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Abstract: The calcium-sensing receptor (CaSR) plays a central role in maintaining systemic calcium homeostasis. In the treatment
of secondary hyperparathyroidism (SHPT) associated with chronic kidney disease (CKD), CaSR is targeted by calcimimetic drugs.
Recent cryo-electron microscopy (cryo-EM) studies have begun to reveal how CaSR is modulated by various allosteric modulators
and signals through G proteins. However, the mechanisms of CaSR activation by the novel calcimimetic, upacicalcet, and the
aminoglycoside antibiotic, neomycin, remain elusive. In this study, we present high-resolution cryo-EM structures of human
CaSR homodimer complexed with either upacicalcet or neomycin. Coupled with functional studies, it is revealed that both drugs
target the extracellular region of the receptor. Upacicalcet occupies the amino-acid binding site of the Venus Flytrap (VFT)
domain promoting VFT closure, whereas neomycin occupies a calcium-binding site at the homodimer interface at the base of the
VFT, thus inducing the proximity of the two protomers. These findings reveal distinct molecular mechanisms of CaSR modulation
by drug molecules, highlight the diversity of ligand-dependent regulatory modes, and provide a structural foundation for the
rational design of future CaSR-targeting therapeutics.
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1 Introduction

The calcium-sensing receptor (CaSR), a class C G protein-coupled receptor (GPCR), is a master regulator
of systemic calcium ion (Ca?") homeostasis (Hofer and Brown, 2003). By sensing extracellular Ca®" concen-
tration fluctuations, CaSR modulates parathyroid hormone (PTH) secretion and renal calcium reabsorption and
excretion, while it also participates in diverse physiological processes including gastrointestinal nutrient sensing,
bone metabolism, insulin secretion, and neuronal development (Cianferotti et al., 2015; Owen et al., 2016;
Riccardi and Brown, 2010; Ruat and Traiffort, 2013; Squires et al., 2014). The dysregulation of CaSR function
has significant pathological consequences (Actkins et al., 2021; Grant et al., 2012). Gain-of-function mutations
cause autosomal dominant hypocalcemia (ADH1), characterized by hypocalcemia and hypoparathyroidism,
whereas loss-of-function mutations lead to familial hypocalciuric hypercalcemia (FHH) or neonatal severe
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hyperparathyroidism (NSHPT) (Chang et al., 2020; Hannan et al., 2018, 2012).

CaSR functions as an obligate homodimer, with each protomer comprising an extracellular domain (ECD)
and a heptahelical transmembrane (7TM) domain (TMD) (Gorvin, 2023). The ECD consists of a Venus flytrap
(VFT) module and a cysteine-rich domain (CRD). The VFT binds ligands including Ca?", amino acids and
polyamines, transmitting signals through CRD to the TMD, resulting in G protein coupling (Tian et al., 2024).
Recent cryo-electron microscopy (cryo-EM) studies have revealed that activation by Ca?* and L-tryptophan
(L-Trp) induces VFT closure, resulting in the 7TM homodimer rearranging from an extended parallel confor-
mation to a tightly packed asymmetric configuration (Chen et al., 2021; Gao et al., 2021; Ling et al., 2021; Wen
et al., 2021). 7TM positive allosteric modulators (PAMs) such as cinacalcet and evocalcet stabilize this
asymmetry, whereas negative allosteric modulators (NAMs) lock the 7TMs in a symmetric inactive state (Gao
et al.,, 2021). However, aside from 7TM allosteric modulators, CaSR is also targeted at the ECD by the
next-generation calcimimetic, upacicalcet, and the aminoglycoside antibiotic, neomycin (Goto et al., 2023;
Ward et al., 2002), whose mechanisms of action have remained elusive.

