1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
ACS Chem Biol. Author manuscript; available in PMC 2023 November 12.

-, HHS Public Access
«

Published in final edited form as:
ACS Chem Biol. 2018 August 17; 13(8): 2347-2358. doi:10.1021/acschembio.8b00568.

Parathyroid hormone senses extracellular calcium to modulate
endocrine signaling upon binding to the family B GPCR
parathyroid hormone 1 receptor

Kelly J. Culhanel, Morgan E. Belina?, Jeremiah N. Sims2#, Yingying Cai?, Yuting LiuZ, Pam
S. P. Wang?*, Elsa C. Y. Yan?"

1Department of Molecular Biophysics and Biochemistry, Yale University, 266 Whitney Ave, New
Haven, Connecticut 06520, USA.

2Department of Chemistry, Yale University, 225 Prospect Street, New Haven, Connecticut 06520,
USA.

Abstract

Parathyroid hormone (PTH) binds to a family B G protein coupled receptor, parathyroid hormone
1 receptor (PTHAR). One of its functions is to regulate Ca2* homeostasis in bone remodeling,
during which Ca2* can reach up to 40 mM. A truncated version of PTH, PTH(1-34), can fully
activate PTHA1R and has been used for osteoporosis treatments. Here, we used fluorescence
anisotropy to examine the binding of PTH(1-34) to PTH1R purified in nanodiscs (PTH1R-ND)
and found that the affinity increases 5-fold in the presence of 15 mM Ca2*. However, PTHrP(1-
36), another truncated endogenous agonist for PTH1R, does not show this Ca2* effect. Mutations
of Glul9 and Glu22 in PTH(1-34) that are not conserved in PTHrP(1-36) largely abolished the
Ca?* effect. The results support that PTH(1-34) not only activates PTHIR but can also uniquely
sense Ca2*. This dual function of a peptide hormone is a novel observation that couples changes
in extracellular environment with endocrine signaling. Understanding this can potentially reveal
the complex role of PTH signaling in bone remodeling and improve the PTH(1-34) treatment for
osteoporosis.

Family B G protein coupled receptors (GPCRs) are members of the very large GPCR gene
family of over 800 different receptors.! There are 15 family B GPCRs with characteristically
large extracellular domains that bind peptide hormone ligands (Scheme 1), implicating these
receptors in metabolic diseases, such as diabetes, obesity and osteoporosis.2~> Among them,
parathyroid hormone 1 receptor (PTH1R) is primarily expressed on bone and kidney cells
and mediates cell signaling in response to extracellular stimuli, including two endogenous
peptide hormones, parathyroid hormone (PTH) and parathyroid hormone-related peptide
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(PTHrP).6 PTH1R regulates serum calcium and phosphate homeostasis via PTH, and
tissue growth during embryonic development via PTHrP.” Truncated versions of these two
hormones, PTH(1-34) and PTHrP(1-36), are full agonists of PTH1R.8 Both truncated
ligands bind PTH1R following the family B GPCR two domain binding model (Scheme 1),
where the C-terminus of the peptide binds with high affinity to the receptor’s extracellular
domain and the N-terminus of the peptide interacts with the receptor’s juxtamembrane
domain to activate receptor signaling (Scheme 1).# %-11 Indeed, crystal structures show
high affinity binding of the two ligands’ C-terminal domain to the receptor’s N-terminal
extracellular domain and fluorescence studies show receptor activation, following the two
domain-binding model.12: 13 However, this model is not sufficient to explain differences in
how PTH(1-34) and PTHrP(1-36) interact with and signal through PTH1R.14 15

Sequence alignment shows that PTH(1-34) and PTHrP(1-36) share 70% similarity and 30%
identity (Scheme 2). Crystal structures show that the C-terminus of both peptides, PTH(15—
34) and PTHrP(15-36) that are bound to the extracellular domain structurally overlap

with backbone root-mean-square deviation (RMSD) of 0.357 A.12: 13 Many studies have
mutated residues of PTH(1-34) and PTHrP(1-36) in order to develop antagonists, agonists,
or biased agonists for specific signaling pathways.1>-19 For instance, the N-terminally
truncated peptide PTH(7-34) has been developed as a potent antagonist of PTH1R.20

In addition, although PTH(1-14) and PTHrP(1-14) show very little binding affinity and
efficacy, chemical modifications, such as incorporation of unnatural amino acids or covalent
linkage to a lipid molecule, were shown to significantly enhance the efficacy of PTH(1-14)
or improve the binding affinity to PTH1R.18. 19, 21-24

One specific function of PTH is to regulate bone remodeling, a process that replaces
between 5-10% of total bone mass a year and repairs bone fracture and micro-damages

to maintain bone health.25 26 Bone remodeling contains two processes, bone resorption
and bone formation, during which the calcium concentration surrounding the bone tissue
fluctuates between 1.5 and 40 mM.27 An imbalance in regulation of bone remodeling can
result in metabolic bone diseases, such as osteoporosis. Paradoxically, intermittent PTH
exposure leads to bone formation while prolonged PTH exposure causes bone resorption.28
Although the exact mechanism of PTH in bone remodeling is not fully understood,
intermittent injections of PTH(1-34) have been developed as the only FDA-approved
hormone treatment for augmenting bone formation in severe cases of osteoporosis.2%-32

It remains largely unexplored how intermittent injection couples with fluctuation of
calcium concentrations to achieve the therapeutic effect of PTH(1-34) in modulating bone
remodeling for the treatment of osteoporosis.

To understand the therapeutic mechanism of PTH(1-34) and ligand-receptor interactions,
PTH1R must be studied at the molecular level. Until recently, studies of PTH1R were
primarily carried out in cells or membrane preparations due to the technical difficulty

of purifying functional receptors.33-39 We recently introduced a new method for GPCR
purification using nanodiscs, also known as nanoscale apoliprotein bound bilayers (NABBS)
or high density lipoproteins (HDLSs), which are nanometer-sized lipid bilayers surrounded
by two a-helical membrane scaffold proteins (MSP) (Scheme 1).40-42 Using this method

to purify PTH1R, we previously studied the ligand binding activity using fluorescence
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anisotropy and observed that the presence of 15 mM Ca?* increases the binding affinity of
PTH(1-34) by one order of magnitude.36

In this study, we explore this Ca?* dependence by comparing the binding of PTH(1-34)
and PTHrP(1-36) to PTH1R purified in nanodiscs and observed Ca2*-enhanced binding
for PTH(1-34) but not PTHrP(1-36). We did not observe this enhancement effect by using
Mg?2* instead of Ca2*. We also measured the binding affinity of their variants, including

a mutant and two chimeras (Scheme 2), to full-length purified PTH1R in nanodiscs, and,
further, we examined PTH(1-34) binding to the N-terminal extracellular domain in the
absence of the transmembrane region of the receptor. The results provide insight into the
mechanism behind the differences in the Ca2* effect of PTH(1-34) and PTHrP(1-36).

