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Abstract 
Parathyroid hormone 1 receptor (PTH1R) is a family-B GPCR that plays a crucial role in bone 
remodeling. Previous studies show extracellular Ca2+ is a positive allosteric modulator for one 
PTH1R ligand, parathyroid hormone (PTH), which is approved by US FDA to treat severe 
osteoporosis. Moreover, PTH residues E19 & E22 have shown to be involved in Ca2+ sensing. 
However, the effects of PTH Ca2+ sensing on intracellular G-protein binding are unknown. Here, 
we used FRET-based SPASM sensors to study the interaction between PTH1R and different Ga 
peptides. SPASM sensors, which are isolated in native HEK293T membranes through optimized 
protocol, contain PTH1R followed by the acceptor fluorophore, a flexible linker, the donor 
fluorophore, and a peptide from a Ga subunit that mimics the interaction of the full G-protein 
heterotrimer. In the current study, two SPASM sensor preparation methods, Giant Plasma 
Membrane Vessiculation and native membrane preparation, were employed. The quality and 
integrality of the SPASM sensors isolated through each method were evaluated and compared 
to one another. We performed FRET experiments to quantify the activation of different Ga 
isoforms by PTH and its Ca2+ sensing mutant, PTHE19AE22A. PTH binding to PTH1R SPASM 
sensors causes differential interactions between PTH1R and the Gs, Gq and Gi peptides. 
PTHE19AE22A activation of PTH1R-SPASM sensors leads to distinct interaction profiles between 
each G-peptide isoforms, which were further modulated by the presence of extracellular Ca2+. 
Quantifying the differential activation of the specific Ga isoforms by PTH and PTHE19AE22A in 
the presence and absence of Ca2+ will delineate mechanistic details of PTH1R activation and its 
role in bone-related diseases. Further, understanding the extracellular Ca2+ modulation of PTH 
signaling will provide insight for developing treatments for chronic hypocalcemia associated 
with hypoparathyroidism, while uncovering PTH1R novel regulation in bone remodeling. 
 
 
Introduction 
 
GPCRs (G-Protein-Coupled Receptors) 
 

G-protein-coupled receptors (GPCRs) are one of the largest protein superfamilies 
including more than 800 distinct human cell surface receptors, with approximately 450 sensory 
receptors engaging in olfaction, pheromone signaling, light perception, and taste.1 The  
remaining non-sensory GPCRs are involved in cell-to-cell signaling and are targets for a large 
portion of current pharmaceutical development.2,3 GPCRs remain the main mediators by which 
cells detect environmental stimuli through binding of extracellular ligands, and they enable cell-
to-cell communication by stimulating a series of downstream signals.4,5 All GPCRs exhibit a 
characteristic structure of seven transmembrane a-helixes and are activated by a variety of 
extracellular ligands, including hormones, large proteins, ions, lipids, neurotransmitters, 
sensory stimuli, and photons.1 In addition to ligand-induced activation, GPCRs can also be 
stimulated by cell membrane lipid composition, tension, voltage, and fluidity of the 
membrane.6–9 The function of GPCRs is also regulated by common ions such as sodium and 
cellular pH level.10,11  



  
A single GPCR can be activated by multiple 

ligands through distinct conformational changes 
when different ligands bind.  The conformational 
changes of the receptor then lead to the 
activation of specific heterotrimeric G-proteins 
that associate with the GPCR intracellularly. 
Those G-proteins are comprised of Ga, Gb, and Gg 

subunits that are bound together prior to 
activation. The Ga  subunit binds guanosine 
diphosphate (GDP) in its inactive state. Once 
activated, the Ga subunit exchanges the bound 
nucleotide, GDP, with guanosine triphosphate 
(GTP). The nucleotide exchange induces the 
disassociation of the Ga  subunit from the Gbg 
subunits. The dissociated subunits activate 
signaling cascades that produce secondary 
messengers and induce changes in cellular 
synthesis of a variety of compounds, such as 
calcium, cyclic adenosine monophosphate 

(cAMP), or diacylglycerol (Figure 1).1 Second messengers change gene expression in the cell by 
entering the nucleus and binding to promoters or transcription factors of target genes.  
 
  The specific isoform of the activated Ga subunit determines which intracellular pathway 
is activated. So far, 16 Ga have been identified that are encoded by the human genome, which 
are categorized into four subfamilies including Gas, Gai/o, Gaq/11, and Ga12/13.4 Gas and Gai 
regulate intracellular concentration of cyclic adenosine monophosphate (cAMP) through 
activation and inhibition of adenylyl cyclase, respectively. Activated Gas increases intracellular 
cAMP level by engaging the Gas/adenylyl cyclase/cAMP/protein kinase A (PKA) pathway, 
whereas Gai decreases intracellular cAMP level by inhibiting adenylyl cyclase activity.12 Gaq 
increases intracellular levels of Ca2+ and inositol trisphosphate (IP3) by activating effector 
phospholipase C-b isozymes through the Gaq/phospholipase C (PLC)b/inositol trisphosphate 
(IP3)/intracellular Ca2+/protein kinase C (PKC) pathway.13 Lastly, Ga12/13-phospholipase D/RhoA 
pathway has been known to be involved in the activation of RhoGTPases which can result in 
various intracellular signaling such as rearrangement of actine cytoskeleton, embryogenesis, 
and gene transcription upon activation.14 
  

Figure 1: Schematic of GPCR (purple) inactive 
and active states. The inactive state has no 
agonist/ligand (green) bound on the 
extracellular side but has heterotrimeric G-
proteins consisting of Ga, Gb, and Gg subunits as a 
single unit bound on the cytoplasmic side; Ga is 
bound to GDP. Upon agonist/ligand binding, 
GPCR shifts to the active state, GDP is 
exchanged with GTP, and Ga disassociates from 
Gbg which can each initiate different signaling 
cascade separately.  
 



The signaling cascades activated 
by GPCRs are terminated upon 
phosphorylation at the receptor’s 
consensus phosphorylation sites which 
interfere with receptor-G-protein 
coupling.15 Specifically, when GPCRs are 
activated, G-protein-coupled receptor 
kinase (GRK) is also activated. GRK, along 
with PKA and protein kinase C (PKC), 
transfers one phosphate group from 
adenosine triphosphate (ATP) to GPCR. 
GPCR phosphorylation recruits b-
arrestin, which binds intracellularly to 
the GPCR to prevent the interaction of 
the receptor to G-proteins. The binding 
of b-arrestin couples the receptor with 

endocytosis machinery through clathrin-coated pits, in which plasma membrane coated with 
clathrin wraps around the receptor and leads to formation of vesicle buds. As newly formed 
vesicles mature, the membrane-bound receptors are internalized as intracellular vesicles and 
targeted to the endosome either for degradation or dephosphorylation by the catalytic subunit 
of protein phosphatase 1 (cPP1) (Figure 2).16 The dephosphorylation of GPCR enables the 
receptor to be recycled back to plasma membrane for another round of signaling.  
 

Canonically, ligand and G-protein interactions induce the active state of a GPCR. Thus, 
the ternary complex model of GPCR interactions included two receptor conformations, with an 
inactive receptor state in equilibrium with an active receptor state.17 Agonists and partial 
agonists stimulate activation of the heterotrimeric G-proteins by shifting the equilibrium 
toward the active state, whereas inverse agonists can suppress activation of the heterotrimeric 
G-proteins by shifting the equilibrium to the inactive state.1 Using advanced scientific 
techniques such as NMR spectroscopy, double electron-electron resonance spectroscopy, X-ray 
crystallography, single molecule fluorescence, molecular dynamics experiments, and 
nanobodies for studying protein structures, recent studies reveal the conformational dynamics 
that govern GPCR structure and activation .18–22 Rather than discrete on and off states as 
previously thought, these studies show GPCRs sample distinct conformations in an ensemble. 
Ligand binding increases an individual receptor’s conformational complexity by stabilizing 
distinct receptor states in the conformational ensemble. These stabilized receptor states 
further result in selective activation of Ga isoforms and their associated signaling pathways. The 
conformational dynamic of the GPCRs, therefore, results in functional complexity of GPCRs.  
  

