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The calcium-sensing receptor (CaSR) is a family C G-protein-coupled receptor! (GPCR)
that has a central role in regulating systemic calcium homeostasis>*. Here we use

cryo-electron microscopy and functional assays to investigate the activation of
human CaSR embedded in lipid nanodiscs and its coupling to functional G; versus G,
proteinsin the presence and absence of the calcimimetic drug cinacalcet. High-
resolution structures show that both G;and G, drive additional conformational
changesinthe activated CaSR dimer to stabilize a more extensive asymmetric
interface of the seven-transmembrane domain (7TM) that involves key protein-
lipidinteractions. Selective G;and G, coupling by the receptor is achieved through
substantial rearrangements of intracellular loop 2 and the C terminus, which
contribute differentially towards the binding of the two G-protein subtypes, resulting
indistinct CaSR-G-protein interfaces. The structures also reveal that natural
polyamines target multiple sites on CaSR to enhance receptor activation by zipping
negatively charged regions between two protomers. Furthermore, we find that

the amino acid L-tryptophan, a well-known ligand of CaSR extracellular domains,
occupies the 7TM bundle of the G-protein-coupled protomer at the same location
as cinacalcet and other allosteric modulators. Together, these results provide a
framework for G-protein activation and selectivity by CaSR, as well as its allosteric
modulation by endogenous and exogenous ligands.

Strict regulation of circulating Ca*" levels, a crucial component of
human physiology, relies heavily on CaSR. This receptor detects
increasesinserum calcium and activates G-protein signalling torestrict
the secretion of parathyroid hormone (PTH) and promote renal calcium
excretion®?, Hundreds of naturally occurring mutations in human CaSR
lead to various diseases, including familial hypocalciuric hypercalcae-
miatypel, severe neonatal hyperparathyroidism, autosomal dominant
hypocalcaemiatype1(ADHI1) and type 5 Bartter syndrome®*. Reduced
expressionand activation of CaSR are observed in patients with chronic
kidney diseases, which affect nearly 10% of the global population®®.
CaSR belongs to family C GPCRs, which also include the
y-aminobutyric acid B (GABAg) and metabotropic glutamate (mGlu)
receptors (mGlul-mGlu8) that modulate neurotransmission. Family
CGPCRsfunctionas obligate homo- or heterodimers with endogenous
ligands engaging the extracellular domain (ECD) that resides away
from the membrane plane and typically encompasses a ligand-binding
Venus flytrap domain (VFT) connected to the signature 7TM bundle
through, in most cases, a cysteine-rich domain (CRD). Members of
this family exhibit distinct G-protein coupling selectivity. mGlul and
mGlu5 activate multiple G proteins including G,;;, whereas the other
mGlureceptors preferentially activate G;, (refs.7,8). On the other hand,
CaSR predominantly activates both G, and G,, subtypes>*®. Earlier

structural studies with detergent-solubilized mGlu2, mGlu4 and GABA;
(refs.10-12) have revealed that family C GPCRs employ aunique mecha-
nismto coupleto G;thatinvolves areorganization of intracellular loops
without the opening of the 7TM bundle. However, it has been unclear
whether thismechanism applies to other G-protein subtypes, and how
G-protein selectivity is achieved by family C receptorsin general.

A notable feature of CaSR is that it is engaged by various natural
ligands, including polyvalent cations such as Ca*', anions such as
phosphate, L-amino acids, peptides and polyamines™**, Changes in the
relative concentrations of these ligands under different physiological
conditions can either promote or inhibit receptor activation, and thus
CaSRappearstobeafine-tunedsignalling platform that integrates vari-
ous chemicalinputstoelicitits physiological effects. CaSRis targeted
therapeutically by synthetic positive and negative allosteric modulators
(PAMs and NAMs) that potentiate receptor activation or inactivation,
respectively”. For example, cinacalcet is an FDA-approved PAM drug
targeting CaSR that is used for the treatment of secondary hyperpar-
athyroidism and parathyroid carcinoma. Although cryo-electron
microscopy (cryo-EM) structures of human CaSR bound to different
ligandsincluding Ca*, L-tryptophan (Trp) and PAMs or NAMs have been
reported'® 8, the binding modes of other ligands such as polyamines
have not been characterized.
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Fig.1|Cryo-EMstructures ofthe active-state CaSR and CaSR-G-protein
complexesinlipid nanodiscs. a-c, Cryo-EM maps of the cinacalcet (CINA)-
boundactive-state CaSR (a), CaSR-G; (b) and CaSR-G, (c) complexes inlipid
nanodiscs. d,e, Asymmetric 7TM configuration and dimer interfacein the
CINA-bound CaSR-G;structure. Two diametrically opposite views parallel
tothe membrane plane show the upper phospholipid (d) and the lower

Here we sought to establish an enriched mechanistic framework for
CaSRactivation and G-protein subtype coupling. Cryo-EM snapshots of
human CaSRreconstituted in lipid nanodiscs, complemented by func-
tional data, reveal how CaSR uses anasymmetric interface stabilized by
lipids and spermine molecules to activate G protein in one protomer;
how G;and G, engage the same receptor elements that adopt different
conformations; how the 7TM PAM cinacalcetinduces side-chain rear-
rangements to promote G-protein coupling; and that the naturalamino
acid Trp canengage the 7TM bundle in the absence of exogenous PAMs.

Reconstitution of CaSR-G; and CaSR-G, complexes

To evaluate the G-protein selectivity landscape of CaSR, we imple-
mented a cell-based bioluminescence resonance energy transfer (BRET)
assay" tomonitor receptor-stimulated G-protein activation within the
four major classes (G, G0, Gou and Gy,y13) upon the addition of Ca™.
Levels of activation by CaSR were compared against the activation of
G-protein subtypes by neurotensin receptor 1(NTSR1), a promiscuous
GPCR that activates most G proteins, or the 3, adrenergic receptor
(B,AR), whichstrongly activates G,. The results showed that CaSR mainly
activates the G;,and G,;; subtypes (Extended DataFig. 1a,b), consistent
with the physiologicalimportance of G, and G, signalling pathways
for systemic CaSR function®?. We further confirmed the G-protein
preference of CaSR in a complementary cellular G-protein activation
assay that monitors the binding of released By-Venus fusion protein
to amembrane-associated NanoLuc-tagged GRK3 C-terminal frag-
ment® (Extended DataFig. 1c,d). Accordingly, we sought to reconstitute
complexes of CaSRwith G;; (hereafter referred to as G,) and with G, for
structural studies.
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phospholipid and cholesterol (e). Cinacalcet, phospholipids (assigned as
dioleoylphosphatidylcholine; DOPC), cholesterol and spermine are shown
asspheres.Key residues thatareinvolvedinthe 7TM dimer interface are shown
assticks. f, Comparison of the structures of the CaSR-G;complex and the
active-state CaSR (CaSR*) shows further compaction of the two 7TM bundles.

Althoughacomplexbetween G;and CaSR inlauryl maltose neopentyl
glycol (LMNG) detergent micelles could be isolated in the presence
of Ca?, Trp and cinacalcet (Extended Data Fig. 1f), a low-resolution
cryo-EM reconstruction revealed that the receptor assumes an
active-like conformation but G;remainsin aninactive state (Extended
DataFig.2a-d). Thisis evident fromthe ordered a-helical domain (AHD)
packed against the Ras domain of G, similar to the crystal structure of
inactive, GDP-bound G; (ref. 21) (Extended Data Fig. 2e,f), and suggests
that CaSR is deficient in activating G;in LMNG detergent micelles. Of
note, structure docking shows that anextended C terminus of the Ga; a5
helixis positioned right below the receptor (Extended Data Fig. 2f), indi-
catingthat we trapped anintermediate state that precedes the ejection
of GDP. Unlike our studies with the mGlu2-G, complex™, the detergent
micelles surrounding the 7TMs of activated CaSR appear to provide a
limited planar surface for the proper landing of Gy, whereas alipidic
environment may be necessary for activating G proteins. Indeed, recon-
stitution of the CaSR-G; complex into the relatively large MSP1E3D1
lipid nanodiscs (Extended Data Fig. 1g) enabled the release of GDP,
as evidenced by the disordered Go; AHD in high-resolution cryo-EM
maps (Extended Data Fig.3a,b). The global map of the nucleotide-free
CaSR-G,complexin nanodiscs was determined at aresolution of 3.1 A
with locally refined maps at resolutions of 2.8 A (VFT-CRD), 3.2 A
(CRD-7TM) and 3.2 A (Gai,By) (Fig. 1b and Extended Data Fig. 3a,c,d).

On the other hand, extensive cryo-EM trials to visualize nanodisc-
embedded wild-type CaSR in complex with G, failed. To enhance
complex stability, we used a NanoBiT tethering strategy* on an
engineered CaSR dimer” (with fused C1 and C2 tails from the GABA,
heterodimer) that behaves similarly to wild-type CaSR in functional
assays” (Extended Data Fig. 1e). This approach, coupled with an



optimized protocol (Methods), improved the reconstitution of the
CaSR-G, complex into nanodiscs (Extended Data Fig. 1i). Neverthe-
less, a relatively large cryo-EM dataset and extensive classifications
were necessary toisolate the particle populationrepresenting astable
complex (Extended Data Fig. 4a,b). The global map of the CaSR-G,
complex in nanodiscs was determined at a resolution of 3.6 A with
local refinement maps at resolutions of 3.1 A (VFT-CRD), 3.7 A (CRD-
7TM),and 3.9 A (Ga,By) (Fig. 1c and Extended Data Fig. 4a,c,d). From
thesame dataset, we alsoisolated a population of particles represent-
ing active-state CaSR in the absence of G, enabling a globalmap ata
resolution of 2.8 A, and local refinement maps at resolutions of 2.6 A
(VFT-CRD) and 3.2 A (CRD-7TM) (Fig. 1aand Extended DataFig. 4a,e,f).
Our CaSR-G; and CaSR-G, maps (Fig. 1b,c) both show that the CaSR
dimer engages one G protein at a time, similar to mGlu2, mGlu4 and
GABA; (refs.10-12). Notably, CaSR s positioned off-centre innanodiscs
that extend in one direction to allow the insertion of the lipidated Ga
N terminus and Gy C terminus into the lipid bilayer (Extended Data
Fig.4g). This observation further emphasizes the importance of a suf-
ficient membrane surface for assembling CaSR-G-protein complexes
(Extended Data Fig. 2g).

The asymmetric 7TM dimer interface

To better understand the conformational changes during CaSR
activation in a lipid bilayer, we also obtained a cryo-EM map of the
nanodisc-embedded inactive receptor in the absence of Ca*', albeit with
limited resolution owingtoreceptor flexibility (Extended Data Fig. 2h-j).
Thisinactive-state CaSR adopts a conformation with open-closed VFTs,
well-separated CRDs and flexible 7TMs (Extended Data Fig. 2k). By
contrast, nanodisc-embedded CaSRinthe active state—as well asin the
Gr-and G,-coupled states—exhibits closed-closed VFTs bound to Ca*,
Trpand phosphate, with the CRDsin close proximity, and well-resolved
7TMs (Fig. 1a-c, and Extended Data Figs. 5and 6a,b). The active-state
CaSR shows an asymmetric 7TM configuration similar to that seenin
detergent micelles” (Extended Data Fig. 6a), whereas the two 7TMs of
G;-and G,-coupled CaSR are substantially more compacted compared
with the active state (Fig.1a-c,f). This observation suggests that ligand
bindingto the ECDs aloneis not sufficient toinduce the fully active 7TM
configuration of CaSR in the absence of G proteins.