The distinct Ca2* effect on PTH(1-34) binding reveals two functions of PTH(1-34): (1)
carrying endocrine signals to activate PTH1R and (2) sensing Ca%* in the millimolar range
in bone tissue during the bone remodeling process. The result therefore introduces a novel
concept of dual functionality of PTH, establishing a new paradigm in which PTH has a
built-in sensing ability to detect changes in extracellular environments for modulation of
endocrine signals. This dual functionality can potentially guide new hypotheses to elucidate
the complex signaling processes of bone remodeling and therapeutic mechanism of PTH(1-
34) for osteoporosis treatment.

Results and Discussion

Fluorescence Anisotropy.

Figure 1 and Table 1 summarize the results of fluorescence anisotropy assays in studying
the effect of 15 mM CaZ* on binding of various peptides to PTH1R-ND, including wild-
type PTH(1-34) and PTHrP(1-36), as well as the E19AE22A mutant of PTH(1-34), and
two chimeras, PTH(1-14)PTHrP (15-36) and PTHrP(1-14)PTH(15-34) (Scheme 2). The
E19AE22A mutant removes two non-conserved glutamic acids while the two chimeras
contains N-terminal (1-14) and C-terminal (15-34 or 15-16) fragments of the two native
peptides that bind to the extracellular and transmembrane domains of receptor, respectively,
(Scheme 1) according to the two domain binding model. Each peptide was labeled with 5/6-
fluorescein (FAM) at Lys13. Crystal structures show that Lys13 is solvent exposed and does
not perturb receptor binding®? 13 as supported by previous studies.36 Control experiments
show peptides maintain defined secondary structures in circular dichroism spectroscopy*3
(SI Figure S1) and are able to activate PTHIR in cell-based cAMP accumulation assays (Sl
Figure S2). Since free peptides in solution have low anisotropy due to fast rotation and those
bound to PTH1R-ND have high anisotropy due to slow rotation, fluorescence anisotropy
can be used to study binding. In the experiments presented below, the concentration of
peptides was kept constant at 50 nM and titrated with purified PTH1R-ND. The titration
curve was fitted into a simple two-state equilibrium model, where the unbound state

of the receptor interacts with a free peptide to form the bound state (see the Methods
Section). The measured anisotropy values are determined by the size of molecular entities
and photochemical properties of fluorescence probe in its local environment.#4 Thus, the
anisotropy of free peptides (r,) were measured independently and the anisotropy of peptides
bound to PTH1R-ND (r,) were determined using multiple preparations of purified PTH1R-
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ND (n > 3) for each peptide. The titration curves can therefore be fitted into Eq (1), as
described in the Method section, to determine the dissociation constant (K,). Figure 1 shows
titration curve of the average anisotropy (n > 3) at each tested [PTH1R-ND] the fitted K, are
summarized in Table 1.

Wild-type PTH(1-34).

Figure 1A shows the titration of PTH(1-34) with PTH1R-ND. At constant concentration of
PTH(1-34) (50 nM), the anisotropy increases with PTH1R-ND concentration. With addition
of 15 mM Ca?*, the anisotropy increases more rapidly, and plateaus at a higher maximum
anisotropy value (~ 0.25). Fitting the titration curves yields the K, values of 1001 £+ 41 nM
(n = 11) with no additional Ca2* (red), and 204 + 17 nM (n = 3) with 15 mM Ca?* (blue),
shown also in Table 1. As a control, we titrated PTH(1-34) with nanodiscs containing no
receptors (empty-ND) with and without addition of 15 mM Ca2* and the titrations show

no change in anisotropy (black and gray, respectively), suggesting the observed binding is
specific to the receptor and the Ca2* effect is not due to nanodiscs. Hence, 15 mM Ca2*
increases the binding affinity of PTH(1-34) to PTH1R-ND by a factor of 4.9 £ 0.5.

Wild-type PTHrP(1-36).

Figure 1B shows the titration of PTHrP(1-36) at 50 nM with PTH1R-ND. In both the
presence and absence of 15 mM Ca2*, addition of PTH1R-ND increases the anisotropy
value; however, the enhancement effect by Ca?* is no longer observed. The control titrations
(black and grey) using empty-ND in both the presence and absence of 15 mM Ca2* do not
show an increase in anisotropy, suggesting that the binding of PTHrP(1-36) is receptor
specific. Fitting the titration curves yields K, values of 568 + 37 nM (n = 4) without
additional Ca2*, and 495 + 31 nM (n = 4) with addition of 15 mM Ca2* (Table 1). Hence,

15 mM Ca2* does not show significant effect on the binding of PTHrP(1-36) to PTH1R-ND
with a K, ratio of 1.1 + 0.1. The combined results in Figures 1A and B suggest that ligand
binding to PTHLIR-ND can be enhanced by 15 mM CaZ* for PTH(1-34), but not PTHrP(1-
36).

E19AE22A mutant of PTH(1-34).

Figure 1C shows the titrations of the ELI9AE22A mutant of PTH(1-34). Adding PTH1R-ND
without additional Ca2* (red) or with additional 15 mM Ca2* (blue) steadily increased
anisotropy. Addition of 15 mM Ca2* leads to a slightly more rapid increase in anisotropy.
The fitted K, values are 224 + 18 nM (n = 3) with no additional Ca2*, and 82 + 6 nM

(n = 3) with 15 mM Ca2*. As controls, titrating the mutant ligand with empty-ND with
(grey) and without (black) additional 15 mM Ca2* shows no binding. Addition of 15

mM Ca2* increases the binding affinity of the mutant to PTH1R-ND by 2.7 + 0.3 fold
(Figure 1C, Table 1). The results show that the double mutation partially abolishes the Ca?*
enhancement.

PTH(1-14)PTHrP(15-36) chimera.