 
Figure 2: Schematic representation of the G-protein-
coupled receptor phosphorylation/dephosphorylation 
cycle. GRK, G-protein-coupled receptor kinase; PKC, protein 
kinase C; cPP1, catalytic subunit of protein phosphatase 1; 
R*, activated GPCR; CCP, clathrin-coated pit.52  

 



The role of conformational ensembles in 
GPCR structure and function is best illustrated 
through a discussion of the b2-adrenergic receptor 
(b2-AR), one of the most well studied family-A 
GPCRs with conformational dynamics affect by 
both ligand and intracellular G-protein binding. 
Recent studies of crystallographic structures of b2-
AR inactive and active states revealed that the 
most notable conformational change upon 
activation of b2-AR was a 9-11Å outward 
movement of transmembrane 6 (TM6) 
accompanied by a slight inward movement of TM5 
and rearrangement of a motif in TM7 (Figure 3).1 
The outward motion of TM6 is stabilized by the C-
terminal a5 helix of Gas, the preferred G-protein 
isoform for b2-AR coupling. The a5 helix inserts 
into a pocket in b2-AR formed by cytoplasmic ends 

of TM3, TM5, TM6, and intracellular loop (ICL) 2.5 

 
With the foundational knowledge of conformational changes during the activation of 

b2-AR established, further studies showed variation in the movement of TM6 upon binding of 
various orthostatic ligands.23 The ligands tested range from inverse agonists which suppress 
basal activity of b2-AR, to partial and full agonists that differentially promote b2-AR-induced Gs 
activation, and neutral antagonists that prevent agonist-mediated activation. Utilizing single-
molecule fluorescence resonance energy transfer imaging (smFRET), TM6 was labeled with a 
donor fluorescent probe and TM4 was labeled with an acceptor florescent probe, which 
enabled quantification of the distance between the two transmembrane helices. The further 
apart TM4 and TM6 moved, the more conformational change b2-AR underwent on the 
cytoplasmic side where heterotrimeric G-proteins bind. Thus, the relative distance between the 
two helices indicated the conformational states sampled by the GPCR, with more active states 
and G-protein-bound states showing larger relative distances. For example, b2-AR-Gs 
complexes spent more time in active conformations when bound to more efficacious ligands, 
especially when no GDP or GTP nucleotide was present. Based on those observations, the study 
was able to conclude that more efficacious ligands preferentially promote GDP release to 
achieve nucleotide-free states. The nucleotide-free state promotes more rapid and efficient 
GTP loading to Gas and enables more rapid dissociation of Gas from b2-AR. By lowering the rate-
limiting conformation transition of TM6 from active state to inactive state, more efficacious 
ligands stimulate more rapid signaling. This study showed that distinct GPCR conformations 
depend on the efficacy of the bound ligand and the nucleotide state of the coupled G-protein, 
demonstrating the multiple possible conformations of the b2-AR-Gs complexes and further 
highlighting the conformational complexity of GPCRs. 

 

 
Figure 3 (Left): Active-state structures of 
agonist-bound, nanobody-stabilized GPCRs with 
seven transmembrane a-helices (orange). 
Figure 3 (Right): Cytoplasmic view comparing 
inactive (grey) and active receptors (colored), 
featuring outward displacement of TM6, inward 
movement of TM5, and rearrangement of TM7.1 



GPCRs’ conformational complexity is 
not only induced by ligand efficacy but is 
influenced by intracellular G-protein binding. 
DeVree et al., (2016) revealed that 
intracellular G-protein binding allosterically 
impacts ligand binding to b2-AR.5 By utilizing a 
nanobody to stabilize the active state of b2-
AR, the study measured changes in ligand 
binding kinetics to active and inactive 
conformations of b2-AR. G-protein binding to 
b2-AR increases ligand affinity by causing the 
orthostatic ligand-binding site to close around 
the bound ligand, which is stabilized by 
insertion of the C-terminal helix of Ga into the 
b2-AR core in the absence of nucleotide GDP. 
This “closed” b2-AR allosteric structural 
change is characterized by restricted access to 
and egress from the ligand-binding site and is 
also induced during constitutive/basal activity 
of b2-AR even in the absence of a ligand 
(Figure 4). The study further observed the b2-
AR conformation with limited access to the 
ligand-binding site is formed by residues on 

the extracellular side of TM6, TM7 and ECL2. Additionally, the study analyzed the behavior of 
additional GPCRs including M2 muscarinic acetylcholine receptor (M2R) and the μ-opioid 
receptor (MOPr) which revealed the shared mechanism of ligand association and disassociation 
at the ligand-binding site. M2R even exhibited a similar formation of the lid-like structure above 
the orthostatic ligand site. These findings suggest the allosteric effect of G-protein 
heterotrimers on the ligand is possibly a common mechanism shared among GPCRs, further 
supporting the need to understand changes in conformational dynamics of GPCRs.  

 
These two studies highlight the complex conformational dynamics of b2-AR and form 

the foundation for understanding the conformational dynamics of Parathyroid Hormone 1 
Receptor (PTH1R), a family-B GPCR.  

 
PTH1R (Parathyroid Hormone 1 Receptor) 

 

Figure 4: Schematic representation of G-protein-
dependent high affinity agonist binding. Agonist 
binding promotes GDP release from the G-protein 
heterotrimer (Gα (α) Gβγ (βγ)) and allosteric change 
at the ligand binding site, restricting access to and 
egress from the ligand-binding site. Constitutive 
(basal) receptor activity may also activate the G-
protein, releasing GDP and thereby stabilizing the 
nucleotide-free and closed conformation of the 
receptor in the absence of an agonist.5  

  

 



 
PTH1R is a family-B GPCR primarily expressed in 

bone, kidney, and mammary glands, where it plays a 
crucial role in both anabolic and catabolic bone 
remodeling. The PTH-receptor systems are evolutionarily 
ancient with findings suggesting that PTH receptors 
originated before the protostome-deuterostome 
divergence that occurred about 1 billion years ago.24 Like 
other family B GPCRs, PTH1R possesses a characteristically 
large extracellular domain (ECD) necessary for hormone 
binding. The ECD has with six conserved cysteines that 
stabilize the overall structural fold through three disulfide 
bonds. The ECD of PTH1R is flat and oblong with its core 
comprised of secondary protein structures, including a 
pair of antiparallel b strands in center, a b hairpin 
between b strands 1 and 2, and a long a-helix on the N-
terminus (Figure 5).  

 
The family-B GPCR subgroup consists of 15 distinct receptors, each typically binding to 

moderately sized, single-chain polypeptide ligands ranging from 30 to 40 amino acids. Unlike 
other family-B GPCRs, the two endogenous ligands of PTH1R, parathyroid hormone (PTH) and 
parathyroid hormone related hormone (PTHrP), are 84 amino acids and 141 amino acids in 
length, respectively.24 However, residues 1-34 of each PTH1R ligand control the full binding and 
signaling activity, leaving potential biologic roles of the extended region after residue 34 on the 
C-terminus of the ligands unknown.25,26 PTH maintains homeostatic levels of Ca2+, phosphate, 
and active vitamin D levels in blood and 
extracellular fluids through the binding and 
activating of PTH1R, whereas PTHrP regulates 
growth in bone and mammary glands tissues. 
Both hormones bind PTH1R following the two-site 
model.27 First, the C-terminal peptide fragment of 
PTH (residues 15-34) interacts tightly with the N-
terminal ECD of PTH1R. Then, the N-terminus 
associates with the transmembrane domain 
(TMD) of PTH1R with slower kinetics and weaker 
affinity (Figure 6). The full peptide binding triggers 
a conformational change in PTH1R, leading to 
receptor activation, G-protein coupling, and 
intracellular signaling cascades. PTH1R activation 
depends on changes in TMD due to interactions with PTH residue glutamate (E) 4 and on 
interactions of PTH residues 1-3 with receptor TM6.27 Similar to PTH, PTHrP binds through its C-
terminus and signals through its N-terminus. Sequence alignment of PTH and PTHrP shows 8 

 

Figure 5: Schematic representation of 
PTH1R ECD. Two pairs of antiparallel 
b-strands form the core (yellow & 
green arrows). The long a-helix on 
the N-terminus (spiral green) 
connects to the b-strands via 
extended loop.53 

 

 

Figure 6: Schematic representation of PTH 
binding to PTH1R. The C-terminal fragment of 
PTH couples to the extracellular domain of the 
receptor, while the N-terminal part engages 
the transmembrane domain of the receptor.53 

 



out of 13 identical amino acids in the N-terminus and two identical amino acids, arginine-20 
and leucine-24, in 15-34 region (Figure 7).24  