Theoverall similarity between the G;-and the G,-coupled structures
indicates that G-protein activation by CaSR depends on a common
dimerarrangement (Extended DataFig. 6b). However, in contrast to the
TM6-TM6 dimerinterfacein theactive-state structure (Extended Data
Fig. 6d), the two G-protein-coupled structures reveal a distinct asym-
metric7TM dimer interface mediated by TM6 of the G-protein-coupled
7TM (7TM¢c) and TM6 and TM7 of the non-G-protein-coupled 7TM
(7TMy¢c) (Fig. 1d,e and Extended Data Fig. 6e,f). The interface is
characterized by a markedly higher sitting position of TM6 of 7TM
relative to the opposing TM6, as is also evident when aligning the two
protomers on the VFTs (Extended Data Fig. 6¢). Of note, multiple
disease-causing CaSR mutations are localized to the 7ZTM dimer inter-
face, including F8O9L, I816T, S820F, F821L, A824P, F832S and V836L
(refs.23-27).

Another notable observationin the G-protein-coupled structuresis
the asymmetric binding of lipids at the 7TM dimer interface. On one
side, aphospholipid (referred to as the lower phospholipid) and acho-
lesterol molecule arebound to the hydrophobic cleftbetween TM5 and
TM6 of 7TMgc.and TM6 and TM7 of 7TM . (Fig. 1e). The two phospho-
lipid tails mediate multiple hydrophobic interactions with F788>* and
F809%*' along the 7TM dimer interface, and the negatively charged
head group closely contacts K805%* in both protomers (Extended
DataFig. 6e,f). The mutations K805A and F809A significantly impaired
the activation of both G;and G, by CaSR, and the combined F788A/
K805A and K805A/F809A mutations almost abolished CaSR-mediated
signalling (Extended Data Fig. 6g), highlighting an important role of
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Fig.2|Spermine-binding sites on CaSR. a, Two spermine molecules are bound
tothe ECL-CRDregionsin the CINA-bound CaSR-G;complex. The EM densities
ofthe spermine (at amap threshold of 1.4) and the upper phospholipid DOPC
(using the unsharpened map at a threshold of 0.45) are shown. Awater molecule
(red sphere) isobserved between E604 of the CRD and the lower spermine
molecule.b, The two spermine-binding sites located between the LB2 lobes
ofthe two protomersinthe CINA-bound CaSR-G,;complex. The EM densities
ofthe two spermine molecules are shown, using the unsharpened map ata
threshold of 0.3. ¢, Analysis of the spermine-binding sites by mutagenesis.
IP,-accumulation assays monitoring the responses of wild-type (WT) CaSR and
various CaSR mutants to Ca*" or spermine suggest that functional responses
tospermineare blunted by the mutations. The sample sizes and descriptions
oferrorbarsforallfigures are described in ‘Statistics and reproducibility’
inthe Methods.

protein-lipid interactions in the activation of G proteins by CaSR. On
the opposite side, better resolved in the CaSR-G;mapis a phospholipid
sitting on top of TM6 of 7TM (referred to as the upper phospho-
lipid) (Figs. 1d and 2a). The head group of this phospholipid inserts
into a cleft formed by Y8255, Y8295 and V83372 in 7TMyc, whereas
the phospholipid tails appear to form limited interactions with both
protomers and are not resolved in the CaSR-G, map (Extended Data
Fig. 7b). A weaker structural role for this lipid might be suggested by
the inappreciable effect of CaSR mutations Y825A, Y829A and V833A
in G-protein activation (Extended Data Fig. 6g). Nevertheless, in this
arrangement, the upper phospholipid might help to keep TM6 of
7TMygc in the downward position while the lower phospholipid sup-
ports the upward shift of TM6 of 7TM.

Spermine targets multiple sites on CaSR

Inboth the cinacalcet-bound CaSR-G; and the cinacalcet-bound CaSR-
G, maps, strong densities were observed inanarrow hydrophilic cleft
between the ECL-CRD regions of the receptor dimer (Fig. 2a and
Extended DataFig.7b). Given the shape and the surrounding negatively
chargedresidues, we hypothesized that these densities correspond to
either spermine or spermidine—two positively charged polyamines
that have been previously reported to act as CaSR agonists but with
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Fig.3|CasRformsintracellular pockets with distinct ICL2 conformations
forengaging Ga;and Ga,. a, Acomparison of the cytoplasmic regions of the
CaSR7TMbundlesintheactive state andin the G- and G,-bound states shows
thedisplacement of ICL3, TM3, TM4, TM5 and H8 (indicated by the arrows) and
the ordering of ICL2 and the C terminus after G-protein binding. Residues F801
inICL3and V702**and F706>* in TM3 form a hydrophobic patch to engage the
conserved hydrophobicresiduesin the a5 helix of both Ga;and Ga,. b, BRET-
based G-protein-activation assaysidentify residuesinICL2 and H8 that are

unknown binding sites?. Mass spectrometry confirmed the presence
of spermine but not spermidinein our sample (Extended DataFig. 7a),
consistent with the higher binding affinity of spermine to CaSR (ref. 28).
The bound spermine molecules probably originated from the insect
cells used for receptor expression, as polyamines are ubiquitously
present in all living cells to stabilize negative charges and regulate
diverse biological processes®.

The two spermine molecules bound to the ECL-CRD site are sta-
bilized by a network of electronegative and hydrophobic residues
including E604, E757 and Y829 (Fig. 2a and Extended Data Fig. 7b).
E757 in ECL2 forms salt bridges with the amine nitrogen of the upper
spermine, and there is a water-mediated ionic interaction between
E604 of the CRD and the last amine nitrogen of the lower spermine.
Nevertheless, the mutation E604A/E757A/Y829A, as well as a muta-
tion that also includes adjacent negatively charged residues in ECL2
(E604A/E755A/E757A/D758A/E759A/Y829A), still resulted in substantial
spermine-induced inositol monophosphate (IP,) responses (Fig. 2c),
suggesting the presence of alternative interactions between spermine
and CaSR. Indeed, closer examination of the CaSR-G; map identified
additional spermine-like densities located at two negatively charged
cleftsbetweenthelower VFT lobes (LB2) of CaSR (Fig.2b and Extended
DataFig.7c). Although mutating the two VFT sites alone (E228A/D238A/
E241A) had alimited effect on the spermine responses, mutating all
three spermine-bindingsitesinthe VFT and ECL-CRD regions (E228A/
D238A/E241A/E604A/E757A/Y829A and E228A/D238A/E241A/E604A/
E755A/E757A/D758A/E759A/Y829A) blunted spermine-induced CaSR
activation (Fig. 2c). The latter mutation that removes additional nega-
tive chargesin ECL2 resulted in high CaSR basal activity (Fig. 2c); thisis
likely to be aresult of decreased electrostatic repulsions between the
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TM3and H8 of the G;-coupled protomer and the a5 helix of Ga; in the CINA-
bound CaSR-G;complex.ICL2 (residues 707-722) is highlighted in turquoise.
d, InteractionsbetweenICL1, ICL2, TM3 and H8 of the G,-coupled protomer
and the a5 helix of Ga, in the CINA-bound CaSR-G, complex. The cytoplasmic
tipof TM4 and ICL2 (residues 707-722) are highlighted in turquoise.

dimers, which could increase the occupancy of the active conforma-
tion in the absence of ligand*°. Of note, E228K, E604K and E757K are
gain-of-function ADH1 mutations®,

The above observations suggest that positively charged polyam-
ines agonize CaSR by stabilizing the negatively charged patches at
the dimer interface while ‘zipping’ the ECDs and 7TMs. This activa-
tion mechanism is different from that elicited by Ca®*, which mainly
induces domainreorientationineachindividual protomer to promote
homodimer interactions' %, These findings explain why spermine can
function like aPAM to enhance Ca**-induced CaSR activation®*but also
as a CaSR agonist that is potentiated by the ECD PAM etelcalcetide"”
(Extended Data Fig. 7d,e). The spermine responses seem to be less
cooperative compared with the Ca* responses, as indicated by the
shallower Hill slope in the IP, assays (Fig. 2¢), owing possibly to the
lower number of spermine-binding sites on the receptor. We also note
that the spermine-binding sites are distinct from those of amino acids,
Ca? and PAMs, highlighting a complex regulatory mechanism for CaSR
and potential implications for its nutrient-sensing role**.

Common features of G;- and G-binding pockets

In the CaSR-G; and CaSR-Gg structures, the cytoplasmic regions of
7TMc differ substantially from those of 7TMy¢c, which retains the
conformation observed in the active-state structure (Extended Data
Fig.8a-f). After coupling to G, or G,, the cytoplasmic ends of TM3 and
TM4, aswell asintracellular loop 2 (ICL2) in 7TMg¢, become ordered and
extend downwards towards the G protein. This movementis accompa-
nied by an outward tilt of TM3 and a displacement of TMS5, with ICL3
moving towards the a5 helix of Ga, a downward shift of helix 8 (H8)



andthe ordering of the C terminus (Fig. 3a). These structural changes
create anintracellular pocket involving TM3, ICL1, ICL2, ICL3, H8 and
the C terminus to engage the a5 helix of Ga; or Ga, (Fig. 3a,c,d). We
monitored the effects of mutating residues that areinvolved informing
the G-protein-binding pockets through G;; and G, activation assays,
aswell as IP, assays that reflect mainly Ga, activation, butalso Go; toa
minor degree—as shown by the effect of pertussis toxin (PTX), which
is known to abolish Gay, activity™.

The movement of ICL3 seems to coordinate the ordering of the
cytoplasmic ends of the receptor and the engagement of G proteins.
F801in ICL3 undergoes a substantial displacement (around 7 A, as
measured by its Ca) and forms a hydrophobic patch with V7023%* and
F706>%® in TM3 to clamp onto the hydrophobic side of the a5 helix
(134416, 1.348"520 and L353"% in G, or L349"51¢, L353%320 and L3585
in Ga,), whereas R701** interacts with the backbone carbonyl of
C351">% in Ga; or Y3562 in Ga, to further stabilize the C-cap of the
oS5 helix (Fig. 3a,c,d). This agrees with IP; data showing that alanine
mutations of F801, R701>%* and F706** markedly reduced G-protein
signalling by CaSR (Extended DataFig. 9a). The ICL3-TM3 patch might
be a conserved element for G-protein activation by family C GPCRs,
because similar residues in mGlu2 and GABA; are also crucial for G;
coupling'® 2, Notably, the a5-helix binding pocket of CaSR contains
awell-ordered H8, which was not observed in the G;-coupled mGlu2,
mGlu4 or GABA, structures. R873%% in H8 forms hydrogen bonds with
D346">"”and Q350">" in the a5 helix of Ga,, and contacts the last resi-
due Y3542 jn Ga, (Fig. 3¢,d). Inline with this observation, the R873A
mutation impaired mainly G, but also G; signalling when assessed in
G-protein activation (Fig. 3b) and IP, assays (Extended Data Fig. 9a),
which could rationalize the loss-of-function phenotypes associated
with the disease-causing mutations R873H and R873P (ref.36). Further-
more, mutating T876 in H8 and K644 in ICL1 also impaired G-protein
signalling (Extended Data Fig. 9a).