Upacicalcet is a next-generation CaSR PAM that has been clinically approved in Japan in 2021 and
completed worldwide phase III clinical trials for the treatment of SHPT in 2025 (Pathalys Pharma, 2025a,
2025b). Recent studies demonstrated that upacicalcet dose-dependently reduces serum intact PTH and calcium
levels, with no severe hypocalcemia even at 100-fold effective doses (Goto et al., 2023). Crucially, unlike ci-
nacalcet that inhibits gastrointestinal motility by 50%, upacicalcet exhibits superior gastrointestinal safety
(Hamano et al., 2025; Shigematsu et al., 2023). These properties position upacicalcet as a promising therapy for
secondary hyperparathyroidism, particularly in patients intolerant to conventional treatments. The aminogly-
coside antibiotic neomycin is a known CaSR agonist that is widely used to probe receptor physiology (Ward et
al., 2002). Functional studies using native CaSR-expressing parathyroid tissue or heterologous expression
systems have shown that CaSR can be stimulated by neomycin (McLarnon et al., 2002), however the underlying
mechanism has not been elucidated.

In this study, we present cryo-EM structures of the CaSR homodimer complexed with either upacicalcet or
neomycin at nominal global resolutions of 2.45 A and 2.32 A, respectively. These structures, coupled with
functional studies, illustrate how upacicalcet and neomycin distinctly target and modulate CaSR. Specifically,
upacicalcet binds to the amino-acid binding site located at the cleft of the bi-lobed VFT domains, stabilizing an
active closed-closed VFT conformation. In contrast, neomycin binds to a negatively charged pocket situated at
the cross-protomer VFT-CRD interface where a Ca?" ion would bind and directly induces proximity between
the ECDs of the two protomers, thus activating the receptor. These findings reveal distinct modes of CaSR
allosteric modulation at the ECD, informing the rational design and optimization of future therapeutics targeting
the receptor.

2 Materials and methods
2.1 Construct generation

For recombinant protein expression in baculovirus-infected HEK293F cells, a human CaSR construct
(UniProt: P41180, residues 20-894) was codon-optimized and cloned into a modified pEZT vector (Mo-
rales-Perez et al., 2016), which contains an N-terminal hemagglutinin (HA) signal peptide followed by a FLAG
tag and a 3xAla linker. For functional assays in mammalian cells, the full-length human CaSR construct was
subcloned into pcDNA3.1(+) (Durocher et al., 2001) vector, with the native signal peptide replaced by an
N-terminal HA signal peptide followed by a FLAG tag and a 3xAla linker (Gerace and Moazed, 2015). Muta-
tions were introduced by site-directed mutagenesis.

Bioluminescence resonance energy transfer (BRET)-based assays were performed to quantify the activa-
tion of CaSR by allosteric ligands. Specifically, a set of TRUPATH Go/GB/Gy biosensors (Cat. No.
1000000163, Addgene, Watertown, MA, USA) (Olsen et al., 2020) was used to detect the dissociation of Re-
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nilla luciferase-labelled Gai3 (Go-RLuc8) and green fluorescent protein-labelled Gy (Gy-GFP2) subunits. To
maximize the dynamic range of BRET signals, we used the reported optimal GB3/Gy9-GFP2 acceptor with the
Gai3-RLuc8 donor.

2.2 Cell culture and expression

Wild-type (WT) CaSR was expressed by infecting HEK293F cells at a density of 2.2-2.5 x 10° cells/mL
grown in suspension at 37°C in the presence of 8% CO: in Trans CDO1 medium (Cat. No. YYCDO01.001, Youyi
Biotech, Shanghai, China) with 2% (v/v) culture volume of P2 baculoviruses (Chen et al., 2021; Wen et al.,
2021). The Bac-to-Bac baculovirus expression system was employed to generate recombinant baculoviruses
encoding CaSR in Sf9 insect cells. At 12 h after infection, the HEK293F cells were supplemented with 10 mM
sodium butyrate (Cat. No. 102905018, Sigma-Aldrich, St. Louis, MO, USA) to improve the protein production
yield and then incubated at 30°C for 60 h (Chen et al., 2021; Shen et al., 2021). The cells were collected by
centrifugation, then the pellets were snap-frozen in liquid nitrogen and stored at —80°C until further use.