 
Upon ligand binding, PTH1R undergoes structural change 

involving outward movement of TM3 and TM6, inducing a sharp 
kink in the middle of TM6.27 The opening of the TM6 cytosolic 
cavity allows the a5 helix of Ga at the C-terminus to insert, 
activating Ga and distinct isoform-dependent signaling cascades 
(Figure 8).28 Amino acids in intracellular loops (ICL) and on the 
intracellular side of the TMD contribute to the specificity of G-
protein coupling and tailor PTH1R to signal through certain 
pathways when mutated. For example, signaling through Gas and 
Gaq pathways was diminished when a lysine in the ICL3 was 
mutated to alanine; whereas mutation in ICL2 from lysine to 
glutamate tailored PTH1R to signal through Gas instead of the Gaq 
pathway.29,30 In addition, the hormone sequence also affects G-

protein coupling with residue one of both PTH and PTHrP involved in activating Gaq signaling. 
Specifically, mutations in residue one of PTH and PTHrP decrease the activation of the Gaq 

pathway while sustaining good potency for the Gas pathway.24  
 

Consistent with other GPCRs, PTH1R is 
highly structurally dynamic and samples a 
variety of conformations stabilized by specific 
ligands to activate certain intracellular signaling 
pathways. Before the full-length structure of 
PTH1R was determined, previous studies found 
PTH1R formed two distinctive complexes, R0 
and RG, which differ in their interactions with 
PTH and PTHrP.24 PTH binds with high affinity to 
the PTH1R R0 conformation independent of G-
protein coupling, whereas PTHrP binds with 
high affinity to the PTH1R RG conformation, and 
the binding was dependent on G-protein 
coupling.24 The two conformations also affect 
PTH1R function. The RG conformation is more 
consistent with the classic GPCR ligand binding 
mechanisms and activation, while the R0 
conformation stimulates sustained cAMP 

 
Figure 8: Ligand activation 
and second messengers 
signaling of PTH1R. 

 
Figure 9: Canonical and noncanonical G-protein 
signaling at the PTH1R. PTHrP forms complexes 
with Gas and signals through cAMP only at the 
plasma membrane before dissociating, whereas 
PTH forms complexes both at the cell surface 
and remains associated as complexes internalize. 

 
Figure 7: PTH & PTHrP sequence alignments. PTH 1-34 (green) and PTHrP 1-36 (orange) with residues E19 & 
E22 of PTH and residues R19 & F22 of PTHrP outlined with black squares. 
 



signaling through Gas pathway with prolonged PTH association with PTH1R. Because PTH 
remains bound to the R0 conformation of PTH1R, this complex continuously signals and induces 
the production of cAMP even after the internalization into the early endosome for degradation. 
Therefore, PTH1R can facilitate cAMP production both by the canonical mechanism operating 
at the surface of the plasma membrane through either the PTHrP-PTH1R/RG complex or the 
PTH-PTH1R/R0 complex and by a noncanonical mechanism operating from the internalized 
endosomal domain via the PTH-PTH1R/ R0 conformation (Figure 9).  

 
Further studies utilizing fluorescence resonance energy transfer (FRET) based kinetics 

experiments showed PTH had a 66-fold greater binding capacity to the R0, G-protein-uncoupled 
conformation. In similar experiments, PTHrP showed 16-fold higher selectivity for the RG 
conformation than for R0 conformation when compared to PTH’s conformational selectivity.31 
By utilizing FRET-based kinetics assays, the study also observed that PTH bound to PTH1R more 
rapidly and dissociated from the receptor more slowly than PTHrP. Further, the cAMP signaling 
response in cells stimulated by PTHrP binding decayed more rapidly than in PTH induced cAMP 
generation. Therefore, the PTH-bound R0 conformation produces cumulatively greater cAMP 
compared to PTHrP. More importantly, the study discovered that the divergent sequence at 
residue 5 in both hormones, isoleucine in PTH and histidine in PTHrP, is the major determinant 
for the conformational selectivity. A mutant PTH with histidine at residue 5 exhibited a 
decrease in binding affinity to R0 conformation, and a mutant PTHrP with isoleucine at residue 5 
showed an increase in binding affinity to R0 conformation. The ability to swap conformational 
selectivity through a single hormone mutation is unique and highlights the importance of 
understanding how ligand binding affects PTH1R conformational dynamics.  

 
Additional studies showed PTH selection for the R0 conformation leads to a more stable 

complex with PTH1R in R0 conformation, which produced more sustained cAMP responses 
intracellularly. 32 In addition, the study found that PTH analogs that couple to R0 conformation 
more selectively than PTH also form highly stable complexes with PTH1R and thereby facilitate 
sustained signaling responses in PTH1R-targeted bone and kidney cells. The responses included 
greater increase in trabecular bone volume and larger rise in cortical bone turnover in mice. 
Injecting mice with these more selective PTH analogs also induced a more prolonged increase in 
blood calcium and decrease in blood phosphate concentrations. The distinctive R0 and RG 
conformations stimulated by different ligand binding not only further confirmed the role of 
PTH1R conformational dynamics but, more importantly, demonstrated that distinct 
conformations induce different intracellular and physiological changes. Careful study of PTH1R 
conformational dynamics will uncover more important conformational states while unveiling 
the significant physiological nuances associated with each conformation. 
 

Under usual circumstances, b-arrestin couples to membrane-embedded GPCRs and tags 
the bound GPCRs for endocytosis to the endosome for degradation or recycling (Figure 2). 
However, inconsistent with conventional b-arrestin pathways, the interaction between PTH1R 
and b-arrestin can stimulate a Gs-mediated cAMP response.24 The b-arrestin interactions with 
PTH1R in endosomes activate mitogen-activated protein (MAP) kinases, which phosphorylate 
and inhibit phosphodiesterase-4, an enzyme which is normally involved in GPCR degradation. 



The inhibition of phosphodiesterase-4 in turn promotes long-lasting cAMP generation mediated 
by Gas. Moreover, b-arrestin stabilizes the PTH1R-Gbg assembly that leads to prolonged cAMP 
production. This stabilization happens when b-arrestin directly associates with a 
phosphorylated serine on the PTH1R C-terminal tail and indirectly interacts with PTH1R by 
binding to the Gbg, which is also bound to the upstream portion of PTH1R C-terminal tail. The 
sustained cAMP signaling eventually terminates when the internalized vesicles containing PTH-
PTH1R complexes mature through the endosomal pathway and come in contact with cargo-
sorting retromer complex. The retromer complex is a peripheral membrane protein assembly 
that regulates sorting cargo proteins through the endosomal system and mediates retrograde 
flow to the trans-Golgi network. The PTH-PTH1R complex docks to the retromer sorting 
proteins during this endosomal trafficking process and disassociates from b-arrestin which 
eventually leads to signal termination. PTH1R likely undergoes conformational changes upon b-
arrestin stabilization, which enables the receptor to exhibit unconventional termination 
process. Therefore, exploring the PTH1R conformational dynamics can decipher the mechanism 
of this distinctive termination signal that induces specific mechanisms of intracellular signaling.  

 
Allosteric and other modulators regulate PTH1R conformational dynamics and signaling.  

Extracellular Ca2+ acts as a positive allosteric modulator of PTH1R and significantly changes the 
magnitude and kinetics of the sustained cAMP signaling response by prolonging ligand 
residence time and receptor activation.33  Further, increased extracellular Ca2+ concentrations 
lead to faster recruitment of Gas protein, and the Ca2+ helps stabilize PTH-bound PTH1R in an 
active conformation, leading to an increase in the magnitude of PTH1R activation.33 
Additionally, PTH residue arginine (R) 25 and acidic residues on extracellular loop (ECL) 1 of 
PTH1R are the key determinants for endosomal cAMP signaling facilitated by PTH, likely by 
interacting with Ca2+ to stabilize the ligand interaction with PTH1R. The study observed that 
when the ECL1 acidic and negatively charged residues aspartates or glutamates were 
substituted with neutral serine at positions 251-254, 257, and 259, there was a decreased 
sensitivity to Ca2+ and the ECL1 mutants were unable to engage in sustained cAMP generation 
as efficiently as wild type (WT) PTH1R. However, a mutant PTH R25C (position 25 arginine to 
cysteine) revealed a complete loss of sensitivity to Ca2+ and a remarkably shorter cAMP 
production. The PTH R25C mutant was found in patients with severe hypocalcemia, despite 
normal levels of circulating ligand. Therefore, the decreased efficacy of PTH R25C mutant likely 
reduces PTH-induced cAMP signaling through the extracellular positive allosteric modulator 
Ca2+. 

