Fig. 5I), and the Hill number is decreased (ny = 1.66
+ 0.25). It supports that one calcium ion could bind in this site 2. Finally, when the site / and
2 mutations were combined in the double mutant D190A-D216A (Fig. 5J-L), the receptor
activation by Ca®" was strongly impaired, in agreement with an additivity of the effect of these
single mutants (Fig. SL). We have verified that all the mutants were correctly expressed at the
cell surface by ELISA (Supplementary Fig. 11H). Of note, we did not use the FRET CaSR
biosensor to analyse calcium binding because the mutations per se already impaired the
conformational equilibrium of the CaSR ECD.

Altogether, our results suggest there are two calcium binding sites in the L-AA binding
pocket important for the activation of the receptor (Fig. 6A-B). In our model, both calcium ions
are on each side of the L-AA and they interact indirectly with it (Fig. SE,H,K). Ca" at site /

interacts with L-A A through Ser170, Glu297 and Tyr218, while at site 2, calcium interacts with
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L-AA through one water molecule. Consistent with a possible physiological role of these
Ca’'/L-AA interacting sites, a mixture of L-AAs at concentration found in fasting human brain
plasma nicely potentiates Ca**-mediated responses in a physiological concentration range (Fig.
6C), but increasing the L-A A mix concentration, as observed after a protein-rich meal (50, 51),

can further increase the effect of the physiological Ca>" concentration (Fig. 6D).
phy g g
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Discussion

The CaSR is a prototypical nutrient receptor regulated by various signaling compounds
including ions (Ca*" and Mngr as activators, while SO,*~ and PO,’” act as NAMs (18, 52)), L-
AAs and polyamines like spermine (53). Structural studies also revealed CaSR can bind CI .
In the present study, we investigated how such structurally different compounds regulate this
receptor. We first analyze the conformation changes associated with receptor activation at the
level of the VFT, CRD and 7TM domains using a FRET based approach, and show strong
similarity with mGluR activation, in contrast to previous models. This allowed us to validate a
CaSR biosensor which was used to examine the action of various ligands in a cell-free and
nutrients-controlled environment. We show that Ca®" alone can fully stabilize the active state
of the CaSR by inducing VFT closure and we identified two important sites for this effect. In
contrast, most L-AA have no effect on their own but enhance Ca*" potency at this receptor,
acting then as pure PAMs, rather than co-agonists. We also revealed that chloride ions also act

as PAMs of this important receptor.

As previously reported for mGluRs (20, 22, 23), we show that SNAP tag fusion at the
N-terminus of the CaSR subunits allowed a direct analysis of the conformational change
occurring during receptor activation. This can be recorded through TR-FRET measurements
after covalent labeling of the subunits with SNAP substrates carrying compatible fluorophores.
These data reveal a similar change in the VFT orientation of the CaSR compared to mGluRs
upon activation (30) (Fig. 6E). This is in contrast to the proposed structures for the resting and
active states of the CaSR (18), as the VFTs relative orientation is similar in both proposed
states, corresponding to that observed in the active full-length mGlu$5 structure (Fig. 1B). Then
our data suggest a different conformation for the resting CaSR, likely closer to that observed
with the resting mGluRs. Whatever, the CaSR active form predicted a close contact between

the CRDs (18) that we validated by crosslinking experiments (Fig. 6E). Eventually, the sensor
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was also helpful in identifying positions in the 7TM domain that can be crosslinked to lock the
receptor either in the resting high FRET state, or the active low FRET state. Such analysis
suggests a similar movement of the 7TM domains as previously reported for mGluR2 (33), or
observed in the mGIluRS cryo-EM structures (21). Indeed, the TM4 and 5 of 7TM domains face
each other in the resting state, while TM6 appears to be in close contact in the active state (Fig.
6E). Whether the 7TM domains contact each other in the inactive CaSR state is still
questionable, as this is clearly not the case in the resting mGlu5 structure (21), although TM4

and 5 are indeed facing each other, allowing crosslinking to occur upon CuP treatment (33).

The use of the CaSR sensor allowed us to study its activation under controlled
conditions, then either in the absence of Ca®", or in the absence of L-AA. This allowed us to
demonstrate that Ca>" alone was able to fully activate the receptor, while L-AAs at 10 mM
cannot, indicating that L-AAs are pure PAMs. This is in apparent contrast to many class C
GPCRs, including mGluRs, fish olfactory receptor such as zOlfCcl (54) and OR5.24 (55),
GPRC6A (56), the murine pheromone receptor mVmn2rl1 (54) or the umami taste receptor (45)
(including rat/mouse receptors) that can be directly activated by the L-AAs. This is even more
surprising when one considers that the amino acid binding mode is very similar in all these
receptors and involved the same residues interacting with the a-amino and a-carboxylic groups
(49). However, we found that most L-AAs but Leu, Asp, Lys and Pro (at 10 mM), potentiate
the effect of Ca®" by increasing its potency, such that the active L-AA appears able to activate
CaSR in the presence of low concentrations of Ca®". This raises the question whether some
other class C GPCRs activated by L-AA also require Ca”" for being activated. Indeed, many of

these receptors are also regulated by Ca®" (54, 56-58).

Structural studies revealed chloride ions bound to the CaSR VFT at three sites. Our data
show that, as observed with mGluRs, Cl at physiological concentrations, is a PAM of the

CaSR, an effect that involves two binding sites corresponding to those identified in mGluRs

18



(39, 44), further illustrating the similarity between these receptors. However, such an effect of
chloride ions is unlikely to have any physiological effect, as their PAM effect is saturated at
their physiological concentration, and it is not expected that plasma Cl concentrations will

change sufficiently to affect CaSR activity.