Distinct conformations of ICL2 for G;and G, coupling

CaSR adopts distinct ICL2 conformations to interact with G;and G,
(Fig. 3¢,d). Inthe G;-coupled protomer, the ICL2 residues H715-W719
form a short a-helix that orients downwards to interact with the a5
helix of Ga,. R716 forms several salt bridges with E350"5%, and W719
makes extensive contacts with E350"22and C351">% (Fig. 3c). Thus, the
disease-associated CaSR inactivating mutation R716H (ref. 37) might
act by weakening the ICL2-G; interactions. By contrast, when bound
to G, ICL2 adopts aloop conformation and shifts upwards, accom-
panied by a helical extension of TM4 (Fig. 3d). This rearrangement of
ICL2is due mainly to the bulky residue Y3562 in the aS helix of Ga,,
which would clash with the helical conformation of ICL2 observed in
the G-coupled protomer. As a result, ICL2 is positioned further away
from Ga,, with F714 and T712 making limited contacts with Y356
(Fig. 3d). The marked conformational changes of ICL2 enable differ-
ent sets of residues to engage with G;and G, suggesting thatithasa
crucial role in determining G-protein specificity. In agreement with
this interpretation, the R716A/W719A mutation in ICL2 substantially
impaired G;but not G, signalling, whereas the T712A/F714A mutation
reduced G, but not G;signalling (Fig. 3b). These findings highlight the
importance of ICL2 in mediating G-protein selectivity by CaSR, and in
particular for G, coupling.

We also note that ICL2 establishes different interactions with the
N terminus of Ga; and Ga,. The ICL2 of the G;-coupled protomer fits
into a hydrophobic groove formed by the aN-1 junction, the 32-
B3 loop and the a5 helix of Ga;, whereas the ICL2 of the G,-coupled
protomer is positioned further away from the N terminus of Go, with
onlyK709 interacting with S198**?in the 2-f3 loop of Ga, (Extended
Data Fig. 8g,h). Differences in this region might be related to the 20°
rotation of the aN helix between Go; and Ga, (Extended Data Fig. 8i),
and the mutations K709A, 1710A and P711A had limited effects in our

H8

C terminus

-
o]
1

-
(o2}
1

AUC (mVenus/NLuc)
AUC (mVenus/NLuc)

-3.0 -2.5 -2.0 -3.0 -2.5 -2.0
log[Ca?*] (M) log[Ca?*] (M)
O WT O H879A O F881A @ T888D O F881A/T888D @ A887

Fig.4|The CaSR Cterminus adopts opposing orientationsfor G;and G,
coupling. a, Theinteractioninterface between the C terminus of the Gi-coupled
protomer and Ga; in the CINA-bound CaSR-G;complex. Theresolved C terminus
(residues 878-887) is highlighted in turquoise and its orientationis indicated
by thearrow. b, Theinteractioninterface between the C terminus of the
G,-coupled protomer and Ga, in the CINA-bound CaSR-G, complex. The
resolved C terminus (residues 878-890) is highlighted in turquoise and its
orientationisindicated by the arrow. ¢, Functional BRET-based G-protein-
activation assays show thatkey residuesinthe CaSR C terminusinteracting
with Gagare crucial for the activation of G, but not that of G;.

IP, assays (Extended Data Fig. 9a), suggesting that this interface is less
important for complex formation.

Opposing orientations of the CaSR C terminus

Althoughitisdisorderedinthe NGC protomers, the CaSR C terminusis
resolved up toresidue 887 inthe G-coupled protomer and up toresidue
890inthe G,-coupled protomer, inline with the previous finding that
residues between 874 and 888 are crucial for CaSR signalling®. The
most notable observation is that the CaSR C terminus adopts oppos-
ing orientations for the two distinct classes of G proteins (Fig. 4a,b).
Inthe G;-coupled protomer, the C terminus (residues 878-887) adopts
aloop conformation and inverts its orientation after F881 towards
the C-terminal lobe of the Ga; Ras domain. By contrast, when bound
to G, the C terminus (residues 878-890) forms a H8 extension and
further extends towards the N-terminal lobe of the Gat Ras domain
(Extended DataFig. 8j). The overall EM density for the C terminusin the
G;-coupled protomer is substantially weaker than thatin the G,-coupled
protomer (Extended Data Fig. 5¢), indicating that the C terminus is
less critical for G; coupling. In addition, the distinct orientations of
the CaSR C terminus could be linked to the different positions of the
Ga o5 helix and Ras domain in the two G-protein-coupled complexes
(Extended DataFig. 8j).

A series of observations explain how the CaSR C terminus engages
G; and G, with distinct orientations. First, H879 in the G,-coupled
protomer is stabilized by K345"*"in the a5 helix of Ga,and P798in ICL3
(Fig.4b), whereas H879 in the G;-coupled protomer is positioned differ-
ently and makes no contact with Go, (Fig. 4a). Inline with these findings,
the H879A mutationaffected G, coupling but not G; coupling (Fig. 4c),
which is also recapitulated in the IP, assay (Extended Data Fig. 9a,b).
Second, the side chain of F881in the G,-coupled protomer points
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towards and is stabilized by a hydrophobic cleft formed by Y325%7,
F339"%¢and A342">?in Ga, (Fig. 4b). By contrast, the side chain of F881
inthe G;-coupled protomer faces away from Ga; to avoid a steric clash
with the negatively charged residue D337 in the a5 helix (Fig. 4a and
Extended DataFig. 8k,l), facilitating the disruption of H8 and inverting
the orientation of the C terminus. Furthermore, T888 in the G,-coupled
protomer is situated between the side chains of R338"5° and F341"58
inthe a5 helix (Fig. 4b) whereas T888is not resolved in the G-coupled
protomer. We note that residues R*- and F*>® are highly conserved in
the Ga; class (Extended Data Fig. 8m), and F**®Lis a gain-of-function
mutation identified in Gay, that causes hypocalcaemia®. Moreover,
superposition of the G;-and G,-coupled protomers on the 7TM shows
that the C terminus in the G,-bound conformation would clash with
residues K192°%3'and Q333" in Go; (Extended Data Fig. 8k), and that
the C terminusinthe G;-bound conformation would not be compatible
with the a5 helix of Ga, (Extended Data Fig. 8l).

The CaSR C terminus confers G, selectivity

The above analysis suggests that G-protein recognition by CaSR is
determined mainly by ICL2 and the C terminus of the receptor, which
undergo substantial conformational changes to accommodate the dif-
ferencesinthe a5 helixand core region of Ga; and Ga,. Compared with
G;, themore stableinteractions observed between the CaSR C terminus
and G, could partially compensate for the lack of strong interactions
betweenICL2and G,,.

We performed further mutagenesis experiments to examine the
importance of the CaSR C terminus in G, coupling. IP,datashowed that
two truncation mutants terminating at residues 882 (A882) and 886
(A886) almost entirely abolished G signalling (Extended Data Fig. 9b).
Consistent with the observation that A884 in the C terminus closely
contactsthe a5 helix of Go, (Extended Data Fig. 8k), the A884W muta-
tionsubstantiallyimpaired G,-mediated signalling inIP, assays, whereas
the mutations A885W, R886A and A887W, pointing away from the a5
helix of G,, had a minimal effect on G, signalling (Extended DataFig. 9b).

CaSRactivation hasbeenshownto stimulate the phosphorylation of
residue T888 in the C terminus by the primary protein kinase C (PKC)
enzyme***?, whichin turn downregulates CaSR signalling. On the basis
of our structures, phosphorylation of T888 mightimpede its binding
to G, but not to G, thereby leading to biased G-protein signalling. In
agreement with this hypothesis, the truncation mutant A887, which
abolishes the binding of T888 to G, severely attenuated G, signalling
without affecting G; signalling (Fig. 4c). Therefore, the physiological
function of T888 phosphorylationiis likely to selectively uncouple G,
signalling from CaSR activation. The structural and functional data
also suggest that the gain-of-function TS88M mutation** could act by
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disrupting phosphorylation and increasing hydrophobicinteractions
with G,. Inaddition, we found that the single-site mutations F881A and
T888D (the T888A mutant did not express well) in the CaSR C terminus
had aminimal effect on G,and G; signalling (Fig. 4cand Extended Data
Fig.9b), whereas the combined F881A/T888D mutation considerably
attenuated G, coupling but not G; coupling (Fig. 4¢), suggesting that
these two key residuesintheinteractioninterface (Fig.4b) complement
each other for recognizing G,.

Collectively, our structural and functional data highlight the crucial
role of the CaSR C terminus in G, coupling, which might be further
regulated by T888 phosphorylation. By contrast, the CaSR C terminus
seems to contribute less to G; coupling, because strong interactions
with G; are conferred by ICL2. The differential binding contributions
of ICL2 and the C terminus for G;and G, further illustrate how these
receptor elements mediate selective G-protein coupling.

The 7TMs in the presence and absence of cinacalcet

Theactive-state CaSR in nanodiscs shows different poses of cinacalcet
in the two 7TMs, analogous to the active-state receptor in detergent
micelles” (Extended Data Fig. 6a). In both G;- and G,-coupled CaSR,
7TM. exhibits abent cinacalcet, whereas 7TMyc contains anextended
cinacalcet (Fig.1d,e and Extended DataFig.10a,b), further suggesting
key structural differences between the two 7TMs in activated CaSR.
Superposition reveals that F8215*3 in the TM6 W4 °XXF*XP** motif (in
which ‘X’ denotes any amino acid) retains the inward-pointing inactive
conformation”®in 7TMyc, whereasit flips outwards towards the dimer
interface, leading to a TM6 kink in 7TM (Fig. 5c and Supplementary
Video1). The outward flipping of F821*** appears to be promoted and
stabilized by the folding down of cinacalcet’s phenyl group, which
would clash with theinward-pointing conformation of F821%%, In addi-
tion, G-protein binding appears to be associated with a slight upward
displacement of TM6, including W818%° and P823°% (Fig. 5c).

We note that our earlier functional analysis with CaSR mutants sug-
gested that 7TM,, favours the extended PAM, including cinacalcet”.
However, the unambiguous EM densities of cinacalcet in the CaSR-G;
and CaSR-G, maps (Extended DataFig. 5b,c) indicate that the C781W/
1822W (favouring the extended pose) or the L773W/V833W (favouring
the bent pose) mutantin our previous experiments did not efficiently
occlude one pose of PAM while favouring the other pose. Indeed, our
modelling reveals that the C781W/1822W mutation might have no effect
on the binding of either pose, whereas the L773W/V833W mutation
mightimpede PAM binding regardless of the conformations (Extended
DataFig.10j,k).

To decipher PAM-induced conformational changes and the native
7TM configuration of G-protein-coupled CaSR, we further determined



the cryo-EMstructure of the nanodisc-embedded CaSR-G;complexin
the absence of exogenous PAMs at aglobal resolution of 3.5 A, with local
refinement maps at resolutions of 2.9 A (VFT-CRD), 3.5 A (CRD-7TM)
and 3.5 A (GoBy) (Fig. 5a and Extended Data Figs. 1h and 3e-h). This
PAM-free complex reveals an additional density in 7TM¢. but not in
7TMyqc. This density is a good fit for Trp, a co-factor we added during
protein purification. Theindole ring of Trp occupies a similar position
tothat ofthe naphthylethylamine group of cinacalcet (Extended Data
Fig. 10f) and interacts with several PAM-binding residues, including
17775**, F684* and E8377*? (Fig. 5b and Extended Data Fig.10d). How-
ever, Trplacks aphenyl group like cinacalcet to facilitate the rearrange-
ment of F821%%, suggesting that this amino acid could function as a
weak 7TM PAM. Supporting this notion, the PAM-free map reveals a
weak density corresponding to adifferent rotamer of W818%*°in 7TM
(Extended Data Fig.10g), positioned similarly to the inactive conforma-
tion of W818°**in the NAM-bound inactive structures™®, Nevertheless,
the hydrophobicindole ring of this alternative rotamer appears to be
incompatible with the polar carboxyl group of Trp (Extended Data
Fig.10g). This suggests that some of the complexes used in the final
three-dimensional (3D) reconstruction may not have abound Trp in
7TM¢ to stabilize W818%%°, potentially explaining why the W818°A
mutation had no measurable effect on normal Ca*-mediated CaSR
activation™'8, Except for these differences, 7TM. in the PAM-free
and cinacalcet-bound CaSR-G; complexes exhibits high similarity
(Extended Data Fig. 10c,f).