For functional assays in mammalian cells, HEK293F suspension cells were cultured at 37°C in the pres-
ence of 8% CO7 in Trans CDO1 medium. HEK293F cells were transfected at a density of 1.0 x 10° cells/mL
using 1,200 ng total DNA at a 1:1:1:1 ratio of receptor : Go-RLuc8 : GB : Gy-GFP, with a DNA : polyethyl-
enimine (PEI) (Cat. No. 919012, Sigma-Aldrich, St. Louis, MO, USA) ratio of 1: 4 (He et al., 2024a). After 48
h, the cells were collected for functional assays. All the cell lines used in this study were obtained from
Shanghai Youyi Biological Technology Co., Ltd. (Shanghai, China).

2.3 Purification of CaSR

For the purification of the upacicalcet-bound CaSR, the cell pellets were thawed in buffer containing 50
mM Tris-HCI (pH 7.5), 150 mM NaCl, 10 mM CaCl,, 15% glycerol, protease inhibitor cocktail (Cat. No.
B14003, Bimake Biotechnology Co., Ltd., Shanghai, China), and 10 pM upacicalcet (Cat. No. 124894,
MedKoo Biosciences, Inc., Morrisville, NC, USA), and lysed by a Dounce homogenizer. The cell lysate was
solubilized with 1% n-dodecyl-B-maltoside (DDM) (Cat. No. D-8823, Biosynth, Staad, Switzerland) and 0.2%
cholesteryl hemisuccinate (CHS) (Cat. No. CH210, Anatrace, Maumee, OH, USA) for 2 h at 4°C, followed by
centrifugation at 30,000 x g for 40 min. The resulting supernatant was incubated with anti-DYKDDDDK af-
finity beads (Cat. No. SA042025, Changzhou Tiandirenhe Biotech, Changzhou, China) for 1.5 h at 4°C. The
resin was then washed with buffer containing 50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 10 mM CaCl,, 15%
glycerol, protease inhibitor cocktail, 10 pM upacicalcet, 0.1% DDM, and 0.02% CHS, and transferred to a
gravity-flow column. During the washing process, DDM was gradually replaced with glyco-diosgenin (GDN)
(Cat. No. GDN101, Anatrace, Maumee, OH, USA), and the protein was eluted from the column using 3xFLAG
elution buffer (Cat. No. SLR01002, Changzhou Tiandirenhe Biotech, Changzhou, China). The eluted protein
was concentrated and injected onto a Superose 6 Increase 10/300 GL (Cat. No. 29091596, Cytiva, Marlborough,
MA, USA) equilibrated in buffer containing 25 mM HEPES (pH 7.5), 150 mM NaCl, 10 mM CaCl,, 10 uM
upacicalcet, and 0.005% GDN. Peak fractions were collected and concentrated for the cryo-EM study.

For the purification of neomycin-bound CaSR, the procedures were identical to those described above,
with the sole modification being that 10 uM upacicalcet was replaced by 5 mM neomycin (Cat. No. HY-B0407,
MedChemExpress, Monmouth Junction, NJ, USA) and 1 mM L-Trp throughout all steps.

2.4 Cryo-EM data collection and processing

Three microliters of the purified upacicalcet-bound CaSR or neomycin-bound CaSR (upa-bound: 6.1
mg/mL, neo-bound: 15 mg/mL) were applied onto the glow-discharged holey gold grids (UltrAuFoil R1.2/1.3,
Au300, Quantifoil Micro Tools GmbH, Jena, Germany). The grids were blotted for 6 s with a blot force of 10 at
4°C, 100% humidity, and then plunge-frozen in liquid ethane using Vitrobot Mark IV (Thermo Fisher Scientific,
Waltham, MA, USA). Cryo-EM data collection was performed on Titan Krios TEM (Thermo Fisher Scientific,
Waltham, MA, USA) at 300 kV accelerating voltage at the Core Facilities, Liangzhu laboratory, Zhejiang
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University, equipped with CFEG and Selectris X energy filter, and a Falcon 4 direct electron detector. EPU
software was used for automated data collection according to standard procedures. A magnification of 130,000
x was set for imaging, yielding a pixel size of 0.93 A on images. The defocus range was set from -0.7 to -1.5 um.
Micrographs were recorded for about 2.5 s, with a total exposure dose of approximately 50 electrons per A2. A
total of 5,046 and 15,932 movies were collected for the upacicalcet-bound CaSR and neomycin-bound CaSR,
respectively.