 
Further, Ca2+ has been shown to be a positive allosteric modulator of PTH binding 

affinity to PTH1R in florescence anisotropy experiments.34 In the presence of 15 mM 
extracellular Ca2+, WT PTH exhibits a 5-fold higher binding affinity to PTH1R, indicating WT PTH 
senses the presence of extracellular Ca2+.  WT PTHrP did not show the sensitivity to the same 
concentration of Ca2+ as WT PTH. Because WT PTHrP showed the same binding affinity to 
PTH1R regardless of the presence or absence of Ca2+, PTH(1-14)PTHrP(15-36), a chimeric 
hormone containing portions of PTH and PTHrP, was constructed which completely lacks the 
ability to sense Ca2+. This suggests the C-terminal domain of PTH is necessary for the Ca2+ 



sensing ability. Furthermore, the study established that the negatively charged residues 
glutamate (E) at position 19 and 22 on PTH are the key determinates for PTH extracellular Ca2+ 
sensing ability. When negatively charged PTH residues E19 and E22 were substituted with 
nonpolar and neutral alanine, the sensitivity to Ca2+ from PTH was markedly reduced, as 
indicated by a decreased binding affinity of PTH mutant E19AE22A to PTH1R. Therefore, the 
study further supports the notion that both PTH and PTH1R are required for positive allosteric 
modulation of Ca2+. Allosteric modulators like Ca2+ amplify the complexity of PTH1R 
conformational dynamics. To understand the distinctive intracellular responses and PTH1R 
functional dynamics associated with various conformational ensembles induced by allosteric 
modulators, it is crucial to resolve the receptor structures using advanced techniques, such as 
cryogenic Electron Microscopy (cryo-EM).  

 
  As discussed, previous studies of PTH1R ligand binding and activation have 
uncovered many likely receptor conformational states crucial for its function. More recent cryo-
EM structures of PTH-PTH1R- Gs and PTHrP-PTH1R- Gs complexes further support the 
importance of PTH1R conformational dynamics and the crucial role of Ca2+ as a positive 
allosteric modulator.35 There are many interesting interactions uncovered by these structures; 

residues 19 and 22 are 
particularly relevant. First, 
both PTH and PTHrP show 
similar overall binding with the 
N-terminus binding in a pocket 
formed by PTH1R TMD and the 
C-terminus interacting with 
the PTH1R ECD. In the 
structure of PTH bound to 
PTH1R, residue E19 on PTH, 
which is potentially involved in 
Ca2+ modulation, showed no 
association with PTH1R (Figure 
10 right).35 In contrast, the 
structure of PTHrP bound 
PTH1R shows strong and 
important polar interactions 
between residue R19 of PTHrP 

and E35 on PTH1R (Figure 10 left). The interactions between PTH1R and the distinct residues at 
position 19 on PTH and PTHrP suggests the difference in extracellular Ca2+ sensing ability of the 
two ligands might result from the different residues at position 19. Therefore, the distinctive 
interactions could potentially confirm the crucial role PTH E19 plays in extracellular Ca2+ 
sensing. On the other hand, a second cryo-EM study showed five distinctive conformations of 
PTH bound to PTH1R, while PTHrP bound PTH1R showed one active conformation.36 The 
different structures of PTH1R show the potential for large changes in PTH1R conformational 
dynamics, especially when stimulated by PTH. We hypothesize that extracellular Ca2+ stabilizes 
the interaction between PTH and PTH1R, thus biasing PTH1R towards specific, long-lived, 

 
Figure 10 (Right): Molecular recognition of PTH1-34 (salmon) by PTH1R 
(green). Detailed interactions of PTH1R ECD with PTH C-terminus and 
PTH1R TMD pocket with PTH N-terminus can be seen. No polar 
interactions between PTHE19 with PTH1R. Figure 10 (Left): Molecular 
recognition of PTHrP1-36 (blue) by PTH1R (purple). Detailed 
interactions of PTH1R ECD with PTHrP C-terminus and PTH1R TMD 
pocket with PTHrP N-terminus. PTHrPR19 forming polar contacts with 
PTH1R (purple dotted lines).35 
 



activated conformations, which lead to more sustained intracellular downstream signaling. 
However, the specific interactions that lead to this stabilization are unknown. Understanding 
the mechanism of Ca2+ regulation will provide a clearer understanding of conformational 
dynamics in PTH1R, which is crucial for understanding the PTH1R physiological function.  
 
 It is necessary to understand the conformational dynamics of PTH1R because PTH1R 
plays a key role in the growth and development of skeletal tissue. Five loss-of-function 
mutations in PTH1R have been associated with certain diseases, including: 
osteochondrodysplasia, a rare but lethal condition defined by extremely advanced bone 
development; Ollier disease, a developmental condition characterized by occurrence of 
multiple enchondromas; Eiken syndrome, a rare recessive skeletal dysplasia resulted from 
severely delayed ossification; and Jansen’s chondrodysplasia, a disorder that can lead to 
dwarfism and mineral ion imbalance.24 Due to its vital role in bone remodeling, dysfunction of 
PTH1R has also been correlated with osteoporosis. Osteoporosis is a common bone disease 
which occurs when older bone breaks down but cannot be replaced by new bone. Bones can 
become brittle and weak due to osteoporosis, and even mild stresses such as coughing or 
bending down can result in bone fracture, leading to bone loss. The strongest risk factor for 
osteoporosis is a decrease in estrogen levels in women during menopause. However, other 
hormone changes can also lead to bone loss, such as overactive thyroid, parathyroid, and 
adrenal glands.37 Currently, modified versions of the two hormones, PTH (1-34) and 
abaloparatide (ABL, PTHrP derivative), have been approved by the USFDA as treatments for 
severe osteoporosis, requiring daily subcutaneous injection. While these treatments increase 
bone density, their molecular mechanism is unclear.  

 
In addition to osteoporosis, PTH can also be used to treat chronic hypothyroidism 

(HypoPT). HypoPT is characterized by an insufficient secretion of PTH accompanied by 
hypocalcemia (low blood calcium levels).38 HypoPT is the most common complication following 
bilateral thyroid operations. Other risk factors of hypoPT include a substernal goiter, 
autoimmune thyroid disease, malabsorptive conditions, and central neck dissection. 
Conventional therapy for hypoPT aims to normalize calcium levels in serum. However, despite 
increased levels of serum calcium, patients with hypoPT often still suffer from a number of 
complications due to unbalanced physiological calcium-phosphate homeostasis.39 Numerous 
studies recently have shown both full length PTH (1-84) and truncated PTH (1-34) have the 
capacity to normalize calcium levels in serum, reducing the need for vitamin D, magnesium, and 
calcium supplements in both children and adults either delivered through a continuous pump 
or twice daily injection.40,41 However, while these treatments are effective, the role of PTH1R in 
the molecular mechanism of the treatments is poorly understood. 

  
As mentioned above, PTH1R activates various signaling pathways. However, the 

mechanism by which PTH selectively activates distinct signaling pathways through PTH1R is still 
unknown. The current study aims to identify the signaling pathways mediated by specific Ga 
isoforms that are activated by PTH and specifically understand if PTH selectively stimulates 
certain signaling pathways over the others due to changes in conformational dynamics. 
Understanding the connection between PTH activation of distinct signaling pathways through 



PTH1R will shine a light on the role of PTH activation of PTH1R in metabolic bone remodeling, 
forming a foundation to develop more effective and accessible treatments for osteoporosis and 
hypothyroidism, such as oral hormone pills. Understanding G-protein selectivity and binding 
can also help to address other diseases involving PTH1R loss-of-function mutations and develop 
potential treatments to combat them. 

 
Further, although recent studies revealed the role of extracellular Ca2+ as a positive 

allosteric modulator of PTH activation of PTH1R, the mechanism of the prolonged downstream 
signaling in the presence of extracellular Ca2+ is still puzzling. I hypothesize that the extracellular 
Ca2+ selectively modulates the conformational dynamics of PTH1R by stabilizing more active 
receptor conformations. The effect of the allosteric modulation of extracellular Ca2+ on the 
selection of specific G-protein-mediated signaling cascades is unknown and important, 
especially because PTH activates multiple signaling pathways via specific Ga proteins coupling to 
PTH. Therefore, the goals of the current study are to identify changes in the interactions 
between G-protein isoforms and PTH1R in the presence and absence of extracellular Ca2+ when 
PTH1R is activated by either WTPTH or the PTHE19AE22A mutant.  

 
Deciphering the mechanism of the effects of extracellular Ca2+ on different G-protein 

binding interactions will help us understand other long-term effects of hypoparathyroidism, 
hypocalcemia and other bone-related diseases. In this way, this work will uncover additional 
targets for specific signaling pathways associated with these diseases to combat downstream 
effects. For example, if the prolonged cAMP production in the presence of extracellular Ca2+ is 
due to tighter binding between PTH1R and Gas, drug development could focus on a method to 
stabilize this interaction when extracellular Ca2+ is absent or in low concentration. More 
importantly, it has been shown PTH is able to activate the Gaq mediated signaling cascade 
which induces intracellular Ca2+ release as a downstream effect; a deeper connection between 
Gaq mediated signaling cascade and hypocalcemia can be further explored, and more methods 
to target hypocalcemia can be discovered in relation to the Gaq mediated signaling cascade.42 
Careful study of the mechanisms behind these crucial interactions in PTH1R will provide a 
strong foundation to better understand regulation of family-B GPCRs and their role in metabolic 
diseases.  

