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Family B G protein-coupled receptors (GPCRs) are important drug targets for 

many metabolic diseases, including diabetes, osteoporosis, and cardiovascular disease. 

Despite this importance, the structure and function of family B GPCRs is poorly 

understood. Our lab uses parathyroid hormone 1 receptor (PTH1R) as a model to 

examine the molecular mechanisms of family B GPCRs. PTH1R is expressed in the bone 

and kidney cells and binds two endogenous hormones: parathyroid hormone (PTH) and 

parathyroid hormone related peptide (PTHrP). PTH is an endocrine hormone released 

from the parathyroid gland to regulate serum Ca2+ levels through the bone remodeling 

process, during which Ca2+ can reach concentrations up to 40 mM. Thus, PTH1R is an 

important drug target for osteoporosis. The second hormone, PTHrP, is a 

paracrine/autocrine hormone that is important for tissue development. Truncated versions 

of both hormones, PTH(1-34) and PTHrP(1-36), are full agonists of PTH1R and are 

FDA-approved treatments for severe osteoporosis. A more complete understanding of 

PTH1R ligand binding and activation may uncover new treatment strategies for 

osteoporosis and other bone diseases.  

The Yan laboratory developed a novel nanodisc purification protocol to 

incorporate PTH1R in artificial lipid bilayers, to overcome the significant technical 

challenges associated with purifying active transmembrane receptors through traditional 



methods.  I used fluorescence anisotropy to study PTH(1-34) binding to PTH1R purified 

in nanodiscs and found PTH(1-34) binds to PTH1R 5-fold tighter in the presence of 15 

mM Ca2+ than in its absence. However, the binding of PTHrP(1-36) was not affected by 

the presence of Ca2+. The observed Ca2+ dependent binding of PTH(1-34) requires full-

length PTH1R, and is specific to Ca2+.  I performed sequence alignments to identify 

possible Ca2+-binding residues in both PTH(1-34) and PTH1R, developing the hypothesis 

that non-conserved, negatively charged residues of both PTH(1-34) and PTH1R are 

necessary for Ca2+-dependent binding. I mutated the identified glutamic and aspartic acid 

residues of interest in both PTH(1-34) and PTH1R to alanine in order to remove the 

negative charges and tested these mutants for changes in ligand binding.  

Fluorescence anisotropy assays showed mutating two glutamic residues, Glu19 

and Glu22, in PTH(1-34) strongly decreased the Ca2+-effect on PTH(1-34) binding. In 

addition, mutations of PTH1R change the Ca2+-effect on PTH(1-34) binding. Mutating 

eight negatively charged residues of the PTH1R extracellular domain does not 

significantly affect the Ca2+ dependence, while mutating six negatively charged residues 

in the PTH1R extracellular loop 1 (ECL1) significantly decreased the Ca2+-effect on 

PTH(1-34) binding. However, because neither of these mutations of PTH(1-34) or 

PTH1R abolished the Ca2+-effect, I tested the binding of PTH(1-34)E19AE22A to the 

PTH1R ECL1 mutants, which removed the Ca2+-effect on PTH(1-34) binding. Thus, I 

proposed that residues of PTH(1-34) and PTH1R form a weak Ca2+-binding site that 

affects PTH(1-34) binding to PTH1R.  

In order to better understand how the presence of Ca2+ modulates the interaction 

of PTH(1-34) with PTH1R, I collaborated with Dr. Pat Loria to perform preliminary 



protein Nuclear Magnetic Resonance (NMR) studies to investigate changes in the peptide 

backbone dynamics of PTH(1-34) as it interacts with PTH1R in the presence and absence 

of Ca2+. We measured changes in the transverse relaxation rates of 15N-PTH(1-34) in the 

presence and absence of PTH1R and/or 15 mM Ca2+. The preliminary data showed that 

residues that interact with PTH1R have increased relaxation rates when PTH1R is 

present. When mapped onto the crystal structure of a PTH(1-34) analogue bound to 

PTH1R,  the changes in relaxation rates supported previously identified binding 

interactions of PTH(1-34) and highlighted additional dynamic residues.  The preliminary 

data shows the protein NMR method developed here is effective in identifying changing 

in PTH(1-34) dynamics in the presence of PTH1R.   

In addition, I developed a surface plasmon resonance (SPR) platform in order to 

investigate allosteric interactions of PTH1R across the transmembrane domain. Future 

studies of ligand and G protein binding to PTH1R using this SPR platform in 

combination with protein NMR experiments to measure changes in peptide dynamics 

may begin to show how complicated allosteric interactions affect PTH1R.  

In this work I investigate the molecular mechanisms of ligand binding interactions 

of family B GPCRs using PTH1R as a model. The ligand binding studies by fluorescence 

anisotropy uncovered a novel modulation of PTH(1-34) binding by millimolar 

concentrations of Ca2+.  Preliminary data from protein NMR experiments identified 

changes in the dynamics of PTH(1-34) in the presence PTH1R. The preliminary data 

demonstrates the ability to measure changes in the dynamics of PTH(1-34) under many 

different conditions, such as with 15 mM Ca2+ or different PTH1R mutants. By 

combining my data on the Ca2+-modulation of PTH1R function with previous structural 



information, we are beginning to piece together a full picture of ligand binding to 

PTH1R, which will help in understanding the molecular details of the bone remodeling 

process, leading to new treatments for osteoporosis. In addition, this work provides novel 

insights into allosteric modulation of family B GPCRs, building on the strong foundation 

of structural and biochemical studies investigating the role of peptide hormone binding 

and activation of these important receptors.



	
Uncovering the Molecular Mechanisms of Ligand Binding to Parathyroid Hormone 

1 Receptor 

 

 

 

A Dissertation 
Presented to the Faculty of the Graduate School 

of 
Yale University 

in Candidacy for the Degree of 
Doctor of Philosophy 

 

 

 

By 

Kelly Culhane  

 

 

Dissertation Director: Elsa C. Y. Yan 

 

 

May 2019 

 
 

 

 



 

 

 

 

 

© 2019 by Kelly Culhane  

All Rights Reserved 

 

 



Table of Contents 

Chapter 1: Introduction	..........................................................................................................	1	
1.1	 Overview of G protein-coupled receptors	............................................................................	1	
1.2	 Peptide ligand binding and activation of family B GPCRs	..............................................	5	
1.3	 The role of parathyroid hormone in bone remodeling and osteoporosis	...................	16	
1.4	 Overview and scope of dissertation	....................................................................................	19	

Chapter 2: PTH(1-34) binding to PTH1R shows calcium dependence	.......................	22	
2.1	 Introduction	.............................................................................................................................	23	
2.2	 Experimental Materials and Methods	...............................................................................	27	
2.3	 Results	.......................................................................................................................................	35	

2.3.1	 Calcium increases PTH(1-34), but not PTHrP(1-36), binding to purified  PTH1R	..	35	
2.3.2	 Calcium does not affect ligand binding to all family B GPCRs	......................................	38	
2.3.3	 Mg2+ and Ca2+ modulate PTH(1-34) binding to PTH1R differently	...............................	40	
2.3.4	 Full length PTH1R is required for calcium dependent binding	.......................................	42	
2.3.5	 PTH(1-34) binds to PTH1R on the cell surface with calcium dependence	.................	45	
2.3.6	 Extracellular Ca2+ affects PTH(1-34) activation of PTH1R	..............................................	47	
2.4	 Discussion and conclusions	.............................................................................................................	49	

Chapter 3: PTH(1-34) senses extracellular calcium to regulate binding and 
activation of PTH1R	...............................................................................................................	53	

3.1	 Introduction	.............................................................................................................................	54	
3.2	 Experimental Materials and Methods	...............................................................................	57	
3.3	 Results	.......................................................................................................................................	58	

3.3.1.	 Design and characterization of mutants ligands to investigate the PTH(1-34) Ca2+ 

dependence	.......................................................................................................................................................	58	
3.3.2.	 Mutant ligands bind to PTH1R in the presence and absence of calcium	....................	60	
3.3.3.	 Mutant ligands activate PTH1R in cAMP assays	...............................................................	63	

3.4	 Discussion and conclusions	..................................................................................................	65	
Chapter 4: Residues of PTH1R modulate the calcium-sensing ability of PTH(1-34)
	.....................................................................................................................................................	69	

4.1	 Introduction	.............................................................................................................................	70	
4.2	 Experimental Materials and Methods	...............................................................................	72	
4.3	 Results	.......................................................................................................................................	74	

4.3.1	 Stable cell lines express PTH1R mutants	................................................................................	74	
4.3.2	 Calcium affects PTH(1-34) binding to PTH1R mutants	....................................................	75	
4.3.3	 Calcium shows differential effects on PTH(1-34)E19AE22A binding to PTH1R 
mutants	...............................................................................................................................................................	78	
4.3.4	 Residues of PTH1R extracellular loop 1 regulate Ca2+ dependence	..............................	81	
4.3.5	 PTH(1-34) activates PTH1R mutants in cAMP assays	......................................................	88	

4.4	 Discussion and conclusions	..................................................................................................	90	
Chapter 5: Solution NMR studies show ligand binding dynamics to PTH1R	...........	96	

5.1	 Introduction	.............................................................................................................................	98	
5.2	 Experimental Materials and Methods	.............................................................................	102	
5.3	 Results	.....................................................................................................................................	104	

5.3.1	 PTH(1-34) expression and purification from E. coli	........................................................	104	
5.3.2	 2D 1H 15N  HSQC of 15N-PTH(1-34)	......................................................................................	108	
5.3.3	 R2 values of each residue of PTH(1-34) indicate rigidity	...............................................	109	



5.3.4	 PTH(1-34)  R2 values change in the presence of PTH1R	...............................................	111	
5.3.5	 15 mM Ca2+ does not greatly change the R2 values of PTH(1-34)	...............................	113	

5.4	 Discussion and future directions	.......................................................................................	116	

Chapter 6: Novel method development to investigate allosteric mechanisms of 
PTH1R	....................................................................................................................................	123	

6.1	 Introduction	...........................................................................................................................	125	
6.2	 Experimental Materials and Methods	.............................................................................	128	
6.3	 Results	.....................................................................................................................................	131	

6.3.1	 Triblock molecules activate PTH1R	......................................................................................	131	
6.3.2	 Surface plasmon resonance assays show ligand binding to PTH1R 	..........................	133	

6.4	 Discussion and future directions	.......................................................................................	134	

Chapter 7: Conclusions and future directions 	..............................................................	136	
Chapter 8: References	.........................................................................................................	140	
	
	 	



List of Figures 
	
Figure 1.1. Simplified GPCR activation model…………………………………………. 2  
Figure 1.2: A comparison of GPCR families. …………………………………………... 3 
Figure 1.3: Two domain binding model of family B GPCRs. ………………………….. 7  
Figure 1.4: Dual binding site trigger for family B GPCRs. …………………………… 10  
Figure 1.5: Structural comparison of an inactive and an active family B GCPR……… 12   
Figure 1.6: Interactions of various isoforms of G proteins with family B GPCRs…….. 14  
Figure 1.7: PTH regulation of the bone remodeling processing……………………….. 18 
Figure 2.1: PTH(1-34) bound to PTH1R shown in a nanodisc ……………………….  24 
Figure 2.2: Fluorescent peptide design ………………………………………………..  29 
Figure 2.3:Binding of peptide ligands to PTH1R in nanodiscs (PTH1R-ND)………… 36  
Figure 2.4: Ligand binding to GLP1R ………………………………………………… 39  
Figure 2.5: Specific Ca2+ effect on PTH(1-34) binding to PTH1R-ND ………………. 41  
Figure 2.6: Binding of PTH(1-34) to the extracellular domain (ECD) of PTH1R…….  43  
Figure 2.7: PTH(1-34) binding to PTH1R stabilized in detergent micelles…………… 44  
Figure 2.8: Flow Cytometry titrations of HEK293S cells …………………………….  46  
Figure 2.9: PTH(1-34) activates PTH1R in the presence and absence of 15 mM Ca2+... 48 
Figure 3.1. Structural alignment of PTH(15-34) and PTHrP(15-36) binding ……........ 56  
Figure 3.2: Sequence alignment of the PTH and PTHrP ligands under study ………… 58 
Figure 3.3: Chimeric and mutant peptides maintain their secondary structures ………. 59 
Figure 3.4: Binding of mutant peptide ligands to PTH1R …………………………….. 62 
Figure 3.5: Chimeric and mutant peptides activate PTH1R to produce cAMP………... 64 
Figure 3.6: Extracellular domain of PTH1R has a high density of negatively charged 
residues ………………………………………………………………………………… 67 
Figure 4.1: Sequence alignment of family B GPCRs …………………………………. 71 
Figure 4.2: Expression levels of established stable cell lines. ………………………… 75 
Figure 4.3: Mutant PTH1R binds PTH(1-34) …………………………………………. 77 
Figure 4.4: PTH(1-34)E19AE22A binds to PTH1R mutants …………………………. 80 
Figure 4.5: Homology model of PTH(1-34) bound to PTH1R ……………………….. 82 
Figure 4.6: Single mutants of PTH1R ECL1 bind PTH(1-34) ………………………... 84 
Figure 4.7: PTH(1-34)E19AE22A binding to single mutants of PTH1R ECL1. ……... 87 
Figure 4.8: PTH(1-34) activates the mutant receptors ………………………………… 89 
Figure 4.9: Changes in Ca2+ dependence for WT and mutant PTH1R ………………... 92 
Figure 4.10: Changes in binding affinity of PTH(1-34)E19AE22A in the presence and 
absence of 15 mM Ca2+ ………………………………………………………………… 94 
Figure 5.1: Expression and purification of 15N-PTH(1-34) ………………………….. 105 
Figure 5.2: Purification and characterization of 15N-PTH(1-34). ……………………. 106 
Figure 5.3: Recombinant 15N-PTH(1-34) activates PTH1R …………………………. 107 
Figure 5.4: 2D spectrum of 15N-PTH(1-34) ………………………………………….. 108 
Figure 5.5: R2 values for each residue of PTH(1-34). ………………………………... 110 
Figure 5.6: Changes in R2 in the presence of PTH1R ………………………………... 112 
Figure 5.7: 15 mM Ca2+ does not affect the backbone structure of PTH(1-34) ……… 113 
Figure 5.8: Changes in PTH(1-34) R2 in the presence of 15 mM Ca2+ PTH(1-34) …... 115 
Figure 5.9: Changes in R2 values show the rigidity of PTH(1-34) in solution ………. 117 



Figure 5.10: Changes in dynamics of residues of PTH(1-34) upon interaction with 
PTH1R ………………………………………………………………………………... 120 
Figure 6.1:Triblock molecules anchor into the lipid bilayer to interact with receptors..126 
Figure 6.2: SPR platform to study ligand and G protein binding to PTH1R ………… 128 
Figure 6.3: The identity of the peptide N-terminus affects the activation of PTH1R... 132 
Figure 6.4: SPR analysis of PTH(1-34) binding to PTH1R…………………………...133 
 
 
  



List of Tables  
 

Table 1.1: Summary of family B GPCR physiology and drugs..……………………….. 4 
Table 2.1: Binding affinity of PTH1R ligands ………………………………………… 36 
Table 2.2: Binding affinity of PTH(1-34) with divalent ion concentrations…………... 41 
Table 3.1: Binding affinity of the tested PTH1R ligands ……………………………... 63 
Table 4.1: Binding affinity of PTH(1-34) to WT PTH1R and PTH1R mutants ………  77 
Table 4.2: Binding affinity of PTH(1-34) to WT PTH1R and PTH1R mutants ………. 80 
Table 4.3: Binding affinity of PTH(1-34) to WT PTH1R and Ca2+-sensing mutants …. 85 
Table 4.4: Binding affinity of PTH(1-34) to WT PTH1R and PTH1R mutants ………. 88 
Table 4.5: Potency and efficacy of PTH(1-34) activation of WT and mutant PTH1R ... 89 
Table 5.1: Common isotope in biological NMR experiments ………………………… 98 
	
	
	
	
	
	
	
	
	 	



Acknowledgements  
 

The work presented in this thesis would not be possible without the support and 

guidance of so many people. I’d like to thank Dr. Elsa Yan for advising me and for 

allowing me to pursue many new directions of PTH1R ligand binding through new 

experimental techniques and collaborations. Thank you for challenging me to think 

critically and quantitatively about biological systems. Thank you to my thesis committee, 

Dr. Pat Loria and Dr. Don Engelman, for your guidance and advice throughout my 

dissertation work, which kept me focused and moving forward. Finally, thank you to my 

outside reader, Dr. Graham Ladds, for insightful comments and guidance throughout the 

writing process.  

I’d like to thank the members of the Yan lab throughout my time here, who 

always provided help whenever I asked. I’m particularly grateful for Dr. Yingying Cai, 

who was an incredible labmate to work on the project with and for Ya-Na Chen’s ability 

to listen well and keep me grounded. Jeremy, Ella and Allyson were incredible 

undergrads to work with and I wouldn’t have made it through without your experimental 

help, energy and enthusiasm. I’m thankful for the members of the Loria lab for being so 

gracious and welcoming to me and for providing so much assistance with NMR. Your 

friendship and conversations always added a little fun into the workday. I’d also like to 

thank the Xiong lab for welcoming me in for coffee and snacks while providing help with 

protein expression and purification.  

I couldn’t have survived in New Haven without my friends in and out of the lab. 

I’m thankful for afternoon walks and ice cream trips with Sammie that kept me sane, for 

coffee runs with Cary, for trips to new and cool places with Sarah and for the many 



friends who’ve shared meals, walks, movies and played softball. I’m incredibly grateful 

for Tyler, Laura and Jack who always shared delicious meals and even better company. I 

couldn’t have survived without Molly, who listened so well and was always willing to 

hang out with delivery and wine. I’m also grateful for the community of McDougal 

Teaching Fellows at the Center for Teaching and Learning who shared so many laughs 

and so much support and for the many communities at Bethesda Lutheran church that 

welcomed me with open arms. Finally, I’d like to thank my family who are constantly 

supportive, each in their own ways. I would not have made it through this process 

without them! 