Although calcium ions appear as the main and only direct activator of CaSR, it was
surprising that its binding sites still remained elusive, despite the solved structures of the CaSR
ECD by two groups (18, 19). Surprisingly, mutation of the Ca®" sites proposed based on the
structures, did not affect Ca*" activation of the receptor, indicating that even though Ca>" may
bind at those sites, this does not affect the activity of the CaSR. Another possible Ca*" site was
previously predicted by modelling and docking studies in the L-AA binding pocket (40, 41,
59), called here site /. The second site in this VFT binding pocket, site 2, was proposed to bind
Mg”" by the Yang's group (19). Our data nicely suggest that site / and site 2 are responsible
for Ca®" activation of CaSR. Mutating one of these sites resulted in a decreased Ca®" effect,
and most importantly, in a decreased ny, from 2.3 for the WT to around 1.7 or below for the
mutants, consistent with a decrease in the number of activating Ca’®" sites. The fact that the ng
remains significantly higher than 1 is also consistent with the dimeric nature of CaSR with a
possible positive cooperativity between the subunits, as observed for the activation of mGluRs
by glutamate (60). Of note, mutating both Ca*" sites in each subunit result in a drastic decrease
of Ca*" activation, demonstrating the essential role of these two sites in CaSR activation. The
low affinity of Ca®" for these sites, plus the difficulty in assigning ions to specific densities in
crystal structure (61) may explain why these two important sites have been missed when

analyzing CaSR ECD structures.

All together, these data help us to propose a model for how Ca* and L-AA regulate
CaSR activity. Ca®" at site / interacts with residues close to the hinge region of the VFT, and
contact residues from both lobes, then likely stabilizing the close active state of the VFT. Site
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2 only involves residues from lobe 2 such that it is more difficult to imagine how Ca** binding
at this site may be sufficient to activate the receptor, as observed when site / is mutated. It is
possible that Ca®* neutralizes negative charges such as that carried by D216, allowing the
closure of the VFT, or that networks involving water molecules participate in stabilizing the
closed VFT. Since L-AAs do not activate CaSR on their own, it is questionable whether they
bind to the VFT in the absence of Ca>*. However, because of the number of interactions they
make with lobe 1 residues, we think they do. Possibly, they cannot stabilize the closed active
VFT because of the repulsion of lobe 2 due to the negative charge of D216. Only when this

charge is neutralized with Ca** bound at site 2 can the VFT close.

Taken together, our data clarify the mode of action of Ca*" and L-AA on CaSR. The
question of course remains whether the L-AA PAM effect is the result of the evolution of this
receptor from L-AA activated class C GPCRs such as the mGlu, the fish L-AA olfactory or
even the umami taste receptor, or whether such L-AA effect on CaSR is of physiological
importance. Indeed, our well-controlled assay nicely confirms and further details that L-AA
mix corresponding to that found in fasting human plasma can potentiate the effect of
physiological concentrations of Ca®" on the CaSR. Notably, increasing this L-AA mix
concentration, as observed after a protein-rich meal, further potentiates the Ca”" response. It is
therefore likely that the increase in L-AA plasma concentration after a meal (up to 30 mM),
enhances the Ca*" effect leading to a decreased PTH secretion (6). Indeed, PTH plasma
concentration is reduced after meal (50, 51). Whether this is only due to the allosteric control
of CaSR by L-AAs or to other processes remains to be examined, but it is likely that this is at
least playing a role. In conclusion, our data illustrate how a receptor could integrate the
information coming from various structurally different nutrients to generate an optimized

cellular response.
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Materials and Methods

Materials

Calcium chloride, strontium chloride, magnesium chloride, spermine, neomycin, poly-L-
arginine, poly-L-lysine, dichloro(1,10-phenanthroline)copper(Il) (CuP), all the 20 common L-
amino acids, D-phenylalanine, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
lithium chloride, glucose, sodium carbonate, sodium gluconate, potassium gluconate, calcium
gluconate, probenecid were purchased from Sigma-Aldrich (St. Louis, MO, USA). NPS R-568
was from Tocris Bioscience (Bristol, UK). NPS 2143 was from Abcam (Cambridge, UK). L-
1,2,3,4-tetrahydronorharman-3-carboxylic acid (TNCA) was from Bachem (Bubendorf,
Switzerland). Lipofectamine 2000 and Fluo4-AM were obtained from Thermo Fisher
Scientific (Waltham, MA, USA). SNAP-Surface 649 was from New England Biolabs (Ipswich,
MA, USA). SNAP-Lumi4-Tb, SNAP-Green labeling reagents and IP-One Gq kit were from

Cisbio (Codolet, France).

Plasmids, transfection and cell surface quantification

The pRKS plasmid encoding wild-type human CaSR, tagged with FLAG and SNAP inserted
just after the signal peptide was subcloned from the pcDNA3 plasmid encoding CaSR
(provided by Cisbio) to the pRKS plasmid encoding mGluR2 as reported (20). All the mutants
for CaSR were generated by site-directed mutagenesis using the QuikChange mutagenesis

protocol (Agilent Technologies).

HEK293 cells (ATCC) and HEK293-TSA201 cells (ECACC) were cultured in DMEM
(Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (Sigma-Aldrich). For
functional assays and cell surface expression quantification, HEK293 cells were transfected by

electroporation 24 h before measurements (24). For FRET experiments, HEK293-TSA201
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cells were transfected by Lipofectamine 2000 as previously described (24), 48 h before

labeling to achieve high expression.

Detection of the CaSR expression at the cell surface was performed as previously

described either by ELISA (23) or by fluorescent labeling (20).

Inositol phosphate (IP;) accumulation measurements
IP; accumulation in HEK293 cells was measured using the IP-One Gq kit (Cisbio) according
to the manufacturer’s recommendations, except the stimulation buffer prepared separately (10

mM HEPES, 146 mM NacCl, 4.2 mM KCl, 1g/L glucose, 50 mM LiCl, pH adjusted to 7.4).

