SCIENCE ADVANCES | RESEARCH ARTICLE

STRUCTURAL BIOLOGY

Structural basis for activation and allosteric modulation
of full-length calcium-sensing receptor

Tianlei Wen', Ziyu Wang’, Xiaozhe Chen', Yue Ren’, Xuhang Lu', Yangfei Xing?, Jing Lu',
Shenghai Chang®*, Xing Zhang®*, Yuequan Shen'**, Xue Yang'*

Calcium-sensing receptor (CaSR) is a class C G protein-coupled receptor (GPCR) that plays an important role in
calcium homeostasis and parathyroid hormone secretion. Here, we present multiple cryo-electron microscopy
structures of full-length CaSR in distinct ligand-bound states. Ligands (Ca®* and L-tryptophan) bind to the extra-
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cellular domain of CaSR and induce large-scale conformational changes, leading to the closure of two heptaheli-
cal transmembrane domains (7TMDs) for activation. The positive modulator (evocalcet) and the negative allosteric
modulator (NPS-2143) occupy the similar binding pocket in 7TMD. The binding of NPS-2143 causes a consider-
able rearrangement of two 7TMDs, forming an inactivated TM6/TM6 interface. Moreover, a total of 305
disease-causing missense mutations of CaSR have been mapped to the structure in the active state, creating
hotspot maps of five clinical endocrine disorders. Our results provide a structural framework for understanding
the activation, allosteric modulation mechanism, and disease therapy for class C GPCRs.

INTRODUCTION

Calcium signaling is necessary for various cellular functions. The
calcium-sensing receptor (CaSR) is an essential component for the
transduction of calcium signals and maintenance of calcium ho-
meostasis (1, 2). In addition to acting as a second messenger in the
process of signal transduction, calcium can also serve as a first mes-
senger to be directly sensed by receptors on the plasma membrane
(3). In general, subtle changes in the extracellular Ca** concentration
can be sensed by CaSR, which is highly expressed in parathyroid
glands, and then be precisely regulated by the secretion of parathy-
roid hormone (PTH) through the reabsorption of Ca** from bone,
urinary, and intestine (4). Abnormal expression levels and receptor
activities of CaSR will cause many diseases, such as familial hypo-
calciuric hypercalcemia type 1 (FHH1) (5), neonatal severe hyper-
parathyroidism (NSHPT) (6), autosomal dominant hypocalcemia
type 1 (ADH1) (7), and asthma (8).

CaSR belongs to the class C G protein-coupled receptor (GPCR)
family and functions as a homodimer tethered by disulfide bonds in
the cytoplasmic membrane (9). The single-copy human CaSR gene
that maps to 3q13.3-21 encodes 1078 amino acid residues (4, 10).
The overall structure of CaSR is presumably similar to other class C
GPCRs. In response to different stimuli, the CaSR homodimer can
bind to various ligands (11-15) and allosteric modulators (16, 17),
and then mediates downstream signaling through G proteins, including
Gy Gi, Gizni3, and G (18). In addition to endogenous allosteric
modulators such as L-aromatic amino acids, CaSR can also be regu-
lated by synthetic allosteric modulators, including positive and negative
allosteric modulators (19-21). Evocalcet (4-[(3S)-3-[[(1R)-1-(1-
naphthalenyl)ethyl]amino]-1-pyrrolidinyl]) is a positive allosteric
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modulator widely used in the treatment of secondary hyperparathy-
roidism (22). Evocalcet was first approved in Japan in 2018 for its
potent positive allosteric efficacy and little gastrointestinal-related
side effect compared with cinacalcet (23). On the other hand, the
synthetic molecule NPS-2143 (2-chloro-6-[(2R)-2-hydroxy-3-[(2-
methyl-1-naphthalen-2-ylpropan-2-yl)amino] propoxy]benzonitrile)
is a selective and potent CaSR antagonist that can correct the in-
creased signaling pathway associated with gain-of-function CaSR and
Go; mutations (24, 25). In vivo studies have shown that NPS-2143
notably increases the cytoplasmic concentrations of calcium and PTH
in ADH-associated mouse models (16, 26).

To date, the crystal structure of the N-terminal human CaSR in
the active and inactive states has been determined (27, 28). However,
the lack of intact structural information on CaSR limits the under-
standing of receptor function, biased signal transduction, and clini-
cal drug development against multiple diseases. In this research, we
determined the structures of full-length CaSR from Gallus gallus
(ggCaSR) by cryo-electron microscopy (cryo-EM) in several dif-
ferent conformational states, including ggCaSR in complex with
L-tryptophan (1-Trp) and Ca®’, representing the active conforma-
tional state (ggCaSR-active); ggCaSR in complex with 1-Trp, Ca*,
and NPS-2143, representing the negative allosteric modulating state
(ggCaSR-NAM); ggCaSR in complex with L-Trp, Ca**, and evocalcet,
representing the positive allosteric modulating state (ggCaSR-PAM);
and ggCaSR alone, representing the inactive state (ggCaSR-inactive).
These structures provide the framework for understanding the
mechanism of allosteric regulation and biased signal transduction
for class C GPCRs.