 

 

 

	
	
	
	
	
	
	
	
	
	
	



	 1 

Chapter 1: Introduction 

The work presented in this introduction contains materials from the publication titled 

“Transmembrane signal transduction by peptide hormones via family B G protein-

coupled receptors” published in Frontiers in Pharmacology.1 

	
1.1 Overview of G protein-coupled receptors  

G protein-coupled receptors (GPCRs), which form the largest protein superfamily 

of the vertebrate genome, play an important role in signal transduction by detecting 

extracellular stimuli and activating intracellular downstream pathways (Figure 1.1).2 All 

GPCRs share a common seven-transmembrane helix topology, and mediate cellular 

responses through interactions with a variety of extracellular signals. The extracellular 

signals range from photons and small molecules to hormones and proteins, necessitating 

a wide structural and functional diversity of over 800 different GPCRs.3 Despite this 

diversity, GPCRs share a general mechanism of activation. Ligand binding causes 

conformational rearrangements in the seven-transmembrane (7TM) domain that activate 

the G protein in the cytoplasmic region. G protein activation triggers various signaling 

cascades to mediate physiological processes (Figure 1.1). Since the ligand binding sites 

are highly specific, GPCRs have been heavily exploited as drug targets for over 40% of 

the current pharmaceutical drugs on the market, and estimated global sales of 

approximately $85 billion.4, 5 

There are five GPCR subfamilies: families A-C, the Adhesion family and the 

Frizzled family (Figure 1.2). The largest family, family A, includes approximately 700 

receptors that are activated by a wide variety of different ligands. In contrast, there are 

only 15 family B GPCRs, each of which bind to peptide ligands involved in many 
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metabolic processes (Table 1.1). Compared to GPCRs in other families, family B GPCRs 

have a relatively large N-terminus that is ~120 amino acids long (Figure 2.2). The family 

B GPCR N-terminus shares a conserved fold stabilized by three disulfide bridges, which 

is part of the ligand-binding site.  

 

Figure 1.1. Simplified GPCR activation model. An agonist (green) binds the 

extracellular side of the GPCR (purple), which leads to conformational changes. This 

causes Gα subunit of the G protein heterotrimer to exchange GDP for GTP, leading to G 

protein activation and downstream signaling.   
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Figure 1.2: A comparison of GPCR families.1 While all GPCRs share a common seven 

transmembrane helix fold, their extracellular domains and ligands vary widely. Family A 

GPCRs have a small extracellular domain and bind a wide range of diverse ligands in the 

transmembrane region. Family B GPCRs have a relatively large extracellular N-terminus 

(~120 amino acids) with a conserved structural fold stabilized by cysteine bonds used 

detect peptide hormones. Family C GPCRs form a dimer through a conserved disulfide 

linkage and have a large extracellular N-terminal ligand-binding region in the “Venus 

flytrap” fold for ligand binding. The adhesion and frizzled families have GPCR-like 

transmembrane-spanning regions fused together with one or several functional N-

terminal domains. Ligands are shown in red. Scissors in the adhesion family indicate the 

autoproteolysis-inducing domain. Figure from 1. 
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Table 1.1: Summary of family B GPCR physiology and drugs. Table adapted 
from 1 as reviewed in 6-8 
Receptors Ligands Physiology Disease(s) Treatment 
Calcitonin receptor family 
Calcitonin receptor calcitonin Ca2+ homeostasis osteoporosis Miacalcin, 

Fortical 

Amylin receptors amylin,  amyloid-beta 
(Aβ) 

Energy 
homeostasis diabetes/obesity Pramlintide 

Calcitonin gene-related 
peptide receptor 

α- and β-calcitonin 
gene-related peptide 

Vasodilation and 
nociception migraine  

Adrenomedullin 
receptors 

adrenomedullin 1 and 
2 Vasodilation cardiovascular 

disease, cancer  
Glucagon receptor family 

Glucagon receptor glucagon Regulation of 
blood glucose diabetes Glucagon 

Glucagon-like peptide 1 
receptor 

glucagon-like peptide 
1 

Insulin and 
glucagon secretion diabetes Exenatide 

Lixisenatide 

Glucagon-like peptide 2 
receptor 

glucagon-like peptide 
2 

Gut mucosal 
growth 

short bowel 
syndrome, Crohn’s Teduglutide 

Gastric inhibitory 
polypeptide receptor 

gastric inhibitory 
polypeptide 

Insulin secretion, 
fatty acid 
metabolism 

diabetes/obesity  

Corticotropin-releasing hormone receptors 
Corticotropin-releasing 
factor receptor 1 

corticotropin-releasing 
factor, Urocortin I 

Release of ACTH, 
stress responses stress, IBS Corticorelin 

Corticotropin-releasing 
factor receptor 2 

corticotropin-releasing 
factor, Urocortin II 
and urocortin III 

Central stress 
responses, cardiac 
contractility 

cancer, heart 
failure, 
hypertension  

Parathyroid hormone receptors 

Parathyroid hormone 1 
receptor 

parathyroid hormone Ca2+ homeostasis osteoporosis, 
hypopara-
thyroidism 

Teriparatide 
Preotact parathyroid hormone-

related protein 
Developmental 
regulator 

Parathyroid hormone 2 
receptor 

Parathyroid hormone, 
tuberoinfundibular 
peptide 

Hypothalamic 
secretion, 
nociception 

nociception  

Vasoactive intestinal polypeptide receptors 
Vasoactive intestinal 
polypeptide receptor 1 
and 2 

vasoactive intestinal 
polypeptide, PACAP 

Vasodilation, 
neuroendocrine 
functions 

inflammation, 
neurodegeneration  

Others 
Pituitary adenylate 
cyclase-activating 
polypeptide type I 
receptor 

pituitary adenylate 
cyclase-activating 
polypeptide 

Neurotransmission 
neuroendocrine 
functions 

neurodegeneration, 
nociception, 
glucose 
homeostasis 

 

Growth-hormone-
releasing hormone 
receptor 

growth hormone-
releasing hormone 

Release of growth 
hormone 

dwarfism, HIV-
related 
lipodystrophy 

Tesamorelin 
Sermorelin 
CJC-1295 

Secretin receptor 
 secretin Pancreatic 

secretion 

autism, 
Schizophrenia, 
gastrinoma  



	 5 

 Although most drugs developed against GPCRs target family A receptors, family 

B GPCRs are becoming increasingly attractive drug targets for treatment of metabolic 

diseases.5, 9 Nearly all family B GPCRs have been validated as drug targets for diseases 

such as cancer, osteoporosis, diabetes, cardiovascular disease, neurodegeneration, and 

migraine (Table 1.1).6 However, it has been challenging to identify small-molecule 

therapeutics to target this family, with only a few peptide agonists approved by the FDA 

as drugs.10 Most of these agonist drugs are derivatives of the family B cognate peptide 

ligands (Table 1.1). The challenge of identifying conventional small-molecule drugs lies 

in the lack of molecular information to locate druggable binding sites. Nevertheless, 

recent structural information has provided novel insights into the ligand binding and 

activation of family B GPCRs. 

 

1.2 Peptide ligand binding and activation of family B GPCRs 

	
1.2.2 Ligand binding to family B GPCRs  
 

Family B GPCRs are activated by peptide hormones that range from 26 to 114 

amino acids. Most ligands of family B GPCRs lack ordered structure in aqueous solutions, 

but form α-helical fragments upon binding to their cognate receptors, under structure-

inducing in the presence of organic solvents or lipids, or upon crystallization.11 It is 

widely accepted that the peptide hormones interact with family B GPCRs following the 

two-domain binding model, in which the peptide hormone’s C-terminus binds to their 

cognate receptor’s N-terminal domain and the N-terminus of the peptide hormone binds 

to the receptor’s juxtamembrane, which is composed of the extracellular loops (Figure 

1.3). Ligand binding causes conformational changes in the receptor’s cytoplasmic domain 
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to activate a G protein, triggering a downstream signaling process.12-15 Förster Resonance 

Energy Transfer (FRET) experiments measured the kinetics of the two domains of 

binding, further supporting the sequential nature of the model.16 

The first step in the two-domain binding model - the C-terminus of the ligand 

binding to the N-terminal domain of receptors - is strongly supported by multiple crystal 

structures.17-31 These structures reveal that the N-terminal domains contain a conserved 

three-layered α-β-βα fold with the helical segment of the peptide hormone primarily 

interacting in the middle layer to resemble a hotdog in a bun (Figure 1.3).11, 12 Six 

conserved cysteine residues form three interlayer disulfide bonds that stabilize the α-β-

βα fold (Figure 1.3). Additional hydrophobic packing interactions and hydrogen bonds 

stabilize the second and third layers of the fold.32 Sequence conservation indicates the 

importance of these stabilizing interactions, which likely involve five partially conserved 

residues: Asp113, Trp118, Pro132 and Gly152 and Trp154 (PTH1R residues, Figure 

1.3).21 These conserved residues and the structural similarities of the three-layered fold 

form a structural foundation for the two-domain binding model. Of interest, the structure 

of the extracellular domain and the contacts with their cognate peptide hormone in the 

available full-length GPCR structures aligns well with the previously published crystal 

structures of the extracellular domain alone (Figure 1.3).25-31 

 

 



	 7 

 

Figure 1.3: Two domain binding model of family B GPCRs. Evidence of the two-

domain binding model from the crystal structure of PTH(1-34) bound to PTH1R (teal) 

resolved to 2.5 Å (PDBID: 6FJ3).25 The first domain (orange) shows the interaction of 

PTH(15-34) with the N-terminal domain of PTH1R from the structure of the extracellular 

domain alone resolved to 1.95 Å (PDBID: 3CM4).33 Conserved residues among family B 

GPCRs are shown in the top left as sticks with the residues of the hydrophobic core in 

pink and the 3 conserved disulfide bonds in yellow. The second domain (red) shows the 

interaction of PTH(1-14) with the juxtamembrane domain of the PTH1R, which activates 

the receptor.  Interacting residues of PTH1R (tan) and PTH(1-34) (blue) are shown as 

sticks.  
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The second step of the two-domain binding model involves interactions between 

the N-terminus of the peptide and the juxtamembrane domain of the receptor as shown by 

the recent full-length structures.25-31 In general, the mid-region of the peptide ligand 

makes contacts with the stalk and extracellular loops of the juxtamembrane domain. As 

the peptide inserts into the transmembrane domain (TMD), its α – helical structure runs 

parallel to helix 2 (Figure 1.3). Contacts between the N-terminal residues of the peptide 

and the GPCR helices 1, 2 and 7 are important for ligand binding. The structures show 

that these interactions are generally conserved between family B GPCRs.25-31 Previous 

biochemical data from photoaffinity cross-linking identified specific contacts between the 

peptide ligand and the receptor, corroborating the interactions identified in the crystal 

structures.34-37 

The structures of the full-length family B GCPRs showed the conformation of the 

receptors have an inherent flexibility, bringing the current understanding of the two-

domain binding model into question.25-31 From these structures, conformational changes 

that occur with both ligand binding and receptor activation are becoming evident. The 

new structural data combined with previous biophysical and biochemical studies have 

greatly increased our knowledge of the molecular mechanisms of family B GPCR ligand 

binding and activation.  

We can combine the information from the structural studies, each of which shows 

a slightly different snapshot of the ligand binding process, to expand on the two-domain 

binding model. For instance, the structure of the glucagon receptor bound to a negative 

allosteric modulator shows the stalk region, which connects the extracellular domain 

(ECD) to helix 1 of the TMD forms a β-sheet structure with extracellular loop 1 
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(ECL1).29 This interaction affects the position of the ECD relative to the transmembrane 

domain (Figure 1.4). Similar large conformational changes of the ECD upon ligand 

binding to the glucagon receptor were shown by molecular dynamics simulations and 

supported by Hydrogen-Deuterium Exchange Mass Spectrometry data.38 Furthermore, the 

structure of the glucagon receptor with a glucagon analogue bound shows the β-sheet 

structure of the stalk and ECL1 is disrupted, with the stalk adopting a α-helical 

conformation (Figure 1.4). In this same structure, the α-helical structure of helix 2 

extends on the extracellular side, which elevates the position of ECL1 for interactions 

with the mid-portion of the glucagon analogue. These changes cause a large rotation of 

the ECD compared to the glucagon receptor with no peptide ligand bound.29 Thus, the 

authors proposed the dual-binding site trigger model of ligand binding, where peptide 

binding to both the ECD and the juxtamembrane domain trigger necessary changes for 

receptor activation (Figure 1.4).30 While more structural information is necessary to 

support this new model, similar ligand binding interactions are observed in the structures 

of glucagon-like peptide 1 receptor (GLP1R) bound to GLP-130 or the agonist Exendin-5 

(Ex-5),26 and parathyroid hormone 1 receptor (PTH1R) bound to a PTH analogue.25   
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Figure 1.4: Dual binding site trigger for family B GPCRs.30 Structural and 

computational data shows that upon the interaction of the C-terminus of the peptide 

ligand, conformational changes in the stalk (green) and ECL1(purple) allow for the 

insertion of the N-terminus of the peptide into the transmembrane domain. This triggers 

additional conformational changes in the juxtamembrane domain and shifts the position 

of transmembrane helices 1, 6 and 7 outwards to activate the receptor. Figure from 30 
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1.2.2 Ligand binding induces conformation changes in the transmembrane domain  

The transmembrane domain (TMD) of family B GPCRs serves as the bridge for 

communication between extracellular ligand binding and intracellular G protein coupling. 

Studying the variety of full-length family B GPCR structures allows for a more complete 

picture of the molecular mechanisms of receptor activation. First, the structural 

conservation in the family B GPCRs appears highest among the cytoplasmic half of TM 

helices with the extracellular half showing more divergence. This supports the idea that 

each receptor has a characteristic, highly selective ligand-binding site.32 The structural 

similarity of the cytoplasmic half of the helices suggests conformational rearrangements 

associated with G protein binding upon activation may be more conserved because a 

large number of GPCRs interact with the same, less diverse G proteins.26, 27, 31  

As discussed above, the extracellular side of the TMD interacts with the N-

terminus of its peptide ligand. In particular, the N-terminus of the peptide, including the 

N-capping motif that is essential for receptor activation, reaches deep into the TMD.  

Previous studies showed the N-capping of the peptide is suggested to stabilize the 

receptor-peptide complex in the second step of the two-domain binding model.11, 39 Early 

mutagenesis and photoaffinity studies on family B GPCRs including PTH1R and GLP1R, 

and the recent structural studies provide evidence supporting the deep insertion of the N-

terminus of the peptide ligand.14, 17, 18, 24, 36, 40-65 The deep insertion of peptide ligands into 

the TMD causes conformational changes that disrupt stabilized polar networks and allow 

for G protein binding and activation.26, 27, 30 Each of the structures shows the conserved 

central polar network of R2.60-N3.43-H6.52-Q7.49, which stabilizes the inactive state along 

with the conserved HETX motif (Wootten numbering,32 Figure 1.5). Peptide binding 
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interactions cause conformational changes that disrupt these networks, leading to a large 

outward movement of helix 626, 27, 30 at the conserved P6.47-X-X-G6.50 motif. This allows for 

the insertion of α5 of the Gαs ras-like domain into the receptor (Figure 1.5). These 

conformational changes are seen in the structure GLP-1R bound to the Gs heterotrimer 

and one of two different peptide agonists26, 30 and the calcitonin receptor bound to the Gs 

heterotrimer and its cognate peptide ligand.27 

 

 

 

Figure 1.5: Structural comparison of an inactive and an active family B GCPR.31 

The residues of the conserved transmembrane domain networks are shown from the 

structure of inactive glucagon and active GLP-1R with GLP-1 (orange) bound and the α5 

of Gα (yellow). GLP-1 binding disrupts the central polar network, which leads to an 

outward shift of TM6. This allows for the insertion of α5 the bound Gα subunit. Figure 

from 31 
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1.2.3 G protein coupling and interactions with accessory proteins  

Conformational changes in the TMD transduce signals from extracellular domains 

to intracellular domains, selectively activating various isoforms of G proteins that trigger 

specific downstream physiological responses.66 Although intracellular loops have been 

suggested to be essential for G protein coupling in family B GPCRs, the specific 

interactions that govern the coupling between GPCRs and G proteins vary from receptor 

to receptor. Furthermore, most family B GPCRs can recognize multiple G proteins, such 

as Gs, Gq/11, and Gi/o, increasing the complexity of the signaling processes.67 Many 

biochemical studies of family B GPCRs have investigated the effect of mutations and 

truncations in the intracellular loops on activation of different G protein subtypes.68 

Generally, intracellular loop 3 (ICL3) is the key determinant for family B GPCRs to 

activate G proteins of all types, including Gs, Gq, Gi/o and G11 (Figure 1.6). The specific 

regions within each receptor that are responsible for selecting G proteins remain unclear, 

although accumulating evidence suggests that the N-terminal portion of ICL3 is essential 

for Gs coupling as well as Gq coupling in some receptors. In support of these biochemical 

studies, the structures of GLP-1R bound to Gs show extensive contacts between the 

heterotrimer and helices 2, 3, 5, 6, 7, 8, and all three intracellular loops (Figure 1.5).31 

However, because these structures are all bound to the Gs heterotrimer, the specific 

interactions between the receptors and different G proteins are still unknown.  
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Figure 1.6: Interactions of various isoforms of G proteins with family B GPCRs.1 

Red indicates Gs, green Gq, gray Gi, yellow Go and blue G11. Checkered boxes show two G 

proteins interact with the same loop. The red box on GLP1R ICL3 (top left) shows the N-

terminal half of the loop associates with Gs and the C-terminal part of the ICL3 associates 

with Gi. Figure from 1.  
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The receptor’s G proteins selectivity also depends on the binding of various 

ligands and accessory proteins.  Family B GPCRs associate with a variety of accessory 

proteins that play important roles in modulating receptor functions, including cell surface 

expression of receptors, selectivity of hormone ligands, and selection of G protein 

signaling pathways.69 These accessory proteins are diverse, including but not limited to 

receptor-activity-modifying proteins (RAMPs), PDZ domain-containing proteins, 

cytoskeleton proteins, chaperone molecules, and kinases.69 Among the accessory proteins 

that interact with family B GPCRs, the RAMP family is the most extensively studied.6, 70 

There are three isoforms of RAMPs (RAMP 1, 2, and 3), which all have a single 

transmembrane domain and an 80-amino acid N-terminal domain folded into three 

helices.71 Structural studies have shown the binding interface between RAMPs and family 

B GPCRs,72 and RAMPs have been shown to modulate receptor trafficking,73 the G 

protein coupling profiles70 and the selectivity of ligands.23, 71 Because the identification of 

accessory proteins and studies of their functional roles are still relatively novel, 

continuous efforts are necessary to explore the roles of these accessory proteins in the 

signaling processes of family B GPCRs. 