 
Experimental Approach 

PTH1R activates multiple signaling pathways by coupling to the corresponding Ga 

isoform, leading to distinct physiological effects. However, it is unclear if the observed 
differences in physiological effects are due to the ability of PTH to selectively activate distinct 
signaling pathways through PTH1R. Therefore, Ga  isoform selectivity of PTH upon activation of 
PTH1R will be explored utilizing Systematic Protein Affinity Strength modulation (SPASM) 
sensors. SPASM sensors will be used to measure the interactions between PTH-stimulated 
PTH1R and different isoforms of Ga.43,44 Two fluorophores, a donor and an acceptor, with 
different excitation and emission wavelengths will be attached to the C-terminal tail of the 
PTH1R. The fluorophores are connected by a flexible linker and then the desired Ga peptide 



(Gas, Gai, Gaq) or No-peptide. Previous studies show the 27-residue Ga peptide, which is the 
sequence of the a5 helix, is sufficient to indicate interaction of a full Ga subunit.45  After specific 
excitation of the donor fluorophore, the emission of the donor fluorophore excites the acceptor 
fluorophore when the two are in close proximity (Figure 11). The ratio of acceptor emission to 
donor emission is measured as the FRET ratio, which indicates the distance between Ga peptide 
and PTH1R. PTH will be added to cell membranes containing PTH1R-SPASM sensor linked with 
either Gs, Gq, Gi or No-peptide. The fluorophore emission counts at 525nm and 475nm will be 
measured, and the FRET ratio emission counts at 525nm and 475nm will be calculated. If there 
is a statistically significant increase in emitted fluorophore intensity after treatment with PTH 
compared to a buffer treatment condition, then PTH activates the specific linked Ga protein and 
its corresponding signaling pathway. 

 

To study SPASM sensors in fluorescence microscopy, the sensors need to be isolated 
from mammalian cells transiently transfected with SPASM sensors. Two methods to prepare 
SPASM sensors were explored. First, Giant Plasma Membrane Vesicles (GPMV) uses a GPMV 
buffer to vesiculate SPASM sensors embedded in the plasma membrane of the harvested cells. 
Then, GPMV containing SPASM sensors are isolated from other cells and debris through 
centrifugation (Figure 12).  

The second method involves preparations of native membranes from the mammalian cells. In 
this membrane preparation, after harvesting mammalian cells transiently transfected with 
SPASM sensors, the cells are lysed in a homogenizer. Then, multiple rounds of centrifugation 

 
Figure 11: Schematics of the PTH1R C-terminal SPASM sensor (mCit-ER/K linker-mCer-Ga) in the inactive (left) 
and active (right) conformation. mCit is the donor fluorophore, and mCer is the acceptor fluorophore. 

 
Figure 12: Workflow for preparing and isolating GPMVs.46 



remove debris and cellular organelles. Membranes with the expressed SPASM sensors are 
pelleted through a final hard spin in an ultracentrifuge, resuspended, and flash frozen for future 
experimentation (Figure 13). Fluorescence data from both preparation mechanisms will be 
analyzed to determine the most effective method for studying PTH1R-G-protein interactions.   

 

PTH1R-SPASM sensors will be used to determine how the Ca2+ modulation affects the 
specificity of G-protein coupling after PTH activation. The prolonged cAMP production in the 
presence of extracellular Ca2+ suggests changes in PTH1R activation of the Gas mediated 
signaling pathway.33 However, whether the prolonged signaling is due to changes in the 
interaction between PTH1R and Gas is still unknown. Moreover, the effect of Ca2+ on other Ga 
protein mediated signaling pathways is also unknown. The FRET ratio of PTH1R-SPASM sensors 
with Gs, Gi, Gq and a No-peptide control will be measured in the absence and presence of 
extracellular Ca2+. Statistically significant changes in the FRET ratios after PTH activation in the 
presence of Ca2+ would indicate Ca2+ mediates more binding of the specific linked Ga protein to 
PTH1R.  Similar FRET assays will be performed with the PTHE19AE22A mutant, which showed 
partial abolishment of PTH Ca2+ sensing ability in Gas mediated signaling pathways.34 Changes in 
the FRET ratios after mutant PTHE19AE22A activation in the presence of extracellular Ca2+ 
would indicate reduced binding of the linked Ga protein to PTH1R. Changes between the 
binding pattern of PTH and mutant PTHE19AE22A in the absence of extracellular Ca2+ will 
indicate the role of the PTH Ca2+ sensing ability in the selection of a specific Ga corresponding 
signaling pathway. 

 
Significance  
 

The combined results from these methods will enable us to identify the specific Ga 
isoforms coupled to PTH1R and the associated pathways activated when stimulated by PTH. 
Understanding the selectivity of PTH to various Ga isoforms can help develop more effective 
treatments for diseases involving PTH1R malfunctions where the abnormal downstream 
physiological effects are elicited by specific Ga isoforms, which can then be specifically targeted.  

 
The collective findings from PTH1R-SPASM sensors will reveal the relationship between 

extracellular Ca2+ and the binding affinity of PTH1R to various Ga isoforms upon hormone 
activation. Studying PTH and the Ca2+ deficient mutant, PTHE19AE22A, will uncover the 
specificity of the hormone activation of G-protein isoforms and the impact of calcium 

 
Figure 13: Membrane preparation workflow. 



modulation. Understanding those relationships will decipher the mechanistic details about 
PTH1R activation and its role in bone related diseases, such as osteoporosis and hypocalcemia. 
Knowing the mechanistic characteristics of PTH1R and how they are regulated by extracellular 
Ca2+ can in turn establish a foundation for developing more effective and accessible drugs 
targeting known or novel bone related disease.  
 
 
Materials & Methods 

Reagents. N-Ethylmaleimide (NEM, Tokyo chemical industry), synthesized WT PTH & PTHE19AE22A hormone 
(Biomatik), Fetal Bovine Serum (FBS, Avantor), HEK293T (ATCC, catalog number CRL-3216). 

DNA Constructs. All constructs were expressed in the pcDNA5/FRT (ThermoFisher) vector. FRET-based SPASM 
sensor constructs used here contain, from N to C terminus, PTH1R, mCitrine (fluorescence acceptor), 10 nM ER/K 
α-helix, mCerulean (fluorescence donor), and a 27 amino acid Gα C-terminal peptide.  

Cell culture. HEK293T cells were cultured in Dulbecco’s Modified Eagle Media (DMEM) containing 4.5 g/L D-
glucose, with 10% FBS, 1% L-glutamine, and 20 mM HEPES, pH 7.5. Cells were maintained at 5% CO2 humidity at 
37°C.  

Transient transfections. For each GPMV purification, constructs described in current study were transiently 
transfected in HEK293T cells grown in 2 x 10 cm plate via an optimized protocol utilizing polyethylenimine (PEI, 
linear; molecular weight (MW), 25,000; PolySciences). For 2 x 10 cm plates, transfection mixture number one 
containing 40 µg of the sensor DNA with 500 µL of Opti-minimal essential medium media (Opt-MEM, Thermo 
Fisher) were mixed together, vortexed for 30-60 seconds, and incubated for 10 minutes at 25°C. Transfection 
mixture number two containing 100 µL PEI with 500 µL Opt-MEM were mixed together, vortexed for 30-60 
seconds, and incubated for 10 minutes at 25°C. The two transfection mixtures were combined and mixed via 
gentle pipetting 10 times and incubated for another 3 minutes at 25°C before adding to the cells. The media with 
transfection reagents was exchanged with 10 mL fresh medium/plate after 2-3h of incubation at 37°C.  

For each membrane preparation, constructs described in current study were transiently transfected in HEK293T 
cells grown in 2 x 15 cm plate via an optimized protocol utilizing polyethylenimine (PEI, linear; molecular weight 
(MW), 25,000; PolySciences). For 2 x 15 cm plates, transfection mixture number one containing 64 µg of the sensor 
DNA with 1 mL of Opti-minimal essential medium media (Opt-MEM, Thermo Fisher) were mixed together, 
vortexed for 30-60 seconds, and incubated for 10 minutes at 25°C. Transfection mixture number two containing 
200 µL PEI with 1 mL Opt-MEM were mixed together, vortexed for 30-60 seconds, and incubated for 10 minutes at 
25°C. The two transfection mixtures were combined and mixed via gentle pipetting 20 times and incubated for 
another 3 minutes at 25°C before adding to the cells. The media containing the transfection reagents were 
exchanged with 20 mL fresh medium after 2-3h of incubation at 37°C.  