Figure 1D shows the titrations of PTH(1-14)PTHrP(15-36), which does not contain the E19
and E22 residues in the C-terminal domain of PTH(1-34) (Scheme 2) that contribute to
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the Ca?*effect shown in Figure 1C. Both in the presence and absence of 15 mM Ca?*, the
anisotropy values increase with the concentration of PTH1R-ND. Fitting the curves yields
the K, values of 114 = 5 nM (n = 3) without additional Ca2* and 76 + 4 nM (n = 3) with the
addition of 15 mM Ca?* (Figure 1D, Table 1). The peptide shows no binding to empty-ND
regardless of addition of 15 mM Ca2* (black and grey, Figure 1D). The binding affinity
only slightly increases (1.5 + 0.1 fold) with 15 mM Ca?*. The results show that the chimera
largely eliminates the Ca2* effect of PTH(1-34), implying that the segment PTH(15-34)
likely contains residues responsible for binding to Ca2*, in agreement with the results of the
E19AE22A mutant of PTH(1-34) (Figure 1C).

PTHrP(1-14)PTH(15-34) chimera.

Figure 1E shows the titrations of the second chimera, PTHrP(1-14)PTH(15-34).
Surprisingly, adding PTH1R-ND to PTHrP(1-14)PTH(15-34) in both the presence and
absence of 15 mM Ca?* leads to only a slight increase in anisotropy, to ~ 0.10 (red) at the
highest concentration PTH1R-ND (1000 nM) used in the titration, which is only slightly
higher than r, (0.084 + 0.002), indicating insignificant binding. In the context of the two
domain ligand binding model (Scheme 1), it is widely accepted that the ligand binding
affinity mostly comes from the interaction between the C-terminal domain of the peptide
and the extracellular domain of the receptor (K, in the 1 uM regime)12: 13 while the binding
of the N-terminal domain of the peptide to the juxtamembrane domain of the receptor
(Scheme 1) is relatively weak (K, in the 102 uM region).22: 45 Hence, it is surprising

that the presence of N-terminal domain PTHrP(1-14) almost abolishes the binding of the
C-terminal domain PTH(15-34), although this observation is in agreement with observations
reported by Gardella and coworkers.*® The results suggest more complicated ligand binding
interactions than the widely accepted two domains binding model, implying possible
allosteric modulations between receptor’s extracellular and transmembrane domains via
interactions with the peptide ligands.

Flow cytometry assays.

To confirm PTH(1-34) binding to PTH1R is calcium dependent in a cell-based environment,
we implemented a flow cytometry assay, as reported by Bajaj er a/.*"~4% We used HEK293S
cells overexpressing PTH1R and the PTH(1-34) ligand fluorescently labeled with FAM.

In the presence and absence of 15 mM Ca2*, we measured the mean fluorescence

intensity of PTH(1-34) bound to individual HEK293S cells at various concentrations

of PTH(1-34). The results show that the mean fluorescence intensity increases as the
concentration of PTH(1-34) increases for both 0 mM Ca2* and 15 mM Ca?* (Figure 2)
while control experiments using uninduced HEK293 cells without PTH1R overexpression
show a relatively small linear increase in fluorescence intensity. These results suggest
binding of PTH(1-34) to PTH1R expressed on the cell surface. The experiments were
repeated five times using five separate batches of HEK293S cells grown on different days.
The five experiments consistently show that the increase in mean fluorescence intensity as a
function of PTH(1-34) concentration occurs with a steeper slope and to a higher maximum
intensity for 15 mM Ca2* than for 0 mM Ca?*. Figure 2 shows a representative set of
titration curves while the additional titration curves can be found in the supplementary
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information (SI Figure S3). The titration curves were fitted with a saturation binding model
as described in the Methods section to obtain the average (» = 5) K, values of 122 + 50

nM with 0 mM Ca?* and 34 + 17 nM with 15 mM Ca2*, suggesting tighter binding in the
presence of 15 mM Ca2* (p < 0.05). The results support that PTH(1-34) binding to PTH1R
in a cell based environment can be enhanced by 15 mM Ca?*, corroborating the results of
anisotropy measurements shown in Figure 1.

Binding of PTH(1-34) to the extracellular domain of PTH1R.

To explore the role of PTHAR in the Ca2*-dependent binding of PTH(1-34), we used

a fluorescence polarization assay to measure the K, of PTH(1-34) binding to the
extracellular domain (ECD) of PTH1R (a.a. 29-187), as used in previous studies.44 50-52
The peptide was labeled with fluorescein (Flu) at the N-terminus while the ECD of PTH1R
was expressed as a soluble maltose-binding protein (MBP) fusion, MBP-PTH1R-ECD
(Figure 3). A titration of Flu-PTH(1-34) at 25 nM with MBP-PTH1R-ECD increases the
fluorescence polarization as a function of PTH1R-ECD concentration with and without 15
mM Ca2*, yielding a K, of 977 + 66 nM, and 958 + 45 nM, respectively. The results suggest
that the ECD in isolation is not sufficient to observe Ca2*-dependent binding of PTH(1-34),
suggesting that the transmembrane region of the receptor and/or the lipid membrane is
necessary for the observed Ca2*-enhancement effect.

Effect of Mg2* versus CaZ* on PTH(1-34) Binding to PTH1R-ND.

In order to directly compare the effect of divalent ions on PTH(1-34) binding to PTH1R-
ND, we altered the reaction buffer conditions to remove existing Mg2* ions (3 mM MgCl,)
and titrated 50 nM PTH(1-34) with PTH1R-ND in the new buffer (50 mM Tris-HCI pH 7.4,
150 mM NaCl, and 100 uM EDTA). We then repeated the titrations to test concentrations of
both Ca2* and Mg2* from 0 to 100 mM. Figure 4 shows a stronger enhancement of ligand
affinity by Ca2* than Mg?2*. Fitting yields the K, values for each concentration of Ca2*

and Mg?2* (Table 2). In the range of concentrations being tested (up to 100 mM), the K,
decreases less than two fold by addition of Mg?* while about 10 fold by addition of Ca2",
supporting selectivity of Ca2* in enhancing binding of PTH(1-34) to PTH1R-ND.

Cell based cAMP assays.