All cryo-EM data processing was performed in CryoSPARC v4.6.2 (Punjani et al., 2017). For the
upacicalcet-bound CaSR dataset, 1,164,477 particles were picked from 4,369 curated movies originating from
5,046 raw movies. After a round of heterogeneous refinement that yielded 426,841 particles, a final set of
302,092 particles was obtained. Non-uniform refinement of these particles resulted in a consensus map at an
overall resolution of 2.45 A, with subsequent ECD-local and TMD-local refinement improving the resolution of
those regions to 2.31 A and 3.38 A, respectively. For the neomycin-bound CaSR dataset, 7,378,886 particles
were initially picked from 15,181 movies using the same templates with the upacicalcet dataset. A series of
heterogeneous refinement rounds narrowed this down to 2,050,902 particles and ultimately to a final stack of
1,432,777 particles. Non-uniform refinement of this final set yielded a consensus map at 2.32 A, while local
refinement produced an ECD-focused map at 2.23 A and a TMD-focused map at 3.15 A.

2.5 Model building and refinement

For model building and refinement, the active-state CaSR structures in detergents (PDB ID: 7M3F) were
used as the initial models for docking into the cryo-EM maps in Chimera (Pettersen et al., 2004). The models
were then subjected to iterative rounds of manual adjustment in Coot v.0.9.8.96 (Emsley et al., 2010) and re-
al-space refinement in PHENIX v.2.0-5847 (Liebschner et al., 2019). The model statistics were validated in
MolProbity (Chen et al., 2010). The models of upacicalcet and neomycin were manually built in Coot v.0.9.8.96
and the geometry was further optimized in the eLBOW module of Phenix using the semi-empirical quantum
chemical method AM1 option (Moriarty et al., 2009). The restraints generated by eLBOW were implemented in
subsequent iterative real-space refinement and validation in Phenix v.2.0-5847. The refinement statistics are
provided in Table S1. Chimera and ChimeraX (Pettersen et al., 2021) were used for structure visualization and
figure preparation.

2.6 BRET assay using TRUPATH biosensors

The BRET assay for the measurement of G protein activation was performed as previously described, with
specific modifications. After 48 hours, cells were collected by centrifugation and washed to remove the cell
medium with the assay buffer (Hank’s balanced salt solution with 25 mM HEPES pH 7.5). The cells were then
resuspended in assay buffer and dispensed into white 96-well plates at a volume of 40 pL per well, followed by
the addition of 20 pL coelenterazine 400a (Cat. No. T78389, TargetMol Chemicals Inc, Boston, MA, USA) to
achieve a final concentration of 10 pg/mL. Cells were incubated at room temperature for 5 min. Thirty micro-
litres of ligand solutions, prepared in assay bufter supplemented with 0.1% bovine serum albumin (BSA) (Cat.
No. A8020, Solarbio, Beijing, China), were immediately added to plated cells. The detection of upacicalcet
required the ligand solution to be supplemented with 1.5 mM Ca**, a step not required for the detection of
neomycin. The plates were read immediately using a Spark Multimode Microplate Reader (Tecan Group Ltd.,
Mainnedorf, Switzerland) using 410-nm (RLuc8-coelenterazine 400a) and 515-nm (GFP2) emission filters with
a 1-s integration time per well. The BRET ratios were calculated as the ratio of the GFP2 emission to RLuc8
emission. All data were normalized by subtracting the BRET signal recorded at 0 mM Ca?*. Finally, the reaction
curve was constructed and generated in GraphPad Prism 10 (GraphPad Software, San Diego, CA, USA). The
experiments were performed independently in triplicates.