Intracellular calcium release measurements

Transfected HEK293 cells in black transparent flat-bottom 96-well plates were loaded with 1
uM Fluo4-AM in fresh buffer (130 mM NaCl, 5.1 mM KCl, 0.42 mM KH,PO,, 0.32 mM
Na,HPOy4, 5.27 mM glucose, 20 mM HEPES, 3.3 mM Na,COs, 0.1% BSA, 2.5 mM probenecid,

pH adjusted to 7.4) for 1 h at 37 °C. After a wash, cells were incubated with 50 pL buffer and

50 pL ligand solution at 2 X final concentrations were injected at 20 s during 60 s recording.
Fluorescence signals (excitation 485 nm, emission 525 nm) were recorded by FlexStation 3
microplate reader or FLIPR Tetra (Molecular Devices, Sunnyvale, CA, USA) (24). To test
chloride ions effects on CaSR, NaCl and KCl in the buffers were progressively replaced with

gluconate equivalents (sodium gluconate and potassium gluconate, respectively) (44).

Cross-linking and fluorescent-labeled blot experiments

Cross-linking states of CaSR mutants were measured by fluorescent-labeled blot as previously
described (33, 34). 48 h after transfection, adherent HEK293 cells plated in 12-well plates were
labeled with 100 nM SNAP-Surface 649 in culture medium at 37 °C for 1 h. Cells were then

washed once with PBS and cross-linked with 1.5 mM CuP in cross-linking buffer (16.7 mM
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Tris, pH 8.0, 100 mM NaCl, 1 mM CacCl,, 5 mM MgCl,) at room temperature for 20 min. After
incubation with 10 mM N-ethylmaleimide at 4 °C for 15 min to stop the cross-linking reaction,
cells were lysed with lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1% Nonidet P-40, 0.5%
sodium deoxycholate) at 4 °C for 1 h. After centrifugation at 12000 g for 30 min at 4 °C,
supernatants were mixed with loading buffer at 37 °C for 10 min. Equal amounts of proteins
were resolved by 59:1 acrylamide:bisacrylamide and 6% SDS-PAGE. Proteins were
transferred to nitrocellulose membranes (Millipore). Membranes were imaged by Odyssey CLx

imager (LI-COR Bioscience, Lincoln, NE, USA).

FRET measurements for cells

Transfected HEK293-TSA201 cells in black non-transparent 96-well plates were labeled in
FRET buffer (20 mM HEPES, 146 mM NaCl, 4.2 mM KCI, 1 g/L Glucose, 0.1% BSA, pH
adjusted to 7.4) with 100 nM SNAP-Lumi4-Tb and 60 nM SNAP-Green at 37 °C for 1 h.
Afterwards, cells were washed three times with FRET buffer, and drugs were added (to study
effects of allosteric modulators NPS R-568 and NPS 2143, drugs were added 30 min before
measurements). With excitation by a laser at 337 nm, the emission fluorescent intensities were
recorded at 520 nm for two separate time windows (50-50 ps as window 1, 1200-1600 ps as
windows 2) by PHERAstar FS microplate reader (BMG Labtech, Ortenberg, Germany) as
described previously (20, 23). The FRET sensor values were determined by dividing the
fluorescent intensities of window 1 by the intensities measured in window 2 (Supplementary
Fig. 3A). Kinetic FRET measurements were performed with fluorescent intensities measured
every 2 s during 90 s. To test chloride ions effects on CaSR, NaCl and KCl in the buffers were
progressively replaced with gluconate equivalents (sodium gluconate and potassium gluconate,
respectively) (44). For cross-linking experiments, cells were treated with 1.5 mM CuP in cross-

linking buffer for 10 min (as described above for blot experiments) before labeling (33).
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Preparation, dialysis, and FRET measurements for membranes

48 h after transfection and labeling in dishes, HEK293-TSA201 were washed three times,
detached by Gibco enzyme-free cell dissociation buffer (Thermo Fisher Scientific) and
collected by centrifugation at 1000 rpm for 5 min. Cells were resuspended in buffer (50 mM
Tris, pH 7.4, 50 mM NaCl) with cOmplete protease inhibitor cocktail (Roche) and crushed
through a 26 gauge 5/8 inch needle attached to a syringe for 25 passages. After centrifugation
at 3000 rpm at 4 °C for 5 min, liquid supernatants were transferred to high-speed centrifuge
tubes and centrifugated at 75000 rpm at 4 °C for 1 h by Optima MAX-TL ultracentrifuge
(Beckman Coulter, Brea, CA, USA). The precipitated membranes were diluted gently in FRET
buffer modified for membranes (20 mM HEPES, 146 mM NaCl, 4.2 mM KClI, pH adjusted to
7.4) and homogenized through a 26 gauge 5/8 inch needle for 15 passages. Membranes are
dialyzed using Slide-A-Lyzer dialysis cassettes (MWCO 10000, Thermo Fisher Scientific) at
4 °C for 4 days in sterile membrane FRET buffer (changed with fresh ones every 24 h). Once
prepared, non-dialyzed or dialyzed membranes are quantified with gradient dilution conditions
using PHERAstar FS to recording emission fluorescent intensities (50-500 ps) at 620 nm after
excitation with a laser at 337 nm (23), and the working dilution condition is optimized. Then
membranes are aliquoted, frozen quickly in liquid nitrogen and stored at —80 °C. For FRET
measurements, membranes were thawed in membrane FRET buffer and plated in the 384-well

plates. Ligand solutions at 2 x final concentrations in same volume as the membrane solutions

were added to wells 1 h before measurements. Same excitation and recording protocol as for
cells in PHERAstar FS were used and the FRET sensor values are determined in the same way
as for cells. Amino acids used for membranes were dissolved in the membrane FRET buffers
with pH adjusted to 7.4 (L-Cys was prepared freshly before measurements). The L-AA
mixtures mimicking the fasting conditions in plasma were prepared with the composition as

previously reported (50 uM L-Trp, 60 uM L-Tyr, 50 uM L-Phe, 80 uM L-His, 300 uM L-Ala,
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250 uM L-Val, 75 uM L-Ile, 30 uM L-Met, 150 uM L-Leu, 125 uM L-Ser, 200 uM L-Thr, 50
uM L-Asn, 600 uM L-Gln, 30 uM L-Glu, 10 pM L-Asp, 100 uM L-Arg, 200 uM L-Lys, 30

uM L-Cys, 250 uM Gly and 180 uM L-Pro) (6).