RESULTS

Structure determination

The structural determination of full-length CaSR was conducted
using cryo-EM. After screening different CaSR proteins from various
species, ggCaSR was selected and purified. The amino acid sequence
of ggCaSR is more than 80% identical to that of Homo sapiens
CaSR (fig. S1A). We transfected the DNA encoding FLAG-tagged
full-length ggCaSR into human embryonic kidney (HEK) 293T cells
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and carried out an inositol monophosphate (IP;) production assay.
Compared with the control, evocalcet showed positive allosteric ef-
fects, while NPS-2143 showed negative allosteric effects (fig. S1B),
indicating that ggCaSR has a similar biological function to its hu-
man counterpart in response to extracellular Ca** (fig. S1, B and C).
The purified ggCaSR protein showed a molecular weight of
approximately 150 kDa as a monomer by SDS-polyacrylamide gel
electrophoresis, whereas due to glycosylation, detergent micelles,
and molecular shape, a larger molecular weight was observed
(approximately 670 kDa) from an analytical size exclusion column
(fig. S2A).

Details of the cryo-EM sample preparation, data acquisition and
processing, model building, and structure refinement can be found
in Materials and Methods and in figs. S2 to S5. The two-dimensional
(2D) class average of the particles for the four structures reveals that
ggCaSR forms a dimer (figs. S2D, S3B, S4B, and S5B) with ap-
proximate C2 symmetry and consists of a transmembrane domain
wrapped in detergent micelles and a large extracellular region. Be-
cause of the conformational differences of the transmembrane do-
mains between the two protomers (figs. S3H, S4H, and S5H), only
C1 symmetry was used in the structural reconstruction of all four
structures. The breakdown of C2 symmetry in the ggCaSR homod-
imer was unexpected because another class C GPCR, the metabo-
tropic glutamate receptor 5 (mGlu5), is twofold symmetric (29). The
correlation of the asymmetric ggCaSR homodimer with its biologi-
cal function may require further investigation.

To further improve the densities of the transmembrane helices
of the ggCaSR-active, ggCaSR-NAM, and ggCaSR-PAM structures,
detergent density subtraction, application of a mask around the trans-
membrane helices, and focused refinement were applied. The final
cryo-EM maps for ggCaSR-active, ggCaSR-NAM, ggCaSR-PAM,
and ggCaSR-inactive were determined at resolutions of 3.2, 3.2, 3.2,
and 7.2 A, respectively. Three structures (ggCaSR-active, ggCaSR-
NAM, and ggCaSR-PAM) show well-resolvable density, and atomic
models were built. The cryo-electron density map of ggCaSR-inactive
did not provide sufficient quality for atomic model building due to
the low resolution. We therefore fitted separated domains from the
ggCaSR-active monomer structure into the density map of ggCaSR-
inactive to obtain a low-resolution model. It has been noted that
the intracellular C-terminal portion (amino acids 868 to 1059) of
ggCaSR in the four conformational states is not included in models
due to the intrinsic flexibility and will not be discussed here. This
portion in the human counterpart was shown to bind with multiple
intracellular partners and mediate various receptor-specific signal-
ing pathways (30-32).