By contrast, 7TMyc in the PAM-free complex exhibits a modula-
tory site without a bound ligand (Extended Data Fig. 10e), which sug-
gests that Trp has a substantially lower binding affinity for 7TMygc
than does cinacalcet. Superposition of the two 7TMs in the PAM-free
complex reveals marked conformational differencesin TM5and TM6
(Supplementary Video 2), further highlighting the 7TM asymmetry of
G-protein-coupled CaSR. 7TM. shows an outward movement of TM5
away fromthe 7TM core, whichis probably due to Trp binding (Fig. 5b).
Furthermore, 7TM¢c shows an upward movement of TM6 relative to
7TMygc, Whichis more pronounced than that in the cinacalcet-bound
CaSR-G; complex (Fig. 5b,c). Superposition of 7TMy¢c from the
PAM-free and cinacalcet-bound CaSR-G; structures also reveals a
cinacalcet-induced outward repositioning of TM5 (Extended Data
Fig.10h), an aspect that could be useful for designing improved 7TM
modulators.

Discussion

More than 30 years since the discovery of CaSR*, the mechanisms by
which this GPCR instigates signalling have remained enigmatic. The
structures presented here, supported by mutagenesis and functional
data, show how the CaSR homodimer activates distinct heterotrimeric
G proteins with mechanisms that are highly relevant for other family C
GPCRs. Although the Cl1and C2 tails (withand without NanoBiT) were
used in the constructs to reconstitute the G,-coupled and PAM-free
complexes (Extended DataFig. 1h,i), these modifications showed high
flexibility and allowed the engineered CaSR to activate G, or G; similarly
to the wild-type receptor without affecting its structural properties
(Supplementary Fig.1). Our results also provide insights into how CaSR
function is regulated by diverse ligands, including polyamines, Trp
and PAMs, as well as by C-terminal phosphorylation, and how known
mutations might interfere with CaSR activation to cause diseases. We
hope that these findings will support future strategies targeting the
modulation of receptor activity within specific therapeutic windows.

The question of which CaSR protomer is primed to engage the G
proteinremainsintriguing andis relevant to the development of thera-
peutics. Several lines of evidence lead us to postulate that the CaSR
protomer with the extended PAMin the active state couples to the G pro-
tein and that this coupling isaccompanied by PAM rearrangements in
both protomers. First, the higher 7TM sitting position of this protomer

relative to the opposing 7TM (Extended Data Fig. 6d) is consistent
with that of 7TM in our G-protein-coupled structures. Second, the
7TM of this protomer is less tilted and positioned further towards the
cytoplasm compared withthe other 7TM (Extended Data Fig.10i), ren-
deringitmore accessible to G proteins. Moreover, if the protomer with
the bent PAM couples to the G protein, its 7TM would need to undergo
amarked upward shift to establish the dimerinterface observedin the
CaSR-G complexes (Extended Data Fig. 101), an unlikely transitionin
the lipid bilayer unless other unknown factors exert forces. Of note,
the toggle switch residue F821%**in both protomers of the active-state
CaSR shows the outward-facing active conformation (Extended Data
Fig. 6d), suggesting that the additional 7TM compaction after G-protein
coupling causes F821%% in 7TMy to flip back to the inactive conforma-
tion. This side-chain movement can also drive the PAM rearrangements,
asaninward-pointing F821***would clash with the bent pose (Fig. 5c).

The unexpected observation of a Trp molecule occupying 7TM
suggests that thisaromaticamino acid has arole as anallosteric modu-
lator beyond its well-described binding at the VFTs. Our IP,and GTPyS
assays did not detect effects in Trp-induced CaSR activation using
an ECD-truncated CaSR (ref. 15) (Extended Data Fig. 9c,d), indicating
that—at least under our experimental conditions—allosteric modula-
tionby Trp atthe 7TM bundle would be weak. Nevertheless, the finding
suggeststhat therapeutic 7TM PAM drugs have exploited the same bind-
ing site used by endogenous ligands of CaSR. Itis also possible that the
7TMbundle of CaSR accommodates additional aromatic amino acids
suchas Phe (Supplementary Fig. 2). Collectively, these resultsimprove
our understanding of the variety of integrated signals driving CaSR
activation; these range from Ca*" and phosphate to positively charged
polyamines and aromatic amino acids, and engage multiple sites across
the VFT, CRD and 7TM domains of the receptor. The fine-tuning of vari-
ousreceptor sites for sensing environmental cues explains the relative
high number of disease-causing mutations in CaSR.
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Methods

Construct generation

For expressionininsect cells, human CaSR (UniProt: P41180, residues
20-894) was cloned into a pFastBacl vector with an N-terminal hae-
magglutinin (HA) signal sequence followed by a Flag tag and a 3xAla
linker as described previouslyY. This wild-type (WT) CaSR construct
(Flag-CaSR) was used as the template for generating human CaSR-C1
and CaSR-C2 constructs. To make CaSR-C1, the DNA sequence of the
GABAg, C-terminal tail as well as an endoplasmic reticulum retention
motif” was inserted at the C terminus and the Flag tag was replaced
with a Twin-Strep tag (WSHPQFEKGGGSGGGSGGSAWSHPQFEK). To
make CaSR-C2, the sequence of the GABA;, C-terminal tail with the
endoplasmicreticulum retention motif wasinserted at the C terminus.
We have previously shown that only the CaSR-C1-CaSR-C2 heterodimer
could reach the cell membrane; this has G-protein signalling profiles
that are comparable with those of CaSR homodimers". The LgBiT
(ref. 22) sequence was fused to the C terminus of CaSR-C2 after a
SGGS linker for NanoBiT tethering with G,. For expression in HEK293
cells, human CaSR (WT and mutants), CaSR-C1-CaSR-C2 and the
ECD-truncated CaSR (residues 599-894) were cloned intoa pcDNA3.1(+)
vector as described previously”.

Wild-type human Ga;;, adominant-negative (DN) human Gaoy; (ref. 45)
and amodified human Ga, (the N-terminal 28 residues were replaced
with the N-terminal 22 residues of Ga;; forimproving the expression*®)
were cloned into a pFastBacl vector. The human Gf, or Gf3;-SmBiT
containing a C-terminal SmBiT connected with a 15-residue linker?,
together with human Gy,, were cloned into the pFastBac Dual vector
with a10xHis tag at the N terminus of Gf3,.

Mutants used in this study were generated with the Q5 Site-Directed
Mutagenesiskit (New England Biolabs) or with the standard QuikChange
method using PrimeSTAR Max DNA Polymerase (Takara).

Expression and purification of CaSR

Wild-type CaSR was expressed in Spodoptera frugiperda Sf9 cells
(Expression Systems, authenticated by supplier, not tested for myco-
plasma) as described previously”. CaSR-C1-CaSR-C2 and CaSR-C1-
CaSR-C2-LgBiT were expressed by infecting Sf9 cells at a density of
3.5 million-4 million cells per ml with 1% culture volume of P2 bacu-
loviruses for each protomer. Cells were collected 48 h after infection
andthe pellets were snap-frozeninliquid nitrogen and stored at -80 °C
until use.

For purification of CaSR that formed the cinacalcet-bound complex
with G; or G, cell pellets were thawed in 20 MM HEPES pH7.5,150 mM
NaCl,10 mM CaCl,, 10% glycerol,10 mM Trp, protease inhibitors, benzo-
nase and 20 uM cinacalcet, and lysed by nitrogen cavitation. The lysate
was centrifuged at 1,000g for 10 min to remove unbroken cells and
nuclei,and membranes were collected by centrifugation at100,000g
for 30 min and solubilized in the same buffer with the addition of 1%
n-dodecyl-B-maltoside (DDM) and 0.2% cholesteryl hemisuccinate
(CHS) for 2-3 h, followed by centrifugation at 100,000g for 30 min.
The resulting supernatant was incubated with anti-DYKDDDDK G1
affinity resin (GenScript) for WT CaSR or with Strep-Tactin XT 4Flow
resin (IBA) for CaSR-C1-CaSR-C2-LgBiT for 3 h or overnight. The resin
was thenwashed in the buffer containing 20 mM HEPES pH 7.5,150 mM
NacCl, 10 mM CacCl,, 5% glycerol, 40 uM Trp, 20 uM cinacalcet, 0.02%
DDM and 0.004% CHS and transferred to a gravity flow column. The
columnwas washed with ten column volumes of the same buffer with
0.02% DDM and 0.004% CHS. Protein was eluted from the column
using Flag peptide or Strep-Tactin XT elution buffer. Eluted protein
was concentrated and injected onto a Superose 6 column with a buffer
containing20 mMHEPES pH 7.5,150 mM NaCl (for WT CaSR) or 120 mM
NaCl (CaSR-C1-CaSR-C2-LgBiT),10 mM CacCl,, 40 uM Trp, 20 pM cina-
calcet, 0.02% DDM and 0.004% CHS. The peak fractions were pooled
and concentrated for later use.

For purification of theinactive-state CaSR or CaSR-C1-CaSR-C2 that
formed the PAM-free complex with DN G;, the procedures were similar
tothose described above, with the only difference being that no CaCl,
and cinacalcet (for the inactive-state CaSR) or no cinacalcet (for the
PAM-free complex) were used throughoutall stepsincluding thelysis,
solubilization and purification.

Expression and purification of heterotrimeric G;and G,
Heterotrimeric WT or DN G; was expressed by infecting Trichoplusia ni
Hi5 or Sf9insect cells (Expression Systems, authenticated by supplier,
not tested for mycoplasma) at a density of 3 million cells per ml, with
baculoviruses encoding Ga; or DN Ga;, Gf3,, Gy, and Ric8A. Heterotrim-
eric G, was expressed by infecting Sf9 cells ata density of 3.5 million-4
million cells per ml with baculoviruses encoding Ga,, GB,-SmBIT, Gy,
and Ric8A. Cells were collected 48 hafter infection and the pellets were
snap-frozenin liquid nitrogen and stored at —80 °C until use.