Molecular modeling

Coordinates of CaSR VFTs were retrieved from the PDB (5K5S, 5K5T, SFBH, 5FBK).
Discovery Studio 2019 suite (Dassault Systémes - BIOVIA, V¢élizy-Villacoublay, France) was
used for protein structure visualization and further computing. Minimizations were performed
with the CHARMM forcefield applying the Smart Minimizer algorithm, (200 steps,
generalized born with a simple switching -GBSW- implicit solvent and other default
parameters). In all 3D models, proteins are shown as a solid ribbon, residue side chains and
water molecules are displayed using the stick style and ions using the ball style, hydrogen

atoms are not displayed for clarity.

Model of CaSR 7TM to shown the residues substituted by cysteine (Fig. 3B) was
retrieved from GPCRdb (62). Homology model of CaSR 7TM dimer in the active state was
generated with Modeller 9.21 (63) based on the crystal structure of the dimeric mGluRS5 (PDB
6N51) (21) using the loop optimization method. From the 100 models generated, the top ten
classified by DOPE score were visually inspected, and the best scored structure with suitable

loops was chosen in a position compatible with the cross-linking results (33).

Multiple sequence alignment analysis of ion binding sites was performed with Clustal

Omega (64).

Curve fitting and data analysis
All data in figures and supplementary figures are mean + SEM of at least three independent
experiments performed in triplicates unless stated separately in figure legends. Curves were

fitted using linear regression (for correlation curves) or nonlinear regression (equation
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“log(agonist) vs. response -- variable slope” for dose-response curves) in Prism software
(GraphPad Software, San Diego, CA, USA). Intracellular calcium release data for ion binding
sites (Fig. 5B,F,LLL. and Supplementary Fig. 9C-E, 11B-E) are normalized together. FRET
data of Fig 2C and Supplementary Fig. 4A-B are normalized and analyzed together.
Quantified dimer ratio change data of Fig 2D and Supplementary Fig. 4E are analyzed
together (mutants are compared with CACA). Significances were determined using one-way
ANOVA with Dunnett’s multiple comparisons test (Fig. 2D, 3F-G and Supplementary Fig.
4E) or two-way ANOVA with Tukey’s multiple comparisons test (Fig. 1J, 2C,E, 3E and
Supplementary Fig. 3H, 4A-B, 5E, 8C), with P < 0.0001 as **** P <0.001 as *** P <0.01

as ** P <0.05as *, P> 0.05 as ns.
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Figure 1. A conformational FRET-based sensor to investigate the structural dynamics of
the CaSR ECD. (A) CaSR forms as a constitutive homodimer where each subunit (dark and
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light blue, respectively) is composed of a large extracellular Venus flytrap domain (VFT)

where L-AA binds, a cysteine-rich domain (CRD), a heptahelical transmembrane domain

(7TM) responsible for allosteric modulators binding and an intracellular C-terminal region.

Orthosteric binding sites for calcium remain unclear and controversial. Many genetic mutations

have been found in patients with calcemic disorders, and they are located in the different

regions of the receptor. Besides, autoantibodies have been identified in rare auto-immune

diseases. (B) Crystal structures of the extracellular domain of class C GPCR dimers in the

resting forms (left, CaSR PDB 5K5T biological assembly 2, mGIluRS PDB 6N52 and GABAgR

PDB 4MQE) and in the active forms in the presence of L-Trp, L-quisqualate or GABA (right,

CaSR PDB 5K5S, mGluR5 PDB 6N51 and GABAgR PDB 4MS3, respectively). (C) Cartoon

illustrating the full-length SNAP-CaSR labeled with the Lumi4-Tb donor and the green

fluorescent acceptor, with high FRET signal in the absence of agonist and a lower FRET signal

in the presence of agonist. (D) FRET signal between the two VFTs after cell surface labeling

of SNAP-CaSR expressing cells with fluorophores as indicated in panel C, in the presence of
a saturating concentration of calcium (20 mM CaCl,, injection at t = 30 s) and after calcium

removal (t = 60-90 s). Data are mean + SEM of a typical experiment performed in replicates.

The control with 20 mM CaCl, (dotted red line) or buffer alone (dotted blue line) are shown

for the same period of time (0-90 s). (E-H) Correlation (H) between the potencies (pECsp) of
different agonists on CaSR determined by FRET sensor assay (E), inositol monophosphate (IP;)
accumulation assay (F) and intracellular calcium (Ca®";)) release assay (G). Data in panel E-G

are mean = SEM of at least three independent experiments performed in triplicates and

normalized to the maximum response of CaCl,. Data in panel H are mean + SEM from the

fitted curves for each individual experiment in panel £-G. (I) FRET signal measured for CaCl,

in the presence of either PAM (10 uM NPS R-568) or NAM (10 uM NPS 2143). Data are mean

+ SEM of at least three independent experiments performed in triplicates and normalized to the

maximum response of the control. (J) FRET signal measured for the mutants A843E or P569C

in the resting and active (20 mM CaCl,) states (empty and filled, respectively). Data are mean