Expression and transfection efficiency was monitored with 20x and 40x magnification on a Nikon Eclipse Ts2-FL 
microscope equipped with fluorescence filter cubes.  

GPMV preparation and purification. GPMVs were prepared as previously published from transfected HEK293T 
cells grown to at least 95% confluence expressing the desired PTH1R SPASM Sensor.46 Cells were harvested and 
collected after 24h of expression time by pipetting in 10 mL tissue culture media and washed twice with phosphate 
buffered saline (PBS; 5 mL per 10 cm plate) before incubated in 10.8 mL of GPMV buffer for 2h at 30°C, shaking at 
200 rpm in cell incubator. The GPMV buffer contains 10 mM Hepes pH 7.4, 150 mM NaCl, and 2 mM CaCl2, 2 mM 
NEM, 2 µg/mL PMSF. After vesiculation, cells and other debris were discarded through centrifugation, leaving the 
prepared GPMVs in the supernatant. GPMVs were centrifuged  (3,220 x g, 40 min, 4°C), washed in 1 mL FRET 



buffer (20 mM HEPES pH 7.4, 5 mM KCl, 145 mM NaCl, 2 mM CaCl2 and 1 mM MgCl2) before being resuspended in 
500 µL FRET buffer. Prepared vesicles were stored on ice at 4° C and are stable for up to 1 month.  

Membrane preparations. Membranes were prepared as previously published from transiently transfected 
HEK293T cells with 95% confluence expressing the desired PTH1R SPASM Sensor.46–48 Cells were harvested and 
collected after 24h of expression time by scraping and pipetting in 20 mL tissue culture media then washed once 
with phosphate buffered saline (PBS; 5 mL per 15 cm plate). Pelleted cells were resuspended in 8 mL of chilled 
hypotonic buffer (10 mM HEPES, 50 mM EDTA, pH 7.4) with 5 μg/μL PMSF. After 30 minutes incubation on ice, 
cells were gently lysed in a chilled dounce homogenizer (45 strokes) and crude membranes were separated from 
intact cells, nuclei, and debris by a low-speed spin (1,000 × g, 5 min, 4 °C). Membranes were harvested by 
ultracentrifugation at 150,000 x g, 30 min, 4 °C in a 70.1 TI rotor. Native membranes were resuspended in 1 mL 
FRET buffer with 12.5% sucrose (weight/volume) and homogenized, first by passing through a 26-gauge needle 5 
times and then passing through a 20-gauge needle 5 times. SPASM Sensors were quantified using fluorescence 
emission scans (excitation 430 nm, emission scan 450 nm–600 nm) in a PTI Quantamaster 40 fluorescence 
spectrometer to confirm expression level and sensor integrity. Resuspended native membranes were aliquoted, 
flash frozen in liquid nitrogen, and stored at −80°C in FRET buffer with 12.5% sucrose.  

∆FRET assay. Native membranes from HEK293T cells transiently transfected with PTH1R-SPASM sensors were 

resuspended in FRET buffer based on mCerulean fluorescence (0.5 × 10
6 mCerulean counts at 475 nm). 1.5 mL of 

membrane solution was aliquoted into 10 tubes (135 µL per tube). 5 tubes received 15 µL 100 μM agonist (PTH or 
PTHE19AE22A) treatment and 5 tubes received additional 15 µL FRET buffer. Reactions were incubated for 5 min 
at 25°C shaking at 400 rpm after the addition of agonist or buffer. After 5 min of stimulation, 150 μL of each 
reaction was transferred to an optical quartz cuvette (3-3.0-SOG-3, Starna Cells, Inc). Fluorescence spectra (PTI 
Quantamaster 40 fluorimeter) were measured for each sample (ex. 430 nm, em. 450 nm–600 nm). The mCitrine 
(emission 525 nm): mCerulean (emission 475 nm) ratio (FRET ratio) was calculated from each acquired spectrum.  
After background correction, the change in FRET (ΔFRET) was determined by subtracting the average FRET ratio of 
the buffer conditions from the average of the agonist conditions.  

Data analysis. Figures were generated and data statistical analysis were performed on Prism 9 using statistical 
tests indicated in preliminary data section.  

 
Preliminary Data 
 
SPASM Sensor preparation methods  



 
SPASM sensors 

prepared in GPMVs from 
transiently transfected 
HEK293T cells were 
measured in FRET assays. 
An increase in DFRET 
(hormone – buffer) was 
observed in the current 
study for PTH1R SPASM 
sensors with all peptides, 
including the No-peptide 
control, when PTH1R was 
activated by WT PTH 
compared to when PTH1R 
was at basal activation in 
the buffer condition. An 
increase in DFRET was also 
observed in the current 

study across all peptides when PTH1R was activated by the PTHE19AE22A mutant compared to 
when PTH1R was at basal activation in the buffer condition. DFRET increases were lower in all 
peptides when PTH1R was activated by the PTHE19AE22A mutant compared to when PTH1R 
was activated by WT PTH, but a two-way ANOVA test with multi-comparison revealed the 
difference was not statistically significant. The DFRET increases for PTH1R-SPASM sensors with 
Spep and Ipep with PTH1E19AE22A activation of PTH1R was more consistent compared to 
Qpep and Nopep. However, a two-way ANOVA test with multi-comparison revealed the 
difference was not statistically significant. Due to the unexpected activation of No-peptide upon 
PTH binding to PTH1R, the current study investigated the effect of different preparation 
methods for SPASM sensors to optimize sensor signal and function.  

 
To compare the effect of preparation method on fluorescence measures, fluorophore 

emission counts (475nm or 525nm) were compared to background emission (450nm) for 
PTH1R-SPASM sensors in native membrane preparations or GPMVs. SPASM sensors isolated 
though membrane preparations showed consistently higher florescent signals in both 
525nm/450nm and 475nm/450nm across the buffer or WT PTH treatment than SPASM sensors 
isolated from GPMV method. SPASM sensors isolated though membrane preparations also 
generally showed less variability in the presence of either buffer or WT PTH condition 
compared to SPASM sensors prepared with the GPMV method, especially in the comparison of 
SPASM sensors 475nm/450nm in PTH treatment between membrane preparation and GPMV. 

 
Figure 14: DFRET of GPMV SPASM sensors with WT PTH and PTHE19AE22A. 
DFRET of GPMV prepared SPASM sensors with each Ga peptide. Treatments 
were WT PTH or mutant PTHE19AE22A, each compared to the buffer. 
Biological replicates are indicated by individual data points for each 
condition. Each biological replicate is the average of five technical replicates. 
Error bars represent one standard deviation. 



 
 
In addition, the average FRET ratio for 

PTH1R-SPASM for each preparation method 
was compared. The SPASM sensors isolated 
through membrane preparation showed a 
higher FRET (525nm/475nm) signal of 
combined WT PTH and buffer treatments than 
the SPASM sensors (525nm/475nm) signal 
isolated with GPMV. The FRET 
(525nm/475nm) signal of SPASM sensors 
isolated through membrane preparation also 
showed less variability compared to the FRET 
(525nm/475nm) signal of SPASM sensors 
isolated with GPMV with combined PTH and 
buffer treatments. 

 
 

 
Figure 16: SPASM sensors 525nm/475nm 
fluorescent signal. SPASM sensors isolated through 
either membrane preparation (teal, n=342) or 
GPMV method (salmon, n=188) with combined 
525nm/475nm WT PTH and buffer treatments. 
Error bars represent standard deviation. 
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Figure 15(Left): SPASM sensors 525nm/450nm fluorescent signal. Box and Whisker plots showing SPASM sensors 
isolated through either membrane preparation (black) or GPMV method (light grey) in the presence of either buffer or 
WT PTH. (Right): SPASM sensors 475nm/450nm fluorescent signal. Box and Whisker plots showing SPASM sensors 
isolated through either membrane preparation (black) or GPMV method (light grey) in the presence of either buffer or 
WT PTH. (n=208 for membrane buffer, n=134 for membrane PTH, n=128 for GPMV buffer, n=60 for GPMV PTH) 
 



 The emission peaks for the donor (475nm) and acceptor (525nm) fluorophores are 
highly dependent on the background fluorescence from the preparation method (450nm). 
Untransfected cells were used as background controls for both GPMV and native membrane 
preparations. The fluorescence spectra of the untransfected cells were measured at multiple 
concentrations and subtracted from SPASM sensor preparations. SPASM sensors isolated 
through membrane preparation showed higher background-subtracted counts/second across 
wavelength at 450nm (background reference, no subtraction), 475nm, and 525nm than SPASM 
sensors isolated through GPMV background subtracted counts/second. GPMV background 
subtracted counts/second at wavelength 475nm and 525nm were close to or lower than zero. 
The data presented shows the background noise of the GPMV fluorescence obscures the signals 
from the PTH1R SPASM sensors. 