While the specific interactions between the peptide hormone and the receptor 

govern the current understanding of the activation mechanisms of family B GPCRs, other 

factors influence ligand binding affinity and specificity for a given receptor. Many family 

B GPCRs bind more than one native ligand, with each ligand eliciting a distinct 

physiological response. Nonetheless, how the receptor distinguishes between these 

different pathways remains unclear. In addition, allosteric effects from regions of the 

receptors not directly involved in ligand binding add complexity to the molecular 
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mechanism of ligand recognition in family B GPCRs. This work builds on the foundation 

of structural and biochemical work on family B GPCRs to investigate the molecular 

mechanisms of parathyroid hormone 1 receptor (PTH1R) ligand binding and receptor 

activation.  

 
1.3 The role of parathyroid hormone in bone remodeling and osteoporosis 

Parathyroid hormone 1 receptor (PTH1R) is a family B GPCR expressed in bone 

and kidney cells, which binds to two endogenous peptide hormones: parathyroid hormone 

(PTH) and parathyroid hormone related peptide (PTHrP).  PTH1R regulates serum Ca2+ 

and phosphate concentrations through the endocrine hormone PTH and tissue 

development through the paracrine signaling of PTHrP,74 Truncated versions of both 

peptides, PTH(1-34) and PTHrP(1-36), have been shown to be full agonists of PTH1R.75  

One mechanism of PTH serum Ca2+ regulation occurs through the action of the 

PTH1R receptor expressed in the bone on osteoblasts.76 PTH binding to PTH1R activates 

cAMP signaling cascades, which induces bone formation by activating osteoblast 

precursor cells. It also produces receptor activator of nuclear factor-κB 77 ligand and 

macrophage colony stimulation factor (M-CSF). RANK ligand binds to its receptor, 

RANK, which is expressed on osteoclast precursor cells to promote osteoclast formation 

(Figure 1.7). In combination with the effects of M-CSF, this activates the bone resorption 

process to break down the bone matrix and increase serum Ca2+ concentrations.78 In 

addition, PTH1R activation stimulates osteoprogerin (OPG) production, which acts a 

decoy receptor for RANK ligand.79, 80 Therefore, OPG binds RANK ligand to prevent it 

from binding RANK on the osteoclast precursors, thus down-regulating the bone 

resorption process. PTH activation of PTH1R in the bone activates multiple pathways to 



	 17 

regulate the balance between bone formation and bone resorption, ultimately leading to 

an increase in bone turnover.76  
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Figure 1.7: PTH regulation of the bone remodeling processing. (A). The bone 

remodeling process is regulated by the action of osteoclasts causing bone resorption and 

osteoblasts, which mediate bone formation. Figure from 78. The signaling between 

osteoblasts and osteoclasts is mediated by many factors including (B). PTH activation of 

PTH1R expressed on osteoblasts. The actions of PTH1R depend on the duration of 

exposure to PTH, with intermittent exposure leading to bone formation and chronic 

exposure leading to activation of osteoclasts and bone break down. Figure from 76.  
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 The mechanistic details regulating the balance between the anabolic bone 

formation and catabolic bone resorption processes induced by PTH are not fully 

understood.  However, it is known that constant exposure to PTH leads to increased 

catabolic responses, which cause increased serum Ca2+, while intermittent exposure to 

PTH leads primarily to an anabolic response (Figure 1.7B). As such, intermittent 

injections of PTH have been used as treatments for severe osteoporosis.81, 82 Teraparatide, 

PTH(1-34), was one of the first peptide drugs approved for osteoporosis.75, 83 Since then, 

abaloparatide, PTHrP(1-36) was also approved for osteoporosis treatment with clinical 

trials showing an increase in bone mass density compared to Teraparatide.83-85 Despite the 

effectiveness of both PTH(1-34) and PTHrP(1-36) as treatment options, the molecular 

details of how these hormones interact with the receptor are poorly understood. This 

thesis aims to uncover the molecular details of ligand binding and activation of PTH1R in 

order to better understand how PTH regulates the bone remodeling process.  

 

1.4 Overview and scope of dissertation  

It is clear that family B GPCRs play important roles in metabolic disease through 

their interactions with peptide hormones. However, the particular mechanisms of ligand 

binding and G protein activation are poorly understood due to difficulty isolating enough 

receptors for structural and biophysical studies. Many attempts have been made to purify 

family B GPCRs, including purification from natural sources,86 heterologous expression 

in multiple systems, such as E. coli,87, 88 mammalian cells,89-93 or insect cells;25-31, 94 and 

cell-free synthesis systems.95 Each of these expression and purification methods produced 

functional, purified receptors as demonstrated by their ability to bind to the ligand of 
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interest or activate G proteins. However, in most cases the purified receptors have not 

been used for biophysical studies to understand the conformational and dynamic changes 

in receptor structures during activation. In addition, many of these current purification 

methods focus on producing high quantities of very stable GPCRs for crystallographic 

studies, which require more stringent conditions than other biophysical techniques. 

Recently, our laboratory developed a purification method for family B GPCRs, 

which directly purifies GPCRs into nanodiscs, which are disc-shaped particles containing 

a single layer of lipid bilayer that is stabilized by two membrane scaffold proteins.90, 91 

This method reduces the amount of contact of the receptor with detergent and eliminates 

the need to reconstitute the receptor from a detergent solubilized environment into lipid 

bilayers.96 In nanodiscs, the receptor has both the extracellular and cytoplasmic domains 

available for molecular binding and interactions from the aqueous phase, enabling 

simultaneous assays for ligand binding and G protein activation.97-100  

I applied this purification method to investigate the ligand binding and activation 

of PTH1R. I identified differences in the binding of PTH (1-34) and PTHrP(1-36) to 

PTH1R and determined that PTH(1-34) binding is affected by extracellular calcium while 

PTHrP(1-36) is not (Chapter 2). Through ligand binding studies of PTH(1-34) mutants, I 

proposed PTH(1-34) contains a built-in sensing mechanism for extracellular Ca2+ 

(Chapter 3). The observed Ca2+ dependence required residues of both PTH(1-34) and 

PTH1R, which suggests the presence of a weak binding Ca2+-binding site (Chapter 4). 

Identifying and understanding how Ca2+ modulates of PTH(1-34) binding provides 

insight into the role of PTH1R activation on the bone remodeling process, which is 
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testable by future physiological studies of PTH1R activation during the bone remodeling 

process.  

 To better understand the details of hormone binding to PTH1R and the observed 

Ca2+-modulation, I used protein NMR to study changes in the relaxation rate of each 

residue of PTH(1-34) (Chapter 5). This preliminary data shows changes in the dynamics 

of PTH(1-34) in the presence of PTH1R, identifying specific residues of PTH(1-34) that 

become more rigid in the presence of PTH1R. In combination with the structure of a PTH 

analogue bound to PTH1R, the changes in peptide dynamics under different conditions 

provide novel insights into the dynamics of peptide binding to a family B GPCR.  

Furthermore, to better understand PTH1R ligand binding and receptor activation, I 

developed new experimental methods to study allosteric interactions of PTH1R (Chapter 

6).  Finally, I summarized of the impact of my work presented in this thesis and the future 

directions (Chapter 7).   
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Chapter 2: PTH(1-34) binding to PTH1R shows calcium dependence 

	

The molecular mechanisms of Family B GPCR structure and function are poorly 

understood because it is difficult to purify large quantities of functional receptors for 

structural and biophysical assays. To overcome this, we developed a protocol to purify 

parathyroid hormone 1 receptor (PTH1R) in nanodiscs, which are artificial lipid bilayers 

held together by two amphipathic, helical membrane scaffold proteins. This chapter uses 

the nanodisc purification protocol to study ligand binding to PTH1R. PTH1R binds 

truncated versions of two hormones: parathyroid hormone (PTH(1-34)) and parathyroid 

hormone related peptide (PTHrP(1-36)). Fluorescence anisotropy ligand binding assays 

show PTH(1-34), but not PTHrP(1-36), binds to PTH1R tighter in the presence of 15 mM 

Ca2+. This chapter outlines work investigating this novel calcium dependent binding 

interaction of PTH(1-34) with PTH1R.   

 

The work outlined in this chapter was published in the paper titled “Parathyroid hormone 

senses extracellular calcium to modulate endocrine signaling upon binding to the family 

B GPCR parathyroid hormone 1 receptor” in ACS Chemical Biology. 101 The work was 

performed in collaboration with many lab members. Dr. Yuting Lui collected the 

preliminary ligand binding and cellular activation data and with Dr. Pam Wang studied 

the binding of PTH(1-34) to the extracellular domain of PTH1R. Dr. Yingying Cai and 

Jeremy Sims performed PTH(1-34) binding assays in the presence of varying 

concentrations of divalent ions and Morgan E. Belina designed and performed flow 

cytometry ligand binding assays.  
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2.1 Introduction  

 
There are 15 family B GPCRs with large extracellular domains that bind peptide 

hormone ligands (Figure 2.1), implicating these receptors in metabolic diseases, such as 

diabetes, obesity and osteoporosis.1, 12, 32, 102 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 (PTHrP).103 PTH1R 

regulates serum calcium and phosphate homeostasis via PTH, and tissue growth during 

embryonic development via PTHrP.74 Truncated versions of these two hormones, PTH(1-

34) and PTHrP(1-36), are full agonists of PTH1R.75 Both truncated ligands bind PTH1R 

following the family B GPCR two domain-binding model, 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 (Figure 2.1).11, 12, 104, 105 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.20, 21, 33 However, this model is not sufficient to explain differences in how PTH(1-

34) and PTHrP(1-36) interact with and signal through PTH1R.106, 107 
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Figure 2.1: Model of 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 PTH1R 

(teal), while the N terminus of the peptide hormone interacts with the juxtamembrane 

domain. The receptor is surround by a lipid bilayer (gray), which is held together with the 

alpha helical membrane scaffold protein MSP1E3D1 (purple). Dr. Heidi Hendrickson 

created this homology model of PTH1R in Dr. Victor Batista’s group and provided the 

figure as described in Chapter 4. 
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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.107-111 For 

instance, the N-terminally truncated peptide PTH(7-34) has been developed as a potent 

antagonist of PTH1R.112 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.110, 111, 113-116  

One specific function of PTH is to regulate bone remodeling, a process that 

replaces between 5-10% of total bone mass per year and repairs bone fracture and micro-

damages to maintain bone health.80, 117 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.118 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.82 Although the exact mechanism of PTH in bone remodeling is 

not fully understood, intermittent injections of PTH(1-34) and PTHrP(1-36) have been 

developed as the only FDA-approved hormone treatments for augmenting bone formation 

in severe cases of osteoporosis.79, 81, 83-85, 119, 120 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.  
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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.87, 89, 90, 92-94, 121-123  

We recently introduced a new method for GPCR purification using nanodiscs, 

also known as nanoscale apoliprotein bound bilayers (NABBs) or high density 

lipoproteins (HDLs), which are nanometer-sized lipid bilayers surrounded by two α-

helical membrane scaffold proteins (MSP) (Figure 2.1).100, 124, 125 Using this method to 

purify PTH1R, we previously studied the ligand binding activity using fluorescence 

anisotropy and observed that the presence of 15 mM Ca2+ increases the binding affinity of 

PTH(1-34) by one order of magnitude. This chapter will investigate this Ca2+ -dependent 

binding of PTH(1-34) binding to PTH1R through ligand binding assays of PTH(1-34) 

and PTHrP(1-36) in the presence and absence of 15 mM Ca2+. In order to determine the 

specificity of the observed Ca2+-binding affect, I measured changes in PTH(1-34) binding 

in the presence of increasing concentrations of Mg2+ and Ca2+ and observed PTH(1-34) 

binding increased to a much greater extent in the presence of Ca2+. Furthermore, I 

measured the ligand binding affinity of PTH(1-34) to the extracellular domain in the 

presence and absence of Ca2+ and found no change in affinity which suggests either the 

full length PTH1R or the lipids of the nanodisc are required for Ca2+ dependence. 

Titration curves of detergent purified PTH1R maintained Ca2+-dependent binding of 

PTH(1-34), confirming that the lipid bilayer of the nanodisc is not required for the Ca2+ 

dependence. Finally, cell based assays showed extracellular Ca2+ decreased the amount of 

cAMP produced by PTH(1-34) activation of PTH1R. In combination, the work presented 



	 27 

in this chapters shows PTH(1-34) Ca2+-dependent binding is specific to PTH(1-34) 

binding to PTH1R, does not occur with other divalent ions, requires the full length 

PTH1R and may decrease receptor activation.  

 

2.2 Experimental Materials and Methods  

 
Expression and purification of PTH1R.  PTH1R was overexpressed in HEK293S 

GnTI- cell lines following previously published nanodisc purification protocols.90 Briefly, 

PTH1R with the C terminal 1D4 epitope tag was cloned into tetracycline-inducible TetO-

pACMV vectors.126 The vectors were transiently transfected into HEK293S GnTI- 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 μg/μL tetracycline and 

0.55 mg/mL sodium butyrate for 48 hrs.  The cells 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-HCl pH 

7.4, 150 mM NaCl, 5 mM CaCl2, 5 mM MgCl2, 2 mM EDTA, 10% glycerol and 0.5% n-

Dodecyl-β-D-maltoside (DDM, ACROS Organics). Membrane scaffold protein 

(MSP1E3D1)127 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 remove the detergent and initiate nanodisc assembly for 24 hrs. 

Nanodiscs containing PTH1R were separated from the mixture by single-step affinity 

purification against the 1D4 epitope. 
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Fluorescence anisotropy. Fluorescence anisotropy experiments measured the binding 

affinity between PTH1R-ND and the following peptide ligands: PTH(1-34), PTHrP(1-

36). Each of the peptides was labeled with 5/6-fluorescein (FAM) (Figure 2.2) at Lys13, 

which is solvent exposed and does not perturb receptor binding.20, 21, 33 The peptides were 

ordered from Neobiolabs (Woburn, MA), and were weighed and dissolved in anisotropy 

buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 3mM MgCl2, and 100 μM 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 30oC with excitation/emission of 497 nm/518 

nm and the slit width of 5 nm. In one experiment, each measurement was averaged over 

30 seconds with one reading per second. To measure Ca2+-dependent ligand binding, 15 

mM CaCl2 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.  CaCl2 solutions were diluted in 

anisotropy buffer from a 1 M stock solution of CaCl2 dihydrate, minimum 99.0% in 

ddH2O (Sigma). MgCl2 solutions were diluted in anisotropy buffer from 1 M MgCl2 

solution (AmericanBio).  
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Figure 2.2: Fluorescent peptide design. (A). Structure of 5/6-fluorescein conjugated to 

Lys13 of PTH(1-34) (B). Sequence of PTH(1-34) and PTHrP(1-36).  
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Data Analysis. The dissociation constant (KD) for the equilibrium of the peptide bound 

receptor (RP) dissociating into the free (P) and free receptors (R) is expressed by Eq. 

(2.1), which is related to the measured anisotropy values (r), as described in Eq. (2.2)90 

𝐾! =
! [!]
[!"]

                                          (2.1) 

𝑟 =  !!!!!!!! ! !!!!!!!! !!!!!!!
!!!

𝑟! + 𝑟! + 𝑟!     (2.2) 

            

where CR is the concentration of PTH1R-ND; CP is the concentration of peptide; rb is 

anisotropy of the bound peptide; and rf is the anisotropy of the free peptide.  

 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 (rf) are approximately the same for 

each peptide being studied, as is the anisotropy of those peptides bound to PTH1R-ND , 

as shown in the titration curves for the PTH1R-ND concentration at zero and saturated 

values. Thus, KD 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 μg/μL 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 
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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 KD of PTH(1-34) in the presence and absence of 15 mM Ca2+, the data was fitted 

using the saturation binding equation for one site with total binding measured (Eq. 2.3),128 

where X is the concentration of PTH(1-34), Y is the mean fluorescence intensity 

measured, Bmax 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 NS 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.  

 

𝑌 = !!"#∗!
(!"!!)

 +  𝑁𝑆 ∗ 𝑋 +  𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑    (2.3) 

 

Expression and purification of the extracellular domain of PTH1R. The DNA 

constructs, pETDuet-1-MBP-PTH1R(ECD)-DsbC and pET15b-DsbC 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.21, 33 

The maltose binding protein (MBP) was fused to the N-terminus of PTH1R ECD to 

provide additional stability. pET15b-DsbC is a single expression vector that expresses the 

chaperone DsbC. The His-tagged pET15b-DsbC construct was transformed into E. coli 
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Origami 2 cells, grown to OD600~0.6 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 dialyze again the storage buffer (50 mM Tris-HCl, 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 E. 

coli Origami 2 cells were grown to OD600~0.6 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), PTH(1-34) with an N-terminal 

fluorescein, 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 
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solutions were prepared by 1:1 serial dilutions of MBP-PTH1R ECD in buffer (50 mM 

Tris-HCl, pH 7.4, 150 mM NaCl) starting with a 200 μM stock. Protein solutions at each 

concentration in a volume of 18 μL was then transferred in triplicate to a Corning® flat-

bottom black polystyrene 384-well plate. Flu-PTH(1-34) (2 μL 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 Eq. 2.4 

𝐹 = 𝐹! +  !!"!!!
! ! !

∙ 𝐿 ! + 𝑃 ! + 𝐾! − 𝐿 ! + 𝑃 ! + 𝐾! ! − 4 𝐿 ! 𝑃 !       (2.4) 

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.129  

 
Detergent purification of PTH1R. PTH1R was overexpressed in HEK293S GnTI- cell 

lines as previously described.90 For purification, 10-cm plates of stable cells lines were 

induced with 2 μg/μL tetracycline and 0.55 mg/mL sodium butyrate for 48 hrs. The cells 

were harvested in 1X PBS with protease inhibitor tablets (Roche Complete, EDTA free), 

centrifuged at 500 x g for 5 min and the cell pellet resuspended in 1 mL/plate of 

solubilization buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 5 mM CaCl2, 5 mM 

MgCl2, 2 mM EDTA, 10% glycerol and 0.5% n-Dodecyl-β-D-maltoside (DDM, ACROS 

Organics) for 3 hrs at 4°C. Solubilized membranes were centrifuged at ~110,000 x g to 
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precipitate cell debris. PTH1R detergent micelles were purified using a single step 

affinity purification against the 1D4 epitope. 