+ SEM of at least three independent experiments performed in triplicates and normalized to

WT. Data are analyzed using two-way ANOVA with Tukey’s multiple comparisons test to

determine significance, with **** P <(0.0001.
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Figure 2. 7TM interface rearrangement is revealed by cysteine cross-linking and FRET.
(A) Schematic representation of CaSR WT, mutant C129A-C131A (CACA, to remove the
endogenous disulfide bonds between the two VFTs of CaSR dimer) and 7TM cysteine mutants
with CACA background. (B) 3D model of the CaSR 7TM in lateral and top view. Residues
substituted by cysteine are highlighted as yellow spheres (a carbon), and the well cross-linked
ones are highlighted in red. (C) Cysteine cross-linked mutants screened by TR-FRET in the
absence (black and pink) or presence of 20 mM CaCl, (blue and purple) with and without CuP
treatment (filled and empty, respectively). Data are mean + SEM of at least three independent
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experiments performed in triplicates and normalized to WT (data with and without CuP are
normalized separately). Data are analyzed using two-way ANOVA with Tukey’s multiple
comparisons test to determine significance within each mutant group, with **** P < 0.0001
and ** P <0.01. (D) Analysis of cell surface CaSR subunits of the cysteine mutants (CACA
as control) in SDS-PAGE experiments under non-reducing conditions, after treatment (+) or
without treatment (—) with CuP (lower panel). Changes of dimer ratio induced by CuP
treatment for WT, the CACA control and every indicated mutant are quantified and shown
(upper panel). Quantitative data are mean + SEM of at least four independent experiments (n
= 4-12) while the blot for each mutant is representative of one of these experiments. Data are
analyzed using one-way ANOVA with Dunnett’s multiple comparisons test to determine
significance (compared with CACA control), with ****P < 0.0001, ** P < 0.01 and ns P >
0.05. (E) IP; accumulation for WT and the indicated TM6 mutants after treatment (+) or
without treatment (—) with CuP, in the absence or presence of 20 mM CaCl,. Data are mean +
SEM of at least three independent experiments performed in triplicates and normalized to WT
(data with or without CuP are normalized separately). Two-way ANOVA with Tukey’s
multiple comparisons test within each mutant group, with **** P < 0.0001. (F) Model
highlighting the TMs involved in the dimerization of CaSR in the resting state (TM4 and TMS,
blue) and in the active state (TM6, red).
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Figure 3. Allosteric modulation by L-AA is clarified with a cell-free assay. (A) Cartoon
illustrating the development of FRET-based CaSR biosensor in a cell-free assay based on
cellular membrane preparations as indicated. (B) FRET signal measured on non-dialyzed
membranes with the indicated ligands. Data are mean + SEM of at least three independent
experiments performed in triplicates and normalized to the maximum response of CaCl,. (C)
Correlation between the FRET potencies (pECs) of the indicated agonists determined on cells
(X-axis) and non-dialyzed membranes (Y-axis). (D) FRET measurement performed with CaCl,
on non-dialyzed (dotted lines) and dialyzed (solid lines) membranes in the absence (blue) or
presence of 10 mM L-Phe (red). Data are mean + SEM of at least three independent
experiments performed in triplicates and normalized to the basal of control and the maximum
response of L-Phe (non-dialyzed and dialyzed data are normalized separately). (E) FRET
potencies (pECsp) of calcium on cells and on non-dialyzed (—) or dialyzed (+) membranes in
the absence (blue) or presence of 10 mM L-Phe (red). Data are mean + SEM from at least eight
independent experiments (n = 8-24). Two-way ANOVA with Tukey’s multiple comparisons,
with **** P < (0.0001, *** P < 0.001, * P < 0.05 and ns P > 0.05. (F) Basal FRET in the
presence of the indicated L-AA at 10 mM (for Tyr 1 mM is used due to low solubility) or 10
uM TNCA. Data are mean + SEM of at least three independent experiments (n= 3-13)
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performed in triplicates and normalized to the control. One-way ANOVA with Dunnett’s
multiple comparisons test (compared with control) with **** P <0.0001, * P <0.05 and ns P>
0.05. (G) FRET potencies (pECsp) of calcium on dialyzed membranes in the presence of the
indicated amino acid (same concentrations as in panel /). Data are mean = SEM from at least
three independent experiments (n = 3-13). One-way ANOVA with Dunnett’s multiple
comparisons test (compared with control) with **** P <(0.0001 and ns P > 0.05. (H) FRET
signal change induced by the indicated L-AA performed on dialyzed membranes in the
presence of 5 mM CaCl,. Data are mean = SEM of at least three independent experiments
performed in triplicates. Data are normalized to the basal conditions (5 mM CaCl, without L-
AA) and the maximum response induced by L-AAs.
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Figure 4. Allosteric modulation induced by chloride ions in CaSR VFT. (A) Three chloride
binding sites were reported in the CaSR structure (PDB 5FBK). (B-C) FRET measurement (B)
and intracellular calcium release (C) for calcium gluconate on CaSR performed in a buffer with
the indicated concentrations of chloride ions. Either Ca®" concentration (left) or CI°
concentration (in buffer, right) is used as X-axis. Data are mean + SEM of three independent
experiments performed in triplicates and normalized to the maximum response in the buffer

with the highest Cl concentration.