Overall structure of the full-length CaSR

ggCaSR forms a disulfide-tethered homodimer and consists of a
large N-terminal extracellular domain (ECD), which can be further
divided into a Venus flytrap module (VFT) with bilobed architec-
ture, a cysteine-rich module (CR), and a heptahelical transmembrane
domain (7TMD). Two protomers exist side by side and face opposite
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Fig. 1. The overall structure of full-length CaSR. (A) Surface representation of the cryo-EM density map of the ggCaSR-active state bound to Ca%*, CI~, and L-Trp. (B)
Rough cryo-EM density map of the ggCaSR-inactive receptor. (C) Surface representation of the cryo-EM density map of the ggCaSR-NAM structure with Ca**, CI™, L-Trp,
and NPS-2143. (D) Surface representation of the cryo-EM density map of the ggCaSR-PAM structure with Ca%*, CI~, L-Trp, and evocalcet. Each structure is shown in two
different side views that are rotated by 90° along the vertical axis. NPS-2143 and evocalcet are colored yellow, Ca?* ions are colored cyan, L-Trp moieties are colored or-
ange, and CI” ions are colored green. Blue and pink represent the two different protomers in the cryo-EM density maps.
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directions (Fig. 1). The ggCaSR-active VFT dimer is highly similar
to previous crystallographic studies (27, 28) with root mean square
deviations (RMSDs) of 1.09 and 0.89 A (fig. S6, A and B). The gg-
CaSR-active CR dimer is also similar to that of its human counter-
part (27), giving an RMSD value of 2.13 A. Moreover, we observed
that in ggCaSR-active, the distance between the two CR protomers
gradually increased from the VFT end to the 7TMD end compared
with the crystallographic human counterpart (fig. S6B). Compared
with another class C GPCR, the mGlu5 dimer (29), the overall struc-
ture of ggCaSR is similar. Superimposition of these two structures in
their active conformations gives an RMSD value of 2.77 A (fig. S6C),
and two main structural differences were observed. One is located
within the interaction interface of two VFTs (fig. S6D). These two
loops in ggCaSR are significantly longer than those in mGlu5 and
play important roles in dimerization and regulating the functions of
CaSR (28). The other is located in the CR and covers residues 581 to
599 (fig. S6E). The apical region (residues 586 to 589) points toward
the outside flank of the CR and is away from extracellular loop 2
(ECL2) of the 7TMD. In the mGlu5 protomer, this tip region inter-
acts with ECL2 of the 7TMD (29).
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Fig. 2. Ligand recognition of the ggCaSR-NAM structure. (A) Overall picture of
ligands bound in the receptor structure. Ligands are shown as spheres with differ-
ent colors. (B to D) Three Ca**-binding sites in the ggCaSR-NAM structure. Ca**
ions are drawn as cyan spheres. (E) Anion binding site. CI” ions are drawn in green.
(F) .-Trp binding site. L-Trp is shown in orange. (G) Binding pocket of NPS-2143in
the 7TMD. NPS-2143 is shown in yellow. For (B) to (G), the surrounding residues
around different ligands are shown in stick models. The gray mesh represents the
density map of the ligand, and the dotted line represents a hydrogen bond. Oxy-
gen and nitrogen atoms are colored red and blue, respectively, and carbon atoms
are colored according to the protomer color.
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The entire ggCaSR height for the four conformational states is
similar and was estimated to be approximately 173 A. The ggCaSR
widths on the cytosolic side for the active, NAM, PAM, and inactive
states are approximately 76.3, 81.8, 82, and 95.9 A, respectively. In
the ggCaSR-active, ggCaSR-NAM, and ggCaSR-PAM structures, the
ECD of the homodimeric receptor adopts a closed conformation, which
presumably drives the closure of two 7TMDs (Fig. 1, A, C, and D).
The NAM molecule NPS-2143 was bound to the ligand-binding
pocket of the 7TMD of CaSR, further resulting in the drastic rear-
rangement of two of the 7TMDs (Fig. 1C). The PAM molecule
evocalcet bound to a ligand-binding pocket similar to that of the
7TMD. Compared with ggCaSR-active, ggCaSR-PAM maintains a
similar overall conformation (Fig. 1D). In sharp contrast, the ECD
portion of the homodimeric receptor remained in an open state in
the ggCaSR-inactive structure, leading to the good separation of
these two 7TMDs (Fig. 1B).

Ligand recognition

In the ggCaSR-NAM structure, three Ca®* binding sites were iden-
tified within each protomer (Fig. 2A). Site 1 is positioned around
the side chain of residue T100, and Ca®" is stabilized by the hydrox-
yl group (Fig. 2B). Site 2 is positioned around $302, and Ca** is co-
ordinated by its backbone carbonyl oxygen atom (Fig. 2C). Site 3 is
positioned at the edge of the interdomain cleft of the VFT and CR
(Fig. 2D). Ca”" is coordinated by the carboxylate group of D234 and
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Fig. 3. Evocalcet binding in the ggCaSR-PAM structure. (A) Overall view of evo-
calcet bound in two 7TMDs of the receptor. Evocalcet is shown as green spheres.
Two 7TMDs are represented as cartoon model and colored differently. (B) Binding
pocket of evocalcet in the 7TMD. Evocalcet and the surrounding residues are
shown in stick models. The mesh colored gray and blue represents the density
map, and the magenta dotted lines represent hydrogen bonds. Oxygen, nitrogen,
and carbon atoms in CaSR are colored red, blue, and pale blue, respectively. Car-
bon atoms in evocalcet are colored green. (C) Concentration-response binding
curves of evocalcet for the ggCaSR wild type (black), the mutant F683A (red), the
mutant Y824A (blue), and the mutant E836A (green) by IP; production assay. (D)
Concentration-response binding curves of evocalcet for the ggCaSR wild type
(black), the mutant W817A, the mutant Q680A (red), and the mutant F687A (green)
by IP; production assay.
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backbone carbonyl oxygen atoms of E231 and G556 from the other
protomer. This Ca** binding site is part of the homodimer interface
formed upon agonist binding, indicating that this site is most likely
associated with receptor activation (27). Mutations of residues in the
Ca®* binding site greatly affected the Ca**-dependent ggCaSR re-
ceptor response (fig. S7, A and B). Moreover, many natural inactive
mutants appear at the Ca”* binding site, which can impair Ca**-induced
human CaSR receptor activity and cause FHH1 or hyperparathy-
roidism, such as the corresponding human CaSR mutations T100I
(33), S302F (34), and G557E (35). These three Ca** binding sites are
quite similar to those previously reported (27).

In our structure, we identified only one anion binding site and
assigned it as Cl” (Fig. 2E). This binding site is located close to the
binding pocket of L-Trp (Fig. 2A). This Cl” is stabilized by the side
chains of R66, R69, and W70 as well as the main-chain nitrogen
atoms of L413 and R414. This site is very similar to the previously
reported PO~ binding site (27) or bicarbonate binding site (28).
Mutations of residues in this site notably affected the Ca**-dependent
ggCaSR receptor response (fig. S7C). Moreover, previous studies have
reported that four inactive mutations of the corresponding human
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CaSR—R66H (36), R66C (36, 37), R69C (38), and R69H (39)—may
affect glycosylation or ligand binding of CaSR and lead to FHH1
or NSHPT.