Ligand binding to PTH1R activates G protein signaling cascades, leading to the production
of cAMP. To determine if the calcium dependent binding of PTH(1-34) affects the activation
of PTH1R, we performed cAMP assays in the presence and absence of 15 mM Ca?* (Figure
5). The addition of 15 mM Ca2* did not affect the potency of PTH(1-34) in activating
PTH1R. However, 15 mM Ca?* significantly decreased the amount of cAMP produced by
PTH(1-34) activation of PTH1R. Control experiments to test the effect of 15 mM CaZ* on
cAMP production in the absence of PTH(1-34) show that the cAMP produced decreases
from 6.8 + 2.6 to 0.8 + 0.2 pmol/mg total protein upon addition of 15 mM CaZ*. Upon
PTH(1-34) stimulation of PTH1R, the maximum cAMP produced was 276 + 67 and 154 +
42 pmol/mg total protein in the absence and presence of 15 mM Ca2*, respectively. These
results suggest 15 mM Ca2* decreases PTH(1-34) activation of PTH1R; however, it is still
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important to consider a portion of this decrease could be due to the effect of 15 mM Ca2*
alone on cAMP production of the cells.

Using our nanodisc purification method, we observed and investigated the effect of Ca2*
on peptide binding to PTH1R-ND. We showed the binding affinity of PTH(1-34), but

not PTHrP(1-36), is enhanced 5-fold by 15 mM Ca?*, indicating a built-in mechanism

of PTH(1-34) for sensing CaZ* in millimolar concentrations. Flow cytometry titrations of
HEK?293S cells expressing PTH1R show PTH(1-34) binding increases with extracellular
Ca?* concentrations in a cellular context, confirming the results from our nanodisc
titrations. Such high Ca2* concentrations are relevant in the physiological context of bone
remodeling, during which extracellular Ca2* concentrations reach as high as 40 mM.27 We
determined that the Ca%*-dependent binding requires the C-terminal residues of PTH(15-
34), specifically the negatively charged residues Glu19 and Glu22. In addition, PTH(1-
34) shows no Ca%*-dependent binding to the extracellular domain (ECD) of PTH1R in
isolation, suggesting that the presence of the full receptor is necessary for PTH(1-34) to
sense Ca2* in millimolar concentrations. Cell-based cCAMP assays show that 15 mM Ca2*
decreases the amount of cAMP produced by PTH(1-34) activation of PTH1R. This decrease
is greater than that observed when 15 mM Ca?* is added to the cells in the absence of
PTH(1-34), suggesting high calcium concentrations likely attenuate PTH(1-34) activation
of PTH1R. Finally, adjusting the reaction buffer to remove divalent ions shows PTH(1-34)
binding affinity is affected by Ca%* concentrations from 5 to 100 mM while the same Mg?*
concentrations do not greatly affect PTH(1-34) binding affinities, demonstrating the effect
is specific to CaZ*. Our results show that PTH(1-34) has unique ability to sense Ca2* in
millimolar concentrations. The results highlight the remarkable implication that PTH(1-34)
has two signaling functions: one in endocrine signaling for PTH1R activation and one in
sensing extracellular Ca* concentrations.

We previously reported a 20-fold enhancement in PTH(1-34) binding to PTH1R-ND with
the addition of 15 mM Ca?* based on analysis of titrations under the same conditions

but using concentrations of PTH1R-ND only up to 300 nM due to a limited yield of
purification.36 In the current study, we optimized the expression level of the inducible

cell lines that stably express PTH1R by additional rounds of antibiotic selection.33: 4 The
optimized cell lines increased the yield 10-fold, reaching 0.75 pg per 10-cm plate of cell
culture. The increased yield allowed us to use higher concentration of PTH1R-ND (~1000
nM) in each titration for more reliable data analysis in determining K.

From the results of the double mutant titration and a comparison of the Ca2* and Mg?2*
effect, we propose that ligand binding to PTH1R is modulated by a combination of
electrostatic interactions and specific CaZ* binding. The EI9AE22A mutant removed two
non-conserved, negatively charged residues of PTH(1-34) (Scheme 2), which decreased
the Ca2*-dependent peptide binding to PTHIR-ND from 4.9 + 0.5 fold to 2.7 + 0.3

fold. In addition, the binding of PTH(1-34)E19AE22A (K, = 224 + 18 without 15 mM
Ca?"and K, = 82 + 6 with 15 mM Ca?") is tighter than that of wild type PTH(1—-

34) (K, = 1001 + 41 without 15 mM Ca2* and K, = 204 + 17 with 15 mM Ca?*). The
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enhanced binding of the mutant is attributed to electrostatic interactions with PTH1R, which
has a total of 30 negatively charged residues (Glu or Asp) on the extracellular side (red in
Scheme 3). The WT PTH(1-34) has a net charge of +3 while the PTH(1-34)E19AE22A
mutant has a net charge of +5. Hence, the increase in net positive charges in the mutant can
enhance electrostatic interactions with the negatively charged ECD of receptor for a higher
binding affinity, which aligns with the Shimizu ef a/. (2002) report of enhanced binding of
PTH(1-34)E19R to PTH1R in competitive, radiolabeled ligand binding assays.>® 56 More
importantly, the addition of 15 mM Mg?2* has a much lower impact on the binding affinity
of PTH(1-34) than the addition of 15 mM Ca2* has. Therefore, our report of enhancement
effect of PTH(1-34) binding to PTH1R is not merely electrostatic but specific to Ca?*.

In probing the molecular mechanism of Ca2* binding, we analyzed the sequence of both

the ligand and receptor. We found that PTH(1-34) and PTH1R do not contain a canonical
Ca?* binding EF-hand motif, which is typically a sequence of 9 residues providing 7 ligands
to coordinate a Ca2* ion with affinity from nM to pM.5": 58 The weak, non-canonical

Ca?* binding we observe with PTH(1-34) in the mM range involves not only E19 and

E22 but also likely other negatively charged or polar residues of PTH1R. This agrees

with the observation that PTH(1-34) binding to the PTH1R extracellular domain (ECD)

is independent of millimolar Ca2* (Figure 3C). Moreover, sequence analysis shows that
PTH1R contains a high density of glutamic or aspartic acid residues on the extracellular side
of the receptor (Scheme 3). In particular, PTH1R contains a 50-residue flexible loop on the
ECD, which cannot be resolved in the crystal structures. This loop is not present in other
family B GPCRs, but contains 8 negatively charged residues (Scheme 3). In addition, the