Cell pellets containing heterotrimeric G; or G, were thawed in
20 mM HEPES pH 7.5,150 mM NacCl, 10% glycerol, 5 mM MgCl,, 5 mM
B-mercaptoethanol, 50 uM GDP, protease inhibitors and benzonase,
and lysed by nitrogen cavitation. The lysate was centrifuged at1,000g
for 10 min toremove unbroken cells and nuclei, and membranes were
collected by centrifugation at 100,000g for 30 min and solubilized in
the same buffer with the addition of 1% sodium cholate, 0.05% DDM and
0.01% CHS for 2-3 h, followed by centrifugation at100,000gfor 30 min.
The resulting supernatant was supplemented with 30 mM imidazole
and gravity loaded over Ni-NTA resin. The resin was washed with ten
columnvolumes with increasing concentrations of DDM and CHS and
decreasing concentrations of cholate until afinal washin 20 mM HEPES
pH?7.5,150 mMNacCl, 0.02% DDM, 0.004% CHS, 5% glycerol,1 mM MgCl,,
5 mM B-mercaptoethanol, 50 pM GDP and 30 mM imidazole, before
beingeluted into the same buffer containing 250 mMimidazole. Eluted
G-protein heterotrimer was then supplemented with HRV-3C protease
toremove the His tag and incubated overnight at 4 °C with dialysis
against low-imidazole buffer. The dialysed protein was flowed through a
Ni-NTA gravity column to remove HRV-3C and uncleaved heterotrimer,
concentrated and injected onto an Enrich SEC 650 column. The final
SEC buffer contains 20 mM HEPES pH 7.5,100 mM NacCl, 0.02% DDM,
0.004% CHS,1 mM MgCl,, 100 pM TCEP and 50 uM GDP. The peak frac-
tions were pooled and concentrated for later use.

Expression and purification of MSP1E3D1

The expression plasmid with the gene encoding MSP1E3D1 was pur-
chased from Addgene (20066). MSP1E3D1 was expressed and purified
asdescribed previously*”’ with slight modifications. In brief, the plasmid
was transformed into £. coli BL21(DE3). The culture, grown to an opti-
cal density at 600 nm (0D ,m) 0f 0.9, wasinduced with1 mMIPTG at
23 °Cfor16 h. The cells were collected and resuspended in lysis buffer
comprising 20 mM sodium phosphate buffer 7.4,1% Triton X-100 and
protease inhibitors. The cells were lysed by sonication, and the solu-
ble fraction of cell lysates after centrifugation was loaded to a Ni-NTA
columnthree times. The column was washed with abuffer containing
40 mM Tris-HCI 8.0, 300 mM NaCl and 50 mM imidazole. MSP1E3D1
was eluted using a buffer containing 40 mM Tris-HCI 8.0,300 mM NaCl
and 300 mMimidazole, and was further purified by gel filtration chro-
matography (Superdex 200, Cytiva) using a buffer containing 25 mM
HEPES pH 7.5 and 150 mM NaCl. The peak fractions were pooled and
concentrated for later use.

Assembling CaSR and G;in detergent micelles

For assembling CaSR and G; in detergents, WT CaSR was mixed with
WT G, protein at a ratio of 1:1.2 CaSR to G;, and further incubated for
2 honicebefore the addition of apyrase, and the reaction was allowed
to proceed overnight at 4 °C. The next day, the reconstitution mix-
ture was supplemented with 0.5% LMNG and further incubated on
ice for 1 h. The sample was then applied onto a Superose 6 column
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with a buffer containing 20 mM HEPES pH 7.5,150 mM NacCl, 0.001%
LMNG, 0.0002% CHS, 10 mM CacCl,, 40 uM Trp and 20 pM cinacalcet.
The peak fractions were screened by negative-stain EM (ref. 48), and
the fractions containing the complex were collected and concentrated
for preparing cryo-EM grids.

Reconstitution of CaSR and CaSR-G-protein complexes in lipid
nanodiscs

Dioleoylphosphatidylcholine (DOPC; Avanti Polar Lipids) was mixed
with dioleoylphosphatidylglycerol (DOPG; Avanti Polar Lipids) at a
molar ratio of 3:2, dried and kept under vacuum overnight. The lipid
mixture was dissolved by the addition of 20 mM HEPES pH 7.5,150 mM
NaCland 50 mM sodium cholate.

For inactive CaSR, purified WT CaSR was mixed with the lipid mix-
ture and the scaffold protein MSP1E3D1 at a molar ratio of 1:180:2 and
incubated for 1 h onice. Bio-Beads SM2 (Bio-Rad) were then added
into the mixture (0.4 g of wet beads per ml) and incubated with gen-
tle rocking for 6 h at 4 °C. The reconstitution mixture was spun down
and the supernatant was concentrated and applied onto a Superose 6
column with a buffer containing 20 mM HEPES pH 7.5, 150 mM NaCl
and 100 pM Trp. The peak fractions were screened by negative-stain
EM (ref. 48), and the fractions containing inactive CaSR were collected
and concentrated for preparing cryo-EM grids.

For the formation of the cinacalcet-bound CaSR-G; complex, purified
WT CaSR was mixed with purified WT G;at aratio of 1:1.1 with the addi-
tion of apyrase for 15 min onice. The proteins were further mixed with
the lipid mixture and the scaffold protein MSP1E3D1 at a molar ratio
of1:180:2 and incubated for 1 h on ice. Bio-Beads SM2 (Bio-Rad) were
thenadded into the mixture (0.4 g of wet beads per ml) and incubated
with gentle rocking for 6 h at 4 °C. The reconstitution mixture was
spun down and the supernatant was concentrated and applied onto
a Superose 6 column with a buffer containing 20 mM HEPES pH 7.5,
150 mM NaCl,10 mM CaCl,, 40 pM Trp and 20 pM cinacalcet. The peak
fractions were screened by negative-stain EM (ref. 48), and the fractions
containing the complex were collected and concentrated for preparing
cryo-EM grids. For the formation of the PAM-free CaSR-G, complex,
the procedures were similar to those described above except that the
CaSR-C1-CaSR-C2and DN G; proteins were used for reconstituting the
complex, and no PAM was added throughout all steps.

For the formation of the cinacalcet-bound CaSR-G, complex, puri-
fied CaSR (CaSR-C1-CaSR-C2-LgBiT) was mixed with purified G, protein
at aratio of 1:1.3 with the addition of apyrase for 20 min at 4 °C. The
proteins were further mixed with the lipid mixture and the scaffold
protein MSP1E3D1atamolar ratio of1:150:2 and incubated for 1.5 hon
ice. Bio-Beads SM2 (Bio-Rad) were then added into the mixture (0.2 g
of wet beads per ml) and incubated with gentle rocking for 2 hat 4 °C.
The same amount of Bio-Beads was added into the mixture again with
thereconstitution proceeding for another 4 h at4 °C. The mixture was
spundownand the supernatant was directly injected onto aSuperose
6 columnwithabuffer containing20 mMHEPES pH7.5,100 mM Nacl,
15mM CacCl,, 100 uM Trp and 30 pM cinacalcet. The peak fractions were
screened by negative-stain EM (ref. 48), and the fractions containing the
complex were collected and concentrated for preparing cryo-EM grids.

Cryo-EM data collection and processing

A 3-pl volume of sample at around 7 mg ml™ supplemented with
0.02% (w/v) B-octyl glucoside detergent was applied to freshly
glow-discharged 300-mesh R1.2/R1.3 UltrAuFoil holey gold grids
(Quantifoil) under 100% humidity at 4 °C. Excess sample was blotted
away, and the grids were subsequently plunge-frozeninto liquid ethane
using aVitrobot Mark IV (Thermo Fisher Scientific) and stored in liquid
nitrogen. For CaSR-G; or CaSR-G, complexesin nanodiscs, frozen grids
wereimaged at cryogenic temperatures witha Titan Krios G2 (Thermo
Fisher Scientific) transmission electron microscope with a post-column
energy filter operated at 300 kV on a GatanK3 direct electron camera at

apixel size 0f 0.8677 A. Micrographs, dose-fractionated over 50 frames,
wererecorded in super-resolution mode with defocus values ranging
from —0.5 um to -1.5 pum using SerialEM (ref. 49). Micrographs were
recorded for about 2.5 swith atotal exposure dose of approximately 50
electrons per A% For CaSR-G;in detergents, frozen grids wereimaged
atcryogenic temperatures with a Titan Krios G2 (Thermo Fisher Scien-
tific) transmission electron microscope without a post-column energy
filter operatedat 300 kV ona Gatan K3 direct electron camera at a pixel
size of 0.8521 A. Micrographs, dose-fractionated over 50 frames, were
recorded insuper-resolution mode with defocus values ranging from
—0.5 um to -1.5 pm using SerialEM. Micrographs were recorded for
2.49 swithatotal exposure dose of 68.31 electrons per A% Forinactive
CaSRinnanodiscs, frozen grids were imaged at cryogenic temperatures
witha TitanKrios G2 (Thermo Fisher Scientific) transmission electron
microscope with a Selectris X post-column energy filter operated at
300 kV on a Falcon 4i direct electron camera at a pixel size of 0.75 A.
Micrographs wererecorded with defocus values ranging from-0.5 um
to -1.5 um using EPU (Thermo Fisher Scientific). Micrographs were
recorded for 3.78 s with a total exposure dose of 50 electrons per A%

For adetailed breakdown of data processing and exact particle num-
bers, see Extended Data Figs. 2-4. Micrographs were imported into
cryoSPARC (ref. 50) and dose-fractionated image stacks were subjected
to patchmotion correction and patch CTF refinement. Atotal of 7,666
micrographs for CaSR-G; in detergents, 12,758 micrographs for inac-
tive CaSRin nanodiscs, 20,528 micrographs for the cinacalcet-bound
CaSR-G; complex in nanodiscs, 31,047 micrographs for the PAM-free
CaSR-G,;complexinnanodiscs and 47,434 micrographs for the CaSR-
G, complex in nanodiscs were selected for further processing after
manual curation. Auto-picked particles were extracted and subjected
toseveral rounds of reference-free two-dimensional 2D classification,
followed by iterative rounds of 3D ab initio reconstruction with multiple
classes and 3D heterogeneous refinement to remove particles from
poorly defined 3D classes. In early 3D classification rounds, particles
from poor 3D classes were subjected to additional 2D classification
and particles from better resolved classes were reincluded for further
heterogeneous refinement.

For the dataset of CaSR-G; in detergents, heterogenous refinement
yielded maps correspondingto active-state CaSR, G;boundto detergent
micelles and CaSR-G; in detergent micelles, consistent with the 2D
averages. The particles of G;bound to detergent micelles were further
cleaned by 3D classification and the resulting particles were subjected
to nonuniform refinement followed by local refinement with a soft
mask around the G proteins. The particles of CaSR-G; in detergent
micelles were further cleaned by 3D and 2D classifications and the
resulting particles were subjected to nonuniform refinement followed
by localrefinement with asoft mask around either the receptor or the
G proteins.

For the dataset of inactive CaSRin nanodiscs, heterogenous refine-
ment yielded a particle group corresponding to inactive CaSR, con-
sistent with the 2D averages. The particles were further cleaned by 3D
and 2D classifications and the resulting particles were subjected to
nonuniformrefinement followed by local refinement with a soft mask
around either VFT-CRD or the 7TMs.

For the dataset of the cinacalcet-bound CaSR-G; complex in nano-
discs, heterogenous refinement yielded a conformationally homogene-
ous group corresponding to G;-coupled CaSR. This group of particles
was subjected to local motion correction and further cleaned by 3D
and 2D classifications. The resulting particles were then subjected to
nonuniform refinement followed by CTF refinement and local refine-
ment with a soft mask around VFT-CRD, CRD-7TM, or G,.

For the dataset of the PAM-free CaSR-G; complex in nanodiscs, het-
erogenous refinement yielded two particle groups corresponding to
G;-coupled CaSR and active-state CaSR. The particles of G;-coupled
CaSR were subjected to local motion correction, and further cleaned
by 3D and 2D classifications. The selected particles were then subjected



tononuniformrefinement followed by CTF refinement and local refine-
mentwithasoftmaskaround VFT-CRD, CRD-7TM or G,. The particles of
active-state CaSRwereimportedinto RELION (ref. 51) for further clean-
ing by focused 3D classification without alignment on the two 7TMs.
The selected particles were then transferred back to cryoSPARC for
nonuniform refinement followed by CTF refinement and local refine-
mentwithasoft mask around either VFT-CRD or CRD-7TM. Most side
chains of this 7TM domain are unresolved in the local refinement map
(Extended DataFig. 3i,j), suggesting conformational flexibility.

