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The human extracellular calcium-sensing (CaS) receptor controls
plasma Ca?* levels and contributes to nutrient-dependent mainte-
nance and metabolism of diverse organs. Allosteric modulation of
the CaS receptor corrects disorders of calcium homeostasis. Here,
we report the cryogenic-electron microscopy reconstructions of a
near—full-length Ca$ receptor in the absence and presence of allo-
steric modulators. Activation of the homodimeric CaS receptor
requires a break in the transmembrane 6 (TM6) helix of each subu-
nit, which facilitates the formation of a TM6-mediated homodimer
interface and expansion of homodimer interactions. This transfor-
mation in TM6 occurs without a positive allosteric modulator. Two
modulators with opposite functional roles bind to overlapping
sites within the transmembrane domain through common interac-
tions, acting to stabilize distinct rotamer conformations of key resi-
dues on the TM6 helix. The positive modulator reinforces TM6
distortion and maximizes subunit contact to enhance receptor
activity, while the negative modulator strengthens an intact TM6
to dampen receptor function. In both active and inactive states,
the receptor displays symmetrical transmembrane conformations
that are consistent with its homodimeric assembly.

calcium-sensing receptor | cryo-EM structure | allosteric modulation |
activation mechanism | symmetry

Critical to the maintenance of Ca®* homeostasis, the extra-
cellular calcium-sensing (CaS) receptor was the first G
protein—coupled receptor (GPCR) discovered to sense ions
(1-3). The CaS receptor detects fluctuations in glasma Ca*" at
the parathyroid. In response to increases in Ca**, it transmits
signals to inhibit the release of parathyroid hormone, in turn
preventing further rises in Ca* concentration (2, 3). In the cor-
tical thick ascending limb of the renal nephron, the CaS recep-
tor is also activated by surges in plasma Ca®* and responds by
inhibiting Ca** reabsorption. The excess urinary calcium excre-
tion arising from CaS receptor activation lowers the plasma
Ca®" level. The Ca$ receptor is implicated in various patholo-
gies associated with hypercalcemia and hypocalcemia (4). It has
also been linked to the progression of diseases such as breast
and colon cancer, in which the receptor modulates tumor
growth (3, 5-7).

The CasS receptor senses a diverse array of extracellular stim-
uli. During normal function, it activates multiple intracellular
signaling pathways involving Gg11, Gi, O Giy3; in tumor
cells, it is coupled to Gy (2, 3, 8, 9). In addition to the principal
agonist Ca®", the receptor is directly activated by aromatic
L-amino acids (10, 11). Other CaS agonists include various
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divalent and trivalent cations (12), referred to as type I calcimi-
metics for mimicking the action of Ca** (13).

The activity of the CaS receptor is also subject to allosteric
modulation. Positive allosteric modulators (PAMs) are classi-
fied as type II calcimimetics for increasing the receptor sensitiv-
ity for Ca®* (12-16). The prototypical PAM molecules share a
phenylalkylamine structure, including cinacalcet and NPS
R-568 (abbreviated as R-568). Cinacalcet was the first drug
described to target a GPCR allosterically, and it is used clini-
cally to treat hyperparathyroidism in patients with chronic kid-
ney diseases (15). Negative allosteric modulators (NAMs) of
the CaS receptor are referred to as calcilytics for suppressing
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The human calcium-sensing receptor maintains a stable con-
centration of calcium in the blood. Naturally occurring muta-
tions in the receptor are linked to calcium homeostatic
disorders including hypercalcemia and hypocalcemia. Modu-
lation of the receptor function can provide therapeutic relief
of these conditions. The structures of the calcium-sensing
receptor in the absence and presence of various allosteric
modulators reveal the mechanism by which these modifiers
up- or down-regulate receptor function. We have captured
symmetric forms of the homodimeric receptor both at rest
and upon stimulation and concluded that receptor activation
involves a conformational change at its dimer interface. The
structural details of the calcium-sensing receptor in different
functional states may assist the design of new therapeutics
for diseases related to calcium homeostasis.
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Fig. 1. Cryo-EM structures of the human CaS receptor. The active structures
include the PAM-bound (A) and PAM-free (B) states; the inactive structure is in
the NAM-bound form (C). For each structure, the cryo-EM density map (Left)
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the receptor response to Ca** (12-16). Synthetic calcilytics
such as NPS-2143 and ronacaleret are also structurally related
to phenylalkylamines. Recently, inorganic phosphate has been
identified as an inhibitor of the receptor (11, 17).

The CaS receptor rests within the class C family of GPCRs
and functions as an obligate homodimer. Like other class C
GPCRs, each CaS subunit contains a large extracellular domain
(ECD) involved in orthosteric ligand binding, a seven-helix
transmembrane (TM) domain responsible for G protein cou-
pling, followed by an extended cytoplasmic tail (18-23). The
conformations of the CaS ECDs in both the inactive and active
states have been determined by X-ray crystallography (11, 24).
The ECD structures also revealed how the receptor recognizes
various extracellular ligands, including Ca®*, the amino acid L-
Tip, and inorganic phosphate. Although the role of amino acids
is still under debate (25), recent structural studies of full-length
CaS receptor further confirmed that Ca** and amino acids
cooperate to activate the receptor (26-28).

The TM domain of the CaS receptor harbors the binding
sites for PAM and NAM molecules according to previous muta-
genesis studies (29-32). Recently reported modulator-bound
CaS receptor structures revealed asymmetric TM configura-
tions that are stabilized by PAM molecules binding in different
poses within the separate subunits of the homodimer (33). We
have determined PAM- and NAM-bound, as well as PAM-free,
structures of a near—full-length CaS receptor using cryogenic-
electron microscopy (cryo-EM) that display symmetric TM
dimers and modulator poses, instead. This finding presents the
possibility of receptor activation without requiring asymmetric
conformational transition. Our structures also illustrate how
distortion of TM6 provides the driving force for receptor activa-
tion. Furthermore, the presence of a PAM or NAM stabilizes
distinct TM6 helix conformations to promote specific dimer
arrangements and differentially modulate receptor function.