The binding site of L-Trp was identified at the interdomain cleft
of the VFT domain (Fig. 2F). The 1-Trp molecule is stabilized by
residues S147, A168, S170, and E297 through multiple hydrogen
bonds and by residues W70 and Y218 through hydrophobic inter-
actions. E297 serves as a disease-associated switch residue that is
located in the region that undergoes large conformational changes
upon ligand binding (40). Consequently, the E297K inactive muta-
tion of the corresponding human CaSR and E297D active mutation
cause FHH1 (or NSHPT) and ADH]1, respectively (37, 41). This binding
site is identical to the previously reported L-Trp binding site in
the crystal structure of the human CaSR ECD (27) and the 1-1,2,3,4-
tetrahydronorharman-3-carboxylic acid binding site in the crystal
structure of the human CaSR VFT (28).

The binding pocket of allosteric modulators
The NAM molecule NPS-2143 was found to bind in the 7TMD of
the ggCaSR-NAM structure (Fig. 2G). This binding site is similar to
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Fig. 4. Binding pocket of allosteric modulators in CaSR. (A) Comparison of the similar binding pockets of the allosteric modulators in different GPCRs from a side view
and an extracellular view. FITM in the mGlu1 structure (PDB code 40R2) and tiotropium in the M5R structure (PDB code 60L9) partially overlapped with the binding
pocket of NPS-2143 and evocalcet in CaSR. Carbon atoms in the NPS-2143, evocalcet, FITM, and tiotropium models (upper row) are colored red, green, dark yellow, and
cyan, respectively. Carbon atoms in the schematic drawing of NPS-2143, evocalcet, FITM, and tiotropium (bottom row) are shown in black. Nitrogen, oxygen, chloride,
fluoride, and sulfide atoms are colored blue, red, light green, green, and yellow, respectively. (B and C) Cut-through surface side view of the NPS-2143 binding cavity in
the protomer (B) and in the dimer (C) of the ggCaSR-NAM structure. NPS-2143 is represented as a ball-and-stick model. (D and E) Cut-through surface side view of the
evocalcet binding cavity in the protomer (D) and in the dimer (E) of the ggCaSR-PAM structure. Evocalcet is represented as a ball-and-stick model.
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Fig. 5. Allosteric regulation mechanism of CaSR. (A) Overall view of the dimeric
7TMD in ggCaSR-active from the extracellular view. (B) Overall view of the dimeric
7TMD in ggCaSR-NAM from the extracellular view. NPS-2143 is shown as a ball-
and-stick model. (C) Overall view of the dimeric 7TMD in ggCaSR-PAM from the
extracellular view. Evocalcet is shown as a ball-and-stick model. (D and E) Structur-
al superimposition of the dimeric 7TMD upon NPS-2143 binding from the extracel-
lular view (D) and the intracellular view (E). The moving distance of each TM is
labeled. Red arrows denote the moving direction. (F and G) Structural superimpo-
sition of the dimeric 7TMD upon evocalcet binding from the extracellular view (F)
and the intracellular view (G). Red arrows denote the moving direction of TM6s. (H)
Dose-dependent Ca**-stimulated IP production in cells transiently expressing the
wild-type or constitutively active mutant (S826C-T827C). Inset indicates the posi-
tion of $S826 and T827in the ggCaSR-active state. For clarity, only two TMés are
shown. (I) Dose-dependent Ca?*-simulated IP production in cells transiently ex-
pressing wild-type or inactive mutant (P822C). Inset indicates the position of
P822in the ggCaSR-NPS state. For clarity, only two TM6s were shown.

the previously predicted site (20, 42). NPS-2143 binds at the upper
half of the 7TMD and mainly contacts TM3, TM5, TM6, and TM?7.
NPS-2143 is packed by a hydrophobic pocket composed of resi-
dues 1840”7 [numbered according to Ballesteros-Weinstein (43)],
F683°%, 1776>*, W817°, L772°%, Y824°”, and F820*> and is
coordinated by three hydrogen bonds with E836”* of TM7. The
corresponding human CaSR mutations E837A (or I or Q), L773R,
I841A, and F684A reduced the affinity and potency of NPS-2143
(16, 24, 42, 44).

The PAM molecule evocalcet was bound in the 7TMD of the
ggCaSR-PAM structure (Fig. 3, A and B) and mainly contacted
TM3, TM5, TM6, and TM?7. In detail, the naphthalenyl group was
buried inside the pocket and packed by hydrophobic interactions
with the bulky side chains of residues F683%2¢, F687°*°, W817°,
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and 18407 (Fig. 3B). The pyrrolidinyl group extends toward the
open space between TM5 and TM6 and is stabilized by residue
Y8247, Residues E836”> and Q680> make two hydrogen bonds
with the nitrogen atom of evocalcet in the center position (Fig. 3B).
Compared with the wild type, mutations Y824A and W817A sig-
nificantly reduced the affinity of evocalcet, and mutations F683A,
E836A, Q680A, and F687A lost almost all evocalcet binding
(Fig. 3, Cand D).