16 residues of extracellular loop 1 also include 6 negatively charged residues (Scheme 3).
We propose that these negatively charged residues on the extracellular side of PTH1R can
potentially coordinate with E19 and E22 of PTH(1-34) in sensing Ca2* in the millimolar
range, a concentration relevant in bone remodeling.2’

The titration curves of the two chimeric peptides show that residues 15-34 are needed

for the Ca2*-dependent binding of PTH(1-34). The results of the PTH(1-14)PTHrP(15-
36) titrations show a 1.5 + 0.1 -fold change in binding with the addition of 15 mM

Ca?*, corroborating the double mutant results by implicating residues 15-34 of PTH for
Ca?* sensing (Figure 1D). Thus, we expected that the chimera PTHrP(1-14)PTH(15-34)
containing the PTH(15-34) would retain the Ca2* sensing ability of PTH(1-34). However,
we observed no binding to PTH1R-ND in both the presence and absence of 15 mM Ca2*
(Figure 1E). We performed control experiments using circular dichroism spectroscopy and
determined this lack of binding is not due to loss of secondary structure of PTHrP(1-
14)PTH(15-34) (Sl Figure S1). Gardella et a/. (1995) also observed that PTHrP(1-14)

is incompatible with the fragment PTH(15-34), likely because the combination of the

two fragments disrupts important allosteric interactions between the N- and C-terminus of
PTH(1-34) through PTH1R.#% In our studies, we further showed that even the addition

of 15 mM Ca2* cannot rescue the binding of PTHrP(1-14)PTH(15-34). This loss of
binding affinity (Figure 1E) highlights the complex nature of the interactions of PTH(1—
34) and PTHrP(1-36) with PTH1R. Understanding these interactions may provide a new
understanding of the Ca2* sensing ability of the PTH(1-34) and allostery in family B
GPCRs.
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After studying the ligand residues important for Ca2*-dependent binding, we investigated
components of PTH1R that might contribute to Ca2*-dependent binding. Because the
mutant and chimeric ligands show PTH(15-34) is important for the Ca2* sensing ability,
and the two domain binding model suggests that C-terminal fragment interacts with the
extracellular domain (ECD) of the receptor, we decided to test the binding of PTH(1-34)

to the ECD (Figure 3). Our results show PTH(1-34) binding to the ECD in isolation shows
no Ca2* dependence, which suggests the presence of the transmembrane domain is crucial
for the Ca2* sensing of PTH(1-34). We also obtained experimental data to show that the
Ca?*-dependent PTH(1-34) binding to PTH1R does not depend on the lipid bilayer. Using
detergent solubilized PTH1R, fluorescence anisotropy assays still show that 15 mM Ca2*
can enhance binding of PTH(1-34) (SI Figure S4). The lack of Ca2*-dependent binding
using the ECD of PTH1R adds to the growing evidence of allosteric interactions between the
two domains of binding for PTH(1-34), thus expanding our understanding of ligand binding
in family B GPCRs.

Prior to our studies, the CaZ*-sensing ability of PTH(1-34) was unobservable likely due to
the limitations of cell based assays and other purification methods. To determine if PTH1R
activation is affected by 15 mM Ca?*, we performed cell-based cAMP accumulation assays
to measure PTH(1-34) activation of PTH1R in the presence and absence of 15 mM Ca?*.
We observed that 15 mM Ca2* does not significantly affect the potency of PTH(1-34);
however, it decreases the amount of cAMP produced from 276 + 67 to 154 + 42 pmol/mg
total protein. The observed decrease in cCAMP production in the presence of 15 mM Ca?*
potentially provides an a novel understanding about the physiological relevance of the
PTH(1-34)’s Ca2* sensing ability. Physiologically, PTH(1-34) is released into circulation
when Ca?* levels are low, leading to bone resorption and Ca2* release. However, previous
studies show PTH(1-34) has opposing effects depending on the duration of exposure.
Prolonged exposure to PTH(1-34) breaks down bones to release Ca* while intermittent
exposure leads to increased bone denisty.26: 29 30 Despite the importance of PTH(1-34) used
as a drug for osteoporosis, the molecular mechanisms defining this paradoxical signaling

of PTH are unknown. While our results do not shed light on the underlying paradox of
PTH(1-34)’s role in bone remodeling, they do provide interesting insights. For instance, our
ligand binding results show tighter binding of PTH(1-34) in the presence of very high Ca%*
and our cCAMP results show decreased cAMP production of PTH(1-34) activation of PTH1R
with 15 mM Ca2*. Thus, it is possible that the observed Ca2* sensing ability of PTH(1-34)
increases its binding affinity to PTH1R while negatively regulating PTH1R activation to
decrease CAMP production. This initial hypothesis requires future experiments to determine
if 15 mM Ca2* affects other aspects of PTH1R signaling in more physiologically relevant
experimental systems.

While the signaling process of bone remodeling is complicated, it is well established that the
duration of PTH exposure determines if the hormone has an anabolic or catabolic effect on
bone density.26: 32 |ntermittent exposure increases bone density through increased osteoblast
numbers while prolonged exposure activates osteoclasts, which break down bones, releasing
extracellular Ca%*.28 In addition, PTH(1-34) is an FDA-approved peptide hormone drug

for severe osteoporosis, with daily injections leading to increased bone density.28-30 Thus,
the increased binding affinity of PTH(1-34) with high extracellular Ca2* could modulate
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PTH(1-34) signaling to affect osteoblast or osteoclast activity. Furthermore, interactions
with accessory proteins and downstream partners such as NHERFs and B-arrestin may also
be affected by the Ca2*-sensing ability of PTH(1-34).59: 60 Understanding the intricacies
of the dual functions of PTH(1-34) signaling will also help us to better target the

PTH1R pathway in osteoporosis treatment, leading to more efficacious drugs and treatment
paradigms.