 

 

 
Figure 17(Left): SPASM sensors isolated through membrane preparation (n=342) counts/second at 450nm, 475nm, 
and 525nm with background subtracted. (Right): SPASM sensors isolated through GPMV (n=188) counts/second at 
450nm, 475nm, and 525nm with background subtracted. 
 



PTH activates PTH1R-SPASM sensors 

Membrane preparations of PTH1R-
SPASM sensors were prepared from 
HEK283T cell transiently transfected with a 
PTH1R-SPASM sensor. The membranes 
were used to measure changes in FRET 
after PTH activation of PTH1R. Preliminary 
data shows an increase in DFRET (PTH-
buffer) in Spep, Qpep and Ipep sensors and 
no changes with the Nopep control sensors 
(Figure 18).  The PTH1R-SPASM-Spep and 
Ipep sensors show a larger DFRET in this 
preliminary data, but more biological 
replicates need to be collected to analyze 
the significance of the difference.  

The addition of extracellular Ca2+ 

affected the measured DFRET values in 
PTH1R-SPASM sensors. Specifically, the 
presence of Ca2+ decreased DFRET in Spep 
and Ipep compared to DFRET measured 
with no Ca2+.  The Ipep sensors showed a 
larger DFRET decrease in the presence of 
Ca2+  than the Spep sensors, but more 
biological replicates need to be collected to 
analyze the significance of the difference. 
PTH1R-SPASM-Qpep sensors showed an 

increase in DFRET in the presence of Ca2+ compared to the absence of Ca2+. The data shows 
PTH1R-SPASM sensors detect changes in G-protein interactions for different G-protein peptides 
in the presence and absence of Ca2+. 

 
Mutant PTHE19AE22A activates PTH1R-SPASM sensors  
 

 
Figure 18: ΔFRET induced by WT PTH in the 
presence/absence of Ca2+. Different G peptides showed 
distinct interactions with PTH1R activated by PTH. The 
interactions were further altered by Ca2+. Error bars 
represent one standard deviation. 
 



PTH activation of PTH1R-SPASM 
sensors leads to distinct interactions with 
G-peptide isoforms. PTH1R-SPASM 
sensors showed different G-peptide 
interaction profiles upon activation with 
PTHE19AE22A. An increase in DFRET 
(PTHE19AE22A – buffer) for PTH1R-
SPASM-Spep and Qpep occurred with 

PTHE19AE22A mutant activation (Figure 
19). The DFRET increase was greater for 
PTH1R-SPASM-Spep compared to Qpep, 
but more biological replicates need to be 
collected to analyze the significance of the 
difference. Further, DFRET values upon 
PTH activation of PTH1R-SPASM sensors 
were greater than the DFRET when PTH1R 
was activated by PTHE19AE22A, but more 
biological replicates need to be collected 
to analyze the significance of the 
difference. Of interest, negative DFRET 
was observed when PTH1R-SPASM-Ipep 
sensors were activated by PTHE19AE22A, 
indicating that the Ipep interactions with 
PTH1R upon PTHE19AE22A activation 
decreased compared to interactions 
between Ipep and PTH1R under basal 
conditions of buffer.  

The presence of Ca2+ affected the PTHE19AE22A activation of PTH1R-SPASM sensors. 

With the addition of Ca2+, PTH1R-SPASM-Qpep sensors showed an increase in DFRET. In 
contrast, the PTH1R-SPASM-Ipep sensors showed restored Ipep activation in the presence of 
Ca2+. No data was collected for Spep during PTH1R activation by PTHE19AE22A in the presence 
of Ca2+, and future experiments will work to replicate experimental data. 
 
 
Discussion  
 The G-protein selectivity of PTH1R has been previously studied through changes in 
downstream signaling pathways. However, the molecular mechanisms that govern specific 
interactions between different G-protein isoforms and PTH1R are unknown. The current study 
determined effective and feasible preparation mechanisms for PTH1R fluorescence sensors. 
These sensors were used to study the G-protein interaction profile of PTH1R after activation by 
different hormones under different Ca2+ conditions. While replication is required, preliminary 
data highlights the feasibility of the project and uncovers novel preliminary results.  

 
Figure 19: ΔFRET induced by PTHE19AE22A in the 
presence/absence of Ca2+. Different G peptides showed 
distinct interactions with PTH1R activated by PTH mutant. 
The interactions were further altered by Ca2+. Error bars 
represent one standard deviation. 

 



Initial studies measured changes in G-protein interactions using PTH1R-SPASM sensors 
prepared in GPMVs in fluorescence spectroscopy. However, the PTH1R-SPASM sensors with the 
No-peptide control prepared through the GPMV method showed increased DFRET in the 
presence of both PTH and PTHE19AE22A (Figure 14). This result suggests that the scrambled 
No-peptide control sequence bound PTH1R activated by hormone binding. This is unexpected 
because interactions between PTH1R and G-proteins are sequence specific, meaning the 
scrambled sequence should not respond to hormone-stimulated PTH1R activation. Therefore, 
native membrane preparations were utilized to prepare SPASM sensors, and data was collected 
to compare the two preparation methods.   
 After measuring the non-specific binding in the PTH1R-SPASM-No-pep sensors prepared 
in GPMVs, the different fluorescence signals crucial for FRET were analyzed and compared for 
GMPVs and membranes. The following parameters were considered: background emission at 
450nm, cerulean donor fluorophore emission peak at 475nm, and citrine acceptor fluorophore 
emission peak at 525nm. The PTH1R-SPASM sensors, isolated by membrane preparation, 
consistently showed higher ratios of donor and acceptor counts compared to the counts at 
450nm, 475nm/450nm and 525nm/450nm, respectively, in both buffer and WT PTH treatments 
(Figure 15). These ratios are important because they indicate the signal level for each 
fluorophore, which depends on how well the cells express the SPASM sensor before 
preparation (the number of sensors), and the structural and functional integrity of the sensor 
(are both fluorophores attached and present). These results indicate SPASM sensors, isolated 
by membrane preparation, have higher expression level and better sensor integrity, 
respectively.  

The next important metric is the emission of each fluorophore in counts per second 
after subtracting the background contributions. In this case, SPASM sensors in prepared 
membranes also showed higher counts per second with background subtraction at the citrine 
emission wavelength of 525nm and cerulean emission wavelength of 475nm (Figure 16). The 
counts per second at those two measured emission wavelengths of SPASM sensors prepared by 
GPMV were almost undetectable. Therefore, GPMV isolated SPASM sensors did not have high 
enough fluorescent signals and were not functional enough to conduct experiments. In 
addition, the individual data points of membrane prepared SPASM sensors were more 
consistent than the individual data points of GPMV isolated SPASM sensors, indicating more 
reliable results. Finally, the FRET ratios (525nm/475nm) of SPASM sensors isolated through 
membrane preparation were higher, which is expected based on previous studies of the GPCRs 
in SPASM sensors, and less variable.43 Therefore, membranes prepared through membrane 
preparation would be more suitable and dependable for DFRET assay.  
 After determining the membrane preparation protocol was the most effective for 
fluorescence assays, the PTH1R-SPASM sensors were used to determine changes in FRET under 
different interacting conditions. Preliminary data of SPASM sensors in prepared membranes 
showed an increase in DFRET in the presence of WT PTH across all G-peptide isoforms, with no 
change for the No-peptide control. These results suggest that WT PTH activates PTH1R 
interactions with Gas, Gai, Gaq isoforms. A stronger DFRET increase was observed in PTH1R-
SPASM-Spep and Ipep, indicating PTH1R preferentially interacts more with Gas and Gai. Further, 
the present of 15 mM Ca2+ modulates the interactions of PTH1R-SPASM sensors for all peptides.  