38



A B c
, £ 100- - WT e
© Ca S = E231-D234A o Ca
21\? < 75 7/\?
S -+ E228A-E231A-E241A
Lobe 1 § 50+ - E228A-E229A-E232A
E_ 25} ~+ Mock
Lobe 2 &
S 0] m=
Lobe 2I'"tehrfa°ed — L-AA binding pocket
(negatively charged) . 3 2 1

D F
~ 100- - WT
Possible 5100 - S170A
Ca?* site 1 < 754
‘G-; -+ D190A
§ 50+ - Q193A
< @ 25 - Y218A
o ol . - E297A
3D view © ~+ Mock
direction ~ b———
-0 3 2 -1
[Ca®*] (log M)
G |
~ 100 - WT
Possible S 100 - D2H6A
Ca?* site 2 e 754
g -+ S272A
‘ § 50 -~ D275A
/ *0—’7 25 ~+~ Mock
0 S o] =
A Ca2* - ———T—
o 3 2 -1
[Ca®*] (log M)
K \ L
Combined ’w LT gwo- - WT
2+ aif
Ca?* sites 827\ D275 — -+ D190A
182 . , 2
Site 1 e - D216A
B g 50 . D190A-
(Q Site 2 o) 25 D216A
L ——
N(“
o

e Ca?* 1 Mock
H,0 ol - :
D216
A —T———
Y218+ e g2
[Ca?"] (log M)

Figure 5. Binding of two calcium ions nearby L-AA stabilizes the active state. (A) Cartoon
illustrating the possible calcium binding at the lobe 2 interface which was previously proposed
to be important for receptor activation. (B) Intracellular calcium release for the indicated
mutants in this lobe 2 interface. (C) Possible Ca®" binding in the L-AA binding pocket. (d-f)
Proposed Ca®" binding site I in the VFT hinge as illustrated by the cartoon (D), the 3D model
of this site based on the crystal structure of the VFT (PDB 5K5S) (E) and intracellular calcium
release data for the indicated mutant in this site (F). Ca®" is proposed to be bound to S170,
D190, Q193, Y218, E297 and one water molecule found in the crystal structure. (G-I) Similar
analysis for the proposed calcium binding site 2 in the VFT adjacent to L-AA, and intracellular
calcium release data for the indicated mutants. Ca>" is proposed to be bound to the lobe 2
residues D216, S272, D275 and one water molecule found in the crystal structure (bridging
this Ca*" and bound L-Trp). (J-L) Combination of the two functional calcium binding sites /
and 2 adjacent to the bound L-AA, top view of the L-AA surrounded by the two Ca*" and
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intracellular calcium release data for the indicated mutants. In the 3D model, interactions are
shown as dashed lines (green for H-bonds, gray for metal bonds)- Data in panel B, F, I and L
are mean = SEM of at least three independent experiments performed in triplicates and
normalized to WT.
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Figure 6. Model for the activation of CaSR. (A) 3D model of two possible functional calcium
sites / and 2 near the bound L-AA based on the crystal structure of the VFT (PDB 5K5S). (B)
VFT close state is proposed to be stabilized by calcium ions in the presence of ambient L-AA
(cell-based conditions), but also by calcium ions alone in the absence of L-AA (cell-free
conditions) during activation. The ambient L-AAs bound to CaSR VFT contribute to the high
calcium potency and enable the receptor to sense low concentrations of calcium ions. But this
high sensitivity to calcium is reduced when L-AA is lost. (C) FRET measurement performed
with CaCl, on dialyzed membranes in the absence (blue) or presence of one-fold L-A A mixture
(red). Data are mean = SEM of at least three independent experiments performed in triplicates
and normalized to the basal of control and the maximum response of L-AA mixture. (D) FRET
signal change induced by different folds of the L-AA mixture performed in dialyzed
membranes in the presence of CaCl,. Data are mean = SEM of at least three independent
experiments performed in triplicates. Data are normalized to the basal (without Ca®" or L-AA)
and the maximum response induced by Ca*" in the presence of L-AA mixture. The vertical
dotted line represents the related total concentration 2.82 mM of L-AAs used in one-fold L-
AA mixture. (E) Molecular mechanism of activation of the CaSR upon L-AA and calcium
binding. Binding of calcium ions in the VFT binding pocket most probably occupied by L-AA
in physiological conditions, is expected to stabilize VFT closure and their relative
rearrangement. Then it would induce CRD interactions and 7TM interface reorientation
through allosteric propagation of the conformation changes. In the active state, TM6s will be
at the dimer interface, a conformation required to stabilize at least one of the 7TM in the active
state for G protein activation.
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Supplementary Figures

A Active 5K5$ Resting 5K5T
) Geng et al.,
2016, eLife
o Ca?*
0 Mg?*
® Gd**
e Cl-
B Lobe 2 interface
Caz*O/o Mg2 Ca?* O/O Cl- Ca* O/O Cl- 22 Ca? o Mg?* .8, Gd3* . Cl-
Site a Site b Site ¢ Site d Site e Site f Site g
(near S84) (near T100) (near S302) (near D234) (near S240) (near E232) (near S182)