For the dataset of the cinacalcet-bound CaSR-G, complex in nano-
discs, heterogenous refinement yielded two major particle groups
corresponding to active-state CaSR and the G,-coupled CaSR. The
particles of active-state CaSR were imported into RELION for further
cleaning by focused 3D classification without alignment on the two
7TMs, followed by C2 symmetry expansion and 7TM focused classi-
fication without alignment. Two good 3D classes with C1 symmetry
were obtained, and the particles from one class were selected and then
transferred back to cryoSPARC for local refinement with a soft mask
around either VFT-CRD or CRD-7TM. The particles of G,-coupled CaSR
were subjected to local motion correction, and further cleaned by 3D
and 2D classifications. The selected particles were then subjected to
nonuniform refinement followed by CTF refinement and local refine-
ment withasoft mask around VFT-CRD, CRD-7TM or G,

Model building and refinement

For model building and refinement, composite maps were generated
in Chimera (ref. 52) by merging local refinement maps using the ‘vop
maximum’ command. The active-state CaSR structure in detergents
(Protein Data Bank (PDB) ID: 7M3F) and the G, from the mGlu2-G; struc-
ture'® (PDBID: 7MTS) and the G, from the CCKBR-G, structure®* (PDB
ID: 7F8W) were used as the initial models for docking into the cryo-EM
mapsin Chimera. The models were then subjected to iterative rounds
of manual adjustment in Coot* and real-space refinement in PHENIX
(ref.55). Themodel statistics were validated in MolProbity (ref. 56). The
refinement statistics are provided in Extended Data Table 1. Chimera
and ChimeraX (ref. 57) were used for structure visualization and figure
preparation.

Mass spectrometry

Standards for spermine and spermidine were prepared in abuffer con-
taining 20 mM HEPES pH 7.5 and 150 mM NaCl. A100-pl sample of the
cinacalcet-bound CaSR-G;complexinnanodiscs at 1 mg ml™ was alka-
lized by using 100 1l 10 MNaOH solution and vortexed for 1 min. Then,
200 pl ethyl acetate was added to extract alkalized polyamines from
the aqueous layer. The ethyl acetate layer was collected and dried ina
vacuum. The samples were then dissolved in methanol and subjected to
directinfusionelectrosprayionization-mass spectrometry (ESI-MS)
analysis on an Orbitrap Elite mass spectrometer. Mass spectrometry
datawere processed using Thermo Xcalibur software (Thermo Fisher
Scientific).

BRET assay using TRUPATH biosensors

BRET assays were performed and analysed as previously described"
with specific modifications. HEK293S cells (Thermo Fisher Scientific,
authenticated by supplier, not tested for mycoplasma) grown in Free-
Style suspension medium (Thermo Fisher Scientific) were transfected at
adensity of 1million cells per mlusing 1,200 ng total DNA at al:1:1:1ratio
ofreceptor:Ga-RLuc8:GB:Gy-GFP and aDNA:polyethylineimine ratio
of 1:5. After 48 hours, cells were collected by centrifugation, incubated
inassay buffer (Hank’s balanced salt solution with25 mM HEPES pH 7.5)
supplemented with 0.5 mM EGTA for 5 min, and subsequently washed
with the assay buffer. The cells were then resuspended in assay buffer
containing 5 pg ml™ of freshly prepared coelenterazine 400a (GoldBio)
and dispensed into white 96-well plates at a volume of 60 pl per well.
Thirty microlitres of ligand solutions, prepared inassay buffer with 0.1%

bovine serum albumin (BSA), were immediately added to plated cells.
Five minutes after the addition of ligand, plates were read using aSpec-
traMaxiD5 plate reader using 410-nm and 515-nm emission filters with
al-sintegrationtime perwell. The computed BRET ratios (GFP2/RLuc8
emission) were normalized to ligand-free control (net BRET) before
analysis using afour-parameter logistic equationin GraphPad Prismv.9.

Enzyme-linked immunosorbent assay (ELISA)

The cell-surface expression of Flag-CaSR WT and mutant constructs,
aswellas Flag-CaSR-Cland HA-CaSR-C2 constructs, were evaluated as
previously described”. Inbrief, cellswere seeded in poly-D-lysine-coated
white (white- or clear-bottomed) 96-well plates and incubated for
24-32 h (BRET assays) or 48 h (IP; assays) at 37 °C and 5% CO,. Cells were
washed twice with phosphate-buffered saline (PBS) (with1 mM CaCl,)
and fixated with 4% paraformaldehyde (PFA) in PBS for 5 min. After
fixation, cells wereincubated in blocking solution (ddH,0, 4% skimmed
milk, 1 mM CacCl,,1 mM MgCl, and 50 mM Trizma hydrochloride solu-
tion, pH 7.4) for 30 min, followed by incubation with HRP-conjugated
Flag (Sigma Aldrich, A8592) or HA (R&D systems, HAMO0601) antibodies
diluted 1:2,000 in blocking solution for 60 min. Subsequently, cells
were washed four times in blocking solution and then four times with
PBS. The detection signal was measured by chemiluminescence using
the SuperSignal ELISA Femto solution (Thermo Fisher Scientific) or
HRP substrate (Bio-Rad, 170-5060), according to the manufacturer’s
instructions. The surface expression levels of CaSR WT and mutants
used in the study are shown in Extended Data Fig. 9e,f.

Steady-state readout of BRET-based G-protein-activation assay
HEK293 cells (ATCC CRL-1573, authenticated by the supplier, routinely
tested for mycoplasma) were transfected in suspension with DNA encod-
ing the Flag-CaSRA894 WT or mutants (100-200 ng, to reach similar
surface expression levels determined by ELISA) together with Venus
(1-155)-Gy2(7 ng), Venus(159-239)-Gf, (7 ng), masGRK3ctNanoLuc(7 ng),
human Ga;; or Ga,, proteins (40 ng) and empty pcDNA3.1(+) vector to
atotal of 1 pg per 1 ml of cell suspension transfected. The constructs
for the BRET-based G-protein-activation assay were provided by the
laboratory of K. A. Martemyanov?. In brief, DNA mixtures (in OptiMEM)
were mixed with FUGENEG6 transfection reagent (in OptiMEM), and
incubated for 20 min at room temperature, as previously described".
Afterincubation, the DNA-FUGENE6 mixture was added to the HEK293
cell suspension that was diluted to 0.5 million cells per ml. Cells were
seeded at 50,000 cells per well in poly-D-lysine-coated, white-bottomed
96-well plates and incubated for 24-32 hat 37 °Cand 5% CO,. To initiate
the assay, cells were washed once with150 plassay buffer (HBSS, no Ca,
Mg, Gibco 14175 supplemented with20 mM HEPES, pH 7.4), exchanged
to40 pl per well assay buffer and pre-incubated with 10 pl per well Nano-
BRET substrate (PromegaN1572) diluted 1:250 for 5 min. Then, 50 pl per
well assay buffer containing Ca* at increasing concentrationstogive a
final concentration range of 0.63-10 mM was added to separate wells,
and the change in BRET ratio was recorded for 60 min usingan Envision
plate reader, equipped with 470/24 nm (NanoLuc donor biolumines-
cence) and 535/30 nm (Venus acceptor fluorescence) emission filters.
Togenerate concentration response curves, the AUC for each curve was
calculated, and the AUC was plotted as afunction of the Ca** concentra-
tion by nonlinear regression using the ‘log agonist vs. response’ model
with variable slope using GraphPad Prism v.9.

Kineticreadout of BRET-based G-protein-activation assay

HEK293 cells (ATCC CRL-1573) were transfected in suspension (50,000
per well) with receptor plasmid constructs (7-35 ng), Venus(1-155)-Gy2
(6.3 ng), Venus(159-239)-Gp3, (6.3 ng), masGRK3ctNanoLuc (6.3 ng),
human Ga subunits (6.3 - 31.5 ng) Ric8A (6.3 ng; Ga chaperone, only
co-transfected for Ga,, and Goys activation), Ric8B (6.3 ng; Ga chaper-
one, only co-transfected for Ga,¢activation) and empty pcDNA3.1(+)
vector (supplemented tointotal 150 ng per well) using Lipofectamine
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2000 reagent (Invitrogen; 1:2.5 DNA: lipofectamine ratio) in OptiMEM
(Gibco). After transfection, cells were seeded in poly-D-lysine-coated,
white-bottomed 96-well plates and incubated for 24-32 hat 37 °Cand
5% CO,.Before the experiment, cells were washed twice with 100 pl per
well HBSS (no Ca, Mg, Gibco 14175) supplemented with20 mM HEPES,
pH 7.4, and 25 pl per well HBSS was added to the cells. Subsequently,
cellswereincubated with the NanoGlo luciferase assay substrate (Pro-
mega; 1:250 dilution; 25 pl per well), followed by ligand stimulation
prepared in the same buffer (50 pl per well).

The BRET signal was measured on a LUMIstar Omega plate reader at
37 °C, and quantified by calculating the ratio between the Venus accep-
tor (520-550 nm) and the NanoLuc donor (465-490 nm) emissions.
To map the G-protein profiles of CaSR and other GPCRs, including the
H-opioid receptor (MOR), the histaminereceptor1(H,R) and 3,AR, the
kinetic traces of G-protein activation were measured (45, 0.04 s per
datapoint), after automated injection with a single saturating con-
centration of a ligand or a vehicle condition. From individual kinetic
measurements, the maximum BRET signal (max. ABRET) was deter-
mined from the peak ligand responses and compared to correspond-
ing measurements witha vehicle condition to calculate a fold/vehicle
(basal) ratio.

To investigate the pharmacological mode of action of spermine at
CaSR, concentration response curves of spermine, in the presence or
absence of Ca** and/or EDTA, were generated for Go; and Ga, activa-
tion 20 s after ligand stimulation. Concentration response curves were
corrected for the basal condition (vehicle), normalized against the
maximal response of the reference ligand Ca*" and fitted by nonlinear
regression using the ‘log agonist vs. response’ model with variable
slope using GraphPad Prism v.9.