The proposed Ca2*-sensing ability of PTH(1-34) is unprecedented for a peptide hormone.
Our results show PTH(1-34) is able to sense the extracellular environment to change how

it binds and activates PTH1R. This Ca2* sensing ability is unique among both family A

and family B GPCRs. Specifically, we have purified another family B GPCR, glucagon-like
peptide 1 receptor (GLP1R) in nanodiscs®? and determined that its ligand binding and
activation is not affected by 15 mM Ca2* (Sl Figure S5). Of interest, two family C GPCRs,
the calcium sensing receptor (CaSR)®2, and the metabotropic glutamate receptor (mGIuR)53
are modulated by extracellular calcium. However, the mechanism of the Ca?* effect on
these receptors is distinct from the CaZ* sensing ability of PTH(1-34). For instance, Ca2*
alone activates the CaSR with an ECs value of around 4 mM and binds to a distinct and
conserved binding site in CaSRs.%4 The mechanism of the Ca2* effect on mGIuR is distinct
because CaZ* binds to a specific binding site of 3 acidic residues of mGIuR which modulates
the effect of glutamate and other ligands.%° In contrast to the built-in calcium sensing ability
of PTH(1-34), Ca?* modulation of mGIuR occurs for multiple, small molecule ligands.5°
Therefore, our studies underline the uniqueness of a single hormone with dual functions of
sensing the extracellular environment and carrying endocrine signals.

In summary, we have highlighted a novel, built-in Ca2* sensing ability of PTH(1-34), one of
two ligands that binds to PTH1R. We probed domains of the ligands that contribute to the
Ca?* sensing ability and found that two residues in the C-terminal domain of PTH(1-34),
E19 and E22, decrease the Ca2* dependent ligand binding. In addition, our studies with
chimeric ligands show ligand binding is more complicated and likely influenced by long
range or allosteric interactions. Future studies aided by molecular modeling to investigate
these allosteric interactions as well as domains of PTHAR that contribute to Ca2*-dependent
ligand binding will help elucidate the molecular mechanisms of the ligand binding in
PTH1R, facilitating studies to uncover the intricate role of PTH in the bone remodeling
process.

Expression and purification of PTH1R.

PTH1R was overexpressed in HEK293S Gn T/ cell lines following previously published
nanodisc purification protocols.36 Briefly, PTH1R with the C terminal 1D4 epitope tag was
cloned into tetracycline-inducible TetO-pACMV vectors.>3 66 The vectors were transiently
transfected into HEK293S GnT7/ cells and treated with 1mg/mL genetecin (AmericanBio,
Natick, MA) for rounds of selection. The clonal cell line expressing the highest amount

of PTH1R was determined by western blot using a mouse 1D4 monoclonal antibody
(University of British Colombia). For purification, 10-cm plates of stable cells lines were
induced with 2 pg/uL tetracycline and 0.55 mg/mL sodium butyrate for 48 hrs. The cells
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were harvested, lysed and the membrane fraction separated by sucrose density gradient
ultracentrifugation (110,000 x g). The membrane pellet was solubilized with solubilization
buffer (50 mM Tris-HCI pH 7.4, 150 mM NaCl, 5 mM CaCly, 5 mM MgCl,, 2 mM

EDTA, 10% glycerol and 0.5% n-Dodecyl-p-D-maltoside (DDM, ACROS Organics)).
Membrane scaffold protein (MSP1E3D1)87 and detergent-solubilized 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (POPC) were mixed with the solubilized membrane proteins,
and Bio-beads were added to initiate nanodisc assembly for 24 hrs. Nanodiscs containing
PTH1R were separated from the mixture by single-step affinity purification against 1D4
epitope.

Fluorescence anisotropy.

Fluorescence anisotropy experiments measured the binding affinity between PTH1R-ND
and the following peptide ligands PTH(1-34), PTH(1-36), PTH(1-14)PTHrP(15-36),
PTHrP(1-14)PTH(15-36) and PTH(1-34)E19AE22A. Each of the peptides was labeled
with 5/6-fluorescein (FAM) at Lys13 (Neobiolabs, Woburn, MA), previously shown in
crystal structures as pointing to the solvent and not perturbing receptor binding.12- 13 The
peptides were ordered from Neobiolabs (Woburn, MA), and were weighed and dissolved

in anisotropy buffer (50 mM Tris-HCI pH 7.4, 150 mM NaCl, 3mM MgCl,, and 100

UM EDTA). FAM-labeled peptides (~50 nM) were titrated with various concentrations

of PTH1R-ND (50nM-1000nM) and the anisotropy recorded using a PTI QuantaMaster
C-61 two-channel fluorescence spectrophotometer at 30°C with excitation/emission of 497
nm/518 nm and the slit width of 5 nm. In one experiment, each measurement was averaged
over 30 sec with one reading per second. To measure Ca2*-dependent ligand binding, 15
mM CaCl, was added to the cuvette at each PTH1R-ND concentration and the fluorescence
intensity was recorded again to determine the anisotropy. Each titration curve presented in
Figure 1 is average of three or more experiments that were carried out using independent
preparations of purified PTH1R-ND. CaCl, solutions were diluted in anisotropy buffer from
a 1 M stock solution of CaCl, dihydrate, minimum 99.0% in ddH,O (Sigma). MgCl,
solutions were diluted in anisotropy buffer from 1 M MgCl, solution (AmericanBio).

Data Analysis.

The dissociation constant (K ) for the equilibrium of the peptide bound receptor (RP)
dissociating into the free (P) and free receptors (R) is expressed by Eqg. (1), which is related
to the measured anisotropy values (r), as described in Eq. (2)38

@

2
Kyt Cit Cp) = V(Ky + Co+ G —4C,C, "

2
3¢, +r)+r @

where C; is the concentration of PTH1R-ND; C; is the concentration of peptide; r, is
anisotropy of the bound peptide; and r, is the anisotropy of the free peptide.
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In anisotropy assays, free peptides have low anisotropy due to their small size and fast
rotation, while peptides bound to PTH1R-ND have high anisotropy due to the large size

of the PTH(1-34)-PTH1R-ND complex and slower rotation. Since the size of molecular
entities and photochemical properties of the fluorescence probe determine the values of
anisotropy, the anisotropy of free peptides (r,) are approximately the same for each peptide
being studied, as is the anisotropy of those peptides bound to PTH1R-ND (r,), as shown in
the titration curves for the PTH1R-ND concentration at zero and saturated values. Thus, K,
can be determined by fitting the titration curves for each peptide under various conditions.

Flow Cytometry Titrations.