Although the PAM molecule evocalcet and the NAM molecule
NPS-2143 have opposite allosteric effects, their binding pockets are
located at a position similar to that of the 7TMD (Fig. 4A). A feature
of such a binding pocket in one CaSR protomer is that one end is
widely exposed to the phospholipid environment inside the mem-
brane, and the other end is deeply buried inside the middle of the
7TMD (Fig. 4, B and D). Previous studies have revealed a large
number of structures of class A, class B, class C (7TMD alone), and
class F GPCRs in complex with allosteric modulators that showed
that the binding site and pose of these modulators are diverse (45, 46).
Compared with these published binding pockets for allosteric modulators,
the binding pocket in CaSR partially overlaps with the 4-fluoro-
N-(4-(6-(isopropylamino)pyrimidin-4-yl)thiazol-2-yl)-N-methyl-
benzamide (FITM) molecule binding pocket of the 7TMD of mGlul
(47) and the tiotropium binding pocket of the human M5 musca-
rinic acetylcholine receptor (Fig. 4A) (48). Moreover, we identified
that the NPS-2143 molecule in one protomer directly faces TM6 from
the other protomer reciprocally (Fig. 4C), suggesting that a cooper-
ative binding mode may exist between two NPS-2143 molecules.
This is consistent with previous results that obtaining full inhibi-
tion by a negative allosteric modulator requires binding to both
protomers of the full-length CaSR (49, 50). In contrast, two evocal-
cet molecules in the dimer were well separated by two TM6s and
two TM7s (Fig. 4E).

Allosteric modulation mechanism

To uncover the mechanism of the allosteric modulation mechanism
of CaSR by different allosteric effectors, we superimposed the gg-
CaSR-active structure onto the ggCaSR-NAM structure and the gg-
CaSR-PAM structure. The ECD of CaSR is largely similar between
the two structures, indicating that the binding of allosteric effectors
did not cause noticeable conformational changes in the ECD (fig.
S8A). However, upon binding of the NAM molecule NPS-2143, the
7TMD rearranges the dimeric formation (fig. S8B). In the ggCaSR-
active structure, TM6 from one protomer faces two helices, TM6
and TM7, from the other protomer (Fig. 5A). In the ggCaSR-NAM
structure, TM6 from one protomer faces two helices, TM6 and
TMS5, as well as NPS-2143 from the other protomer (Fig. 5B). In the
ggCaSR-PAM structure, the 7TMD dimer conformation is similar
to that in the ggCaSR-active structure (Fig. 5C and fig. S8C). From
the extracellular view, we observed that the binding of NPS-2143 to
the single 7TMD pushes away TM5 by approximately 1.9 A, TM6
by approximately 3.4 A, and TM7 by approximately 2.2 A, which
induces the movement (approximately 10.1 A) of the other entire
7TMD (Fig. 5D). From the cytosolic view, the movement distance
(approximately 16.8 A) of the other entire 7TMD was observed
(Fig. 5E). Therefore, the intersubunit interfaces within the two
7TMDs are quite different between the ggCaSR-active and ggCaSR-
NAM structures (fig. S8, D and E). The binding of evocalcet to the
single 7TMD pushes away TM5, TM6, and TM7 by minor distances
(Fig. 5F), resulting in a closer distance between the extracellular
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Fig. 6. Hotspot map of CaSR missense mutations. (A to E) Missense mutations associated with five endocrine disorders—ADH1 (A), hypoparathyroidism (B), FHH1 (C),
NSHPT (D), and hyperparathyroidism (E)—were mapped onto the ggCaSR-active structure. Each Ca atom of the mutated residues is represented by a sphere and colored
red, magenta, blue, cyan, and green, respectively. ADH1 and hypoparathyroidism are caused by the gain-of-function CaSR mutations, while FHH1, NSHPT, and hyperpara-

thyroidism are caused by the loss-of-function CaSR mutations.

ends of the two TM6s (Fig. 5F) and a greater distance between the
intracellular ends of the two TM6s (Fig. 5G). To further distinguish
the two different kinds of intersubunit interfaces, we introduced
cysteine-mediated cross-links at TM6. As expected, mutant ggCaSR
$826C-T827C was constitutively active (Fig. 5H), while mutant gg-
CaSR-P822C showed attenuated activity (Fig. 5I). Surface expression
levels of the S826C-T827C and P822C mutants are comparable to
those of the wild type (fig. S8F).

DISCUSSION

In this research, we present the structures of full-length ggCaSR
in four different conformational states. The overall structure of
ggCaSR is a disulfide bond-tethered homodimer similar to other
reported class C GPCRs, such as mGlu5 (29). ggCaSR-inactive is in
an open state. Upon the binding of the ligands Ca** and L-Trp to the
VFT domains, the closed conformation of the VFT domains then
induces the CR domains to move into close proximity to each other
and brings the 7TMDs together, leading to the activation of CaSR.
The orientation of the two 7TMDs in the ggCaSR-active structure
established one kind of TM interface (named activated TM6/TM6
hereafter), which is quite similar to that of the activated mGlu5
structure (fig. S8, G and H). Such an activated TM6/TM6 interface
was observed in our ggCaSR-PAM structure (Fig. 5C) and was also
recently reported for metabotropic GABAg (y-aminobutyric acid
type B) receptor structures (51, 52). These results suggest that class
C GPCRs share a universal activation mechanism (27, 29, 53, 54).
Strikingly, NPS-2143 can further bind to the activated receptor. The
ECD of the receptor undergoes hardly noticeable conformational
changes, while drastic conformational changes occur in the 7TMDs,
leading to the formation of another kind of TM interface (named
inactivated TM6/TM6 hereafter). The unconventional dimeric in-
terface of the 7TMDs has not been observed in previously published
GPCR structures, presumably representing the negatively modulated
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allosteric state that is unable to couple with G proteins. Together,
allosteric modulators bind to the 7TMDs, inducing different TM
interface arrangements (activated TM6/TM6 versus inactivated
TM6/TMS6) to cause various allosteric effects.