Results

Cryo-EM Reconstructions of Multiple Functional States. We
acquired active-state structures of the CaS receptor using pro-
tein expressed in mammalian cells and purified in the presence
of excess Ca’", the tryptophan analog cyclomethyltryptophan
(TNCA) (24), and the PAM molecule R-568 (34) (Fig. 1 and S/
Appendix, Figs. S1, S2, and S3 A-E and Table S1) (35). Our ini-
tial global reconstruction in Cl symmetry revealed that the
receptor exhibits twofold symmetry in both the ECD and TM
regions, but their dimer axes are offset by 4.5° (SI Appendix,
Fig. S3F). A similar displacement of the ECD and TM domains
has been observed in the active-state structure of full-length
CaS receptor from Gallus gallus (27) (SI Appendix, Fig. S3G).
Using three-dimensional (3D) variability analysis of the cryo-
EM data, we found that the active receptor is in constant
motion along two principal dimensions (Movies S1 and S2).
Along the first component of motion exhibited by the active
receptor, the TM domains of the two subunits oscillate relative
to each other while maintaining the symmetry of the TM dimer
(Movie S1). Along the second component, the ECD and TM
domains flex back and forth about the linker region (Movie
S2). This motion underlies the offset of their dimer axes in our
C1 reconstruction. On the other hand, the TM domains of the

and cartoon representation (Right) are oriented toward the TM-homodimer
interface. (Discontinuous densities below a size threshold of 2 voxels were
removed from map display.) Subunits are individually colored blue and cyan,
and TM helices are numbered. Ligands bound to the active CaS receptor
include TNCA (dark gray), Cat (green), PO, (orange and red), and R-568 in
the PAM-bound state (yellow). Additional molecules present are N-linked gly-
cans (NAG; light gray) and CLR (pink). In the inactive state, only the NAM NPS-
2143 (salmon) was modeled.
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two subunits are not completely synchronous as they bend, but
slide vertically relative to each other and thus break the twofold
symmetry in the process (Movie S2). Overall, we have captured
an active CaS population that is predominantly symmetric. The
symmetric TM dimer of our reconstruction is in contrast to the
asymmetric arrangement reported in cinacalcet- and evocalcet-
bound active CaS receptor structures (33) (SI Appendix, Fig.
S3H). In addition, these receptor forms also undergo dynamic
motion and appear to adopt a symmetric pose at certain points
along their movement trajectory (33).

In our CI reconstruction, we found high-resolution features
in the ECD consistent with the estimated overall resolution of
2.8 A; however, the density for the TM domain lacked most
side chains, reflecting its dynamic nature. We took several
approaches to improve the density of the TM domain. First, we
generated a reconstruction for the TM domain of a single CaS
subunit using a combination of local refinement and symmetry-
expanded particles, which contain the original particle set and
their symmetry mates generated based on the inherent twofold
symmetry axis of the global reconstruction. Second, we per-
formed 3D classification of the single TM domain based on the
PAM-binding region. We identified two major classes, corre-
sponding to PAM-free (29% of particles) and PAM-bound
states (36% of particles), respectively. Furthermore, we
observed only one conformation of R-568 in the PAM-bound
class. Local refinements of the single TM domains reached 3.4-
and 3.5-A resolution for the PAM-bound and PAM-free classes,
respectively (SI Appendix, Fig. S3). This procedure brought out
density for nearly all the side chains in the TM domain as well
as the allosteric modulator in the PAM-bound class (S
Appendix, Fig. S4 A and B).

For both active-state conformational classes, we then
reversed symmetry expansion of the corresponding particle sets
and obtained global C1 reconstructions that once more dis-
played twofold symmetry in both the ECD and TM domains
(SI Appendix, Fig. S3 I and J). We proceeded to calculate over-
all reconstructions imposing C2 symmetry, each achieving 2.7-A
resolution. We generated a composite map for each class by
combining the corresponding C2 overall density map with sin-
gle TM reconstructions aligned to each subunit (S Appendix,
Fig. S3 A-E) (36, 37). Complete receptor structures of the
PAM-bound and PAM-free states were then built into these
composite reconstructions (38, 39).

In the active state, each CaS subunit features one TNCA,
four Ca?*, and one phosphate bound to the ECD (SI Appendix,
Fig. S5). Additionally, we observed density for multiple choles-
terol or cholesteryl hemisuccinate (CHS) molecules surround-
ing the TM complex, four of which are located at the subunit
interface (Fig. 1 4 and B). In the PAM-bound class, one R-568
molecule was also found within the TM domain of each CaS
subunit (Fig. 14). Conversely, modulator-binding sites of the
PAM-free class were unoccupied in both subunits.

To capture an inactive-state structure of the CaS receptor,
we introduced the NAM NPS-2143, the inhibitory anion sul-
fate, and ethylene glycol tetraacetic acid (EGTA) to drive the
receptor into an inactive conformation (17, 40). We also low-
ered the pH and increased ionic strength to further stabilize
the inactive state (41, 42). Our initial global reconstruction dis-
played twofold symmetry but was only resolved to 6.0-A resolu-
tion. To improve the density, we separately constructed maps
for the ECD and TM domains of a single CaS subunit using
symmetry-expanded particles. Local refinement of the individ-
ual ECD and TM domains reached 4.0- and 4.2-A resolution,
respectively (SI Appendix, Fig. S6). We assembled an overall
reconstruction of the inactive state by combining two single-
ECD and two single-TM maps, each aligned to the respective
subunit of the global map (Fig. 1C) (43, 44).
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We built the inactive CaS receptor structure by fitting the
individual domains of the active structure as rigid bodies into
the density (45). The overall model was then optimized through
molecular dynamics flexible fitting simulation (46). The inactive
CaS receptor structure contains one NPS-2143 molecule bound
within the TM domain of each subunit (Fig. 1C and SI
Appendix, Fig. S4C).