10 cm plates of HEK293S PTH1R stable cells lines were induced with 2 pug/uL tetracycline
and 0.55 mg/mL sodium butyrate for 48 hrs. Cells were lifted from the plates with 1X

PBS buffer with 2 mM EDTA. Cells were centrifuged and resuspended in Tris buffer with
1% BSA and counted using a hemocytometer. 400,000 cells were aliquoted into eppendorf
tubes on ice. Different concentrations of PTH(1-34) were added to each aliquot with or
without 15 mM Ca2*. Cells were incubated with PTH(1-34)-FAM for 5 minutes on ice
and then sorted using an Accuri C6 Flow cytometer. As a control, uninduced cells were
similarly harvested, incubated with the different concentrations of PTH(1-34)-FAM with
or without Ca2*, and sorted. For each PTH(1-34)-FAM condition, the mean fluorescence
intensity was recorded. To determine the K, of PTH(1-34) in the presence and absence of
15 mM Ca?", the data was fitted using the saturation binding equation for one site with
total binding measured (equation 3),4” where X is the concentration of PTH(1-34), Y is the
mean fluorescence intensity measured, B,.. is the maximum fluorescence of specific binding,
NS is the non-specific binding, and the background is the measurement with no labeled
ligand present. The value of N.S was obtained from the slope of a linear equation fit to the
data from uninduced cells and the background fixed as the mean fluorescence intensity of
samples with no PTH(1-34)-FAM added.

Bmax*)(

Y=&i+rx)

+ NS * X + Background (3)

Expression and purification of the extracellular domain of PTH1R.

The DNA constructs, pETDuet-1-MBP-PTH1R(ECD)-DsbC and pET15b-DsbhC were
provided by the Schepartz laboratory (Yale University). pETDuet-1 is a dual expression
vector that expresses MBP-PTH1R ECD and the chaperone DsbC under two separate
promoters.%8 The maltose binding protein (MBP) was fused to the N-terminus of PTHIR
ECD to provide additional stability. pET15b-DsbC is a single expression vector that
expresses the chaperone DsbC. The His-tagged pET15b-DshC construct was transformed
into £. coli Origami 2 cells, grown to ODgp~0.6 and induced for 4 hrs at 37°C with 0.4 mM
IPTG. Cells were harvested and lysed by sonication. The clear lysate was incubated with
Ni-NTA beads for 1.5 hrs at 4°C. The beads were then washed with 30 mM imidazole and
the protein was eluted with 250 mM imidazole. All fractions containing DsbC were pooled
and the His-tag was cleaved with biotinylated thrombin to yield pure DsbC. The biotinylated
thrombin was removed by passing through streptavidin agarose, collect the supernatant and
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dialyze again the storage buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 0.5 mM EDTA
and 1 mM DTT).

Purification of MBP-PTH1R ECD was carried out as follows. Transformed £. co/i Origami
2 cells were grown to ODgpg~0.6 and induced overnight at 16°C with 0.4 mM IPTG. Cells
were harvested and lysed by French press. The lysate was incubated overnight with Ni-NTA
beads at 4°C. The beads were then washed with 25 mM imidazole and the protein was
eluted with 250 mM imidazole. All fractions containing MBP-PTH1R ECD were pooled
and subjected to a disulfide reshuffling reaction in 1 mM each of reduced and oxidized
glutathione, 1 mg/ml MBP-PTH1R ECD and 0.4 mg/ml DsbC at 20°C for 20 h. The
resultant mixture was incubated with Ni-NTA beads to remove DsbC. The sample was then
concentrated and passed twice through a Sephadex 75 gel filtration column. The final pure
protein (3.98 mg from a 3 L culture) was stored at —80°C in 50% glycerol.

Fluorescence polarization assays.

Flu-PTH(1-34), which refers to PTH(1-34) with a fluorescein molecule attached to the N-
terminal end, was prepared by the Schepartz lab. Direct binding experiments between MBP-
PTH1R-ECD and Flu-PTH(1-34) were carried out as follows. First, 16 protein solutions
were prepared by 1:1 serial dilutions of MBP-PTH1R ECD in buffer starting with a 200
UM stock. Protein solutions at each concentration in a volume of 18 pL was then transferred
in triplicate to a Corning® flat-bottom black polystyrene 384-well plate. Flu-PTH(1-34)

(2 pL of a 250 nM stock solution) was then added to each well and incubated at room
temperature for 3 hrs. Fluorescence polarization (excitation and emission of 485 nm and
530 nm, respectively) was recorded on an Analyst AD Fluorescence Plate Reader (LJL
Biosystems, Sunnyvale, CA). The data were fitted using an equation similar to what was
described for the anisotropy assay:

FLP_ FL

= 2L,

2
J (20 + LPY + K= AL, + 1P + K = 4LLLIPY) 0
where F is the measured fluorescence polarization, F, is the fluorescence polarization of
the free labeled ligand, F,, is the maximum fluorescence polarization of the peptide-protein
complex, [L], is the total peptide concentration and [P], is the total protein concentration.59

Cell-based cAMP assays.

HEK293S cells expressing PTH1R were grown and induced in 48-well plates. After ~48

hrs induction, cells were washed with serum-free, Ca2*-free media (Ca2*-free DMEM and
0.2% BSA). Then, cells were treated with 120 uL of cCAMP assay buffer (Ca2*-free DMEM
containing 200 uM IBMX, 1mg/ml BSA, 35 mM HEPES, pH 7.4), followed by the addition
of 60 pL of binding buffer (50 mM Tris-HCI, pH 7.4, 100 mM NaCl, 5 mM KClI, 0.5%

FBS and 5% heat-inactivated FBS) containing the peptides (concentrations indicated) and
incubated for 30 minutes. Cells were lysed with the lysis buffer (0.1 M HCI and 0.5% Triton
X-100), and the cAMP amount under each condition was determined using the Direct cAMP
ELISA kit (Enzo Life Sciences). Each point was measured in duplicate in each experiment
and each curve represents an average of three experiments.
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Figure 1: Binding of peptide ligands to PTH1R incorporated in nanodiscs (PTH1R-ND)
Titrations of (A) PTH(1-34); (B) PTHrP(1-36); (C) PTH(1-34)E19AE22A; (D) PTH(1-
14)PTHrP(15-36) and (E) PTHrP(1-14)PTH(15-34) with PTH1R in nanodiscs (PTH1R-
ND) with (b/ue) and without (red) addition of 15 mM Ca2* and nanodiscs containing no
PTH1R (empty-ND) with (grey) and without (b/ack) addition of 15 mM Ca?*. The peptide
concentration was kept constant at 50 and 55 nM with and without addition of 15 mM Ca?*,
respectively. (Buffer: 50 mM Tris-HCI pH 7.4, 150 mM NaCl, 3 mM MgCls,, and 100 pM
EDTA). Each data point in the titration curves is an average of more than three experiments
and each experiment was performed using independent preparations of purified PTH1R-ND.