CaSR is critical in regulating calcium hemostasis and maintains
the extracellular Ca?* concentration within a tight range (1, 2, 17, 55).
Consequently, more than 400 different germline gain- and loss-of-
function CaSR mutations have been found (32, 56). Using the high-
resolution structure of full-length ggCaSR-active, we were able to
map a total of 305 missense mutations into the structure for five
kinds of clinical endocrine disorders, including 70 gain-of-function
missense mutations (62 and 8 mutations for ADH1 and hypo-
parathyroidism, respectively) and 235 loss-of-function missense
mutations (206, 19, and 10 mutations for FHH1, NSHPT, and hy-
perparathyroidism, respectively) (Fig. 6 and table S1). We found
that more than one-third (25 of 70) of the gain-of-function mis-
sense mutations related to ADH1 and hypoparathyroidism are lo-
cated in the homodimer interface of the ligand-bound CaSR-active
structure (Fig. 6, A and B), suggesting that CaSR may exhibit a su-
peractive state induced by a positive allosteric modulator or in-
tracellular inducers (45, 57). However, loss-of-function missense
mutations related to FHH1, NSHPT, and hyperparathyroidism
are universally distributed over the whole CaSR receptor (Fig. 6, C
to E) and prefer to cluster in the ligand-binding regions that direct-
ly affect the affinity of ligands or gather in the regions that undergo
a large conformational change upon ligand binding (32). In addi-
tion, 11 human CaSR mutations (Q27E, V104I, L273F, N178Y,
P221L, E297D, S657C, R680G, N802I, S820F, and T828N) have
been found to cause opposite phenotypes, which may require spe-
cial attention for these mutations associated with disease therapy.
Opverall, our hotspot map of CaSR mutations related to five clinical
endocrine disorders will be beneficial for identifying the potential
disease risk for patients and providing insights for related disease
therapy.
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MATERIALS AND METHODS

Plasmid construct

The synthetic gene encoding full-length wild-type ggCaSR (acces-
sion no. XP_416491.5) followed by a C-terminal enhanced green
fluorescent protein (eGFP) cleavable by the protease rhinovirus 3C
was cloned into the pEG-BacMam vector and used to generate
baculovirus using the BacMam Baculovirus system (Thermo Fisher
Scientific).

Expression and purification of ggCaSR

Baculovirus bacmid containing the CaSR expression cassette was
generated by the transformation of DH10Bac Escherichia coli
cells with the pEG-BacMam-CaSR-3C-eGFP plasmid. Spodoptera
frugiperda (Sf9) cells grown in a six-well plate at 27°C were trans-
fected with the bacmid using X-tremeGENE HP DNA transfection
reagent (Roche). The first-generation virus (P1) was collected
72 hours after transfection, and the P1 virus was added (1%, v/v) to
Sf9 cells to produce the second-generation virus (P2). P2 was used
to infect HEK293S-GnTi~ cells at a cell density of 2.0 x 10° cells/ml
in 5% CO; at 37°C. After 24 hours, sodium butyrate was added to
the cell culture at a final concentration of 10 mM, and the cul-
ture temperature was reduced to 30°C to facilitate protein expres-
sion. Transfected cells were further cultured at 30°C for 60 hours.

For protein purification, two liters of infected HEK293S-GnTi~
cells were harvested by centrifugation at 800g. The collected cells were
resuspended and lysed in buffer A [20 mM tris-HCI (pH 7.5) and
200 mM NaCl] supplemented with 1% n-dodecyl-B-p-maltopyranoside
(DDM; Anatrace), 0.2% cholesteryl hemisuccinate (CHS; Sigma-
Aldrich), and 1x protease inhibitor cocktail (TargetMol) and
solubilized for 2 hours at 4°C. The supernatant was collected by
centrifugation at 120,000g for 60 min at 4°C and then incubated
with anti-GFP nanobody affinity gel (BioLegend) at 4°C for 2.5 hours.
After washing five times with buffer B containing 20 mM tris-HCI
(pH 7.5), 200 mM NaCl, 0.025% DDM, 0.005% CHS, and 0.1 mM
phenylmethylsulfonyl fluoride (PMSF), the column was washed with
high-salt wash buffer composed of buffer B supplemented with
0.5and 1 M NaCl. Afterward, the beads were washed twice with buf-
fer B supplemented with 10 mM adenosine triphosphate (ATP) and
10 mM Mg** and incubated at 4°C for 30 min. Then, the resin was
resuspended in buffer C containing 20 mM tris-HCI (pH 7.5), 200 mM
NaCl, 0.01% glycol-diosgenin (GDN; Anatrace), and 0.1 mM PMSF
and incubated for 1 hour at 4°C for detergent exchange. Last, the
beads were mixed with buffer C plus rhinovirus 3C protease over-
night (1:30, v/v) to cleave the eGFP tag.