IP, assays for the etelcalcetide competition and spermine
mechanism studies
For competition experiments of etelcalcetide with spermine, FIp-In
HEK293 cells stably expressing HA-CaSR WT (Flp-In HEK293, RRID:
CVCL_U421) were generated using Flp-In technology as previously
described®®, and cultured in Dulbecco’s modified Eagle’s medium
(Gibco, Thermo Fisher Scientific) supplemented with hygromycin B
(250 mg ml™),10% v/v fetal bovine serum and 1% v/v penicillin-strep-
tomycin, at 37 °C, and 5% CO,. The IP, experiments for ligand profil-
ing were performed using the IP-One assay (Cisbio) as previously
described”. In brief, Flp-In HEK293 HA-CaSR cells (50,000 per well)
were seeded into poly-D-lysine-coated, transparent 96-well plates and
incubated overnight at 37 °C and 5% CO,. Subsequently, cells were
rinsed with HBSS (no Ca, Mg, Gibco 14175) supplemented with20 mM
HEPES, pH 7.4, and incubated with etelcalcetide in the same solution
for 5 hat 37 °C. To this end, time-course experiments indicated that
the potency of etelcalcetide (at 3 mM Ca®*) reached amaximum at a
5-hpre-incubation time. After pre-incubation with etelcalcetide, cells
were incubated with (2x) ligand solutions prepared in HBSS (20 mM
HEPES pH 7.4) supplemented with (2x) 20 mM LiCl for 40 min at 37 °C.
To investigate the pharmacological mode of action of spermine,
HEK293 (ATCC CRL-1573) cells (50,000 per well) were transfected in sus-
pensionwith DNA encoding CaSR (7 ng per well) and empty PcDNA3.1(+)
vector (53 ng per well) using Lipofectamine 2000 reagent (Invitrogen;
1:2.5 DNA:lipofectamine ratio) in OptiMEM (Gibco). After transfec-
tion, cells were seeded into poly-D-lysine-coated, transparent 96-well
platesandincubated overnightat37 °C and 5% CO,. Subsequently, the
cellswererinsed with HBSS (20 mM HEPES pH 7.4) and incubated with
ligand solutions prepared in HBSS (20 mM HEPES pH 7.4) with 20 mM
LiClfor 40 min at 37 °C. After incubation with ligands, cells were then
rinsed with HBSS and lysed using the IP-One Conjugate & Lysis buffer
(30 pl per well) (Cisbio). Next, the lysate solution (10 pl per well) was
transferred to a 384-well Optiplate (Perkin Elmer), after which (10 pl
per well) detection solution (HBSS + 2.5% v/v IP1-d2 conjugate and
2.5% v/v anti-IP1 antibody-cryptate terbium conjugate) was added.

The solutions were incubated in the dark for 1 h at room temperature,
after which the IP, signal (ratio) was detected using a Envision plate
reader (Perkin ElImer). The data were transformed using a standard
curve to obtain absolute IP, values (nM). Subsequently, the data from
individual experiments were corrected for the basal condition (vehicle),
normalized against the maximal response of a reference ligand and
grouped. The concentration response curves were fitted toanonlinear
regression ‘log agonist vs. response’ model with variable slope using
GraphPad Prism v.9.

IP, assay for mutant characterization

HEK293 cells (ATCC CRL-1573) were transfected in suspension with DNA
encoding WT and mutant CaSR in concentrations ranging from 25 ng
to100 ng per ml of cell suspension to obtain similar surface expression
levels of WT and mutant receptors. Receptor DNA diluted in OptiMEM
was supplemented with empty vector pcDNA3.1(+) toatotal of 1 pg DNA
per mlof cell suspension transfected using FUGENEG6, as described pre-
viously". Cells were seeded at a density of 25,000 cells per well in clear,
poly-D-lysine-coated 96-well plates, and incubated for 48 h before the
assay. To assess the contribution of G; signalling to IP, accumulation,
cells transfected with WT CaSR were incubated with 200 ng mI™ PTX
for18 hbefore the assay. The assay was performed as described above,
with the exception of incubation time with Ca®* for 45 minat 37 °C, and
cell lysis with 40 pl per well IP-One Conjugate & Lysis buffer (Cisbio).

Assays of [*S]-GTPyS binding activity

ECD-truncated human CaSR was expressed for 48 hin 50 ml HEK293S
cells (Thermo Fisher Scientific, authenticated by supplier, not tested
for mycoplasma) after transfection at 2 million cells per ml. The col-
lected cells were lysed by nitrogen cavitation in lysis buffer contain-
ing 20 mM HEPES pH 7.5,150 mM NaCl,1 mM EDTA, 1 mM EGTA and
protease inhibitors. Unbroken cells were cleared by centrifugation at
1,000gand membranes were collected by centrifugation at100,000g.
The membranes were Dounce-homogenized into lysis buffer, repre-
cipitated at 100,000g, Dounce-homogenized again, snap-frozenin
storage buffer (lysis buffer with 12% w/v sucrose) and then stored at
-80 °C.Membrane homogenates (3.6 pg per ) were reconstituted with
500 nM purified Ga;;3,y, heterotrimer in binding buffer (50 mM HEPES
pH 7.4,1 mM dithiothreitol (DTT), 1 mM EDTA and 3 pg ml™ purified
BSA) augmented with Trp or cinacalcet, in the absence and presence
of 10 mM CaCl,, then pre-incubated for 10 minat25 °C. GTPyS binding
reactions wereinitiated by the addition of an equal volume of binding
buffer supplemented with 50 mM NaCl, 10 mM MgCl,, 20 pM GDP and
4 uM [®S]-GTPYS. After a 10-min incubation at 25 °C, reactions were
quenched with 20 mM Tris pH 7.7,100 mM NacCl, 10 mM MgCl,, 1 mM
GTP and 0.08% w/v C,E,, and filtered through Protran BA8S5 nitrocel-
lulose filters (GE Healthcare) using a Millipore vacuum manifold. The
filters were washed, dried and subjected to liquid scintillation counting.

Statistics and reproducibility

For reproducibility, sample sizes and descriptions of error bars for all
figures are described in this section. In Fig. 2c, data represent mean
+s.e.m. of at least five independent experiments; for the Ca** con-
centration response curves (CRCs), datafor CaSR WT representn =38
independent experiments, datafor the mutants E604A/E757A/Y829A
and E228A/D238A/E241A represent n = 6 independent experiments
and datafor the mutants E228A/D238A/E241A/E604A/E757A/Y829A,
E604A/E755A/E757A/D758A/E759A/Y829A and E228A/D238A/E241A/
E604A/E755A/E757A/D758A/E759A/Y829A represent n = 5Sindependent
experiments; for the spermine CRCs, datafor CaSSRWT representn=38
independent experiments, data for the mutants E228A/D238A/E241A,
E228A/D238A/E241A/E604A/E757A/Y829A and E604A/E755A/E757A/
D758A/E759A/Y829A represent n = 6 independent experiments and
data for the mutants E6G04A/E757A/Y829A and E228A/D238A/E241A/
E604A/E755A/E757A/D758A/E759A/Y829A represent n = Sindependent



experiments. In Fig. 3b, datarepresent mean + s.e.m. of at least seven
independent experiments; datafor CaSRWT represent n=9independ-
entexperiments, datafor the mutantsR873A, T712A/F714A and R716A/
W719A represent n = 8 independent experiments and data for the
mutant F8O1Arepresentn =7 independent experiments. InFig. 4c, data
represent mean s.e.m. of atleast sevenindependent experiments; data
for CaSRWT and A887represent n =9 independent experiments, data
for themutants H879A and F881A/T888D represent n = 8 independent
experiments and data for the mutants F881A and T888D representn=7
independent experiments. In Extended Data Fig. 1a, dataand error bars
represent mean+s.e.m. of n = 4independent experiments. In Extended
DataFig.1b, datarepresent mean +s.e.m.of n =3 independent experi-
ments. In Extended Data Fig. 1c, data represent mean +s.e.m.of n=6
independent experiments. In Extended DataFig.1d, dataanderrorbars
representmeants.e.m. of atleast threeindependent experiments; data
for CaSR WT, CaSR A894, MOR and H;R represent n =3 independent
experiments and data for 3,AR represent n =5 independent experi-
ments. In Extended Data Fig. 1e, datarepresent mean +s.e.m.of n=4
independent experiments performed in duplicate. In Extended Data
Fig. 6g, datarepresent mean * s.e.m. of at least seven independent
experiments; data for CaSR WT and the mutants F806A, F809A and
K805A/F806Arepresent n=9independent experiments, datafor the
mutants K805A and I822A represent n = 8 independent experiments
and datafor themutants F788A, Y825A,Y829A, V833A, F788A/K805A,
K805A/F809A,Y825A/Y829A,Y825A/V833A and Y825A/Y829A/V833A
represent n =7 independent experiments. In Extended Data Fig. 7d,
datarepresent mean +s.e.m. of atleast three independent experiments
performed in duplicate; data for the Ca*"- and spermine-only CRCs
represent n =5independent experiments, datafor the spermine CRCs
with 0.62 uM, 1.25 pM, 2.5 uM or 5.0 uM etelcalcetide represent n =4
independent experiments and data for the spermine CRCs with 100 pM
etelcalcetide or 10 uM NPS 2143 represent n = 3 independent experi-
ments. InExtended DataFig. 7e, datafor the G;;and G, activation assays
representmean s.e.m.of n =5independent experiments performed
induplicate, and data for the IP,accumulationrepresent mean +s.e.m.
of n=7independent experiments performedin duplicate. In Extended
DataFig.9a,b, datarepresent mean+s.e.m. of at least fiveindependent
experiments; datafor CaSRWT, WT + PTX and the mutants A884W and
R886Arepresentn=9independent experiments, data for the mutants
P711A,R716A,1869A, T876A,H879A,F881A and A887W representn =8
independent experiments, data for the mutants V705A,K709A, T712A,
K805A, V872A and R873A represent n =7 independent experiments,
dataforthe mutantsF706A,1710A,F714A, W719A,F801A, T888D, A886
and A882represent n = 6 independent experiments and data for the
mutants K644A, R701A and A885W represent n = Sindependent experi-
ments. In Extended Data Fig. 9¢,d, dataand error bars represent mean
+s.e.m.of n=3independent experiments. In Extended Data Fig. 9e,
datarepresent mean + s.e.m. of at least seven independent experi-
ments; data for CaSR WT and the mutants F806A, FS09A, A887 and
K805A/F806A represent n=9independent experiments, datafor the
mutants K8OS5A, I822A, R873A, H879A, T712A/F714A, R716A/W719A
and F881A/T888D represent n = 8independent experiments and data
for the mutants K709A, F788A, F801A, Y825A, Y829A, V833A, F88I1A,
T888D, F788A/K805A, KSO5A/F809A, Y825A/Y829A, Y825A/V833A
and Y825A/Y829A/V833A represent n =7 independent experiments.
In Extended Data Fig. 9f, data represent mean + s.e.m. of at least five
independent experiments; datafor CaSSRWT, WT + PTX and the mutant
A884W representn=9independent experiments, data for the mutants
P711A,R716A,1869A, T876A,H879A, R886A and A887W representn =8
independent experiments, data for the mutants V705A,K709A, T712A,
W719A,V872A,R873A and F881A represent n = 7 independent experi-
ments, datafor themutants F706A,1710A, F714A, F801A, K8O5A, A886
and A882 represent n = 6 independent experiments and data for the
mutants K644A,R701A, A885W and T888D represent n = 5independ-
ent experiments.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.
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Extended DataFig.1|G-proteinsignalling of CaSR and reconstitution of
human CaSR-G-protein complexes. a, Survey of E,,, of Ca>*-dependent

CaSRA894 activation of 11 different G-protein BRET-based TRUPATH biosensors

using benchmark receptors NTSR1and 3,AR. The BRET signal monitors

dissociation of the heterotrimeric Gafy complex induced by receptor-mediated

guanine nucleotide exchange at the Ga subunit®. nd, no coupling detected.

b, Concentrationresponse curves of G; and G, activation pathways of CaSRA894

by Ca* using the BRET-based TRUPATH assay. ¢, Ca* concentrationresponse

curves of G, Ggand G, activation by CaSRA894 using the BRET-based G-protein-

activation assay.d, G-protein-activation assays measuring the functional
responses of 15 Ga subtypes by full-length CaSR (WT) and CaSRA894 after
stimulation with 10 mM Ca*', by MOR after stimulation with10 mM morphine,