Activation-associated Conformational Changes. The overall archi-
tecture of the homodimeric CaS receptor is composed of two
subunits interacting side-by-side while facing opposite directions
(Fig. 1). Each subunit is crowned by a Venus flytrap (VFT) mod-
ule composed of lobe-shaped LB1 and LB2 domains, followed
by a cysteine-rich (CR) domain and a peptide linker. Below
these elements, the seven-helix TM bundle is found enveloped
by a detergent micelle. In addition, protruding extracellular and
intracellular loops (ECLs and ICLs) connect adjoining TM heli-
ces. A comparison of the inactive and active structures of the
CaS receptor reveals several key conformational differences.
The changes in the extracellular region are consistent with the
paradigm established for the CaS ECD structures (11).

First, in the inactive state, the VFTs of both subunits adopt
an open conformation but, in the active state, each closes
around the activator TNCA (SI Appendix, Fig. S7 A and B).
Our inactive structure is more representative of the ground
state than any known inactive CaS structure reporting either an
open/closed or closed/closed VFT arrangement (26, 28, 33)
since closure of one VFT has been shown to initiate activation
in class C GPCRs (47). The closed VFT conformation observed
in other inactive CaS receptor structures is likely caused by the
presence of ambient amino acids or their analogs (26, 28, 33).
The L-Trp analog TNCA is known to remain bound within the
VFT despite extensive washing during purification (24).
Although the NAM NPS-2143 was also used in some studies to
stabilize the inactive structure (28, 33), the combination of low
pH, high ionic strength, inhibitory sulfate, and EGTA in our
protein preparation might have allowed us to obtain a fully
inactive state with an open/open VFT configuration. Relative to
the inactive CaS structure, the active form has a VFT that is
closed by 18°. The closed conformation of the active VFT is
consistent with its anion-binding pattern. Thus, we observed
strong density at a known anion-binding site that is important
for structural integrity (site 2) (11), and modeled a phosphate
at this position (SI Appendix, Fig. S5 C and D). An anion at the
adjacent site (site 1) would inhibit receptor activity (11, 17).
The absence of a bound anion at site 1 in the active cryo-EM
structure is consistent with its active functional state.

Second, a major distinction between the inactive and active
structures of the CaS receptor is the extent of homodimer con-
tact. In the inactive state, the two subunits partner through the
extracellular LB1 domains exclusively. A large gap is observed
between the LB2 and CR domains, with a 50-A separation
between the C termini of the CR domains (SI Appendix, Fig.
S7C). In the active state, however, subunit association occurs
between all individual domains in the extracellular and TM
regions. The gap between the CR domains is decreased to 31 A
as a result of the formation of a new homodimer interface
between the LB2 and CR domains of both subunits (S/
Appendix, Fig. STD). The distance between the membrane-
proximal domains reflects the conformation sensed by the TM
region and is therefore indicative of the functional state. As
such, activation of the CaS receptor is correlated with tighter
subunit association and, in turn, an expansion of homodimer
interactions (Fig. 1). Recently, a nanobody-bound CaS receptor
structure has been proposed to represent the fully inactive state
because of a larger distance between LB2 domains than in
other known natural CaS conformations (28). Since the inacti-
vating nanobody is wedged between the LB2 domains of the
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two subunits, however, their separation may be artificially
expanded due to steric hindrance induced by the nanobody.

The unique homodimer interface formed in the active state
requires the presence of additional Ca**. Specifically, we found
ion density at all four Ca**-binding sites that we previously
identified using anomalous diffraction (sites 1 to 4) (11) (SI
Appendix, Fig. S5 A and B). The Ca** bound to site 4 is impor-
tant for receptor activation as it bridges the LB2 and CR
domains of both subunits to form homodimer interactions in
the active state. We also carried out elemental analgsis of puri-
fied CaS receptor and found that the amount of Ca** bound to
the active receptor is substantially higher than that found in the
inactive state, consistent with the role of Ca®* as an agonist (S/
Appendix, Table S2).

The disparity between inactive and active homodimer inter-
actions continues into the TM region. In the inactive structure,
direct TM contact is absent, and the two subunits face each
other remotely through parallel surfaces formed by the TM5
and TMG6 helices from each subunit (Fig. 2 A and C). At the
extracellular end of the TM homodimer, the closest helix pair is
that of TM6. Conversely, the neighboring TMS helices draw
nearest at the intracellular end. The TM5-TM6 dimer orienta-
tion distinguishes the CaS inactive conformation from other
class C receptors including mGlu (48-51) and GABAg (52-56)
receptors.

In our active-state structures, the two subunits associate to
form a new homodimer interface through their TM6 helices
(Fig. 2 B, D, and E). The pair of TM6 helices start far apart at
the intracellular end, drawing closer together as they extend
toward the extracellular side. These trajectories continue until
direct subunit contacts are formed near the extracellular mem-
brane surface. Furthermore, cholesterol molecules found at the
dimer interface facilitate additional interactions between TM6
helices of both subunits (Fig. 1 4 and B).