2.7 Enzyme-linked immunosorbent assay (ELISA)
The cell-surface expression of FLAG-CaSR WT and mutant constructs were evaluated by ELISA (Chen et



J Zhejiang Univ-Sci B (Biomed & Biotechnol) inpress | 5

al., 2025; Xu et al., 2023; Yamaguchi et al., 2025). After 48 hours post-transfection, HEK293F cells were dis-
pensed into poly-D-lysine-coated 96-well plates at 95 pL per well. Cells were washed with PBS via centrifu-
gation at 500 x g for 3 min, then fixed with 80 pL of 4% paraformaldehyde for 10 min. Following fixation,
blocking was performed with 1% (w/v) BSA/PBS for 1 h at room temperature. Afterwards, cells were incubated
with a 1:10,000 dilution of anti-FLAG M2 HRP-conjugated monoclonal antibody (Cat. No. AE024, ABclonal
Technology, Wuhan, China) in the blocking buffer for an additional 0.5 h at room temperature. Afterwards, the
wells were washed three times with blocking buffer and then six times with PBS. Antibody binding was de-
tected using 80 pL/well of the diluent of Super Signal ELISA Femto Maximum Sensitivity Substrate (Cat. No.
37075, Thermo Fisher Scientific, Waltham, MA, USA). The plate was then measured for luminescence using a
Spark Cyto microplate reader (Tecan Group Ltd., Ménnedorf, Switzerland). Finally, the data were normalized
to 100% of the WT CaSR using GraphPad Prism 10. The experiments were performed independently in trip-
licates.

2.8 Statistics and reproducibility

Statistical analyses were performed on data derived from at least three independent experiments using
GraphPad Prism 10. For TRUPATH assays, the maximum signal response of the WT group was designated as
100%. Data were normalized as a percentage of this maximal WT response. The half-maximal effective con-
centration (ECso) was defined as the concentration of ligand eliciting 50% of the maximal response, and pECso
was calculated as -logio (ECso). For ELISA, the protein expression level of the WT group was defined as 100%,
and the expression levels of the mutants were normalized relative to WT. Data were presented as mean = SEM
from at least three independent experiments, each performed in triplicate. Statistical significance compared to
WT was determined by one-way ANOVA followed by Dunnett's multiple comparisons test (*P < 0.05, ** P <
0.01, *** P < 0.001, **** P < 0.0001; ns, not significant (P > 0.05). No samples were excluded from the
analysis.

3 Results
3.1 Structural determination of CaSR-upacicalcet and CaSR-neomycin complexes

Near full-length human CaSR in HEK293F cells were expressed and the active-state receptor was purified
through FLAG-tag affinity and size-exclusion chromatography (Fig. S1). The CaSR-upacicalcet sample was
prepared in the presence of 10 uM upacicalcet and 10 mM Ca?*, whereas the CaSR-neomycin sample was
purified with 5 mM neomycin, I mM L-Trp and 10 mM Ca?". Cryo-EM analyses of these preparations yielded
consensus reconstructions at nominal global resolutions of 2.45 A for the CaSR-upacicalcet complex and 2.32 A
for the CaSR-neomycin complex (Fig. S2). To further enhance local features, focused refinements were per-
formed on the ECD and TMD of each dataset. The resulting composite maps reached 2.31 A (ECD) and 3.38 A
(TMD) for the CaSR-upacicalcet complex, and 2.23 A (ECD) and 3.15 A (TMD) for the CaSR-neomycin
complex. (Fig. S2, Table S1). These high-resolution electron density maps enabled unambiguous atomic model
building, detailed analysis of the receptor conformations, and in-depth investigation of the ligand-receptor
interactions (Fig. 1 and S3). The cryo-EM map of the CaSR-upacicalcet complex reveals a distinct density of
upacicalcet at the amino-acid binding site within the VFT of each protomer, suggesting an activation mecha-
nism reminiscent of that of aromatic amino acids (Fig. 1a and S3a). The cryo-EM map of the CaSR-neomycin
complex reveals a prominent non-protein density at the VET-CRD interface, occupying a Ca®*-binding pocket
that has been shown to be critical for CaSR activation. When neomycin was fitted into this density, a terminal
sugar ring was not well resolved (Fig. 1b, S3b and S3e), likely due to the inherent conformational flexibility of
branched aminoglycosides (Asensio et al., 2002).