ACS Chem Biol. Author manuscript; available in PMC 2023 November 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Culhane et al.

Page 20
2>
)
c
Q
£
®
o
c
(O]
O
D
o
(@]
=)
O
c
(4]
(O]
=
O-O L L] 1 | 1 T T
0 100 200 300 400 500 600
[PTH-FAM] (nM)
- Induced, 15 mM Ca?* == Uninduced; 15 mM Ca?*
-~ Induced, 0 mM Ca?* Uninduced; 0 mM Ca?*

Figure 2: Flow cytometry analysis of PTH(1-34)-FAM binding to HEK293S cells expressing
PTHI1R.

Titrations of HEK293S cells expressing PTH1R with PTH(1-34)-FAM in the presence of
0 mM Ca?* (red) and 15 mM Ca?* (blue) and HEK293S cells with no induced PTH1R
expression in the presence of 0 mM Ca2* (grey) and 15 mM Ca?* (black). Data shown are
representative curves from of one of five replicates (SI Figure S3).
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Figure 3: Binding of PTH(1-34) to the extracellular domain (ECD) of PTH1R.
(A) Construction of MBP-PTH1R-ECD. (B) SDS-PAGE gel of MBP-PTH1R-ECD shows

Lane 1, markers; lane 2, purified MBP-PTH1R-ECD (62 kD) (C) Binding of PTH(1-34) to
MBP-PTH1R-ECD measured by fluorescence polarization. (Buffer: 50 mM Tris-HCI, pH
7.5, 150 mM NaCl, 1 mM EDTA). Each curve shows the average of three fluorescence
polarization experiments.
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Figure 4: Specific Ca?* effect on PTH(1-34) binding to PTH1R-ND.
Titration of PTH(1-34)-FAM at 50 nM with PTH1R-ND in Mg2*-depleted buffer (50 mM

Tris-HCI pH 7.4, 150 mM NaCl, and 100 pM EDTA\) at various concentration of (A) Mg?*
and (B) Ca2*. Unless specified, each curve shows the average of at least three replicates. The
10 mM Mg?*, 40 mM Mg?* and 10 mM Ca?* titrations show a single experiment.
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Figzu+re 5: PTH(1-34) activates PTHIR to produce cAMP in the presence and absence of 15 mM

Ca“".

HEK?293S cells expressing PTH1R were stimulated with indicated concentrations of PTH(1-

34) with 0 mM Ca?* (red) and 15 mM Ca?* (blue) for 30 minutes before harvesting to
measure the concentration of cAMP. The addition of 15 mM Ca?* does not change the

potency of PTH(1-34) but does decrease the efficacy of PTH(1-34). Titration curves show
the average of 3 experiments.
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Scheme 1: PTH(1-34) bound to PTH1R shown in a nanodisc.
The C terminus of PTH(1-34) (orange) interacts with the extracellular domain of the

receptor, while the N terminus of the peptide hormone interacts with the juxtamembrane
domain. The receptor is surround by a lipid bilayer (grey), which is held together with the
alpha helical membrane scaffold protein MSP1E3D1 (purple).
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Scheme 2: Sequence alignment of the PTH and PTHrP ligands under study.
PTH residues (green), PTHrP residues (orange), and E19A and E22A mutations (red).
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Scheme 3: Extracellular domain of PTH1R has a high density of negatively charged residues.
Snake plot of PTH1R shows negatively charged residues in red, which are clustered towards

the extracellular side of the receptor. Two regions of PTH1R not conserved in family B
GPCRs are boxed: the 50-residue flexible loop contains 8 negatively charged residues and
the 16-residue extracellular loop 1 contains 6 negatively charged residues.
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Binding affinity of the tested PTH1R ligands

Table 1:

| Total Charges |

Kp (nM)

Kp (0 mM) / Kp (15 mM)

Peptide | +/ = (net charge) | 0mM Ca%* | 15 mM Ca?

PTH(1-34) 7/4(+3) 1001+41 | 9044 17** 49+05
PTHIP(1-36) 10/5 (+5) 568 + 37 495+31 * 1101
PTH(1-34)E19AE22A 712 (+5) 224 £ 18 82+6 " 27+03
PTH(1-14)PTHrP(15-36) 9/4(+4) 114 £5 76+4 15+0.1
PTHrP(1-14)PTH(15-34) 9/5(+4) No binding No binding NA

*
p<0.05 and

*:
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*
p<0.001 indicate significant difference in the fitted Kpvalues for the tested ligand in the presence and absence of 15 mM CaZ*. The ratio Kp(0
mM)/Kp(15 mM) for PTH(1-34) is significantly different from the same ratio for all of the other tested ligands p < 0.0001.
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Table 2:

Binding affinity of PTH(1-34) with divalent ion concentrations

Mgz+ Ca2+

Concentration (mM)  Kp (nM)  Concentration (mM)  Kp (nM)

0 1132 +59 0 1132 £59

3 862 + 36 5 200+ 18
10 600 + 52 10 114 +19
15 73223 15 146 +6
40 650 + 65 40 61+4
100 628 + 24 100 105+ 6

Cell based cAMP assays. Ligand binding to PTH1R activates G protein signaling cascades, leading to the production of cAMP. To determine if
the calcium dependent binding of PTH(1-34) affects the activation of PTH1R, we performed cAMP assays in the presence and absence of 15 mM

calt (Figure 5). The addition of 15 mM ca2* did not affect the potency of PTH(1-34) in activating PTH1R. However, 15 mM ca2t significantly

decreased the amount of cAMP produced by PTH(1-34) activation of PTH1R. Control experiments to test the effect of 15 mM ca?* on cAMP
production in the absence of PTH(1-34) show that the cAMP produced decreases from 6.8 + 2.6 to 0.8 + 0.2 pmol/mg total protein upon addition

of 15 mM Ca2*. Upon PTH(1-34) stimulation of PTH1R, the maximum cAMP produced was 276 + 67 and 154 + 42 pmol/mg total protein in the
absence and presence of 15 mM Ca2+, respectively. These results suggest 15 mM Ca2* decreases PTH(1-34) activation of PTH1R; however, it is

still important to consider a portion of this decrease could be due to the effect of 15 mM Ca2* alone on CAMP production of the cells.
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