Finally, the inactive and active CaS receptor structures dis-
play different relative orientations between ECD and TM
domains, which can be described using the intersecting angle
between their corresponding dimer interfacial planes. In the
inactive state, the homodimer interfacial planes of the
membrane-proximal LB2/CR units and TM domains are mis-
aligned by ~70°. In contrast, the active-state CaS structures fea-
ture a 90° difference between these dimer interfacial planes (S/
Appendix, Fig. STE). The increased planar angle between TM
and membrane-proximal regions in the active state highlights
the importance of ECD-induced mechanical torsion for rotat-
ing the TM domains of the receptor into its active conforma-
tion. The maintenance of this high torsion requires closure of
both VFT modules by way of an amino acid activator, in addi-
tion to stabilizing forces of Ca** at the LB2 and CR dimer
interfaces. In the membrane, the approach of neighboring TM6
helices permits the formation of a new homodimer interface
between TM domains of both subunits for receptor activation.

Activation-induced Helix Disruption in TM6. A prominent feature
of the active CaS receptor is an interruption of the helical fold
that splits TMG6 into two parts at Phe821%>* (Fig. 2 D and E) as
compared with inactive CaS (Fig. 2C). Nearby residue
Pro823%> facilitates this break and initiates the formation of a
second helix. We conclude that the TM6 break is an integral
part of the receptor activation mechanism for several reasons.
First, the integrity of the entire TM6 helix is maintained in the
inactive state. Second, we found this TM6 break both in
the absence and presence of a PAM molecule, indicating that
the TM6 helix deformation is an inherent part of the activation
process. Third, despite the absence of dimer symmetry, the
recently reported cinacalcet- and evocalcet-bound active struc-
tures demonstrate a similar TM6 distortion (33). Taken
together, this suggests that the TM6 break, as opposed to
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Fig. 2. Activation-induced conformational changes in the TM. (A and B)
TM dimer structures of the NAM-bound inactive (A) and PAM-bound
active (B) CaS receptors viewed from the extracellular end. (C-E) Structural
elements at the homodimer interface of the NAM-bound inactive (C),
PAM-free active (D), and PAM-bound active (E) CaS receptors viewed from
the side. (F and G) Alignment of the TM6 helix and ensuing ECL3 region
based on residues in the intracellular portion of the TM6 helix (A804°3° to
1816°4®), The diagrams show the comparison between PAM-bound and
PAM-free active forms (F) as well as that between the PAM-bound active
and NAM-bound inactive states (G).

changes in symmetry (33), encapsulates the activation-induced
conformational change of the CaS receptor.

The helix break facilitates the formation of a TM6-TM6
homodimer interface. In the PAM-bound active CaS structure,
the break bends the TM6 helix so that its extracellular fragment
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runs nearly parallel to its counterpart in the opposing subunit
(Fig. 2E). This kinked conformation permits the entire extracel-
lular portion of the TM6 pair to interact along the helical path.
In the PAM-free active structure, the extracellular end of TM6
and ensuing ECL3 bend toward the interior of the TM bundle
(3.8-A Ca shift in A826) (Fig. 2F), appearing to fill the space
that is occupied by the modulator in the PAM-bound active
structure. As a result, the curvature of the bend is more pro-
nounced in the absence of the PAM, and the pair of TM6 heli-
ces move slightly apart after the kink. This results in more
sparse contacts in the PAM-free than PAM-bound conforma-
tion. Therefore, the presence of the PAM serves to increase
homodimer interactions between TM bundles, thereby enhanc-
ing receptor activity.

The distortion of TM6 prevents steric clash between rear-
ranged TM domains in the active conformation. Indeed, if we
align each subunit of the inactive TM domain onto the active
dimer based on the intracellular fragment of TM6, the extracel-
lular end of TM6 and following ECL3 from the two subunits
would collide (SI Appendix, Fig. ST F-I). Therefore, the intact
TM6 found in the inactive receptor would not be compatible
with the TM6-TM6 dimer orientation found in the active con-
formation. Although a TM6-centered dimer arrangement is
common to the active state of all known class C GPCR struc-
tures (52-54, 56), the formation of a dimer interface that is
dependent on a distinct break in TM6 is novel, having only
been observed in the CaS receptor. This is more akin to G
protein—bound monomeric class B GPCRs, which also display a
disrupted TM6 (57).

The partial unwinding of the TM6 helix in the active state
results in substantial conformational changes in its residues
near the extracellular membrane surface (Fig. 2G). First, rela-
tive to its counterpart in the inactive state, Trp818°° undergoes
a rotamer switch from lining the exterior to filling the interior
of the TM domain. Second, a dramatic change occurs at
Phe821%3, the breakpoint of TM6. In the inactive state,
Phe821%°% points toward the core of the TM bundle while its
backbone atoms form part of a helix turn. In the active state,
Phe821%° is diverted outward to face the dimer interfacial
area. Finally, Tyr825%7 also changes its rotamer conformation.
In the inactive state, however, the side chain of Tyr8256'5 7 aims
upward to the extracellular membrane surface. In the active
state, Tyr825%%7 is directed downward, filling the void left by
the side chain of Phe821°%. The packing of Trp818°° and
Tyr825%7 along one side of the TM6 helix further reinforces
the bend at Phe821% as it protrudes into the external space.
In summary, the bending of TM6 allows the formation of a new
homodimer interface between TM domains of both subunits
for receptor activation. This provides the transmembrane
molecular switching mechanism for receptor activation in the
absence and presence of PAMs.

Transmission of Extracellular Signals to the TM. Within each CaS
receptor subunit, communication of conformational signals
from the VFT to the TM is facilitated by the CR domain and
linker, as well as the ECL2 running parallel to the linker (SI
Appendix, Fig. S§ A-C). The CR domain is a rigid scaffold held
together by four intradomain disulfide bonds (SI Appendix, Fig.
S1). The relative orientation between the CR and LB2 domains
is fixed through an interdomain disulfide bridge, allowing the
CR domain to transduce and amplify the movement of the
LB2 domain.