3.2 CaSR-upacicalcet complex
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Upacicalcet is an amino acid-derived compound featuring an aromatic ring distinct from linear glutathione
analogs (Goralski and Ram, 2022), exhibiting structural homology with aromatic amino acids like L-Trp (Goto
et al., 2023) (Fig. 2b). Our CaSR-upacicalcet complex structure reveals that upacicalcet binds at the interface
between Lobe 1 and Lobe 2 of the VFT, stabilizing the closed ECD conformation (Fig. 1a and 2a). Upacicalcet
occupies the same site as L-Trp (Geng et al, eLife) and the recently reported CaSR PAM
y-glutamyl-valyl-glycine (y-EVG) (Fig. S4) (Yamaguchi et al., 2025). Upacicalcet and y-EVG utilize the same
set of residues to bind to the receptor and their larger sizes compared to L-Trp allow for more extensive inter-
actions (Fig. S4). In the CaSR-upacicalcet complex, residues S170, N64 and R66 from Lobe 1 form polar in-
teractions with the terminal amine (distance, 2.8 A), the aryl chloride (distance, 3.5 A), and the sulfonic group
(distance, 2.7 A) of upacicalcet, respectively. Meanwhile, the indole ring of W70 from Lobe 1 forms n-m in-
teraction with the phenyl ring of upacicalcet (distance, 5.1 A) (Fig. 2b). Accordingly, the S170A, N64A, and
W70A mutations all completely abolish the ability of upacicalcet to activate the receptor and the R66A mutation
significantly reduces the potency of upacicalcet dose-dependent response (Fig. 2c, 2d and S5a). In Lobe 2, P274
is involved in o-7 interaction with the phenyl group of upacicalcet (distance, 3.8 A) and E297 forms a salt bridge
with the terminal amine (distance, 3.0 A) (Fig. 2b). Removing the CB of P274 by mutating it to a glycine residue
causes a right shift of the dose-dependent response curve, whereas the E297A mutation significantly inhibits the
activation of CaSR by upacicalcet (Fig. 2c, 2d and S5a). Our structural information along with mutagenesis data
reveal that upacicalcet facilitates CaSR activation by tethering the two VFT lobes together through extensive
interactions with residues from either side, thus stabilizing the active closed-closed ECD conformation.

3.3 CaSR-neomycin complex

Our CaSR-neomycin complex structure reveals that neomycin, a polycationic aminoglycoside antibiotic,
engages CaSR at the interface between VFT and CRD, displacing a Ca?" that has been shown to be critical for
CaSR activation (Geng et al., 2016b; Zhang et al., 2016) (Fig. 1b, 3a and S3b). Neomycin is composed of four
sugar rings joint linearly by glycosidic bonds (Fig. 3b). Our cryo-EM density resolves the last three sugar rings,
whereas the first ring appears to be flexible (Fig. S3e). Neomycin engages the receptor in a V-shaped config-
uration with the central Ring 11, inserting deep into the VFT dimer interface, while the peripheral Rings II and
IV bridge the interactions between VFT and CRD from opposite protomers. These interactions primarily in-
volve four acidic residues, namely VFT residues E232 (distance, 2.6 A) and D234 (distance, 2.5 A) from one
protomer, and VFT residue D238 (distance, 3.8 A) and CRD residue E588 (distance, 3.1 A) from the other
protomer, each forming polar contacts with neomycin (Fig. 3b). Charge reversal mutations of each of these
residues, namely E232K, D234K, D238K and E588K, hamper the activation of CaSR by neomycin to varying
degrees, whereas mutating all four residues to lysine (4K) drastically abolish the neomycin response at the
receptor (Fig. 3¢, 3d and S5b). These functional results are consistent with the modeled neomycin position at the
VFT-CRD interface, thus supporting our neomycin placement. Our structure and mutagenesis studies indicate
that neomycin activates CaSR by mimicking the function of the Ca?" and engages at a modulation site at the
VFT-CRD interface. Neomycin, being a polycationic molecule, binds at this highly acidic site through exten-
sive electrostatic interactions (Fig. S3c), clamping the VFT and CRD from opposing protomers together and
stabilizing the compact active ECD configuration.