 

Nanodisc Purification of GLP1R. GLP1R was purified in nanodiscs as described 

previously.91 After nanodisc purification GLP1R was used for fluorescence anisotropy 

assays, as described above. GLP-1(7-37) was labeled with 5(6)-carboxyfluorescein 

(FAM) at position E21K and Ex-4 was labeled with FAM at L21K. Both FAM labeled 

peptides were obtained from the Keck Biotechnology Resource Laboratory at Yale 

University.   

 

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 μL of cAMP 

assay buffer (Ca2+-free DMEM containing 200 uM IBMX, 1mg/ml BSA, 35 mM HEPES, 

pH 7.4), followed by the addition of 60 μL of binding buffer (50 mM Tris-HCl, pH 7.4, 

100 mM NaCl, 5 mM KCl, 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 HCl and 0.5% Triton X-100), and the cAMP amount under each 

condition was determined using the Direct cAMP ELISA kit (Enzo Life Sciences).130 

Each point was measured in duplicate in each experiment and each curve represents an 

average of three experiments.  

 

 



	 35 

2.3 Results 

 
2.3.1 Calcium increases PTH(1-34), but not PTHrP(1-36), binding to purified  

PTH1R 

Figure 2.3 and Table 2.1 summarize the results of fluorescence anisotropy assays 

studying the effect of 15 mM Ca2+ on binding of PTH(1-34) and PTHrP(1-36) to PTH1R-

ND. 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 Experimental 

Methods). The measured anisotropy values are determined by the size of molecular 

entities and photochemical properties of fluorescence probe in its local environment.131 

Thus, the anisotropy of free peptides (rf) were measured independently and the anisotropy 

of peptides bound to PTH1R-ND 130 were determined using multiple preparations of 

purified PTH1R-ND (n ≥ 3) for each peptide. The titration curves can therefore be fitted 

into Eq (2.2), as described in the Methods section, to determine the dissociation constant 

(KD). Figure 2.3 shows titration curve of the average anisotropy (n≥3) at each tested 

[PTH1R-ND] the fitted KD are summarized in Table 2.1 
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Figure 2.3: Binding of peptide ligands to PTH1R in nanodiscs. Titrations of (A). 

PTH(1-34) and (B). PTHrP(1-36) with PTH1R in nanodiscs (PTH1R-ND) with (blue) 

and without (red) addition of 15 mM Ca2+ and nanodiscs containing no PTH1R (empty-

ND) with (gray) and without (black) addition of 15 mM Ca2+. Data shown are the average 

of the following number of experiments: PTH(1-34) 0mM Ca2+ (n=11), PTH(1-34) 15 

mM Ca2+ (n=3), PTHrP(1-36) 0 mM Ca2+ and 15 mM Ca2+ (n=4) with error bars showing 

standard deviation.  

 

 

 

 

 

*p<0.05 and **p<0.001 indicate significant difference in the fitted KD values for the    

tested ligand in the presence and absence of 15 mM Ca2+. The ratio KD (0 mM)/KD (15 

mM) for PTH(1-34) is significantly different from the same ratio for PTHrP(1-36) p < 

0.0001.  

Table 2.1: Binding affinity of PTH1R ligands 

 KD (nM) KD (0 mM) /  
 KD (15 mM)  Peptide 0 mM Ca2+ 15 mM Ca2+ 

PTH(1-34) 1001 ± 41 204 ± 17** 4.9 ± 0.5 

PTHrP(1-36) 568 ± 37 495 ± 31*  1.1 ± 0.1 



	 37 

Figure 2.3A 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 the addition of 15 mM Ca2+, the anisotropy increases more rapidly, 

and plateaus at a higher maximum anisotropy value (~ 0.25).  Fitting the titration curves 

yields the KD values of 1001 ± 41 nM (n= 11) with no additional Ca2+, and 204 ± 17 nM  

(n = 3) with 15 mM Ca2+ (p<0.001), shown also in Table 2.1. 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.   

Figure 2.3B 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 Ca2+ is no longer observed. The 

control titrations (black and gray) 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 KD 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 KD ratio of 1.1 ± 0.1. The results from Figure 2.3 

suggest that ligand binding to PTH1R-ND can be enhanced by 15 mM Ca2+ for PTH(1-

34), but not PTHrP(1-36).  
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2.3.2 Calcium does not affect ligand binding to all family B GPCRs 

Glucagon like peptide 1 receptor (GLP1R) is a family B GPCR expressed in 

pancreatic beta cells that is a validated drug target for type 2 diabetes.132 GLP1R binds 

glucagon-like peptide 1 (GLP-1), which is secreted as GLP-1 (7-37).133 In addition, the 39 

amino acid peptide exendin-4 (Ex-4) has been developed as a GLP1R agonist for diabetes 

treatment.91 To determine if the Ca2+-sensing ability of PTH1R applies to other family B 

GPCRs, we purified GLP1R in nanodiscs for fluorescence anisotropy assays to test 

ligand binding in the presence and absence of 15 mM Ca2+. Figure 2.4 shows the binding 

of GLP-1 and Ex-4 to GLP1R in nanodiscs. The addition of 15 mM Ca2+ does not 

significantly affect the binding affinity of both GLP-1 and Ex-4. These results highlight 

the uniqueness of the built in Ca2+-sensing ability of PTH(1-34) in binding to PTH1R. 
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Figure 2.4: Ligand binding to GLP1R. Titration of 50 nM GLP-1 (solid lines) and 

50 nM Exendin-4 (dotted lines) with GLP1R in nanodiscs (GLP1R-ND) in the 

presence (red) and absence (blue) of 15 mM Ca2+ show Ca2+ does not affect the KD 

values of ligand binding to GLP1R (p>0.05). Fitted KD values are indicated in the 

legend. Data shown are the average of 3 experiments with error bars showing the 

standard deviation.  
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2.3.3 Mg2+ and Ca2+ modulate PTH(1-34) binding to PTH1R differently  

In order to directly compare the effect of divalent ions on PTH(1-34) binding to 

PTH1R-ND, I altered the reaction buffer conditions to exclude Mg2+ ions (previously 3 

mM MgCl2) and titrated 50 nM PTH(1-34) with PTH1R-ND in the new buffer (50 mM 

Tris-HCl pH 7.4, 150 mM NaCl, and 100 μM EDTA). I then repeated the titrations to test 

concentrations of both Ca2+ and Mg2+ from 0 to 100 mM. Figure 2.5 shows a stronger 

enhancement of ligand affinity by Ca2+ than Mg2+. Fitting yields the KD values for each 

concentration of Ca2+ and Mg2+ (Table 2.2). In the range of concentrations being tested 

(up to 100 mM), the KD decreases less than two fold by addition of Mg2+ while about 10 

fold by addition of Ca2+, supporting selectivity of Ca2+ in enhancing binding of PTH(1-

34) to PTH1R-ND (p<0.0001). 
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Figure 2.5: Specific Ca2+ 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-HCl 

pH 7.4, 150 mM NaCl, and 100 μM EDTA) at various concentration of (A). Mg2+ and 

(B). Ca2+. Unless specified, each curve shows the average of three replicates with error 

bars showing standard deviation. The 10 mM Mg2+, 40 mM Mg2+ and 10 mM Ca2+ 

titrations show a single experiment.  

 

Table 2.2: Binding affinity of PTH(1-34) with divalent ion concentrations 
Mg2+  Ca2+ 

Concentration (mM) KD (nM)  Concentration (mM)  KD (nM) 
0 (n=6) 1132 ± 59  0 (n=6) 1132 ± 59 
3 (n=4) 862 ± 36  5 (n=3) 200 ± 18*** 

10 (n=1) 600 ± 52  10 (n=1) 114 ±19 
15 (n=7) 732 ± 23  15 (n=3) 146 ± 6*** 
40  (n=1) 650 ± 65  40 (n=4) 61 ± 4 
100 (n=4) 628 ± 24  100 (n=4) 105 ± 6*** 

 
A one way ANOVA showed the KD value for each concentration of Ca2+ is significantly 

different than KD with 0 mM Ca2+ (p<0.0001), and the KD value for each concentration of 

Mg2+ is significantly different than KD with 0 mM Mg2+ (p<0.0001). ***t tests to compare 

the KD values of equivalent concentrations for Mg2+ and Ca2+ showed p<0.0001 for the 

following comparisons: 3 mM Mg2+ and 5 mM Ca2+, 15 mM Mg2+ and Ca2+, and 100 mM 

Mg2+ and Ca2+. 
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2.3.4 Full length PTH1R is required for calcium dependent binding 

 To explore the role of PTH1R in the Ca2+-dependent binding of PTH(1-34), we 

used a fluorescence polarization assay to measure the KD of PTH(1-34) binding to the 

extracellular domain (ECD) of PTH1R (a.a. 29-187), as used in previous studies.131, 134-136 

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 2.6). 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 KD 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.  

To determine if the lipid membrane is necessary for the Ca2+-dependent binding, 

we purified PTH1R in detergent micelles for fluorescence anisotropy experiments. The 

receptor still shows calcium dependent binding in fluorescence anisotropy assays (Figure 

2.7). The titration data does not reach saturation, suggesting that the PTH(1-34) binds 

with lower affinity to PTH1R purified in detergent micelles compared to PTH1R purified 

in nanodiscs. Thus, PTH1R appears to be less stable in detergent micelles compared to 

the nanodiscs. Because these titrations do no reach saturation, we are unable to determine 

the KD values. However, we observe an increase in ligand binding in the presence of 15 

mM Ca2+. This result suggests the lipid bilayer is not required for the Ca2+-sensing ability 

of PTH. The result also highlights the importance of nanodisc purification to stabilize 

PTH1R. 
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Figure 2.6: 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. Each curve shows the 

average of three fluorescence polarization experiments with error bars showing the 

standard deviation.  
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Figure 2.7: PTH(1-34) binding to PTH1R stabilized in detergent micelles. PTH(1-34) 

binds to PTH1R in solublization buffer (50 mM Tris-HCl, 150 mM NaCl, 5 mM CaCl2, 5 

mM MgCl2, 4 mM EDTA, 10% glycerol, 1% n-Dodecyl-β-D-maltoside (DDM)) with 

(red) and without (blue) 15 mM Ca2+. Each curve shows 3 replicates, with error bars 

showing the standard deviation. 
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2.3.5 PTH(1-34) binds to PTH1R on the cell surface with Ca2+ dependence  

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 et al. 128, 137, 138 

We used HEK293S cells overexpressing PTH1R and PTH(1-34)-FAM to measure the 

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

concentrations of PTH(1-34) in the presence and absence of 15 mM Ca2+. 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 Ca2+ while control experiments using 

uninduced HEK293 cells without PTH1R overexpression show a relatively small linear 

increase in fluorescence intensity (Figure 2.8). These results suggest PTH(1-34) binds 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 Ca2+ (Figure 2.8). The titration curves were fitted with a 

saturation binding model as described in the Methods section to obtain the average (n = 

5) KD  values of 122 ± 50 nM with 0 mM Ca2+ 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 Ca2+, corroborating the results of anisotropy measurements shown in Figure 2.3.   
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Figure 2.8: Flow Cytometry titrations of HEK293S cells. Increasing concentrations of 

PTH(1-34)-FAM were titrated with HEK293S cells induced to overexpress PTH1R in the 

presence (blue) and absence (red) of 15 mM Ca2+. As a control PTH(1-34)-FAM was 

titrated with uninduced HEK293S cells in the presence (black)  and absence (gray) of 15 

mM Ca2+. Each panel represents a single trial using the same batch of HEK293S cell 

culture performed on the same day. The fitted KD values for each trial are shown in the 

table.   
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2.3.6 Extracellular Ca2+ affects PTH(1-34) activation of PTH1R  

 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, I performed cAMP assays in the presence and absence 

of 15 mM Ca2+ (Figure 2.9).  The addition of 15 mM Ca2+ did not affect the potency of 

PTH(1-34) in activating PTH1R. Control experiments to test the effect of 15 mM Ca2+ 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+ (Figure 

2.9 inset).  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 (p<0.05). Thus, these results suggest that although 15 mM Ca2+ increases 

PTH(1-34) binding to PTH1R, it 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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Figure 2.9: PTH(1-34) activates PTH1R in the presence and absence of 15 mM Ca2+.  

HEK293S cells expressing PTH1R were stimulated with indicated concentrations of 

PTH(1-34) with 0 mM Ca2+ (red) and 15 mM Ca2+ (blue) for 30 minutes before 

harvesting to measure the concentration of cAMP. The addition of 15 mM Ca2+ does not 

change the potency of PTH(1-34) but does decrease the efficacy of PTH(1-34). Dose 

response curves show the average of 3 experiments with error bars showing standard 

deviation. Inset shows decrease in cAMP production by 15 mM Ca2+ in the absence of 

PTH(1-34) (n=3) with error bars showing standard deviation(p<0.05).   
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2.4 Discussion and conclusions  

Using our nanodisc purification method, I observed and investigated the effect of 

Ca2+ on peptide binding to PTH1R-ND. I showed the binding affinity of PTH(1-34), but 

not PTHrP(1-36), is enhanced 5-fold by 15 mM Ca2+, indicating a built-in mechanism of 

PTH(1-34) for sensing Ca2+ in millimolar concentrations. Such high Ca2+ concentrations 

are relevant in the physiological context of bone remodeling, during which extracellular 

Ca2+ concentrations reach as high as 40 mM.118 Flow cytometry titrations of HEK293S 

cells expressing PTH1R show PTH(1-34) binding increases with extracellular Ca2+ 

concentrations in a cellular context, confirming the results from our nanodisc titrations. In 

addition, PTH(1-34) shows no Ca2+-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 cAMP 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 Ca2+ is added to the 

cells in the absence of PTH(1-34), suggesting high calcium concentrations may 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 Ca2+ concentrations from 5 

to 100 mM while the same Mg2+ concentrations do not greatly affect PTH(1-34) binding 

affinities, demonstrating the effect is specific to Ca2+. Our results show that PTH(1-34) 

has the 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 Ca2+ concentrations.   
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We previously reported a 20-fold enhancement in PTH(1-34) binding to PTH1R-

ND with the addition of 15 mM Ca2+ 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.90 In the current study, we optimized the expression level of the 

inducible cell lines that stably express PTH1R by additional rounds of antibiotic 

selection.139, 140 The optimized cell lines increased the yield 10-fold, reaching 0.75 μg 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 

KD.  

In order to better understand the Ca2+-dependent binding of PTH(1-34), I 

investigated components of PTH1R that might contribute to Ca2+-dependent binding. 

Because the two domain binding model suggests that C-terminal fragment interacts with 

the extracellular domain (ECD) of the receptor, we tested the binding of PTH(1-34) to the 

ECD (Figure 2.6). The 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 

Ca2+-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)  (Figure 2.7). 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),141 thus expanding our understanding of ligand 

binding in family B GPCRs.  
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Prior to our studies, the Ca2+-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 Ca2+, we performed cell-based 

cAMP accumulation assays to measure PTH(1-34) activation of PTH1R in the presence 

and absence of 15 mM Ca2+. 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 (Figure 2.9). The observed decrease in cAMP 

production in the presence of 15 mM Ca2+ 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 Ca2+ levels are low, leading 

to bone resorption and Ca2+ release. However, PTH(1-34) has opposing effects depending 

on the duration of exposure. Prolonged exposure to PTH(1-34) breaks down bones to 

release Ca2+ while intermittent exposure leads to increased bone denisty.80, 81, 119 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 Ca2+ and our 

cAMP results show decreased cAMP production of PTH(1-34) activation of PTH1R  

with 15 mM Ca2+. Thus, it is possible that the observed Ca2+-dependent binding of 

PTH(1-34) increases its binding affinity to PTH1R while negatively regulating PTH1R 

activation to decrease cAMP production. This initial hypothesis requires future 



	 52 

experiments to determine if 15 mM Ca2+ affects other aspects of PTH1R signaling in 

more physiologically relevant experimental systems. 

 In conclusion, we have highlighted a novel, built-in Ca2+-sensing ability of 

PTH(1-34), one of two ligands that binds to PTH1R.  We determined that the Ca2+-

sensing ability of PTH(1-34) requires the full length PTH1R, and is specific to Ca2+. 

Sequence alignments allowed us to hypothesize the Ca2+-sensing ability of PTH(1-34) 

involves residues of PTH(1-34) and PTH1R, which will be discussed in chapters 3 and 4. 

Future studies aided by molecular modeling to investigate these interactions as well as 

domains of PTH1R 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. 
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Chapter 3: PTH(1-34) senses extracellular calcium to regulate binding and 

activation of PTH1R 

	
Chapter 2 detailed our investigation into the specificity and general requirements for 

Ca2+-dependent binding of PTH(1-34) to PTH1R. In order to better understand the 

mechanisms underlying this Ca2+-dependent binding, this chapter focuses on regions of 

PTH(1-34) required for this Ca2+ dependence.  First, we created a pair of chimeric 

PTH/PTHrP hormones to test if the N-terminus or C-terminus of PTH(1-34) is important 

for the Ca2+-dependent binding. We found the C-terminal PTH residues 15-34 are 

required for Ca2+ -dependent binding. Furthermore, sequence alignment of PTH(1-34) and 

PTHrP(1-36) identified two non-conserved glutamic acid residues in the C-terminus of 

PTH(1-34).  Mutating these two residues to alanine decreased the magnitude of the Ca2+-

dependent binding but did not remove it. Thus, we hypothesize other residues of PTH(1-

34) or PTH1R are also involved to coordinate the Ca2+-dependent binding. These results 

propose a built-in Ca2+-sensing mechanism of PTH1R, creating a novel understanding of 

ligand binding interactions to family B GPCRs.  