Supplementary Figure 1. Monatomic ion binding sites in CaSR crystal structures. (A)
Binding sites of the indicated monatomic ions in the different crystal ECD structures that were
reported by two independent research groups (Geng et al., eLife, 2016 and Zhang et al., Sci Adv,
2016), in the active form 5K5S (CRD not shown), SFBH and 5FBK, or in the resting form
S5KS5T biological assembly 2 (CRD not shown). (B) Cartoon illustrating these monatomic ion
binding sites in the CaSR VFT dimer. From these structures, it is controversial whether site b
and site c are binding sites for Ca®" or CI".
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Supplementary Figure 2. Strategy to clarify nutrient effects on membrane receptors.
Cartoon illustrating both the cell-based and the cell-free conditions used in this study to
investigate the molecular basis of a pure nutrient action (x or y, as indicated) on a membrane
receptor. The cell-free assay allows to measure the pure effect of a nutrient. It relies on the
preparation of membrane extracts from cells expressing the receptor, and their extensive
dialysis to discard all ambient nutrients. In contrast, cell-based assay responses may result from
both the pure nutrient to be tested and the ambient ones.
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Supplementary Figure 3. Development of FRET sensor for CaSR. (A) Decays of FRET
signal (acceptor emission after donor excitation) from the fluorescent-labeled CaSR dimer in
the absence (dark green) or presence of 20 mM CaCl, (light green). The time windows of
acceptor emission intensities used to calculate the FRET sensor values (acceptor ratio) are
marked (window 1 in purple and window 2 in blue). Data are mean = SEM of a typical
experiment performed in triplicates. (B-C) FRET sensor assay (B)and IP; accumulation assay
(C) measured for poly-L-arginine and poly-L-lysine. Data are mean £ SEM of at least three
independent experiments performed in triplicates and normalized to the maximum response of
CaCl,. (D) Correlation between the potencies (pECsg) of different agonists on CaSR
determined by FRET sensor assay (X-axis) and IP; accumulation assay (Y-axis). Data are mean
+ SEM from the fitted curves for each individual experiment from at least three independent
experiments. (E) Cartoon illustrating positive and negative allosteric modulators (PAM and
NAM) that stabilize the active and resting conformation, respectively. (F) IP; accumulation
measured for CaCl, in the presence of either PAM (10 uM NPS R-568) or NAM (10 uM NPS
2143). Data are mean + SEM of at least three independent experiments performed in triplicates
and normalized to the maximum response of the control. (G) Cartoon illustrating the
constitutive activation induced by the gain-of-function genetic mutation A843E’® in 7TM or
the artificial cysteine cross-linking mutant P569C in CRD, and cell surface expression of the
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indicated mutants measured by the emission of the fluorophore donor attached to the SNAP-
tag. Data are mean £ SEM of at least three independent experiments performed in triplicates
and normalized to WT. (H) IP; accumulation measured for the mutants A843E or P569C in
resting and active (20 mM CaCl,) state (empty and filled, respectively). Data are mean + SEM
of at least three independent experiments performed in triplicates and normalized to WT. Data
are analyzed using two-way ANOVA with Tukey’s multiple comparisons test to determine
significance, with **** P <0.0001.

45



A ns ns ns ns ns ns ns ns ns ns
[ [ [ [ [ [ [ [

125+ (|
[ Basal
100+ Basal (CuP)
E 754 [ +C32+
8 2+
— 504 B +Ca”" (CuP)
I
o 254
0 B | I P 1 i mll-TW [} w l=C0 [T
T T T T 1 T T T 1 T T
WT V737C W742C L743C L770C A772C L773C G774C F775C |777C G778C
4.45 4.50 4.51 5.37 5.39 5.40 5.41 5.42 5.44 5.45
Tv4 TS
B ns ns ns ns ns ns ns ns ns ns
125+ rm r— r— /o
100
E 754
R
504
b
o 254
0- - —a Il — =
I 1 .I 1 1 1 T I 1 1 1
WT 1819C S820C V833C S834C A835C V836C EB837C V838C 1839C  A840C
6.51 6.52 7.28 7.29 7.30 7.31 7.32 7.33 7.34 7.35
TM6 ™7
c 125+
gmo-
& 754
C
Re]
2 50
o
&
5 254
0
Eooooooooooooooooooooooo
~ o -~ N (2] < n o - N d < wn ~ [} [} o N [<¢] < © ~ D
o < < < N < <r ~ ~ ~ ~ ~ ~ ~ ~ -~ N o~ N N N o N
~ ~ ~ ~ ~ ~ ~ ~ r~ ~ N~ N~ ~ N~ -] 5] =<} @« @« e} [~} <«
S5=2558E8s325060026222288
T4 Tl T™6
D E F
1259 CACA-
. V737C
5100- CuP - +
° @ O —~
& 754 MM 25
c a S< 40
k) 50
2 50 _§o30
o T > 90
= 25 52
w g g 10 ns
3 €S o
0- Z &9
Soggcsgs WO oo rct
M M M M O O O < = \VV737C ctive
@« (o} «Q el e} «© e} e}
> 0o < > W > - < 445
™7