4 Discussion

CaSR, as the master regulator of human calcium homeostasis, is further involved in nutrient sensing,
cardiovascular tone, and insulin secretion (Liu et al., 2018; Schepelmann et al., 2016; Squires et al., 2000).
Extensive efforts to target CaSR therapeutically in the past several decades have resulted in clinically approved
7TM PAMs, such as cinacalcet and evocalcet (Nemeth et al., 2018) (Fig. 4). Although these 7TM PAMs can
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effectively lower serum PTH and calcium levels, their application is limited by significant gastrointestinal
toxicity and the risk of hypocalcemia (Diao et al., 2021). Accordingly, their clinical indications are restricted to
SHPT associated with end-stage CKD (Tsai et al., 2024) and hypercalcemia associated with parathyroid car-
cinoma (Chattopadhyay, 2006). A more recently approved peptide-based PAM, etelcalcetide, binds to the ECD
and exhibits an extended half-life suitable for weekly administration; however, it also suffers from similar risks
of hypocalcemia compared to cinacalcet (Hamano et al., 2017; Patel and Bridgeman, 2018) (Fig. 4). In the past
few years, cryo-EM studies on near full-length human CaSR have illustrated certain molecular mechanisms
involving receptor activation by widely used 7TM PAMs (Chen et al., 2021; Gao et al., 2021; Ling et al., 2021;
Wen et al., 2021), revealing that the same drug molecule adopts distinct conformations, namely bent and ex-
tended, when bound to the two 7TM protomers within the homodimer (Gao et al., 2021) (Fig. 4). This structural
information has enabled a recent large-library docking campaign that led to several promising lead compounds
with much higher potency than cinacalcet without inducing hypocalcemia in mouse models (Liu et al., 2024).
Recently, cryo-EM studies of CaSR-G protein complexes have revealed that upon G protein coupling, the two
transmembrane 7TM bundles move closer together with a more tightly packed TM6 interface, with the contact
area increasing from 206 A2 to 683 A2 (He, Wu, Gao, et al., 2024b; Zuo, Park, Frangaj, et al., 2024). Interest-
ingly, both our upacicalcet-bound and neomycin-bound complex structures revealed more tightly packed TMDs
compared with the CaSR-cinacalcet complex with TM6 contact areas of 233 A2 and 267 A2, respectively, and
when aligning one 7TM bundle, we could observe a clear downward shift of TM6 in the other 7TM, bringing
the conformation closer to the G protein-bound configuration (Fig. S6a and S6b). The observed downward shift
suggests that activation by ECD ligands upacicalcet and neomycin may favor G protein activation more than
stabilization by clinically used 7TM PAMs such as cinacalcet and evocalcet. Our near-atomic level information
of upacicalcet bound to active-state CaSR provides a solid structural platform for future virtual screening efforts.
In the meantime, the regulatory site revealed by our CaSR-Neomycin structure offers a distinct mechanism for
receptor activity modulation and can enable the structure-based design of more specific and potent drug mol-
ecules with distinct pharmacology (Fig. 4). The structural information coupled with functional data presented in
this study expands our knowledge of CaSR modulation mechanisms and sheds light on promising future di-
rections for the development of better CaSR-targeting therapeutics.
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Fig. 1 Cryo-EM structures of the active-state calcium-sensing receptor (CaSR) complexes. Cryo-EM maps (left) and corre-
sponding models (right) of CaSR bound to upacicalcet (a) and neomycin (b). The two protomers are colored blue and pink, re-
spectively, and the dashed boxes denote the binding sites of upacicalcet, neomycin and Ca*".VFT: Venus Flytrap domain; CRD:
cysteine-rich domain; 7TM: heptahelical transmembrane domain; Trp: tryptophan.
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Fig. 2 Upacicalcet binds the Lobe 1-Lobe 2 cleft within each calcium-sensing receptor (CaSR) protomer. (a) Structural model of
the CaSR extracellular domain (ECD) in complex with upacicalcet. (b) Close-up view of the upacicalcet-binding pocket in a CaSR
protomer, where residues involved in upacicalcet recognition are shown as sticks. (c) Bioluminescence resonance energy transfer
(BRET) assays showing that residues distributed across Lobe 1 and Lobe 2 are required for the PAM activity of upacicalcet. (d)