 

The work outlined in this chapter was published in the paper titled “Parathyroid Hormone 

Senses Extracellular Calcium To Modulate Endocrine Signaling upon Binding to the 

Family B GPCR Parathyroid Hormone 1 Receptor” in ACS Chemical Biology. 101 
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3.1 Introduction  

The observed Ca2+-dependent binding of PTH(1-34) is novel for a peptide 

hormone and unique among family B GPCRs. However, studies have shown cations are 

important modulators of family A and family C GPCRs. For example, crystal structures 

show a conserved Na+-binding site that shifts the conformational equilibrium of many 

family A GCPRs towards the inactive state.142 In addition, the presence of high 

concentrations of divalent cations shifted the conformational equilibrium of the 

Adenosine 2A receptor towards the active state if agonist was present.142 Furthermore, 

two family C GPCRs, the calcium sensing receptor (CaSR),143 and the metabotropic 

glutamate receptor (mGluR),144 are modulated by extracellular Ca2+. However, the 

mechanism of the Ca2+ effect on these receptors is distinct from the Ca2+-sensing ability 

of PTH(1-34). For instance, Ca2+ alone activates the CaSR with an EC50 value of around 4 

mM and binds to a distinct and conserved binding site in CaSRs.145 The mechanism of the 

Ca2+ effect on mGluR is distinct because Ca2+ binds to a specific binding site that include 

3 acidic residues of mGluR which modulates the effect of glutamate and other ligands.146 

In contrast to the specificity of Ca2+ on PTH(1-34) binding, the Ca2+ modulation of 

mGluR occurs for multiple, small molecule ligands.146 The existing work studying the 

effects of Ca2+ on the function of family A and family C GPCRs highlights the 

importance of continued investigation of PTH(1-34) Ca2+-dependent binding to PTH1R. 

Understanding the molecular details of this effect may provide novel insights into broader 

GPCR structure and function.  

Although the observed Ca2+ -dependent binding is specific PTH(1-34), both 

PTH(1-34) and PTHrP(1-36) have been studied in order to investigate difference in 
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signaling between the two peptide hormones. Sequence alignment shows that PTH(1-34) 

and PTHrP(1-36) share 70% similarity and 30% identity (Figure 2.2). Crystal structures 

(Figure 3.1) show that the C-terminus of both peptides, PTH(15-34) and PTHrP(15-36), 

are bound to the extracellular domain structurally overlap with backbone root-mean-

square deviation (RMSD) of 0.357 Å,20, 21 suggesting the observed difference in Ca2+ 

dependence is not due to major changes in molecular interactions. Combining the 

available structural studies with sequences alignment identified non-conserved, 

negatively charged residues of PTH(1-34) that might be important for Ca2+-dependent 

binding. This chapter outlines the design and characterization of PTH(1-34) mutants, 

which identified the novel, built-in Ca2+-sensing ability of PTH(1-34). These studies 

highlight the uniqueness of a single hormone with dual functions of sensing the 

extracellular environment and carrying endocrine signals.  
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Figure 3.1. Structural alignment of PTH(15-34) and PTHrP(15-36) binding. The 

structure of the extracellular domain (teal) bound to PTH(15-34) resolved at 1.95 Å (PDB 

ID: 3C4M, green)33 and PTHrP(15-36) resolved at 1.94 Å (PDB ID: 3H3G, purple)20 

show the C-terminus of the hormones interact with the extracellular domain similarly, 

with the largest difference in the C-terminal residues.  
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3.2 Experimental Materials and Methods  

 
Circular Dichroism Spectroscopy. Tested peptides were prepared in anisotropy buffer 

(50 mM Tris-HCl pH 7.4, 150 mM NaCl, 3mM MgCl2, and 100 μM EDTA).  Ellipticity 

was measured using a Jasco-J810 spectrophotometer in a quartz cuvette with a 2-mm 

path length.  Each spectrum was repeated 2 times and averaged with a step size of 0.5 nm 

and a bandwidth of 1.0 nm. Molar ellipticity was calculated from millidegrees using the 

equation: Molar ellipticity = M*100/(path length*concentration). 

 

Expression and purification of PTH1R.  PTH1R was expressed and purified as 

described in chapter 2.  

 

Fluorescence anisotropy. Fluorescence anisotropy experiments were performed and 

analyzed as described in chapter 2, with 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). 

 

Cell-based cAMP study. Cell based cAMP studies were performed as described in 

Chapter 2 with the following change in binding buffer (50 mM Tris-HCl, pH 7.4, 100 

mM NaCl, 5 mM KCl, 2 mM CaCl2, 0.5% FBS and 5% heat-inactivated FBS).  
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3.3 Results  

3.3.1. Design and characterization of mutants ligands to investigate the PTH(1-34) 

Ca2+ dependence  

Because PTH(1-34), but not PTHrP(1-36) shows Ca2+-dependent binding, I 

analyzed a sequence alignment of the two peptides. The canonical Ca2+-binding site is the 

EF-Hand, which coordinates Ca2+ ions through negatively charged Glu and Asp 

residues.147, 148 As neither PTH nor PTH1R contain and EF hand sequence, I identified 

negatively charged residues in PTH(1-34) that were not conserved in PTHrP(1-36) at 

position 19 and 22 (Figure 3.2). I created the double mutant, PTH(1-34)E19AE22A 

mutant to remove two non-conserved glutamic acids. Furthermore, it is well accepted the 

peptide hormones bind to family B GPCRs following the two-domain binding model.12, 32 

To investigate if Ca2+-dependent binding required only one of the domains of PTH(1-34) 

biding to PTH1R I created two chimeric ligands. These two chimeras contain the 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, respectively, according to the two 

domain-binding model.  

 

 

Figure 3.2: Sequence alignment of the PTH and PTHrP ligands under study. PTH 

residues (green) PTHrP residues (purple), and E19A and E22A mutations (red). 
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To determine if the chimeric and mutant ligands affected the peptide’s secondary 

structure, I collected circular dichroism (CD) spectra of each of the five tested ligands 

(Figure 3.3). The observed spectra show expected characteristics of defined secondary 

structures. The CD spectra of the chimera, PTHrP(1-14)PTH(15-34), which does not bind 

to PTH1R-ND, shows similar helical content to PTH(1-34). In addition, the spectra of 

PTH(1-14)PTHrP(15-36) shows similar negative peaks as the PTHrP(1-34) spectra. 

Thus, the CD spectra show the chimeric and mutant ligands have a defined secondary 

structure that is influenced primarily by the identity of the C-terminal residues. 

 
Figure 3.3: Chimeric and mutant peptides maintain their secondary structures. Each 

of the tested peptides showed defined secondary structures with peaks characteristic of a 

α-helix at 208 nm and 222 nm or random coil at 200 nm. Each spectrum was repeated 

twice.  
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3.3.2. Mutant ligands bind to PTH1R in the presence and absence of calcium  

Fluorescence anisotropy assays measured the effect of 15 mM Ca2+ on binding of 

the E19AE22A mutant of PTH(1-34), and two chimeras, PTH(1-14)PTHrP (15-36) and 

PTHrP(1-14)PTH(15-34) to PTH1R-ND. The peptide concentration was kept constant at 

50 nM and titrated with purified PTH1R-ND with the resulting titration curve fitted into a 

simple two-state equilibrium model, as described above. Figure 3.4 shows the titration 

curves of the average anisotropy (n≥3) at each tested [PTH1R-ND] the fitted KD are 

summarized in Table 3.1. 

Figure 3.4B shows the titrations of the E19AE22A mutant of PTH(1-34). Adding 

PTH1R-ND without Ca2+ (red) or with 15 mM Ca2+ (blue) steadily increased anisotropy. 

Addition of 15 mM Ca2+ leads to a slightly more rapid increase in anisotropy. The fitted 

KD 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 (gray) and without 

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 3.4B, Table 3.1). The 

results show that the double mutation partially abolishes the Ca2+ enhancement.  

Figure 3.4C 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) that contribute 

to the Ca2+ effect shown in Figure 3.4B. Both in the presence and absence of 15 mM Ca2+, 

the anisotropy values increase with the concentration of PTH1R-ND. Fitting the curves 

yields the KD values of 114 ± 5 nM (n = 3) without additional Ca2+ and 76 ± 4 nM (n = 3) 

with the addition of 15 mM Ca2+ (Figure 3.4C, Table 3.1). The peptide shows no binding 

to empty-ND regardless of addition of 15 mM Ca2+ (black and gray, Figure 3.4C). The 
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results show that the chimera largely eliminates the Ca2+ effect of PTH(1-34), suggesting 

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 3.4D 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 Ca2+ leads to only a slight increase in anisotropy, to ~ 0.10 (red) at the 

highest concentration PTH1R-ND (1000 nM) used in the titration. The maximum 

anisotropy value does not change from rf (0.084 ± 0.002), indicating insignificant 

binding. In the context of the two domain ligand binding model, 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 (KD in the 1 mM 

regime)20, 21 while the binding of the N-terminal domain of the peptide to the 

juxtamembrane domain of the receptor is relatively weak (KD in the 100 mM region)114, 149 

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.141 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. 
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Figure 3.4: Binding of mutant peptide ligands to PTH1R. Titrations of (A). PTH(1-

34); (B). PTH(1-34)E19AE22A; (C). PTH(1-14)PTHrP(15-36) and (D). PTHrP(1-

14)PTH(15-34) with PTH1R-ND with (blue) and without (red) addition of 15 mM Ca2+ 

or nanodiscs containing no PTH1R (empty-ND) with (gray) and without  addition of 15 

mM Ca2+ (black). Each data point in the titration curves is an average of more than three 

experiments with error bars showing standard deviation and each experiment was 

performed using independent preparations of purified PTH1R-ND.   
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*p<0.05 and **p<0.001 indicate significant difference in the fitted KD values for the    

tested ligand in the presence and absence of 15 mM Ca2+. The ratio KD (0 mM)/KD (15 

mM) for PTH(1-34) is significantly different from the same ratio for all of the other 

tested ligands p < 0.0001.  

 

 
3.3.3. Mutant ligands activate PTH1R in cAMP assays 

 In order to test the bioactivity of all peptides under study, cell-based cAMP 

accumulation assays were performed. Upon ligand binding, PTH1R undergoes a 

conformational change that activates G proteins. The activated G protein then initiates a 

signaling cascade that causes cAMP production. Thus, cAMP production was measured 

in stable HEK293S cells overexpressing PTH1R. All of the peptides were able to activate 

PTH1R (Figure 3.5). Of the tested ligands, PTH(1-34) has the best potency with an EC50 

= 0.3 ± 0.1 nM. PTH(1-14)PTHrP(15-36)  and PTH(1-34)E19AE22A share similar 

potency values with EC50 = 1.7 ± 0.9 nM and EC50 = 3.7 ± 1.0 nM, respectively. PTHrP(1-

36) and PTHrP(1-14)PTH(15-34), which shows no binding in our fluorescence 

anisotropy assay, both activate PTH1R at least 10 time worse, with EC50 = 9.4 ± 4.3 nM 

and EC50 = 12.0 ± 4.0 nM, respectively.  

Table 3.1: Binding affinity of the tested PTH1R ligands 

 Total Charges KD (nM) KD (0 mM) /  

 KD (15 mM)  Peptide + / - (net charge) 0 mM Ca2+ 15 mM Ca2+ 

PTH(1-34) 7 / 4 (+3) 1001 ± 41 204 ± 17** 4.9 ± 0.5 

PTHrP(1-36) 10 / 5 (+5) 568 ± 37 495 ± 31 * 1.1 ± 0.1 

PTH(1-34)E19AE22A 7 / 2 (+5) 224 ± 18 82 ± 6 ** 2.7 ± 0.3 

PTH(1-14)PTHrP(15-36) 9 / 4 (+4) 114 ± 5 76 ± 4 1.5 ± 0.1 

PTHrP(1-14)PTH(15-34) 9 / 5 (+4) No binding No binding NA 
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Figure 3.5: Chimeric and mutant peptides activate PTH1R to produce cAMP.  

HEK293S cells stably expressing PTH1R produce cAMP upon stimulation for 20 

minutes with the mutant and chimeric ligands. Each point is an average of 3 different 

experiments with the error bars showing SEM. 
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3.4 Discussion and conclusions  

Through these studies we determined that the Ca2+-dependent binding requires the 

C-terminal residues of PTH(15-34), specifically the negatively charged residues Glu19 

and Glu22. The results from each tested peptide mutant uncover novel information about 

both the binding and Ca2+-sensing mechanisms of PTH(1-34).  

  From the results of the double mutant titration and a comparison of the Ca2+ and 

Mg2+ effect, we propose that ligand binding to PTH1R is modulated by a combination of 

electrostatic interactions and specific Ca2+ binding. The E19AE22A mutant removed two 

non-conserved, negatively charged residues of PTH(1-34) (Figure 3.2), which decreased 

the Ca2+-dependent peptide binding to PTH1R-ND from 4.9 ± 0.5 fold to 2.7 ± 0.3 fold. 

In addition, the binding of PTH(1-34)E19AE22A (KD = 224 ± 18 without 15 mM Ca2+ 

and KD = 82 ± 6 with 15 mM Ca2+) is tighter than that of wild type PTH(1-34) (KD =1001 

± 41 without 15 mM Ca2+ and KD = 204 ± 17 with 15 mM Ca2+). The 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 (Figure 3.6). 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 et al. (2002) report of enhanced binding 

of PTH(1-34)E19R to PTH1R in competitive, radiolabeled ligand binding assays.150 More 

importantly, the addition of 15 mM Mg2+ 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 Ca2+.  
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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 Ca2+, corroborating the double mutant results by implicating residues 15-34 of 

PTH for Ca2+-sensing (Figure 3.4C). 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 3.4D). 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) (Figure 3.3). Gardella et al. (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.141 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 3.4D) 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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Figure 3.6: 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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 A recent structure of the full length PTH1R bound to a PTH(1-34) analogue 

(ePTH) resolved to 2.5 Å shows interactions of ePTH with PTH1R.25 The structure 

showed the C-terminal resides of ePTH interacts with the extracellular domain of PTH1R 

similarly to the previously published crystal structure of PTH(15-34) bound to the 

extracellular domain of PTH1R.25, 33 While the crystal structure of the extracellular 

domain shows residues E19 and E22 to be solvent exposed, the structure of full length 

PTH1R, shows possible interactions for E22. The authors show E22 is involved in a 

hydrogen bond network through a water molecule with R25 of the peptide and L174 of 

the stalk region of the extracellular domain. However, this does not negate the hypothesis 

that E19 and E22 play a role in Ca2+-dependent binding because this structure is a single 

snapshot a thermostablized receptor.25 Due to likely conformational flexibility, it is 

possible that E22 participates in the identified hydrogen bond network in this particular 

conformation and the presence of extracellular Ca2+ disrupts this interaction to favor a 

different conformation. Thus, further structural and biophysical studies of PTH1R are 

necessary to identify the mechanisms of the built-in Ca2+-sensing of PTH(1-34).  
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Chapter 4: Residues of PTH1R modulate the calcium-sensing ability of PTH(1-34) 

	
Chapter 3 highlighted the importance of negatively charged residues in the C-terminus of 

PTH(1-34) for the observed Ca2+-sensing ability.  However, mutating the two non-

conserved glutamic acid residues in PTH(1-34) at positions 19 and 22 decreased, but did 

not completely abolish the Ca2+ effect. In this chapter, I identified two, non-conserved 

loops of PTH1R with a high density of negatively charged residues. I mutated the 

residues in those loops in order to determine their effect on the Ca2+-sensing ability of 

PTH(1-34). Fluorescence anisotropy ligand binding assays showed that PTH1R 

mutations in a non-conserved region of extracellular loop 1 significantly decreased the 

Ca2+-dependent binding, while mutations in the non-conserved region of the extracellular 

domain showed a smaller effect on Ca2+-dependent binding. In combination with the 

mutant PTH(1-34), we observed complete abolition of Ca2+ dependence. Thus, we 

propose that residues of PTH(1-34)E19AE22A and the extracellular loop of PTH1R 

interact with Ca2+ to form a weak binding site.  

 

This work was performed with Allyson Ho, who made the mutant PTH1R DNA vectors, 

created stable cell lines, and measured the activation and ligand binding of D251A and 

E252A PTH1R. Shavanie Prashad measured the activation of the 8pt PTH1R and 6pt 

PTH1R in cell based cAMP assays. The PTH1R homology model was created by Dr. 

Heidi Hendrickson in collaboration with Dr. Amendra Fernando and Dr. Lucky Ahmed 

from Dr. Victor Batista’s group and Dr. Yingying Cai. 
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4.1  Introduction  

 
To investigate 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 Ca2+ 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 μM.147, 148 

Previous studies have identified weak Ca2+-binding sites in proteins that do not have a 

conserved motif but involved negatively charged residues and backbone carbonyls.151, 152 

The weak Ca2+ 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.  The 

observation that Ca2+ does not affect PTH(1-34) binding to the PTH1R extracellular 

domain (ECD) alone supports the hypothesis that both PTH(1-34) and PTH1R are needed 

for the Ca2+ effect (Figure 2.5). Moreover, sequence analysis shows that PTH1R contains 

a high density of glutamic and aspartic acid residues on the extracellular side of the 

receptor (Figure 3.6). In particular, PTH1R contains a 50-residue flexible loop on the 

ECD. This loop is not present in other family B GPCRs, but contains 8 negatively 

charged residues (Figure 4.1). In addition, the 16-residue extracellular loop 1 (ECL1) also 

includes 6 negatively charged residues (Figure 4.1). In the recent structure of full-length 

PTH1R, both the extra-long ECL1 and the 50-residue ECD loop were disordered due to 

likely flexibility. We hypothesize 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.118   
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Figure 4.1: Sequence alignment of family B GPCRs. (A).  ECD and (B). ECL1 shows 

two regions of PTH1R (red) that are not present in other family B GPCRS. (C). The 

crystal structure of PTH1R (teal) bound to a PTH analogue (green) resolved to 2.5 Å does 

not contain the identified loops in the ECD and ECL1 PTH1R because the loops are 

likely disordered (red dashed lines) (PDB ID: 6FJ3).25 
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The work presented in this chapter describes the design and expression of PTH1R 

mutants in HEK293S stable cell lines. These cell lines were used to express the desired 

mutant PTH1R for nanodisc purification and fluorescence anisotropy ligand binding 

assays with PTH(1-34) and PTH(1-34)E19AE22A. Results from these ligand binding 

assays show that ligand binding of PTH(1-34) still exhibits a partial response to 

extracellular Ca2+. However, titrations with PTH(1-34)E19AE22A show almost no Ca2+ 

response. These results show that residues of PTH(1-34) and PTH1R form a weak Ca2+.  

binding site.  While previous studies on family A GPCRs have proposed allosteric 

regulation by divalent ions142 this is the first work to show Ca2+ modulates ligand binding 

of a family B GPCR through specific residues of the ligand and receptor.  