The decrease in DFRET in Spep and Ipep and the increase in DFRET in Qpep when 15mM Ca2+ 
was added with WT PTH indicated PTH1R interacts less through Gas and Gai pathways and more 
with Gaq pathways when activated by WT PTH in the presence of Ca2+. However, additional 
DFRET assays with more biological replicates need to be conducted before any significant 
conclusion can be drawn.  
 The PTH1R-SPASM sensors showed distinct G-protein interactions after activation by the 
mutant hormone PTHE19AE22A. Preliminary data from prepared membranes with PTH1R-
SPASM sensors showed increases in Spep and Qpep DFRET, with a decrease in Ipep DFRET after 
activation by PTHE19AE22A. These results suggest PTH1R was able to signal through Gas and 
Gaq signaling pathways upon PTHE19AE22A activation. A larger DFRET increase was observed in 
PTH1R-SPASM-Spep compared to the Qpep sensors, indicating increased PTH1R activation of 
Gas upon PTHE19AE22A binding. In contrast, PTHE19AE22A binding to PTH1R-SPASM sensors 
did not favor Gai activation because the measured DFRET was negative. PTHE19AE22A caused 
the Ipep to bind PTH1R-SPASM sensor less than the buffer basal conditions, suggesting 
PTHE19AE22A shuts down Gai interactions with PTH1R. The presence of 15mM Ca2+ restored 
PTH1R interactions with Gai , which indicates the presence of Ca2+ likely induces a 
conformational change in PTH1R that  allosterically allows Gai interaction even with 
PTHE19AE22A bound. Finally, the increase in DFRET in PTH1R-SPASM-Qpep when 15mM Ca2+ 
was added with PTHE19AE22A indicated PTH1R signals more through Gaq pathways when 
activated by PTHE19AE22A in the presence of Ca2+. However, additional DFRET assays with 
more biological replicates need to be conducted before determining the significance of the 
results.  
 The results from the PTH1R-SPASM sensors begin to outline possible relationships in 
how ligand and G-protein binding affect PTH1R conformational dynamics and selection of 
distinct signaling pathways. These data fit with the knowledge in the field that GPCRs are 
extremely complex conformationally. GPCRs undergo numerous transient structural changes 
upon ligand, G-protein, or nucleotide binding. The various structural conformations often 
indicate differential activation levels in receptors which therefore elicit distinctive types or 
strengths of downstream signaling, leading to various cellular or physiological responses. For 
example, a recent study utilized cyro-EM to visualize 20 distinctive reconstructions of b2-AR in 
complex with the heteromeric Gs protein at short sequential time points.49 Structures were 
solved after GTP addition during the trajectory of G-protein coupling and showed GDP release, 
GTP activation of G-protein heterotrimer, and G-protein heterotrimer functional dissociation 
from a GPCR. While the functional states in b2-AR are well studied, PTH1R shows similar, but 
unique, structural complexity. As mentioned above, a recent cyro-EM study of a PTH-PTH1R-Gs 
complex revealed five distinct conformations of PTH1R upon PTH binding.36 Different structures 
indicate multiple potential conformations of PTH1R, each of which might activate different 
intracellular downstream signaling pathways and serve distinctive biological functions.  
 Recent work shows the conformational dynamics for a given GPCRs are dictated by 
certain receptor domains. One such domain is ICL3, the largest of the three intracellular loops, 
which plays a major role in family-A GPCRs activation of downstream signal transduction 
processes. ICL3 connects transmembrane helices 5 and 6 that regulate receptor activation and 
inactivation through major conformational changes.50 A recently published study found that b2-



AR selectivity for G-protein subtypes was achieved via a dynamic conformational equilibrium 
that enables ICL3 to autoregulate b2-AR activation by blocking or exposing the G-protein 
binding site.48 Thus, this gating mechanism prevents the receptor from interacting with G-
protein subtypes that normally only weakly couple to the GPCR. Furthermore, the study 
demonstrated that the ICL3-gated, negative G-protein-selection mechanism was shared among 
GPCR superfamilies and dependent on ICL3 length. When the b2-AR ICL3 was grafted into 
PTH1R, the study observed an increase in cAMP Emax (Gs signaling) and a decrease in InsP1 Emax 
(Gq signaling) in the chimeric receptor, PTH1R-b2-ARICL3. This is significant because WT PTH1R 
has a short ICL3 and couples primarily to Gas and secondarily to Gaq. By altering the length and 
sequence of ICL3, PTH1R was tailored to signal through Gaq rather than Gas thus changing 
PTH1R G-protein subtype specificity.  
 In addition to dictating the G-protein subtype selectivity for GPCRs, ICL3 also harbors 
conserved binding sites for allosteric modulators such as the sodium ion (Na+). For example, 
one study confirmed that Na+ in physiological concentration serves as a negative allosteric 
modulator for the agonist [3H]NECA binding to A2AAR.11 The modulation occurs through the 
interaction with a highly conserved residue Asp52 and coordination between Ser91 and three 
water molecules in the A2AAR TM7 bundle. It has also been known that the allosteric binding 
site on A2AAR ICL3 is shared between Na+ and amiloride. One study demonstrated that while 
amiloride and its analogues accelerated the dissociation of antagonist [(3)H]ZM241385, Na+, 
decreased the rate of the antagonist dissociation in a concentration-dependent manner.51 
Therefore, the competition between amiloride and Na+ for the allosteric binding site on A2AAR 
ICL3 mediates the receptor activity. Na+ likely regulates A2AAR activation by acting as different 
modulators for antagonist and agonist through the association with highly conserved residues 
on ICL3. 
 Similar flexible domains on PTH1R are likely regulated by extracellular Ca2+. The specific 
domain that likely dictates PTH1R activation states is ECL1, which harbors a potential allosteric 

binding site for Ca2+ and participates 
in Ca2+ sensing. As mentioned earlier 
in this study, a chimeric hormone 
comprised of PTH N-terminal domain 
and PTHrP C-terminal domain exhibit 
no Ca2+ sensitivity but mutant 
hormone PTHE19AE22A only showed 
a partial decrease in Ca2+ sensing 
ability.34 Therefore, the study 
suggested PTH1R, along with PTH, 
both contribute to Ca2+ sensing. The 
study proposed that the ECD flexible 
loop and ECL1, containing many 
negatively charged residues, are the 
two regions of the receptor that are 
specifically responsible for Ca2+ 
sensitivity (Figure 20). Further, as 
discussed earlier in this study, White 

 
Figure 20: Snake plot of PTH1R and PTH showing 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 colored: the 50-residue 
flexible loop in ECD contains 8 negatively charged residues and 
the 16-residue ECL1 contains 6 negatively charged residues. 
 



et al., (2019) identified that the negatively charged residues on PTH1R ECL1 are the major 
determinates for Ca2+ sensitivity and PTH stabilization.33 By replacing negatively charged 
residues in PTH1R ECL1 with neutral serine at multiple positions, the study observed a 
reduction sensitivity to Ca2+ and a loss of ability to maintain prolonged downstream signaling 
for cAMP production. 
 The current study examined the role of two acidic residues in hormone PTH in Ca2+ 
sensitivity, but as demonstrated in numerous previous studies, PTH1R Ca2+ sensing ability is 
achieved through the collaboration between both PTH and the receptor itself. In addition to the 
required replication of the preliminary data presented here, further research will aim to explore 
the importance of receptor acidic residues in Ca2+ sensitivity, especially those on ECL1. The 
negatively charged residues in PTH1R might assist Ca2+ to stabilize PTH and thus establish higher 
binding affinity between the hormone and the receptor. I hypothesize that the flexibility of 
ECL1 enables PTH1R to achieve the distinct active states previously observed through cryo-EM. 
The presence of negatively charged residues on ECL1 allow Ca2+ to stabilize specific states when 
PTH is bound, which induces alterations to PTH1R conformational dynamics. Thus, a specific, 
stabilized conformation of ECL1 is required for the selection of the most active states of PTH1R.  

Understanding the specific and distinctive PTH1R signaling pathways induced by either 
PTH or PTHE19AE22A while uncovering Ca2+ modulation in these various signaling pathways is 
crucial, since abnormal regulation of PTH1R and mutations in PTH have been shown to be 
associated with numerous diseases such as hypocalcemia, hypothyroidism, and osteoporosis. 
More importantly, agonists of PTH have been shown to effectively treat hypothyroidism and 
osteoporosis. Therefore, delineating the mechanistic details of PTH1R activation by PTH and 
their relation to bone-related diseases will help develop more efficient and accessible 
treatments that specifically target certain diseases, while unveiling the specific role of PTH1R in 
bone remolding. Most encouragingly, the FRET-based SPASM sensors equipped us with the 
ability to examine the finer PTH1R activation mechanistic details, providing the foundation to 
better understand these crucial molecular interactions.  
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