Quantification and statistics for panel (c). The bars represent differences in Emax or potency (pECso) for each mutant, expressed as



a percentage of the wild type (WT) maximum. Data are expressed as mean +SEM from at least three independent experiments,
each performed in technical triplicate. Statistical significance was assessed by one-way ANOVA with Dunnett’s multiple com-
parisons test versus WT (¥*P< (.05, ** P <0.01, *** P <0.001, **** P <0.0001; ns, not significant (P > 0.05)). ND, not deter-
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mined. VFT: Venus Flytrap domain; CRD: cysteine-rich domain.
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Fig. 3 Neomycin binds to negatively charged clefts at the Lobe 2 interface of the calcium-sensing receptor (CaSR) dimer. (a)
Structural model of the CaSR extracellular domain (ECD) in complex with neomycin. (b) Close-up view of the neomycin-binding
pocket at the Lobe 2 interface; residues involved in neomycin recognition are shown as sticks. (c) Bioluminescence resonance
energy transfer (BRET) assays demonstrating that negatively charged residues within the neomycin-binding pocket are critical for
its agonist activity. (d) Quantification and statistics for panel (c). Bars represent differences in E_max or potency (pECso) for each
mutant, expressed as a percentage of the WT maximum. Data are mean = SEM from at least three independent experiments, each
performed in technical triplicate. Statistical significance was assessed by one-way ANOVA with Dunnett’s multiple comparisons
test versus WT (*P <0.05, ** P <0.01, *** P <0.001, **** P <(.0001; ns, not significant (P > 0.05)). 4K indicates a quadruple
mutation in which E558, D238, D234, and E232 were all substituted with lysine (K). VFT: Venus Flytrap domain; CRD: cyste-

ine-rich domain.

AlogEC50
0.7 0.6 0.5 0.4 0.3 0.2 0.1 0.0
L 1 1 1 1 1 1

Emax (%WT)

0 25 50 75 100 125
PR UG AT FTRY ST |

ete

s -SRI 558k

wokk ] «
sonk o

Hkk ofe o

- 4K

[~ D238K™
- D234K
- E232K
- WT -

ofefe ok
s
Fe Hoo
o ok
oeie *

9



10 | J Zhejiang Univ-Sci B (Biomed & Biotechnol) in press

Active-state CaSR

o ’J : % — Upacicalcet

Lobe2

Fig. 4 Schematic overview of ligand-binding sites on the active-state calcium-sensing receptor (CaSR) homodimer—cartoon
depiction of an active CaSR dimer embedded in a membrane (grey). The two protomers are colored light blue and light pink. The
dashed boxes indicate representative binding loci for clinically used and experimental CaSR ligands: upacicalcet engages the
conserved amino acid-binding pocket between Lobe 1 and Lobe 2 of the Venus Flytrap domain (VFT) in each protomer, while
neomycin occupies a site at the negatively charged cleft formed at the Lobe-2 interface between protomers. Evocalcet and ci-
nacalcet bind within the heptahelical transmembrane domain (7TM) allosteric cavity of the transmembrane domain, and etelcal-
cetide acts at the extracellular region near the dimer interface of the VFT. Ligands are shown as space-filling models for illustra-
tion. CRD: cysteine-rich domain. Created with BioRender.com.
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