Each CaS receptor subunit possesses a bonded network that
seamlessly integrates the CR domain, linker, and ECL2 compo-
nents as a joint entity (SI Appendix, Fig. S8 A-C). These inter-
actions are largely conserved across different activation states.
This allows the joint entity to serve as a mechanical junction
between the VFT and TM domain to enable communication of
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extracellular signals across the membrane. The interfacial con-
tacts within this junction can be dissected into two main
categories.

The first set of interactions involves a hydrogen-bonding net-
work between the peptide linker and a f-hairpin formed by
ECL2, and the contacts are mostly mediated by backbone
atoms (SI Appendix, Fig. S8B). The linker-ECL2 interaction
serves to strengthen the otherwise unsupported peptide linker.

A second set is an intercalated stacking interaction among
all three components (SI Appendix, Fig. S8C). This is mediated
mostly by the linker residue Lys601, which is positioned
between Trp590 of the CR domain and Ile761 of ECL2 for non-
polar interactions. Mutating any of these three residues to
shorten or eliminate their side chains was harmful to signal
propagation, as the receptor sensitivity toward Ca** is reduced
equivalently in each case (SI Appendix, Fig. S§D). On the other
hand, replacing neighboring residues in the CR domain
(Asp587, Asp588) and ECL2 (Arg752, GIn754) with alanine
had little effect on receptor function, suggesting these residues
play a supportive role to assist signal transmission (SI Appendix,
Fig. S8D).

We also examined the functional effect of introducing muta-
tions at the apex of ECL2. We found that simultaneously
replacing the two ECL2 residues at the tip with glycines
(D758G/E759G) enacts only minor functional change in the
receptor. This finding is consistent with the structural observa-
tion that the ECL2 apex primarily forms contacts with the
linker and CR domain through main-chain atoms. Taken
together, the combined interaction among the CR domain,
linker, and ECL2 affords the junction sufficient rigidity to
transform the conformational changes in the VFT into a rota-
tion of the TM domain. This reorientation of the TM domain
induces TM6 breakage for the formation of a stable active-state
interface.

Active TM Homodimer Interface. The homodimer interactions
between CaS TM domains are most extensive in the presence
of PAM, consistent with the role of PAM in stabilizing the
active conformation (Fig. 3 4 and B). In the active CaS recep-
tor structures, direct homodimer contacts are formed by the
extracellular part of TM6 from both subunits. The interacting
residues are found on one side along the helical path of TM6
and include Ser820%° and Thr828 in the PAM-free state, but
are expanded to include 11e816%*%, Phe821%%3, Pro823%>°, and
Ala824%% in the PAM-bound form (Fig. 34).

Among these interfacial residues, we have identified both
loss-of-function and gain-of-function mutations that corrobo-
rate our structural model (Fig. 3C). Specifically, we found that
replacing 11e816°*® with an alanine (I816A) markedly reduced
receptor sensitivity toward Ca®* and the maximal receptor
response upon Ca™* stimulation. In addition, I1816T and I816V
are naturally occurring inactivating mutations that result in
familial hypocalciuric hypercalcemia (FHH) (58). Similarly,
S820A, P823A, and A824V are all inactivating disease muta-
tions (58, 59) that are detrimental to receptor function. Our
functional data are in agreement with the dimer interface
configuration where these residues contribute to subunit
association. Furthermore, Pro823%>> may provide a vulnera-
ble point along TM6 for helix disruption. The P§23A mutant
suffers substantial functional loss, possibly due to the
reduced propensity for TM6 to break in the absence of a pro-
line residue near its extracellular end.

On the other hand, S820F is an activating disease mutation
that results in autosomal dominant hypocalcemia (6). The
sharp increase in Ca** potency of the S820F mutant indicates
more extensive contacts are formed by the phenylalanine resi-
dues, possibly throusgh aromatic stacking interactions with
neighboring Phe821%°°. Finally, although Thr828 of ECL3 only
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contributes to dimer interactions in the PAM-free state,
substituting Thr828 with asparagine could facilitate new polar
interactions with Ser827%%. T828N is a known activating disease
mutation that causes distinctly higher receptor sensitivity toward
Ca®* (6).

In addition to direct contacts, the CaS subunits also interact
through cholesterol molecules (SI Appendix, Fig. S94). Near
both the extracellular and intracellular membrane surfaces, we
found density at the dimer interface that we identified as cho-
lesterols (CLR1, 2, 4, and 6), although CHSs are also possible
(Fig. 1 A and B).

On the extracellular side, cholesterol-mediated interactions
involve TM7 elements that surround the direct TM6 dimer
interface (SI Appendix, Fig. S94). Residues from TM6 such as
Phe821%%° and Pro823% also participate in these peripheral
dimer interactions, which are auxiliary to the formation of a
TM6-centered homodimer interface.

On the intracellular side, homodimer interactions are almost
exclusively mediated by cholesterol molecules (CLR4 and
CLR6) as the TM6 helices are far apart in this region (S7/
Appendix, Fig. S94). The only exception occurs midway along
TMS6, where the pair of 11e816°*® side chains pack against each
other and form indirect dimer contacts through cholesterols.
Other TM6 residues that grojected into the interfacial area
include Phe809°*', Leu812°*, and I1e813°*. We found that
alanine substitution for each individual residue, as well as leu-
cine substitution of Phe809%*!, showed a distinct reduction in
Ca®* potency and efficacy (SI Appendix, Fig. S9B). Among
these, F8O9L is an inactivating disease mutation that causes
FHH (6). These observations suggest that cholesterol may play
an essential role in receptor activation by stabilizing the
TM6-TM6 dimer interface. Indeed, we found that cholesterol
depletion has deleterious effects on the overall functioning of
the receptor, as it lowers receptor basal activity as well as the
efficacy and potency of Ca** (SI Appendix, Fig. S9B). The CaS
receptor has been previously identified in cholesterol-rich
membranes in parathyroid cells (60).