 

4.2  Experimental Materials and Methods  

 
Mutant receptor constructs. The PTH1R mutant of interest with the C-terminal 1D4 

epitope tag was cloned into tetracycline-inducible TetO-pACMV vectors.126, 139 The 

vectors were transiently transfected into HEK293S GnTI- cells and treated with 1mg/mL 

genetecin (AmericanBio) for rounds of selection. The clonal cell line expressing the 

highest amount of PTH1R was determined by western blot and detergent purification 

using a mouse 1D4 monoclonal antibody (University of British Colombia).  

 

Expression and purification of PTH1R.  PTH1R was expressed and purified as 

described in chapter 2.  
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Fluorescence anisotropy. Fluorescence anisotropy experiments were performed and 

analyzed to measure the binding affinity as described in chapter 2, using 20 nM PTH(1-

34)-FAM or PTH(1-34)E19AE22A-FAM.  

 

Cell-based cAMP study. Cell based cAMP assays to determine the EC50 values for the 

activation each mutant receptor with PTH(1-34) were performed as described in chapter 

3.  

 

Construction of the Computational Model. A structural model of the PTH1R receptor 

was constructed using the SWISS-MODEL workspace.153-158 Homology models of the 

transmembrane and extracellular domain loops were combined with the extracellular 

domain crystal structure to create a complete model of PTH1R(24-487). The PDB entries 

4L6R159 and 3H3G20 served as templates for the transmembrane domain (TMD) and 

extracellular domain (ECD), respectively. The homology models for the TMD and ECD 

were attached at residue V171 of PTH1R, and the orientation of the ECD was optimized 

and validated based on agreement with previously published experimental data of PTH(1-

34) and PTH1R mutations.52, 160, 161 The PTH1R and PTH(1-34) hormone ligand (PDB ID: 

1HPH)162 were prepared in the Schrodinger’s Maestro 10.2.010 software package.163 The 

PTH(1-34) ligand was docked in the PTH1R receptor using the BioLuminate protein-

protein docking software (version 2.4.015, Schrodinger, New York, NY). The docked 

pose was selected based on bound position within the TMD of PTH1R and orientation 

predicted by experimental data,161, 164, 165 and one pose was selected that fulfilled both of 

these criteria. 
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4.3 Results  

4.3.1 Stable cell lines express PTH1R mutants  

Sequence alignment of the 15 family B GPCRs shows PTH1R has two non-

conserved segments, one in the extracellular domain (ECD) (residues 57-105) and one in 

extracellular loop 1 (ECL1, residues 240-282) (Figure 4.1). Both of these segments 

contain a high density of negatively charged Glu and Asp residues with 8 in the ECD and 

6 in the ECL1 segment. To determine if the residues in the ECD and the residues in 

ECL1 are important for Ca2+-dependent binding, I made 3 PTH1R constructs with the 

indicated acidic residues mutated to alanine: the 8 ECD residues (8pt), the 6 ECL1 

residues (6pt) and all 14 residues (14pt).  I generated stable cells lines for these 3 

constructs and determined the expression levels of the 6pt and the 8pt constructs to be 

40% and 80% of the WT PTH1R, respectively (Figure 4.2). These expression levels 

appeared to be enough to proceed for nanodisc purification. However, the expression of 

the 14pt construct appeared to be 10% of the wild type. In order to obtain enough of the 

14pt purified receptor, we would need to harvest from at least 90 10 cm plates, which is 

technically not feasible.  

To investigate the effect of each negative charge in the non-conserved portion of 

ECL1, we generated stable cell lines for the individual mutations (D251A, E252A, 

E254A, E258A, E259A, E260A), performed additional selections to optimize receptor 

expression and measured expression levels using western blots. We determined the 

expression levels of each mutant ranged from 50% - 150% of the WT PTH1R (Figure 

4.2B). 
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Figure 4.2: Expression levels of established stable cell lines. Expression levels 

quantified from western blots of cell lines (A). relative to previously established 

Rhodopsin stable cell line and (B). relative to the PTH1R E3 cell line. Each bar shows 

quantification from a single experiment.  

 

4.3.2 Calcium affects PTH(1-34) binding to PTH1R mutants  

In order to determine the effect of the alanine scanning mutations on the Ca2+-

sensing ability of PTH(1-34) binding, we purified each mutant in nanodiscs for 

fluorescence anisotropy experiments. I titrated 20 nM of PTH(1-34)-FAM with the 

desired receptor and fit the resulting titration curve to the binding equation for 

fluorescence anisotropy. Previous experiments with PTH1R used 50 nM PTH(1-34)-

FAM. The titrations here used a lower concentration of ligand (20 nM) and 0 mM Mg2+ 

in the anisotropy buffer in order to observe the most accurate binding affinities.  PTH(1-

34) bound WT PTH1R with KD = 716 ± 83 nM with 0 mM Ca2+ and KD = 98 ± 11 nM 

with 15 mM Ca2+ (Figure 4.3A, Table 4.1). The ratio between the KD values (0 mM Ca2+ / 

15 mM Ca2+) is 7.3 ± 1.2 (Table 4.1).  
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Titrating PTH(1-34) with the 8pt PTH1R mutant yielded KD = 668 ± 48 nM with 

0 mM Ca2+ and  KD = 123 ± 11 nM with 15 mM Ca2+ (Figure 4.3B, Table 4.1). The ratio 

between the KD values (0 mM Ca2+ / 15 mM Ca2+) is 5.4 ± 0.6 (Table 4.1). This decreased 

ratio compared to WT PTH1R shows the negatively charged residues of the flexible loop 

on the extracellular domain may play a role in Ca2+-dependent binding.   

The titration of PTH(1-34) with the 6pt PTH1R mutant yielded KD = 442 ± 62 nM 

with 0 mM Ca2+ and  KD = 123 ± 17 nM with 15 mM Ca2+ (Figure 4.3C, Table 4.1). The 

ratio between the KD values (0 mM Ca2+ / 15 mM Ca2+) is 3.4 ± 0.7 (Table 4.1). These 

results suggest that the residues in the 6pt loop affects the binding of PTH(1-34) and the 

Ca2+-dependent binding of PTH(1-34). However, we do not see a complete abolishment 

of the Ca2+ dependence of PTH(1-34), which suggests that additional residues of either 

PTH1R or PTH(1-34) are involved in Ca2+-dependent binding . Due to low expression 

rates of the 14pt PTH1R mutant, we were unable to purify high enough quantities to 

determine the binding affinity of PTH(1-34) to the receptor. Thus, the potentially additive 

effect of having both the 8pt and the 6pt mutants together was not tested. 
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Figure 4.3: Mutant PTH1R binds PTH(1-34). Fluorescence anisotropy titrations of 20 

nM PTH(1-34)-FAM with (A). WT PTH1R, (B). 8pt PTH1R and (C). 6pt PTH1R with 0 

mM Ca2+ (red) and 15 mM Ca2+ (blue). PTH(1-34) binds to each receptor and this binding 

is affected by the presence of 15 mM Ca2+. Each titrations shows n=3 with error bars 

showing the standard deviation. 

 

Table 4.1: Binding affinity of PTH(1-34) to WT PTH1R and PTH1R mutants 

 KD (without Ca2+) nM KD (with Ca2+) nM Ratio (with/without) 
PTH1R  716 ± 83 98 ± 11  7.3 ± 1.2 
8pt PTH1R  668 ± 48 123 ± 11 5.4 ± 0.6 
6pt PTH1R  442 ± 62* 123 ± 17 3.4 ± 0.7 ** 
*p<0.05 and **p<0.001 indicate significant difference in the value for the 6pt PTH1R 

mutant compared to WT PTH1R. For each receptor, the KD values with Ca2+ are 

significantly different from KD values without Ca2+ p < 0.001.  
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4.3.3 Calcium shows differential effects on PTH(1-34)E19AE22A binding to 

PTH1R mutants  

As outlined in chapter 3, we hypothesized that the built-in Ca2+-sensing ability of 

PTH(1-34) involved residues of both PTH(1-34) and PTH1R. The results in sections 

3.3.2 and 4.3.2 support this, because mutations to negatively charged residues of PTH(1-

34) or PTH1R show partial abolishment of the Ca2+-sensing ability of PTH(1-34). To test 

our hypothesis that both are involved, I performed ligand binding assays of PTH(1-

34)E19AE22A with the 6pt PTH1R and 8pt PTH1R mutants.  

First, titrating 20 nM of PTH(1-34)E19AE22A with the WT PTH1R mutant 

yielded KD = 338 ± 58 nM with 0 mM Ca2+ and  KD = 246 ± 45 nM with 15 mM Ca2+ 

(Figure 4.4A, Table 4.3). The ratio between the KD values (0 mM Ca2+ / 15 mM Ca2+) is 

1.3 ± 0.4 (Table 4.2). These values are different than those presented in section 3.3.2 both 

because other divalent ions were removed from the anisotropy buffer and the 

concentration of PTH(1-34)E19AE22A was decreased to 20 nM for more accurate 

assays.  

The binding of 20 nM of PTH(1-34)E19AE22A with the 8pt PTH1R mutant 

showed KD = 447 ± 55 nM with 0 mM Ca2+ and  KD = 307 ± 37 nM with 15 mM Ca2+ 

(Figure 4.4B, Table 4.2). The ratio between the KD values (0 mM Ca2+ / 15 mM Ca2+) is 

1.5 ± 0.3 (Table 4.2). This shows that the combination of PTH(1-34)E19AE22A and the 

8pt ECD mutant show similar Ca2+-dependent binding as PTH(1-34)E19AE22A binding 

to WT PTH1R.   

Finally, to study the effect of the 6pt PTH1R we titrated 20 nM of PTH(1-

34)E19AE22A with the 6pt PTH1R mutant and observed KD = 338 ± 58 nM with 0 mM 
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Ca2+ and  KD = 246 ± 45 nM with 15 mM Ca2+ (Figure 4.4C, Table 4.2). The ratio 

between the KD values (0 mM Ca2+ / 15 mM Ca2+) is 1.3 ± 0.4 (Table 4.2). These values 

are similar to PTH(1-34)E19AE22A binding to WT and 8pt PTH1R. 
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Figure 4.4: PTH(1-34)E19AE22A binds to PTH1R mutants. Fluorescence anisotropy 

titrations of 20 nM of PTH(1-34)E19AE22A-FAM with (A.) WT PTH1R (n=1) (B). 8pt 

PTH1R (n=2) and (C). 6pt PTH1R (n=2) with 0 mM Ca2+ (red) and 15 mM Ca2+ (blue) 

with error bars showing standard deviation. 

 

Table 4.2: Binding affinity of PTH(1-34) to WT PTH1R and PTH1R mutants 

 KD (without Ca2+) nM KD (with Ca2+) nM Ratio 
(with/without) 

PTH(1-34)    
PTH1R  716 ± 83 98 ± 11 7.3 ± 1.2 
8pt PTH1R  668 ± 48 123 ± 11 5.4 ± 0.6 
6pt PTH1R  442 ± 62 123 ± 17 3.4 ± 0.7 
PTH(1-34)E19AE22A    
PTH1R  389 ± 78 259 ± 52 1.5 ± 0.4 
8pt PTH1R  447 ± 55 307  ± 37 1.5 ± 0.3 
6pt PTH1R  333 ± 58 264 ± 45 1.3 ± 0.4 
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4.3.4 Residues of PTH1R extracellular loop 1 regulate Ca2+ dependence 

In order to identify specific residues of PTH1R important for the Ca2+-sensing 

ability of PTH(1-34), we collaborated with the Batista group to build a homology model 

of PTH1R using the crystal structure of the transmembrane domain of CRF1R published 

in 2015.166 Using a docking algorithm, they docked PTH(1-34) into the homology model 

in order to predict possible binding interactions of PTH(1-34) with PTH1R (Figure 4.5). 

When studying the location of the 8pt and 6pt mutations on PTH1R, we observed that the 

flexible loop on the ECD is spatially distinct from the hormone-binding site. However, 

the mutated residues in ECL1 are much closer, and indeed might interact with Ca2+ 

during peptide binding.  Thus, we hypothesized that a single negatively charged residue 

of ECL1 is important for the Ca2+-sensing ability of PTH(1-34). To test this hypothesis 

we created single alanine scanning mutants of the each of the 6 acidic residues in the 6pt 

PTH1R mutation with the goal of identifying specific residues of PTH1R ECL1 that are 

important for PTH(1-34) Ca2+-sensing ability. 
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Figure 4.5: Homology model of PTH(1-34) bound to PTH1R. (A). Homology model 

of PTH1R (teal) and docked PTH(1-34) shown in green. The 8pt ECD and 6pt ECL1 Glu 

(red) and Asp (orange) residues that were mutated are shown as spheres. (B). The 6 

negatively charged residues of ECL1 are in close proximity to the non-conserved 

glutamic acid resides of PTH(1-34).  The homology model was created by Dr. Heidi 

Hendrickson of Dr. Victor Batista’s group.  
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Each of the PTH1R ECL1 single mutants bound PTH(1-34) and showed partial 

Ca2+ dependence in the presence of 15 mM Ca2+. When titrated with 20 nM of PTH(1-

34)-FAM, D251A PTH1R bound to PTH(1-34) with KD = 224 ± 27 nM with 0 mM Ca2+ 

and KD = 47 ± 10 nM with 15 mM Ca2+ (Figure 4.6A, Table 4.3). The ratio between the 

KD values (0 mM Ca2+ / 15 mM Ca2+) is 4.8 ± 1.3 (Table 4.3). These dissociation 

constants in the present and absence of 15 mM Ca2+ are significantly lower than both WT 

PTH1R and the parent 6pt ECL1 PTH1R, which means tighter binding.  

PTH(1-34) binds E252A PTH1R with KD = 800 ± 90 nM with 0 mM Ca2+ and KD 

= 161 ± 21 nM with 15 mM Ca2+ (Figure 4.6B, Table 4.3). The ratio between the KD 

values (0 mM Ca2+ / 15 mM Ca2+) is 4.9 ± 0.8 (Table 4.3).  The binding affinities are 

within the same order of magnitude of WT PTH1R and the 6pt PTH1R mutant, which 

suggests that they are not important for PTH(1-34) binding or its Ca2+-sensing ability.  

When titrated with PTH(1-34), the binding affinity of E254A PTH1R was 

calculated to be KD = 375 ± 95 nM with 0 mM Ca2+ and KD = 102 ± 28 nM with 15 mM 

Ca2+ (Figure 4.6C, Table 4.3).  The ratio between the KD values (0 mM Ca2+ / 15 mM 

Ca2+) is 3.7 ± 1.0 (Table 4.3). PTH(1-34) binds E254A PTH1R tighter than WT PTH1R 

in the absence of Ca2+, but binds WT PTH1R with the same order of magnitude in the 

presence of 15 mM Ca2+.  
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Figure 4.6: Single mutants of PTH1R ECL1 bind PTH(1-34). Fluorescence anisotropy 

titrations of 20 nM PTH(1-34)-FAM with (A). D251A PTH1R, (B). E252A PTH1R, (C). 

E254A PTH1R, (D). E258A PTH1R (n=2), (E). E259A PTH1R or (F). E260A PTH1R 

with 0 mM Ca2+ (red) and 15 mM Ca2+ (blue). PTH(1-34) binds to each receptor, and the 

addition of Ca2+ increases the anisotropy for each mutant. Each titration shows an average 

of 3 experiments unless indicated with error bars showing the standard deviation. 
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Table 4.3: Binding affinity of PTH(1-34) to WT PTH1R and Ca2+-sensing mutants 

 KD (without Ca2+) 
nM 

KD (with Ca2+)  
 nM 

Ratio 
(with/without) 

PTH1R 716 ± 83 98 ± 11 7.3 ± 1.2 
8pt ECD 668 ± 48 123 ± 11 5.4 ± 0.6 
6pt ECL1 442 ± 62* 123 ± 17 3.4 ± 0.7 ** 
D251A 224 ± 27*** 47 ± 10 4.8 ± 1.3 
E252A 800 ± 90 161 ± 21 4.9 ± 0.8 
E254A  375 ± 95** 102  ± 28 3.7± 1.0** 

E258A (n=2) 649 ± 88 188 ± 22** 3.1 ± 0.7** 
E259A 553 ± 106 209 ± 56** 2.6 ± 0.9** 
E260A  392  ± 95** 237 ± 49 4.4  ± 1.3* 

*p<0.05, **p<0.001 and ***p<0.0001 indicate significant difference in the value for the 

PTH1R mutant compared to WT PTH1R. For each receptor, the KD values with Ca2+ are 

significantly different from KD values without Ca2+ p < 0.05.  

 

E258A, E259A and E260A are the three residues in ECL1 spatially closest to the 

docked PTH(1-34) in the homology model of PTH1R. In that same model, these residues 

are close to the C-terminus of PTH(1-34) which section 3.3.2 has shown is necessary for 

Ca2+-dependent binding.101 PTH(1-34) binds E258A PTH1R with KD = 586 ± 98 nM with 

0 mM Ca2+ and KD = 192 ± 27 nM with 15 mM Ca2+ (Figure 4.6D, Table 4.3). The ratio 

between the KD values (0 mM Ca2+ / 15 mM Ca2+) is 3.1 ± 0.7 (Table 4.4).  PTH(1-34) 

binds E259A PTH1R with KD = 553 ± 125 nM with 0 mM Ca2+ and KD = 209 ± 56 nM 

with 15 mM Ca2+ (Figure 4.6E, Table 4.3). The ratio between the KD values (0 mM Ca2+ / 

15 mM Ca2+) is 2.6 ± 0.9 (Table 4.3). PTH(1-34) binding to E260A PTH1R shows KD = 

392 ± 95 nM with 0 mM Ca2+ and KD = 121 ± 28 nM with 15 mM Ca2+ (Figure 4.6F, 

Table 4.3). The ratio between the KD values (0 mM Ca2+ / 15 mM Ca2+) is 3.2 ± 0.9 

(Table 4.3). The E258A PTH1R, and E259A PTH1R mutants show similar binding 
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affinities to PTH(1-34). E260A PTH1R shows tighter binding, but all 3 single mutants 

show have similar effects on the Ca2+ -sensing of PTH(1-34).  