After digestion, the protein was eluted with buffer C, and the eluate
was concentrated using a 100-kDa cutoff concentrator (Millipore).
For the preparation of the ggCaSR-inactive sample, the protein was
injected into Superose 6 Increase 10/300 GL (GE Healthcare) equil-
ibrated with 20 mM tris (pH 7.5), 200 mM NaCl, 2 mM Ca**, and
0.0063% GDN. For the preparation of the ggCaSR-active sample,
the protein was further purified by the Superose 6 Increase column,
which was equilibrated with 20 mM tris (pH 7.5), 200 mM NaCl,
10 mM Ca®", 10 mM L-Trp, and 0.0063% GDN. In addition, we used
buffer containing 20 mM tris (pH 7.5), 200 mM NaCl, 10 mM Ca,
10 mM L-Trp, 10 pM NPS-2143, and 0.0063% GDN to induce the
ggCaSR-NAM state, which has an active ECD and inactive TMD. For
the preparation of the ggCaSR-PAM sample, we used buffer con-
taining 20 mM tris (pH 7.5), 200 mM NaCl, 10 mM Ca**, 10 mM L-Trp,
20 uM evocalcet, and 0.0063% GDN. The peak fractions were pooled
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and concentrated to ~6 to 9 mg/ml for the preparation of the cryo-
EM grid.

Cryo-EM sample preparation and imaging

For all ggCaSR samples, an aliquot of 2.5 ul of purified ggCaSR
sample was applied onto a glow-discharged holey carbon film grid
(200 mesh, R2/1, Quantifoil). The grid was blotted and plunge-frozen
in liquid ethane with FEI Vitrobot Mark IV. The grids were loaded
onto an FEI Titan Krios electron microscope operated at an acceler-
ating voltage of 300 kV. Image stacks were recorded on a K2 Sum-
mit direct electron counting detector (Gatan) set in counting mode
using SerialEM (http://bio3d.colorado.edu/SerialEM/) with a defo-
cus range of —1.5 and —2.5 um at a pixel size of 1.014 A per pixel. A
total of 40 frames were acquired in 8 s for each image stack, giving a
total electron dose of 50 to 53 e/A”. Last, 4465, 2143, 2504, and
2320 image stacks were acquired for ggCaSR-active, ggCaSR-NAM,
ggCaSR-PAM, and ggCaSR-inactive sample, respectively.

Image processing

The recorded image stacks were processed by MotionCor2 (58) for
a 5 x 5 patch drift correction with dose weighting. The non-dose-
weighted images were used for contrast transfer function (CTF) es-
timation by CTFFIND 4 (59). Images of poor quality were removed
before particle picking. Particles were semiautomatically picked
from dose-weighted images by Gautomatch (www.mrc-lmb.cam.
ac.uk/kzhang/) and extracted by RELION-3 (60) in a box size of
280 pixels.

For the ggCaSR-active dataset, two rounds of 2D classification
were performed in RELION-3 to remove contaminations, ice, and
bad particles, yielding 486,941 good particles. The selected particles
were then used to generate the initial model with an ab initio method
with C1 symmetry in CryoSPARC-2 (https://cryosparc.com/). The
initial model was pass-filtered to 30-A resolution and applied to the
first round of 3D classification in RELION-3. The particles were
divided into four subsets, two of the four classes showed structure
feathers, and their particles were selected for 3D autorefine with C1
symmetry. Particle subtraction was performed to remove the con-
tribution of the detergent density from alignments and subsequent
3D refinement. The subtracted particles were further selected by
two rounds of 3D classification. The selected particles were subject-
ed for another round of 3D autorefine. The subsequent 3D classifi-
cation was carried outbyapplyingamaskaround the transmembrane
domain and without particle rotation and translation alignment using
the 3D-autorefined particles. After this round of 3D classification,
one of the three classes containing 100,488 particles with better den-
sity in the TM domain was selected for focused refinement of the
TM region and then refined to 4.3-A resolution in RELION-3.
The selected 100,488 particles were re-extracted and transferred to
CryoSPARC-2 for 3D classification using heterogeneous refinement.
A total of 86,921 particles were selected for nonuniform refinement
and then refined to 3.2-A resolution. These particles were duplicated
by symmetry expansion according to C2 symmetry and through an-
other round of local refinement with nonuniform adaptive regula-
tion in CryoSPARC-3 focused on the ECD region, resulting in map of
ECD region at 2.9-A resolution (C1 symmetry). The two individual
maps of TM and ECD were aligned on ggCaSR-active whole map
and merged in Chimera software (www.rbvi.ucsf.edu/chimera). Image
process protocols of the ggCaSR-NAM dataset and the ggCaSR-PAM
dataset are similar to those described for the ggCaSR-active dataset.
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For the ggCaSR-inactive dataset, two rounds of 2D classification
were performed in RELION-3 to remove contaminations, ice, and
bad particles, yielding 312,631 food particles. The selected particles
were transferred to CryoSPARC-2 to generate the three initial mod-
els with an ab initio method with C1 symmetry. The initial models
were applied to a further round of 3D classification using heteroge-
neous refinement, and one of the three classes with better structure
feathers was selected for a further round of 3D heterogeneous re-
finement. The final selected 80,184 particles were refined to 7.2-A
resolution using nonuniform refinement.