PAM Binding. In the PAM-bound structure of active CaS recep-
tor, we found density for one R-568 molecule within the TM
domain of each subunit. The PAM-binding site is located near
the extracellular membrane surface and is framed by residues
from the TM2, TM3, TM5, TM6, and TM7 helices. The PAM-
binding pocket has a lateral opening between TM5 and TM6,
through which the entire bound R-568 is accessible (Fig. 4 A
and B).

The PAM R-568 structure consists of an aromatic ring on
each end connected through a linker. When bound to the CaS
receptor, R-568 adopts a crescent shape, which differs from the
extended or bent conformation observed for the larger PAM
molecules cinacalcet and evocalcet (27, 33) (SI Appendix, Fig.
S104). The methoxyphenyl group at one end of R-568 is
anchored in the interior of the pocket while the chlorophenyl
ring at the other end protrudes out toward the lateral opening.
In addition, our observation that R-568 adopted a single con-
formation is evidence that specific PAM molecules can bind to
the receptor through symmetric binding modes.

The linker of R-568 contains an amine group that is respon-
sible for securing the modulator inside the central cavity of the
TM bundle. The linker is bent by a ridge inside the pocket that
is formed by GIn681** of TM3 and Glu837"** of TM7. Both
of these residues form hydrogen bonds with the amine group of
R-568 to fasten the PAM molecule to the receptor (Fig. 4B and
SI Appendix, Fig. S10B). Consistent with our structural observa-
tion, we found that an alanine mutation of either Gln681333
(Q681A) or Glu8377? (E837A) completely abolished the mod-
ulating effect of R-568 gFig. 4F). Previous mutagenesis studies
also indicate that Glu8377? is critical for the functional affinity of a
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variety of CaS modulators, including R-568, cinacalcet, and
AC-265347 (29, 32). In addition, the linker of R-568 makes hydro-
phobic contact with Phe668>°, a residue known to participate in
the binding of phenylalkylamine modulators (29, 32).

The methoxyphenyl ring of R-568 occupies a pocket that is
lined by the aromatic residues Phe684%%° and Tr4;1)8186'50 on one
side, and the aliphatic Leu776>* and 11e777°** on the other.
Among these, Phe684° is primarily responsible for anchoring
the methoxyphenyl moiety through r-stacking interactions (Fig.
4B and SI Appendix, Fig. S10B). Extensive mutagenesis studies
have established Phe684°~® as an important binding residue of
phenylalkylamine modulators including R-568 (29, 30, 32). The
interactions between the methoxyphenyl group and other resi-
dues including Trp818®* are more distant, and mutations of
these residues have minimal impact on CaS receptor function
(32) (Fig. 4E). On the other hand, the chlorophenyl ring of
R-568 is positioned at the entrance of the modulator-binding
cavity. Its partially broken density suggests that the chloro-
phenyl end of the PAM molecule has a relatively flexible con-
formation (SI Appendix, Fig. S4A).

The overall binding mode of the PAM R-568 is compatible
with the deformed TM6 helix conformation found in the active-
state CaS receptor. Its methoxyphenyl group engages the
interior-facing Trp818°>°. Its pose runs along the face of TM6
formed by Trp818°*° and Tyr825°°7 side chains, holding these
residues in place to maintain the TM6 kink. Furthermore, the
presence of R-568 propels the extracellular end of TM6 toward
the dimer interfacial area to increase subunit interactions (Fig.
2 D and F). Therefore, the PAM R-568 enhances agonist
potency by stabilizing the TM6-TM6 dimer interface of the
activated CaS receptor.

NAM Binding. In the inactive-state structure of the CaS receptor,
we observed partial density for an NPS-2143 molecule within
the TM domain of each subunit (SI Appendix, Fig. S4C). The
NAM-binding site is situated at a similar location as the PAM-
binding site and is defined by residues from the TM3, TMS5,
TM6, and TM7 helices. The NAM site can be accessed both
vertically from the extracellular milieu and laterally through the
gap between TMS and TM6 (Fig. 4 C and D). However, the lat-
eral entrance to the site is partially sealed near the bottom so
that the bound NPS-2143 molecule is not fully accessible.

NPS-2143 is also composed of two aromatic groups con-
nected by a linker. When bound to the CaS receptor, the NPS-
2143 molecule assumes an extended and relatively straight
pose, with its naphthalene moiety buried inside the pocket and
the chlorobenzonitrile group exposed outside but not visible in
the density map (Fig. 4D and SI Appendix, Fig. S4C). The rela-
tively open environment surrounding the chlorobenzonitrile
moiety may have contributed to its flexibility. The disordered
chlorobenzonitrile group has been shown to adopt a bent pose
in the presence of L-Trp and Ca*" in a recently reported CaS
structure (27, 33).

The naphthalene moiety of NPS-2143 is anchored within a
narrow pocket by a cluster of aromatic residues. It rests directly
on top of Phe814%* and is sandwiched by two additional aro-
matic residues, Phe684>3¢ and Phe821%2, in n-stacking interac-
tions (Fig. 4D and SI Appendix, Fig. S10C). While Phe684°3¢
contributes to the binding affinity of phenylalkylamine modula-
tors of the Ca$ receptor in general (32), both Phe814%¢ and
Phe821%® are selectively involved in the recognition of the
NAM NPS-2143. Introducing an alanine mutation at either
Phe814°*° (F814A) or Phe821°%® (F821A) completely abol-
ished the modulating effect of NPS-2143 (Fig. 4E). Other resi-
dues surrounding the naphthalene ring include Trp818°°° and
11e8417°, but their contacts are less extensive. Functional
assessment of the W818A mutation demonstrated limited effect