Volume (mL)

by H,R after stimulation of 100 mM histamine and by 3,AR after stimulation
with10 mMisoproterenol, respectively. The BRET signal monitors the binding
ofthereleased GBy fromreceptor-mediated Gafy dissociation toa membrane-
associated reporter®. e, G-protein-activation assays monitoring functional
responses of the CaSRA894 dimer fused to CL(WT-C1)/C2(WT-C2) tails to Ca**
alone or in combination with cinacalcet. f-i, Size-exclusion chromatography
profiles of purified CINA-bound CaSR/G;in LMNG detergent (f), CINA-bound
CaSR-G; complexinnanodiscs (g), PAM-free CaSR-G, complex in nanodiscs
(h), CINA-bound CaSR-G,complexinnanodiscs (i). Schematic diagram of the
constructsused for CaSR and G protein is shown for each complex. The sample
sizesand descriptions of error bars for all Extended Data Figures are described
inthe Methods under the section ‘Statistics and reproducibility’.
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Extended DataFig.3|Cryo-EM processing and reconstruction of the CINA-
bound and PAM-free CaSR-G; complexesinlipid nanodiscs. a, Cryo-EM data
processing workflow for the CINA-bound CaSR-G,; complex in nanodiscs.

b, Representative cryo-EM micrograph (out of 20528 similar micrographs)
and 2D averages for the CINA-bound CaSR-G; complexin nanodiscs. ¢, Local
refinement maps of VFT-CRD, CRD-7TM and Ga;By for the CINA-bound
CaSR-G;complexinnanodiscs with corresponding Fourier shell correlation
(FSC) curvesindicating nominal resolutions using the FSC = 0.143 criterion.

d, Angular distribution heat map of particle projections for the global
reconstruction of the CINA-bound CaSR-G;complexin nanodiscs. e, Cryo-EM
dataprocessing workflow for the PAM-free CaSR-G; complexin nanodiscs.

f,Representative cryo-EM micrograph (out of 31047 similar micrographs)

and 2D averages for the PAM-free CaSR-G; complexin nanodiscs. g, Local
refinement maps of VFT-CRD, CRD-7TM and Ga;By for the PAM-free CaSR-G;
complexinnanodiscs with corresponding Fourier shell correlation (FSC) curves
indicating nominal resolutions using the FSC = 0.143 criterion. h, Angular
distribution heat map of particle projections for the global reconstruction
ofthe PAM-free CaSR-G; complexinnanodiscs. i, Local refinement maps of
VFT-CRD, CRD-7TM for the PAM-free active-state CaSR in nanodiscs with
corresponding FSC curves indicating nominal resolutions using the FSC = 0.143
criterion.j, Angular distribution heat map of particle projections for global
reconstruction of the PAM-free active-state CaSRin nanodiscs.
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Extended DataFig.4|Cryo-EM processing and reconstruction of the CINA-
bound CaSR-G,complexinlipid nanodiscs. a, Cryo-EM data processing
workflow for the CINA-bound CaSR-G, complexin nanodiscs. b, Representative
cryo-EM micrograph (out of 47434 similar micrographs) and 2D averages for
the CINA-bound CaSR-G,complexinnanodiscs. ¢, Local refinement maps

of VFT-CRD, CRD-7TM and Ga,,fy for the CINA-bound CaSR-G,complexin
nanodiscs with corresponding FSC curves indicating nominal resolutions
using the FSC = 0.143 criterion. d, Angular distribution heat map of particle

projections for global reconstruction of the CINA-bound CaSR-G,complexin
nanodiscs. e, Local refinement maps of VFT-CRD, CRD-7TM for the CINA-bound
active-state CaSRin nanodiscs with corresponding FSC curves indicating
nominal resolutions using the FSC = 0.143 criterion. f, Angular distribution
heat map of particle projections for reconstruction of the CINA-bound active-
state CaSRinnanodiscs. g, Comparison of the maps of the CINA-bound CaSR-
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Extended DataFig. 6 | Asymmetric dimerinterface of CaSRintheactive
stateandin G-protein-coupled states. a, Structural comparison between
active-state CaSRin detergent (PDBID: 7M3F) and lipid nanodiscs. The ECDs in
the two structures show different tilting angles relative to the 7TMs. b, Structural
comparisonbetween the CINA-bound CaSR-G;and CaSR-G,complexesin
nanodiscs. The 7TMs (except the cytoplasmicregions) and the bound ligands
arewellaligned. ¢, The VFT of the NGC protomer of the CINA-bound CaSR-G; or
CaSR-G,complexisaligned to the VFT of the GC protomer. d, The asymmetric
TM6-TMé6interfaceinthe structure of CINA-bound active-state CaSRin

nanodiscs. e,f, Theasymmetric 7TMinterfacein the structure of the CINA-bound
CaSR-G;innanodiscs shownin two views, highlighting theinterface between
TM6 of 7TMygcand TM6 of 7TM (e), and the interface between TM5 and

TM6 of 7TMgcand TM7 of 7TMyq (F). The residues that are involved in dimer
interactions, and the models of phospholipids (DOPC) and cholesterol are
shown. g, Functional responses of CaSR WT and mutants to Ca*, for G;and G,
activation, categorized based oninteractions with the lower (F776A, K805A,
F806A and F809A) and upper (1822A,Y825A, Y829A and V833A) phospholipids.
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Extended DataFig.7|Polyamine-bindingsites on CaSR. a, Mass spectrometry
for spermidine and spermine standards, and sample of purified CINA-bound
CaSR-G;complexinlipid nanodiscs. No significantamount of spermidine was
detected. b, The spermine-binding site in the CRD-ECL regions of the CINA-
bound CaSR-G,complexinnanodiscs. The modeland cryo-EM density of the
bound spermine (at amap threshold of 1.13), awater molecule (inred sphere),
the upper phospholipid (using the unsharpened map atamap threshold of
0.51) areshown. ¢, Electrostatic surface distribution of the modelled surface

of CaSRin the CINA-bound CaSR-G; complexinnanodiscs. The three spermine-
bindingsites are highlighted with dashed boxes. d, IP;-accumulation assays
monitoring the functional responses of full-length CaSR to Ca®', spermine or
spermineinpresence of NAMNPS 2143. Pre-incubated NPS 2143 inhibited the
spermine response, whereasincreasing concentrations of the PAM etelcalcetide

potentiated the spermineresponse. e, G-protein-activation and IP-accumulation
assays monitoring the functional responses of full-length CaSR to Ca*", spermine
or spermine with 3 mM Ca?, in the presence/absence of 20 mM (G-protein-
activation assay) or 10 mM (IP; accumulation) EDTA. Functional responses by
G;;and G, activation were measured 20 seconds after ligand stimulation to
capture theinitial activation by G;;and G, as well as to circumvent any potential
long-termcellular effects of EDTA, albeit responses were similar in the IP;-
accumulation assay. Pharmacological analysis across G-protein-activation and
IP,-accumulation assays indicate that spermine (dark blue) may function like an
ago-PAM, whichis potentiated by Ca* as evident from its left-shifted potency
with3 mM Ca? (lightgreen), and right-shifted potency in the presence of

EDTA (lightblue, dark green). Similar data were obtained for CaSSRA894 WT
(datanotshown).
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Extended DataFig. 9 |Functional characterizationand relative expression
levels of wild-type CaSR and CaSR mutants. a, IP-accumulation assays
monitoring functional responses of CaSRWT (with or without pretreatment
with PTX) and CaSR mutants to Ca®’, categorized based on different structural
domains/regions. b, Selected mutantsidentical or complementary to the
mutants tested in the G-protein-activation assays in Fig. 4. ¢, [**S]-GTPyS
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forIP;-accumulation assays (f).

binding activity assays monitoring functional responses of an extracellular

domaintruncated CaSR mutant AECD CaSR (CaSRresidues 599-894) to Trp
and cinacalcetin the presence and absence of 10 mM Ca*". d, IP-accumulation
assay monitoring the functional response of AECD CaSR to cinacalcetand
Trp.e,f,Surface expression levels of CaSRWT and mutants for G;and G,
activation assays (e), and surface expression levels of CaSSR WT and mutants
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Extended DataFig.10 | The 7ZTM modulatory ssitesinthe presenceand
absence of cinacalcet. a, The PAM-binding pocket of 7TMgcin the CINA-bound
CaSR-G;complex. b, The PAM-binding pocket of 7TMycin the CINA-bound
CaSR-G;complex. ¢, Overall structure of the PAM-free CaSR-G; complex.

The 7TM Trp, phospholipids (DOPC), and cholesterol are shown as spheres.
d, The PAM-binding pocket of 7TMin the PAM-free CaSR-G; complex.

e, The PAM-binding pocket of 7TMyc in the PAM-free CaSR-G; complex.

f, Trp and cinacalcet occupy asimilar positionin 7TMgcin the CINA-bound and
inthe PAM-free CaSR-G; complexes. The binding-pocket residues share almost
identical conformationsinthe twostructures. g, The model and density of the
two W818rotamersin 7TMgcin the PAM-free CaSR-G;complex. h, Comparison

of 7TMygc in the PAM-free and CINA-bound CaSR-G; complexes. i, The two
7TMsinthe CINA-bound active-state CaSR show different tilt anglesin the

lipid bilayer, and the protomer with the extended CINA has abetter resolved

C terminus. j, k, Modelling based on the structure of the CINA-bound CaSR-G;
complex shows how the C781W/1822W mutations would not efficiently occlude
the bent PAM conformation (j), and how the L773W mutation would occlude
the bent PAM conformation (k). A potential clashis represented by the yellow
star.l, Superposition of the 7TMs in the CINA-bound CaSR-G; complex with
thoseintheactive-state CaSR (CaSR*) based on the poses (bent or extended)

of cinacalcet.



Extended Data Table 1| Cryo-EM data collection, refinement and validation statistics

cinacalcet-bound PAM-free cinacalcet-bound cinacalcet-bound
CaSR-G; CaSR-G; CaSR-Gq active CaSR

Data collection and

processing

Magnification 130,000 130,000 130,000

Voltage (kV) 300 300 300

Electron exposure (e7/A2) 50 50 50

Defocus range (um) -0.5t0-1.5 -0.5t0-1.5 -0.5t0-1.5

Pixel size (A) 0.8677 0.8677 0.8677

Symmetry imposed C1 C1 C1

Initial particle images (no.) 1,627,951 1,848,265 48,451,998

Final particle images (no.) 191,180 167,678 89,192 234,170

Map resolution (A) 3.1 (Global) 3.5 (Global) 3.6 (Global) 2.8 (Global)

FSC threshold

Refinement

Initial model used (PDB code)

Model composition
Non-hydrogen atoms
Protein residues
Ligands
Water

B factors (A2)
Protein
Ligands
Water

R.m.s. deviations
Bond lengths (A)
Bond angles (°)

Validation
MolProbity score
Clashscore
Poor rotamers (%)

Ramachandran plot
Favored (%)
Allowed (%)

Disallowed (%)

2.8 (VFT-CRD)
3.2 (CRD-7TM)
3.2 (Gis)

0.143

7M3F, 7TMTS

18,062
2,267
24

42.35
51.32
34.27

0.004

0.671

1.42

3.77

96.21
3.79

2.9 (VFT-CRD)
3.5 (CRD-7TM)
3.5 (Gis)

0.143

7M3F, 7TMTS

17,872

2,249
18

36.12
57.89

0.006

0.887

3.1 (VFT-CRD)
3.7 (CRD-7TM)
3.9 (Gq)

0.143

7M3F, 7F8W

17,572
2,237
22

51.54
53.83
56.81

0.005

0.792

2.6 (VFT-CRD)

3.2 (CRD-7TM)

0.143

7M3F

12,817
1,602
20

33.02
43.32

0.004

0.681
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