To determine if single residues show similar abolishment of Ca2+-sensing of 

PTH(1-34)E19AE22A to the 6pt and 8pt PTH1R mutant, I performed titrations with 20 

nM PTH(1-34)E19AE22A-FAM and PTH1R E258A, PTH1R E259A and PTH1R 

E260A. These three mutants were chosen because they showed the greatest reduction in 

Ca2+-sensing ability of the six ECL1 mutations.  The preliminary data shows PTH(1-

34)E19AE22A binds to each of the single mutant receptors with no change in binding 

affinity in the presence and absence of 15 mM Ca2+.  PTH(1-34)E19AE22A binds E258A 

PTH1R with KD = 354 ± 52 nM without Ca2+ and KD = 290 ± 42 nM with 15 mM Ca2+ 

(Figure 4.7A, Table 4.4). The ratio between the KD values (0 mM Ca2+ / 15 mM Ca2+) is 

1.2 ± 0.2 (Table 4.4).  The titrations of PTH(1-34)E19AE22A with E259A PTH1R with 

KD = 318 ± 53 nM without Ca2+ and KD = 350 ± 58 nM with 15 mM Ca2+ (Figure 4.7B, 

Table 4.4). The ratio between the KD values (0 mM Ca2+ / 15 mM Ca2+) is 0.9 ± 0.1 

(Table 4.4). Finally, the binding of PTH(1-34)E19AE22A to E260A PTH1R shows KD = 

358 ± 37 nM without Ca2+ and KD = 224 ± 23 nM with 15 mM Ca2+ (Figure 4.7C, Table 

4.4). The ratio between the KD values (0 mM Ca2+ / 15 mM Ca2+) is 1.6 ± 0.2 (Table 4.4). 

The KD ratios indicate the Ca2+ sensitivity of each receptor mutant and are all similar in 

binding to PTH(1-34)E19AE22A.  

 

 



	 87 

 

Figure 4.7: PTH(1-34)E19AE22A binding to single mutants of PTH1R ECL1. 

Fluorescence anisotropy titrations of 20 nM PTH(1-34)E19AE22A-FAM with (A). 

E258A PTH1R (B). E259A PTH1R, or (C). E260A PTH1R with 0 mM Ca2+ (red) and 15 

mM Ca2+ (blue). PTH(1-34)E19AE22A binds to each receptor with decreased sensitivity 

to 15 mM Ca2+. Each point of the titration shows the average of 2 experiments with error 

bars showing the standard errors. 
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Table 4.4: Binding affinity of PTH(1-34) to WT PTH1R and PTH1R mutants 

 KD (without Ca2+) 
nM 

KD (with Ca2+) 
nM 

Ratio 
(with/without) 

PTH(1-34)    
PTH1R  716 ± 83 98 ± 11 7.3 ± 1.2 
6pt PTH1R  442 ± 62 123 ± 17 3.4 ± 0.7 
E258A (n=2) 649 ± 88 188 ± 22 3.1 ± 0.7 
E259A 553 ± 106 209 ± 56 2.6 ± 0.9 
E260A  392  ± 95 237 ± 49 4.4  ± 1.3 
PTH(1-34)E19AE22A    
PTH1R  389 ± 78 259 ± 52 1.5 ± 0.4 
6pt PTH1R  333 ± 58 264 ± 45 1.3 ± 0.4 
E258A PTH1R 354 ± 52 290 ± 42 1.2 ± 0.2 
E259A PTH1R 318 ± 53 350 ± 58 0.9 ± 0.2 
E260A PTH1R 358 ± 37 224 ± 23 1.6 ± 0.2 
 

 

4.3.5 PTH(1-34) activates PTH1R mutants in cAMP assays  

 For many GPCRs, the ligand binding affinity does not directly reflect the level of 

receptor activation. Thus, in order to determine if the mutant receptors were still activated 

by PTH(1-34), I performed cell based cAMP accumulation assays. These assays measure 

the amount of cAMP produced by stable cell lines expressing the receptor of interest. 

Each of the single mutants of PTH1R ECL1 was activated by PTH1R to produce cAMP 

(Figure 4.8). D251A, E258A and E259A showed similar EC50 values to WT PTH1R, with 

the other mutants showing slightly higher EC50 values, indicating worse potency (Table 

4.5). In particular, preliminary data from the 6pt PTH1R show PTH(1-34) activates this 

mutant more than an order of magnitude worse that WT PTH1R (Table 4.5). 
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Figure 4.8: PTH(1-34) activates the mutant receptors. Cell based cAMP assays 

measure pmols of cAMP produced by each PTH1R mutant after stimulation with 

different concentrations of PTH(1-34). n=3 for each tested mutant except the 6pt PTH1R 

(n=3) and error bars show the standard deviation. 

Table 4.5: Potency and efficacy of PTH(1-34) activation of WT and mutant PTH1R  
Receptor  Log(EC50) M EC50 (nM) Max cAMP 

produced (pmols) 
WT PTH1R -9.87 ± 0.14 0.14 77.5 ± 3.0 

8pt ECD -9.26 ± 0.21** 0.55 80.2 ± 5.5 
6pt ECL1  -8.63 ± 0.10*** 2.4 86 ± 2.9 
D251A -9.62 ± 0.09 0.24 89.1 ± 2.4 
E252A -9.40 ± 0.09* 0.41 71.3 ± 2.3 
E254A -9.13 ± 0.13*** 0.73 115.2  ± 5.3 
E258A -9.66 ± 0.16 0.22 87.5  ± 4.3 
E259A -9.63 ± 0.22 0.24 98.9 ± 6.3 
E260A -9.50 ± 0.10* 0.31 82.4 ± 2.7 

 
*p<0.05, **p<0.001 and ***p<0.0001 indicate significant difference in EC50 for the 

PTH1R mutant compared to WT PTH1R  



	 90 

 
4.4 Discussion and conclusions  

Ligand binding to family B GPCRs has long been studied through mutational 

analysis, as reviewed in 1. In addition, crystal structures of truncated ligands bound to the 

extracellular domain of their cognate receptors have revealed many of the important 

interactions crucial for ligand binding.17-31 In the case of PTH1R, ligand binding has been 

studied almost exclusively through mutational analysis of residues PTH(1-34) in order to 

develop more effective drugs for osteoporosis.107-111 However, less is known about the 

important residues of PTH1R.  The data presented here show that KD values for each 

PTH1R mutant are different in the presence and absence of 15 mM Ca2+, providing new 

insights into the ligand binding interactions of PTH1R.  By analyzing the KD values for 

each receptor mutant with or without Ca2+ we begin to understand the way PTH(1-34) 

binds to PTH1R and how the presence of high concentrations of Ca2+ affects this binding.  

Figure 4.9A shows the KD values of PTH(1-34) in the presence and absence of 

Ca2+, highlighting two important relationships. First, we can compare KD values of 

PTH(1-34) binding to each of the receptor mutants in the absence of Ca2+ (black bars). 

From this, we observed no significant change in KD for PTH(1-34) binding to 8pt PTH1R 

compared to WT PTH1R, showing the negatively charged residues of the non-conserved 

loop in the extracellular domain likely do not interact with PTH(1-34) during the ligand 

binding. In contrast, PTH(1-34) binds 6pt PTH1R about 2 fold tighter than WT PTH1R, 

suggesting these negatively charged residues may fine tune the ligand binding 

interactions. Of interest, only 3 of the 6 single ECL1 mutants showed significantly tighter 

binding of PTH(1-34) compared to wild-type, with the E252A, E258A and E259A 

mutants showing no significant change in KD. Thus, E252A, E258A and E259A likely do 
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not provide important contacts with PTH(1-34) during the ligand binding process in the 

absence of Ca2+.  In contrast, the D251A mutant showed significantly tighter binding in 

the absence of Ca2+, which suggests the residue repels a portion of PTH(1-34) during 

binding. It is possible the removal of just one or two negative charges in ECL1 causes a 

major change in the interaction of PTH(1-34) with PTH1R. Specifically, ECL1 is highly 

flexible which may affect the position of the ECL1 negatively charged residues as 

PTH(1-34) interacts with PTH1R, fine-tuning the interaction depending on the receptor 

environment. This is further supported by the fact that none of the PTH1R mutants 

significantly increases in the KD of PTH(1-34) binding with 0 mM Ca2+. Thus, the 

residues tested are not necessary for PTH(1-34) binding to PTH1R, but are likely 

involved in more complicated allosteric interactions that affect the conformational 

dynamics upon ligand binding and receptor activation.  
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Figure 4.9: Changes in Ca2+ dependence for WT and mutant PTH1R. (A). KD values 

of PTH(1-34)  binding with 0 mM Ca2+ (black) and 15 mM Ca2+ (gray) Significant 

differences in KD values of the mutant to WT PTH1R with 0 mM Ca2+ are above the black 

bars and with 15 mM Ca2+ are above the gray bars. (B). The ratio of PTH(1-34) KD with 

15 mM Ca2+ to the KD with 0 mM Ca2+. Each bar shows data from at least 3 experiments, 

with error bars showing the standard deviation.  P values were calculated using an 

ordinary one-way Anova comparing each mutant to WT PTH1R (* p<0.05, ** p<0.01, 

***p<0.0001).  
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  In the presence of 15 mM Ca2+ many of the mutants show similar binding to 

PTH(1-34) with only E258A and E259A showing significantly increased KD values 

(Figure 4.9A, gray). Because E258A and E259A significantly decreased the binding of 

PTH(1-34) in the presence of 15 mM Ca2+,  it is likely these two residues are particularly 

important for the Ca2+ dependent binding to occur. Thus, E258 and E259 may interact 

with residues of PTH(1-34) and/or with Ca2+ ions for tighter binding of PTH(1-34) in the 

presence of 15 mM Ca2+.  

Figure 4.9B shows that the receptor mutants affect PTH(1-34) binding differently 

in the presence and absence of Ca2+. We analyzed the changes in the ratio of KD with 0 

mM Ca2+ / KD  with 15 mM Ca2+, which indicates each receptor’s sensitivity to Ca2+ 

(Figure 4.9B). PTH1R has the highest KD ratio, meaning that mutant receptors with 

decreased ratios show less Ca2+-dependent binding. The KD ratios of the 8pt, D251A and 

E252A mutants were not significantly different than the KD ratio of WT PTH1R, which 

suggests these residues are not important for Ca2+-dependent binding of PTH(1-34) 

(Figure 4.9B).  However, the 6pt PTH1R and 4 of the single mutants showed 

significantly decreased KD ratios, indicating their importance in Ca2+-dependent binding. 

Residues E254, E258, E259 and E260 are in a flexible loop of ECL1, which is disordered 

in the crystal structure and shown to be flexible region in the homology model (Figure 

4.5). It is possible the presence of 15 mM Ca2+ causes a slight conformational changes in 

ECL1 that changes the binding affinity of PTH(1-34). This is supported by the crystal 

structure of a PTH(1-34) analogue bound to PTH1R, where ECL1 was too flexible to 

resolve.25  
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To determine if residues of PTH(1-34) and PTH1R are both necessary for Ca2+ 

modulation of ligand binding, I measured the binding affinity of PTH(1-34)E19AE22A to 

five of the PTH1R mutants.  Preliminary data shows no major differences in the binding 

of PTH(1-34)E19AE22A to WT PTH1R or its mutants in the presence and absence of 15 

mM Ca2+ (Figure 4.10). It is important to note this preliminary data needs to be replicated 

in order to make stronger conclusions about the effect of PTH1R mutants on PTH(1-

34)E19AE22A binding. However, these initial results suggest that Ca2+ modulates the 

interaction of PTH(1-34) with PTH1R through the negatively charged residues of PTH1R 

primarily in the ECL1. 

 

Figure 4.10: Changes in binding affinity of PTH(1-34)E19AE22A in the presence 

and absence of 15 mM Ca2+. KD values from fitted anisotropy curves show the binding 

of PTH(1-34)E19AE22A with 0 mM Ca2+ (black) and 15 mM Ca2+ (gray). Data shown 

from 2 experiments, except for WT PTH1R (n=1) and error bars show the standard 

deviation.  
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The results presented here identify residues of PTH1R that are important in 

forming one or more weak Ca2+ -binding site(s) with PTH(1-34). I hypothesize that this 

binding site primarily involves residues of the ECL1, specifically E254, E258, E259 and 

E260 and two residues of PTH(1-34), E19 and E22 (Figure 4.5).  This weak binding site 

significantly increases the binding affinity of PTH(1-34) in the presence of 15 mM Ca2+. 

It is possible the weak Ca2+-binding site causes a conformational change in ECL1 upon 

PTH(1-34) binding. Previous structural studies of family B GPCRs show conformational 

changes in ECL1 upon ligand binding and receptor activation.29, 30 Although each receptor 

has a slightly different conformation, the consistent changes in the secondary structure 

and location of ECL1 upon ligand binding highlight its importance in ligand binding 

interactions.26, 30, 31 Future studies will investigate the mechanism of the Ca2+ binding to 

PTH(1-34) and PTH1R to determine possible conformational changes that occur. In 

addition, the physiological effect of Ca2+ binding to PTH(1-34) and PTH1R is currently 

unknown. Future experiments are necessary in order to determine the effect of 

extracellular Ca2+ on the activation and signaling of PTH1R.  
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Chapter 5: Solution NMR studies show ligand binding dynamics to PTH1R 

 

Previous chapters focused on biochemical studies of ligand binding and activation of 

PTH1R, leading to the conclusion that residues of the extracellular loop 1 of PTH1R and 

PTH(1-34) form a weak binding site for Ca2+. To better understand the molecular details 

of this interaction, we decided to study PTH(1-34) binding to PTH1R using solution 

NMR. In particular, we measured changes in the transverse relaxation rates (R2) of each 

residue of 15N-PTH(1-34) with and without PTH1R present. Changes in the R2 values 

indicate changes in flexibility on a residue-by-residue basis. Previous solution NMR 

structures of 15N-PTH(1-34) show the N-terminal residues of PTH(1-34) are disordered, 

while the C-terminal residues are in an α-helix. The measured R2 values for 15N-PTH(1-

34) show the C-terminal residues exhibits elevated R2 values, which confirms the 

increased rigidity attributable to the C-terminal α-helix. In the presence of PTH1R, 

changes in R2 values signify a binding interaction with PTH1R that alters the dynamic 

motions in PTH. The changes in R2 observed in the presence of PTH1R matched 

interactions in the crystal structure PTH analogue bound to PTH1R. This preliminary 

data highlights the success of the novel method development of solution NMR to study 

changes in peptide dynamics upon binding to PTH1R. With this new system, we will be 

able to study changes in PTH dynamics as it binds to PTH1R and its mutants under many 

different conditions.  

 

This work was performed in collaboration with Dr. Pat Loria’s group. Dr. Kyle East and 

Apala Chaudhuri provided assistance and training in operating the magnet and data 



	 97 

analysis. Sol Chang of Dr. Alana Schepartz’s group provided assistance in developing 

HPLC purification methods.  
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5.1 Introduction  

To best understand the binding mechanism of PTH binding to PTH1R, it is 

necessary to examine conformational changes of the ligand and receptor during binding. 

While the nanodisc purification produces sufficient quantities of stable proteins for 

biophysical assays, it is still difficult to obtain sufficient quantities for structural studies. 

Therefore, we decided to pursue solution NMR experiments to study changes in the 

dynamics of PTH as it interacts with PTH1R.167-170  

Solution NMR experiments are an excellent tool that can be used to study 

molecular interactions with atomistic detail.167-170 The principles of NMR spectroscopy 

are based on the concept that atoms can have a spin, referred to with the spin quantum 

number I.171, 172 The nuclear spin has a unique spin angular momentum and a magnetic 

moment (μ), both of which have direction and magnitude.171 NMR experiments 

commonly probe spin- ½ nuclei such as 1H, 13C and 15N. When placed in a static magnetic 

field, B0, a spin will precess around the external field vector with a characteristic 

frequency called the Larmor frequency (ω).171 The magnitude of this frequency is 

proportional to the strength of the magnetic field and the gyromagnetic ratio (γ), which is 

the nuclei specific ratio of the magnetic moment to the angular momentum of the nuclei 

(Table 5.1). 

 

Table 5.1: Common isotopes in biological NMR experiments. 
Adapted from 171 

Isotope Gryomagentic ratio 
(γ, 106 rad s-1 T-1) Natural abundance 

1H 267.522 ~100% 
13C 67.283 1.1% 
15N -27.126 0.37% 
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When placed in an external magnetic field (B0), the spins of the nuclei align to the 

direction of the field (Z-axis). A radio frequency (rf) pulse is applied to generate a B1 

field, bringing the magnetic moments into the transverse plane (X, Y plane). The 

effective field strength (Beff) experienced by the nucleus depends on the external field 

strength and the local contributions to the chemical environment (intermolecular 

interactions, dipolar coupling).173 This shielding effect is known as the chemical shift, 

which affects the precession of the magnetic moment.174 Because the Larmor frequency is 

dependent on the strength of the magnetic field and the magnetic environment 

surrounding the nucleus, the chemical shift measures the difference between the observed 

precession frequencies from a calculated, theoretical value. Chemical shifts are different 

for nuclei in different magnetic environments, providing information about protein 

structure and dynamics.173-175 As the magnetic moment precesses orthogonal to the main 

Bo field, it generates a current that is detected and measured by a receiver coil.  The 

signal detected is the time-dependent oscillation of the magnetic field, which decreases as 

the magnetic moment relaxes back to the orientation of the bulk magnetic field on the Z-

axis. The decay and relaxation of the perpendicular magnetization is free induction decay 

(FID).  Performing a Fourier Transform of the FID yields the precession frequency of 

each nuclei, which is the primary data of the NMR experiment.170 Important information 

about biological samples can be obtained by varying the sequences of rf pulses to probe 

different nuclei and resonances.176, 177  

  After the application of an rf pulse, the magnetization relaxes in two distinct 

ways, longitudinal (spin-lattice) relaxation or transverse (spin-spin relaxation).176, 178 The 

longitudinal relaxation (T1) is the relaxation from the x-y plane back to the z-axis and is 
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measured by the rate R1= 1/T1. T1 is affected by properties such as the temperature, 

molecular weight and fast molecular motions in the same time scale as the Larmor 

frequency. A short T1 value means the magnetization recovers quickly, which means the 

NMR acquisition time can be quicker as the spin system achieves Boltzmann equilibrium 

more quickly.  The transverse relaxation (T2) is due the spins relaxing in the x-y plane 

and losing phase coherence and is measured by the rate R2 = 1/T2.  Molecular motions 

and the size and shape of the macromolecule affect R2, which provides valuable 

information about the dynamics and structure of the protein sample.171, 179, 180  

Solution NMR studies of proteins usually utilize two-dimensional (2D)181, 182 or 

three-dimensional (3D)183 experiments to study the interactions of two or three nuclei. 