Park et al.
Symmetric activation and modulation of the human calcium-sensing receptor


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115849118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115849118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115849118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115849118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115849118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115849118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115849118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115849118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115849118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115849118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115849118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115849118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115849118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115849118/-/DCSupplemental

PAM-bound Core
Extracellular P823
A824 P S820
y / ™6
{ iﬁlme
""""" T’\/Iseszo > *’E @ o1
! S % p D P823 N=f'Fg21
1 _?g, ! Side ¢ A824A824
! O ! )
! / ¢ 7l P823 @\—Q P823
| i / "
| Q')‘( T Z \ -
n(-_)- N (S \ = 521
~ 5
C’) ( > € \ {
S820,
2 (s LU i
T™6 T™6 € e
) 1816 816\
PAM-free
————————— Side .
1 S |
Ftasi > <
1 R < ! T828 T828
I f 1L 2" | Ly P
1 X ¥ I Vi
I I 4
| -4 (
L i'_j- - G N
P
8) ¢ ) L \ {
- L& ™6 §9%0 5520 Tme
; . .
22 &<
C EC50 (mM) (n = 3)
2120 EC50 (mM) (n = 3) >120- & WT 2136 £0.105
_ 5100 WT  2135+0.105 g0 S820A 4.268 +0.260
53w 1816 -8 53w ¥ SB20F 1.057 +0.139
38 38
EE Ez
3% 40 8% 40
© L © L
T -g 20 z .g 20
g 0 g 0
= ZOL — T T 1 = '204-‘ — T T l
35 3.0 25 20 35 3.0 25 20
Log[Ca?"] Log[Ca®"]
.3120 EC50 (mM) (n = 3) _.3120 EC50 (mM) (n = 3)
_ 51001 WT 2283+0066 _5100-{-8 WT  2288+0066
S5 g0 P823A 7.026 + 2.149 S5 8o AB24V 3.970 +0.145
T 2 T 2
Z2< 60 22 60
SE SE
8% 40 g5 40
E -E 20 E '§ 20
8 o S oo
® 204_‘ — T T 1 ® '204-‘ L T T |
35 3.0 25 20 35 3.0 25 20
Log[Ca?*] Log[Ca?"]
EC50 (mM) (n = 3)
2120~ & WT 2288 +0.066
2 100-| “+ TB28N 1.334 +0.106
c
%% 80
28 g0
8 3 40
gL
S 0
® .20 T T T 1
35 3.0 25 20
Log[Ca®*]

Fig. 3. TM dimer interface of the active CaS receptor. (A and B) TM dimer
interface formed by TM6 of both subunits in the PAM-bound (A) and
PAM-free (B) states. Magnified panels depict direct contacting residues
viewed from the extracellular end or the side. (C) Functional analysis of
the TM dimer interface. Dose-dependent Ca®*-stimulated IP; accumulation
was measured in cells transiently expressing either WT or mutant CaS
receptor bearing one of the selected substitutions at the core TM inter-
face. Cell-surface expression levels of the 1816A, S820A, S820F, P823A,
A824V, and T828N mutants were 78, 71, 91, 100, 69, and 93% of WT level,
respectively. Data points represent the average + SEM of multiple experi-
ments (n), each with triplicate measurements.

Park et al.
Symmetric activation and modulation of the human calcium-sensing receptor

on the potency of NPS-2143 (32), consistent with its minor con-
tribution to NAM binding (Fig. 4E).

The NAM NPS-2143 is also secured to the receptor by inter-
actions involving its linker. As the linker extends toward the
extracellular membrane surface, it traverses a path lined by a
mixture of hydrophobic and polar residues. First, the amine
group of NPS-2143 forms hydrogen bonds with both GIn681°*
and Glu8377** to hold the NAM in place (Fig. 4D). Consistent
with our structural observation, the modulating effect of NPS-
2143 on receptor activity is completely abolished by the Q681A
and E837A mutations (29, 32). Second, the hydroxyl group of
NPS-2143 is within hydrogen-bonding distance of both
Arg680°3? and GIn681>*, The mutation R680A has been demon-
strated previously to substantially decrease NPS-2143 potency
(32). Finally, the linker forms hydrophobic contacts with residues
along its path, including 1le777>* and Phe821°%. Individually
replacing Phe821%® and Ile777°** with an alanine resulted in sub-
stantial loss of NPS-2143 efficacy (Fig. 4E). Although the chloro-
benzonitrile ring and its neighboring phenoxy group are not visi-
ble in the density map, they are poised to interact with Tyr825%
and potentially Glu767 of ECL2 to make additional contributions
to NAM binding affinity.

Binding of the NAM NPS-2143 stabilizes an intact TM6 con-
formation. It forms extensive interactions with an inward-facing
Phe821%>3, while its naphthalene group precludes Trp818°>° from
adopting a rotamer conformation that occupies the core of the
TM domain. Thus, NPS-2143 reduces agonist potency by
strengthening TM6 helicity that is sterically incompatible with
activation.

Discussion

Allosteric Modulation Mechanism. Our structures revealed how
allosteric modulators modify CaS receptor activity by stabilizing
distinct functional states. The PAM R-568 and NAM NPS-2143
bind to overlapping sites within the TM domain of each CaS sub-
unit. The modulator-binding positions are near the extracellular
membrane surface and similar to the orthosteric ligand-binding
site of class A and B GPCRs (61), the modulator-binding site of
the class C receptor mGlu (48-50, 62, 63), as well as the
phospholipid-binding sites of the GABAg receptor (54, 55). How-
ever, they are distinct from the PAM-binding site of the GABAg
receptor, which is located at the dimer interface (52, 53, 56). CaS
allosteric modulators share some common binding motifs with
one another but also display distinct receptor interactions.