The stated resolutions were evaluated using the “gold-standard”
FSC (Fourier shell correlation) = 0.143 criterion. The local resolu-
tion was calculated by ResMap (61). Data collection and recon-
struction statistics are presented in table S2.

Model building and refinement

Model building of the VFT and CR-TM region of ggCaSR-active
took advantage of the crystal structure of H. sapiens CaSR extracel-
lular domain [Protein Data Bank (PDB): 5K5S] and cryo-EM struc-
ture of mGlu5 (PDB: 6N52), respectively. Model of H. sapiens CaSR
VFT domain and CRD-TMD of H. sapiens mGlu5 were fitted into
ggCaSR-active map in Chimera, and the prefitted model was re-
fined by PHENIX (62) in real space with secondary structure and
geometry restraints. The residue assignment and side-chain orien-
tation were further refined in COOT software (63) according to the
density map. Sequence assignment was mainly guided by secondary
structure prediction results from PSIPRED (64) and visible densi-
ties of residues with bulky side chains (Trp, Phe, Tyr, and Arg). The
model was refined by PHENIX real_space_refinement with second-
ary structure and geometry restraints. The ggCaSR-NAM structure
and the ggCaSR-PAM structure were built and modified from the
refined ggCaSR-active model. The quality of the models was assessed
with MolProbity (65). Refinement statistics and validation statistics
for the ggCaSR-active, ggCaSR-NAM, and ggCaSR-PAM models are
shown in table S2.

Inositol phosphate measurement

Inositol phosphate accumulation was quantified with the homoge-
neous time-resolved fluorescence (HTRF) IP-One Tb kit (Cisbio
Bioassays, Codolet, France), which measures the accumulation of IP;,
a metabolite of inositol 1,4,5-trisphosphate (IP3). HEK293T cells
were transfected with plasmids encoding FLAG-ggCaSR. One day
after transfection, the cells were resuspended in the stimulation buffer
[10 mM Hepes-NaOH, 0.5 mM MgCl,, 4.2 mM KCl, 146 mM NaCl,
5.5 mM glucose, 10 mM 1-Trp, and 50 mM LiCl (pH 7.4)] contain-
ing either dimethyl sulfoxide (DMSO), 30 uM NPS-2143, or 30 uM
evocalcet and an increasing concentration of extracellular calcium.
The cells were seeded in HTRF 96-well low-volume plate (Cisbio
Bioassays, Codolet, France) and incubated at 37°C for 1 hour. The
stimulated cells were lysed, and the native IP; that had been pro-
duced was incubated with a d2 fluorophore-labeled IP; analog (the
acceptor) to compete for binding to an Tb** cryptate-coupled
anti-IP; monoclonal antibody (the donor). Fluorescence data were
collected at 620 and 665 nm with the Varioskan LUX Microplate
Reader (Thermo Fisher Scientific, Waltham, USA) after laser exci-
tation at 340 nm. The fluorescence resonance energy transfer (FRET)
signal was calculated as the fluorescence ratio (665/620 nm) and is
inversely proportional to the concentration of native IP; produced.
Data analysis was performed using the nonlinear regression algorithm
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in Prism (GraphPad Software, San Diego, CA, USA). Data points
represent averages = SEM of multiple experiments, each consisting
of triplicate measurements.

Cell surface receptor expression

Cell surface expression was measured by flow cytometry. HEK293T
cells cultured in Dulbecco’s modified Eagle’s medium with 10% fe-
tal bovine serum were seeded onto a six-well plate 12 hours before
transfection. Cells were transfected with 3 pg of DNA and 9 ug of
polyethyleneimine per well. Twenty-four hours after transfection, cells
were washed and detached in 1 ml of Dulbecco’s phosphate-buffered
saline (DPBS) supplemented with 3% bovine serum albumin (BSA).
Cells (1 x 10°) were then resuspended in DPBS containing 3% BSA
and anti-FLAG M2 antibody (Sigma-Aldrich, F1804). After incuba-
tion for 60 min at room temperature, the cells were washed five times
by centrifugation at 200g for 3 min and resuspended in ice-cold
DPBS containing 3% BSA and Alexa Fluor 488-conjugated second-
ary antibody (IgG H&L, Abcam, ab150113). After incubation at 4°C
for 60 min in the dark, the cells were washed with DPBS, passed
through a cell strainer, and analyzed by flow cytometry on BD LSR
Fortessa (BD Biosciences) with an excitation wavelength of 488 nm
and emission at 530 nm. Expression levels as measured by mean
fluorescence were normalized to the level of wild-type ggCaSR
expression.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/23/eabg1483/DC1

View/request a protocol for this paper from Bio-protocol.
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