Supplementary Figure 4. Screening of CaSR 7TM interface by cysteine cross-linking. (A-
B) Cysteine mutants screened by TR-FRET in the absence (black and pink) or presence of 20
mM CaCl, (blue and purple) with and without CuP treatment (filled and empty, respectively).
Data are mean + SEM of at least three independent experiments performed in triplicates and
normalized to WT (data with and without CuP are normalized separately). Data are analyzed
using two-way ANOVA with Tukey’s multiple comparisons test to determine significance,
with ns P > 0.05. (C-D) Cell surface expression of the indicated 7TM mutants by the emission
of the fluorophore donor attached to the SNAP-tag. Data are mean = SEM of at least three
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independent experiments performed in triplicates and normalized to WT. (E) Analysis of cell
surface CaSR subunits of the indicated cysteine mutant in SDS-PAGE experiments under non-
reducing conditions, after treatment (+) or without treatment (—) with CuP. Changes of dimer
ratio induced by CuP treatment for this indicated mutant and the CACA control is quantified
and shown. Quantitative data are mean + SEM of at least three independent experiments (n =
3 for CACA-V737C) while the blot is representative of one of these experiments. Data are
analyzed using one-way ANOVA with Dunnett’s multiple comparisons test to determine
significance (compared with CACA control), with ns P > 0.05. (F) 3D model of the
transmembrane domain interface of CaSR homodimer in the active state, where the TM6s are
in direct contact.
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Supplementary Figure 5. Allosteric modulation of L-amino acids on CaSR in cells or
membranes. (A-C) Effect of 10 mM L-Phe (red) in the cell-based FRET sensor assay (4), IP,
accumulation assay (B) and intracellular calcium release assay (C), compared to the control
conditions (CaCl; alone, blue). Data are mean + SEM of at least three independent experiments
performed in triplicates and normalized to the control. (D) FRET measurement performed with
CaCl; on non-dialyzed (dotted lines) and dialyzed (solid lines) membranes in the absence (as
control, blue) or in the presence of 10 mM L-Phe (red), 10 mM D-Phe (green) or 10 uM NPS
R-568 (purple). Data are mean = SEM of at least three independent experiments performed in
triplicates and normalized to the basal of control and the maximum response of L-Phe (non-
dialyzed and dialyzed data are normalized separately). (E) FRET potencies (pECs) of calcium
on non-dialyzed (—) or dialyzed (+) membranes in the absence (blue) or in the presence of 10
mM L-Phe (red), 10 mM D-Phe (green) or 10 uM NPS R-568 (purple). Data are mean = SEM
from at least eight independent experiments (n = 9-14). Two-way ANOVA with Tukey’s
multiple comparisons with **** P < (0.0001, * P < 0.05 and ns P > 0.05. (F) FRET
measurement performed with CaCl, on dialyzed membranes in the absence (blue) or presence
of 10 uM TNCA (red). Data are mean + SEM of at least three independent experiments
performed in triplicates and normalized to the basal of control and the maximum response of
TNCA.
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Supplementary Figure 6. Activation of CaSR by calcium ions is potentiated by L-AAs.
FRET measurement performed with CaCl, on dialyzed membranes in the absence (blue) or
presence of 10 mM L-AA (except 1 mM for L-Tyr). Data are mean = SEM of at least three
independent experiments performed in triplicates and normalized to the basal of control and
the maximum response of L-AA.
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Supplementary Figure 7. Potency of the L-AAs on CaSR. FRET signal change induced by
the indicated L-AA performed on dialyzed membranes in the presence of 5 mM CaCl,. Data
are mean + SEM of at least three independent experiments performed in triplicates. Data are
normalized to the basal conditions (5 mM CaCl, without L-AA) and the maximum response
induced by L-AAs. The vertical dotted lines represent the related concentrations of L-AAs used
in one-fold L-A A mixture (mimicking the conditions of fasting plasma as previously reported).
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Supplementary Figure 8. Allosteric modulation of L-AA on CaSR with a genetic mutation
E297D. (A) FRET measurements of CaSR with the genetic mutation E297D performed with
CaCl; on cells in the absence (green) or presence of 10 mM L-Phe (purple). Data are mean +
SEM of at least three independent experiments performed in triplicates and normalized to the
control (CaCl, alone). (B) FRET measurements of the mutant E297D performed with CaCl, on
non-dialyzed (dotted lines) and dialyzed (solid lines) membranes in the absence (green) or
presence of 10 mM L-Phe (purple). Data are mean + SEM of at least three independent
experiments performed in triplicates and normalized to the basal of control and the maximum
response of L-Phe (non-dialyzed and dialyzed membrane are normalized separately). (C)
FRET potencies (pECsp) of calcium of CaSR WT or the mutant E297D on cells or non-dialyzed
(—) or dialyzed (+) membranes in the absence (blue for WT, green for E297D) or presence of
10 mM L-Phe (red for WT, purple for E297D). Data are mean + SEM from at least three
independent experiments (n = 3-24). Data are analyzed using two-way ANOVA with Tukey’s
multiple comparisons test, with **** P <(0.0001 and ns P> 0.05.
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Supplementary Figure 9. Allosteric modulation and possible binding sites of chloride ions
in CaSR VFT. (A) FRET measurement for calcium chloride (CaCl,, solid lines) or calcium
gluconate (shown as Ca(Gluconate),, dotted lines) performed in a buffer with no (0 mM CI ,
blue) or high concentration of chloride ions (150 mM Cl , red). Data are mean + SEM of at
least three independent experiments performed in triplicates and normalized to the maximum
response of CaCl, in buffer with the high Cl concentration. (B) Three chloride binding sites
(site b, c and g) were reported in the CaSR structure (PDB 5FBK). Sites b and ¢ are in the VFT
binding pocket. (C-E) Close-up view of chloride binding sites b, ¢ and g, and intracellular
calcium release for the indicated mutants in these sites. Data are mean = SEM of at least three
independent experiments performed in triplicates and normalized to WT.
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Conserved for CI~ Conserved residues that interacts with the
binding in mGIuRs amino acid moiety of the various agonists

Supplementary Figure 10. Alignment of residues in the ion binding sites. The residues
responsible for possible calcium binding sites / and 2 (red and orange, respectively), chloride
binding site b (green) and ion binding site ¢ (blue) of CaSR are aligned with other class C
GPCRs. The purple boxes indicate the most conserved residues of the signature motif that
interacts with the amino acid moiety, while the green box indicates the most conserved and
important residue for chloride binding site in mGluRs.
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Supplementary Figure 11. Possible calcium binding sites in CaSR VFT. (A) Electrostatic
potential of VFT dimer interface (PDB 5FBK, side view). Lobe 2 interface contains several
negative charged residues (Asp or Glu). (B-D) Close-up view of calcium binding sites d (PDB
5K5S), e (PDB 5FBH), and f(PDB 5FBH) in the lobe 2 interface, and intracellular calcium
release for the indicated mutants in these sites. Data are mean = SEM of at least three
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independent experiments performed in triplicates and normalized to WT. (E) Intracellular
calcium release data of other indicated mutants for negative charged residues (Asp or Glu) in
the lobe 2 interface. Data are mean + SEM of at least three independent experiments performed
in triplicates and normalized to WT. (F) Close-up view of the structural calcium binding site a
(PDB 5K5S). (G) 3D model of two possible functional sites / and 2 based on the crystal
structure of the VFT (PDB 5K5S). The structural calcium binding site a is also shown. (H) Cell
surface expression of mutants used for the monatomic ion binding sites by ELISA. Data are
mean = SEM of at least three independent experiments performed in triplicates and normalized
to WT.

55