R-568 and NPS-2143 have related phenylalkylamine struc-
tures with a secondary amine group located inside the linker.
This amine moiety is where the paths of the two modulators
intersect when their respective TM domains are aligned (Fig.
4F). Each modulator forms hydrogen bonds with both
GIn681°** and Glu8377*? through its amine, demonstrating
that it plays a critical role in securing both compounds within
the TM bundle. The importance of Glu837”* for binding phe-
nylalkylamine modulators has been emphasized previously (29,
32). In this study, we identified GIn681** as an equal partner
of Glu8377? for the general recognition of CaS modulators.

The PAM R-568 and NAM NPS-2143 compounds of the CaS
receptor have opposing functional roles as a result of diver-
gence in their receptor interactions. First, their binding sites
exhibit multiple variations involving residues such as Phe684%3¢
and Phe814°*° in the TM core to accommodate the different
size and shape of the modulators (Fig. 4G). NPS-2143 is longer
and extends slightly deeper into the TM bundle than R-568 to
engage Phe814%® directly. R-568 traverses the TM cavity diag-
onally in a pose that is slanted from the nearly vertical NPS-
2143 molecule. As a result, the methoxyphenyl ring of R-568 is
lodged further inside the core of the TM bundle than the naph-
thalene group of NPS-2143. The different binding positions of
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Fig. 4. PAM- and NAM-binding sites of the CaS receptor. (A and C) Molecular surfaces of the active (A) and inactive (C) CaS TM domain, showing the
binding pockets for the PAM R-568 (yellow) (A) and the NAM NPS-2143 (magenta) (C). (B and D) Binding modes of R-568 (B) and NPS-2143 (D), with the
magnified views showing the specific contacts between the CaS receptor and each modulator. Hydrogen bonds are denoted by dotted lines. (E) Func-
tional analysis of the modulator-binding sites. Dose-dependent Ca®*-stimulated IP; accumulation was measured in cells transiently expressing either WT
or mutant CaS receptor carrying one of the selected substitutions at the modulator-binding sites. The functional effect of each mutation was also assessed
in the presence of 1 uM R-568 or 300 nM NPS-2143. Cell-surface expression levels of the Q681A, 1777A, F814A, W818A, F821A, Y825A, and E837A mutants
were 102, 89, 92, 89, 97, 96, and 53% of WT levels, respectively. Data points represent the average + SEM of multiple experiments (n), each with triplicate
measurements. (F) Comparison of R-568 and NPS-2143 binding poses. The Ca trace of the PAM-bound active CaS TM domain is shown in gray, and the
superimposed R-568 (yellow) and NPS-2143 (magenta) are in stick models. The inactive CaS TM domain was overlapped onto the active form to bring their
bound modulators into superposition. (G) Comparison of key residue conformations in the PAM- and NAM-binding sites of the CaS receptor. The TM
domains of the active (blue) and inactive (green) CaS receptor are aligned.

these end groups are partially accommodated by conforma-
tional changes in Phe684°°,

Second, two rotamer switches involving Trp818°°° and
Phe821%°® further determine the specificity of the bound

modulator. The binding mode of R-568 leaves sufficient space
for Trp818%° to adopt a TM core—facing rotamer. In contrast,
the bulky naphthalene moiety of NPS-2143 would only be com-
patible with a Trp818°°° conformer that is pointed away from
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the TM central cavity. In addition, the R-568 pose reinforces
the TM6 kink with the pivoting residue Phe821°°* directed
toward the subunit interface. However, the naphthalene group
of NPS-2143 forms extensive interaction with a TM core—facing
Phe821% to stabilize an uninterrupted TM6 helix. Consistent
with the structural data, our mutational analysis showed that
F821A selectively impacts NPS-2143-mediated down-regula-
tion while it has little effect on R-568 function.

Taken together, the PAM R-568 enhances receptor activity
by stabilizing a distortion of the TM6 helix and maximizing
TM6-mediated homodimer interactions in the active conforma-
tion. On the other hand, the NAM NPS-2143 reinforces the
integrity of the TM6 helix in the inactive state to diminish
agonist-induced receptor response.

Symmetric Receptor Activation. Recent active-state structures of
the CaS receptor bound to the larger PAM molecules cinacalcet
and evocalcet display marked asymmetry in the TM dimer
arrangement and in the PAM pose. This is taken to suggest that
G protein activation requires receptor asymmetry (33). Here
we find within the limits of our resolution that the active recep-
tor is symmetric in the TM region whether PAM-free or PAM-
bound with the smaller R-568 compound. In particular, our
PAM-free structure contains only native ligands, suggesting that
the receptor is likely symmetric when activated under physio-
logical conditions. In agreement with our findings, the
completely full-length structures of human and G. gallus CaS
receptor are symmetric regardless of activation state (26, 27).
Conformational dynamics of the CaS receptor shows that it can
fluctuate between symmetric and asymmetric orientations.
However, such a shift might have been permitted by the deter-
gent micelle environment that provides more freedom of move-
ment than the cell membrane. Within a lipid bilayer, translation
of one TM domain by about half a helix turn relative to the
other as reported for the asymmetric CaS structures (33) would
be energetically unfavorable, even taking membrane curvature
into consideration. Systematic comparison of our inactive and
active structures demonstrates that the critical development in
activation-associated transmembrane reorientation arises from
a helix-breaking event in TM6. This permits TM bundle rota-
tion and direct apposition of neighboring TM6 helices at the
dimer interface. The presence of TM symmetry in our inactive
structure as well as in both our PAM-free and PAM-bound
active structures leads to the conclusion that while asymmetry
may be relevant to receptor activation in the presence of certain
modulators, native ligands and other allosteric modifiers drive
activation through a mechanism that does not require receptor
asymmetry. Ultimately, a G protein—-coupled CaS receptor
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