Many 2D experiments probe 1H-15N or 1H-13C labeled samples, while 3D experiments 

often require 1H-15N-13C labeled samples to determine important structural information. A 

standard 2D experiment is the heteronuclear single quantum correlation (HSQC),184 

which studies the correlation between the chemical shift of protons and the chemical shift 

of 13C or 15N. The 1H-15N HSQC experiment exploits the two-bond J-coupling interaction 

between chemically bonded H and N atoms. The HSQC experiment uses INEPT185 pulse 

sequences to transfer magnetization from the proton to 15N, where the chemical shift 

evolves, and then the magnetization is transferred from the 15N back to the proton. The 

2D spectra will show a peak for each backbone amide and any N-H side chains.  

In the work presented below, I used spin-echo pulse sequences including varying 

durations of the delay times.186-188 As the delay time increases, the decay of the NMR 

signal intensity will decrease, which means the intensity of each peak will decrease in a 

single exponential fashion. We can fit the change in peak intensity vs. delay time to 
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determine the R2 values of each reside of the protein of interest.  This chapter will 

describe the use of R2 measurements of 15N-PTH(1-34) to study changes in dynamics as it 

interacts with PTH1R. 

Solution NMR has been used for many years to study the conformation of PTH(1-

34) in different conditions. Initial solution NMR work on PTH(1-34) used proton NMR, 

including 2D 1H-1H experiments, to determine possible structures of PTH(1-34) and 

PTHrP(1-36).162, 189-191  Previous work highlights the possibility of different structures of 

the hormone depending on the buffer system, with the structure of PTH(1-34) in an 

aqueous buffer system showing primarily disordered structure, with a short α-helical 

region at the C-terminus.  

More recent work used purified 15N-PTH(1-34) from E. coli for 2D NMR 

experiments.192-195 The 2D NMR experiments probed interactions of 15N-PTH(1-34) with 

an engineered PTH1R receptor mimetic,192 changes in 15N-PTH(1-34) flexibility in the 

presence of lipid micelles,195 and the binding of the Zn(II) coordination complex to the N-

terminus of PTH(1-34).194 These studies provide an important foundation for the study of 

conformational dynamics of PTH(1-34) and its interaction partners. However, the 

changes in PTH(1-34) dynamics as it interacts with PTH1R are still unknown. This 

chapter outlines work to develop expression and purification protocols of 15N-PTH(1-34) 

from E. coli, and preliminary 2D NMR experiments to identify changes in the dynamics 

of 15N - PTH(1-34) under different conditions. 
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5.2 Experimental Materials and Methods  

	
Expression and purification of recombinant PTH(1-34). PTH(1-34) with an N-

terminal thioredoxin (TRX) tag in a pET32a vector was ordered from Genscript (New 

Jersey) and was transformed into BL21-GOLD cells lines. For expression of unlabeled 

PTH(1-34), 10 mL of overnight cultures were used to inoculate 1L of growth in LB. For 

N15-labeled NMR growths, 10 mL of overnight culture were used to inoculate 1L of M9 

Minimal media. Cells were grown at 37°C and the OD600 was monitored until the cells 

reached the exponential growth phase. When OD600 = ~0.8, the cells were induced with 

0.2 mM IPTG and allowed to grow overnight  (~16 hours) at room temperature (~27°C). 

Cells were harvested, lysed by sonication and the clarified lysate applied to Ni2+-NTA 

beads and eluted with 400 mM imidazole. TRX-PTH(1-34) was concentrated and 

quantified using the OD280.  To remove the TRX tag, 0.25 Units of EK Max (Thermo-

Fischer)/mg fusion protein was added to the sample for 1 hr at ~27°C. Cleavage reaction 

was loaded onto an S75 size exclusion (GE) column in 1 M NaCl, 50 mM Tris-HCl pH 

7.4 to separate PTH(1-34) from the TRX tag. PTH(1-34) fractions were pooled, and 

purified using a reverse-phase HPLC on a C18 column. The peptide was eluted using a 

20-60% acetonitrile gradient with 0.1% trifluoroacetic acid over 20 minutes and a flow 

rate of 5 mL/min. PTH(1-34) identity was monitored throughout using LC/MS.  

	
Expression and purification of PTH1R.  PTH1R was expressed and purified as 

described in chapter 2.  
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Cell-based cAMP study. Cell based cAMP assays to determine the EC50 value of 15N-

PTH(1-34) activation of PTH1R was performed as described in chapter 3.  

	

NMR spectroscopy. NMR experiments were performed on Varian 600 MHz, 

spectrometer at 298 K. 1H-15N TROSY HSQC spectra of 15N - PTH(1-34) were collected 

with the 1H transmitter and 15N offsets set to the water resonance and 120 ppm, 

respectively. All spectra were collected with 48 transients (nt), 32 t1 increments (ni), and 

spectral widths (sw) of 8500 Hz (direct) and (sw1) 3500 Hz (indirect). NMR spectra were 

processed with NMRPipe77 and analyzed in nmrFAM-SPARKY196. 

 
15N R2 Relaxation rates were measured at 600 MHz using an echo pulse scheme with 5 ms 

between 15N refocusing pulses for delay times (τ) of: 2 ms (x2), 22 ms, 42 ms, 62 ms, 

98ms, 150 ms, 198 ms and 246 ms (x2). Intensities were measured in Sparky and fit to a 

single exponential in Prism using Eq. 5.1:  

𝑦 = 𝑦! 𝑒!!/!!!                                                   (5.1) 

where y is the measure peak intensity, y0 is the reference intensity. 
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5.3 Results 

5.3.1 PTH(1-34) expression and purification from E. coli  

I purified unlabeled, recombinant PTH(1-34) from E. coli grown in Luria Broth as 

a proof of concept before moving on to 15N-PTH(1-34) from E. coli grown in M9 

minimal media supplement with 15NHCl4. The 15N-PTH(1-34) is attached to a N-terminal 

thioredoxin (TRX) tag with an internal 6x-His tag (Figure 5.1A). I purified the fusion 

protein from the lysate using a Ni-NTA column and cleaved the collected fusion protein 

with enterokinase. After cleavage, size exclusion chromatography separated the 

Thioredoxin tag from the 15N-PTH(1-34) (Figure 5.1B). I combined the fractions 

containing 15N-PTH(1-34) for reverse phase HPLC purification on a C18 column, which 

separated 15N-PTH(1-34) from impurities (Figure 5.2). I verified the identity of the 15N-

PTH(1-34) using LC/MS (Figure 5.2) to confirm the molecular weight. I dried HPLC 

fractions in a vacuum concentrator to remove the solvent and the remaining solid was re-

suspended in the necessary buffer for NMR experiments. The final yield of the purified 

15N-PTH(1-34) was 1.9 mg from 1L of growth.  
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Figure 5.1: Expression and purification of 15N-PTH(1-34). (A). Diagram of the TRX-

PTH(1-34) fusion construct. (B). Size exclusion chromatography of the cleaved fusion 

protein shows the TRX and PTH(1-34) in Peak B and Peak C, respectively and confirmed 

by (C). 15% Tris-Tricine gel electrophoresis.  
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Figure 5.2: Purification and characterization of 15N-PTH(1-34). (A). Reverse phase 

HPLC C18 column shows the purification of 15N-PTH(1-34) (black) and the buffer 

gradient used (blue). 15N-PTH(1-34) was in peak 4 as confirmed by (B). LC/MS, which 

shows the m/z spectra for the expected molecular weight of 15N-PTH(1-34).  
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In order to confirm the recombinant 15N-PTH(1-34) activated PTH1R in cells, I 

performed cell based cAMP accumulation assays with 15N-PTH(1-34) and synthesized 

PTH(1-34) as a control to measure changes in the EC50 values. 15N-PTH(1-34) showed 

log(EC50) = -9.49 ± 0.22 M, compared to the PTH(1-34) log(EC50) = -9.47 ± 0.16 M 

(Figure 5.3). This confirms the purified 15N-PTH(1-34) activates cells with a similar 

potency.  

 

 

Figure 5.3: Recombinant 15N-PTH(1-34) activates PTH1R.  15N-PTH(1-34) (blue) 

activates PTH1R with similar potency and efficacy as synthesized PTH(1-34) (black). 

Data shown represent a single experiment.  
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5.3.2 2D 1H 15N  HSQC of 15N-PTH(1-34)  

The 2D HSQC of 15N-PTH(1-34) (260 μM, 20 mM Tris, 100 mM NaCl, 100 μM 

EDTA, pH6.8) at 25 °C showed 31 peaks (Figure 5.4) The spectra matched previously 

published spectra of 15N-PTH(1-34) at pH6.8.193-195 Peak assignments were made based on 

previously published assignments195 of 15N-PTH(1-34).  

 

Figure 5.4: 2D spectrum of 15N-PTH(1-34) (A.) Assigned peaks for 31 of the 34 

residues of PTH(1-34). Spectrum is of 260 μM 15N-PTH(1-34), 20 mM Tris, 100 mM 

NaCl, 100 μM EDTA, pH6.8 at 25 °C. 
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5.3.3 R2 values of each residue of PTH(1-34) indicate rigidity 

To determine the transverse relaxation rate of each residue of PTH(1-34), I used a 

spin-echo pulse sequence.188 The selected curves of PTH(1-34) in solution show a single 

exponential decay (Figure 5.5A). By fitting this curve for each residue, I calculated the R2 

value for each reside (Figure 5.5B). The average R2 value for PTH(1-34) is 2.5 ± 0.7 s-1. 

However, the N- and C-terminal residues both have lower average R2 values at the N- and 

C-terminal residues (average R2 = 1.5 ± 0.3 s-1), indicating greater conformational 

flexibility. Furthermore, residues 21-29 of the peptide have a higher average R2 value of 

3.3 ± 0.5 s-1, indicating less conformational flexibility.  
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Figure 5.5: R2 values for each residue of PTH(1-34). (A) Normalized peak intensity for 

six representative residues shows the peak intensity decreases with increasing delay times 

fitted to a single exponential decay curve with the rate of decay equal to the R2 value. (B) 

Calculated R2 values shown for each assigned peak. Data shown from one set of R2 

experiments, with error bars the standard deviation of the fitting to the single exponential 

decay.    
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5.3.4 PTH(1-34)  R2 values change in the presence of PTH1R  

PTH(1-34) binds to PTH1R with a dissociation constant in the nM-μM  range. 

Thus, by adding PTH1R such that 5-10% of PTH(1-34) is bound to PTH1R at a given 

time, we should not observe any significant shifts in the peaks for the labeled 15N-PTH(1-

34) because we anticipate binding to be a slow exchange process on the NMR timescale.  

However, the transient interactions between 15N-PTH(1-34) and PTH1R should affect the 

measured R2 value for each residue of 15N-PTH(1-34) in the presence of PTH1R. 

Specifically, residues of 15N-PTH(1-34) that interact with PTH1R should show increased 

R2 values because the interaction will increase the rigidity around that particular residue.   

Based on the KD of PTH(1-34) binding to PTH1R measured above, I added in 

PTH1R purified in nanodiscs to the 15N-PTH(1-34) sample such that 5% of 15N-PTH(1-

34)  is bound to PTH1R and I repeated the R2 experiments and observed no change in the 

peak positions of the 15N-PTH(1-34). For each residue, I fit the peak height intensity at 

each delayed time to a single exponential decay curve to determine the R2 value of each 

residue. Subtracting the values of PTH(1-34) in the presence of PTH1R from the PTH(1-

34) alone, I obtained ΔR2 values (Figure 5.6). The magnitude of the ΔR2 values varies 

and the large standard deviations shown make it difficult to analyze how specific residues 

of PTH(1-34) change upon interacting with the receptors. However, residues Q6, L15 and 

D30 have ΔR2 values closest to zero, showing the presence of PTH1R does not affect 

their conformational flexibility.  The residues with the largest ΔR2 values include I5, 

G12, S17, E22 and L28. However, due to the large errors in calculating the ΔR2 values, 

further experiments are necessary to obtain a more quantitative understanding of the 

changes in conformational dynamics of PTH(1-34) binding to PTH1R.  
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Figure 5.6: Changes in R2 in the presence of PTH1R. (A). The addition of PTH1R such 

that 5% PTH(1-34) is bound affects the R2 values of residues of PTH(1-34) highlighted in 

gray. (B). ΔR2 values for each residues of PTH(1-34) (R2 PTH1R + PTH(1-34) - R2 

PTH(1-34)). Each point shows data from a single series of R2 experiments with error bars 

showing standard deviation.   
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5.3.5 15 mM Ca2+ does not greatly change the R2 values of PTH(1-34)  

To determine how the presence of millimolar concentrations of Ca2+ affects the 

secondary structure of 15N-PTH(1-34), I recorded HSCQ spectra with increasing 

concentrations of Ca2+ and observed no major shifts in the peaks observed (Figure 5.7). 

These spectra show that 15 mM Ca2+ does not significantly change the structure of the 

peptide backbone.  

 

 

Figure 5.7: 15 mM Ca2+ does not affect the backbone structure of PTH(1-34).  

Spectra of PTH(1-34) alone (red) and PTH(1-34) + 15 mM Ca2+ (blue) show no change in 

peak position.  
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After demonstrating that 15 mM Ca2+ does not change the backbone structure of 

15N-PTH(1-34), I performed R2 experiments of 15N-PTH(1-34) with 15 mM Ca2+ present 

in order to measure changes in the dynamics of residues of 15N-PTH(1-34) (Figure 5.8A). 

The ΔR2 of the N-terminal residues (residues 1-11) center around 0, indicating no change 

in conformational dynamics upon the addition of 15 mM Ca2+ (Figure 5.8B). Three 

residues have positive ΔR2 values, including G12, S17, and W23, showing 15 mM Ca2+ 

affects the decreases the dynamic motions of these specific residues. Of interest, three 

residues in the C-terminus of the peptide have negative ΔR2 values: V21, R25, and D30, 

indicating increased conformational flexibility. Further studies are necessary to 

investigate the significance of the changes in ΔR2 values in the presence of 15 mM Ca2+ 

to better understand the conformational dynamics of PTH(1-34).  
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Figure 5.8: Changes in PTH(1-34) R2 in the presence of 15 mM Ca2+ PTH(1-34). (A) 

The calculated R2 values for each residues of PTH(1-34) with (purple) and without  15 

mM Ca2+. (B) ΔR2 values for each residue (R2 PTH1R + PTH(1-34) - R2 PTH(1-34)). Data 

shown are fitted values calculated from a single set of R2 experiments for each condition.   
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5.4 Discussion and future directions  

The dynamics of ligand binding to PTH1R are challenging to study and thus 

poorly understood. Previous studies of the kinetic rates for the N- and C-terminus of 

PTH(1-34) upon interaction with PTH1R showed that the N-terminus and C-terminus of 

PTH(1-34) interact with PTH1R with different rates.15, 16, 197 Furthermore, the crystal 

structures of PTH(15-34) bound to the extracellular domain (ECD) of PTH1R and 

ePTH(1-34) bound to full-length PTH1R show snapshots of the interactions between 

PTH(1-34) and PTH1R in the ligand binding process.25, 33 These studies provide an 

excellent foundation for the interpretation of changes in PTH(1-34) dynamics under 

different conditions. The preliminary studies presented here lay the foundation for 

quantifying these dynamic changes.  

First, the solution NMR structure of PTH(1-34) under physiological conditions 

show that the C-terminal residues are helical and the N-terminal residues are disordered 

(Figure 5.9).162 The R2 values presented here are consistent in magnitude for a peptide of 

this molecular weight and match this structure of PTH(1-34) in solution, with the C-

terminal residues showing higher R2 values and the N-terminal residues lower values 

(Figure 5.5). The residues in the two helical regions of PTH have distinct R2 values, with 

the C-terminal helix showing much greater rigidity. Thus, we have measured R2 values of 

PTH(1-34) that support the current structural understanding of PTH(1-34) in solution, 

highlighting the utility of this novel methods for studying the dynamics of the PTH(1-34).  
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Figure 5.9: Changes in R2 values show the rigidity of PTH(1-34) in solution. The 

calculated R2 values for each residue of PTH(1-34) mapped onto a structure of PTH(1-34) 

in solution (PDB ID: 1HPH).162 Residues are colored based on their R2 values as indicated 

with the residues with no data shown in gray.  
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The next step in developing the studies of PTH(1-34) dynamics measured the R2 

values of PTH(1-34) in the presence of PTH1R, which show intriguing preliminary 

results. With the concentration of PTH1R set such that 5% of PTH(1-34) is bound, there 

are significant changes in the measured R2 values compared to PTH(1-34) alone. 

However, the calculated ΔR2 values between PTH1R present and PTH(1-34) alone are 

low in magnitude with large error bars. Thus, the method needs further optimization, such 

as higher concentrations of PTH1R to observe larger changes in R2 values. However, 

even these preliminary results provide novel insights into the interactions of PTH(1-34) 

with PTH1R.  

By mapping the changes in R2 values of PTH(1-34) onto the crystal structure of 

PTH1R, I highlighted residues that become more rigid when PTH1R is present (Figure 

5.10). I identified residues of PTH(1-34) that show changes in R2 values in the presence 

of PTH1R and compared these residues to those shown to interact with PTH1R in the 

crystal structure.25 The difference in interactions identified from the R2 values compared 

to the crystal structure likely is due to the differences in molecular systems and the need 

for future experimental optimization. Specifically, the crystal structure shows of ePTH 

bound to PTH1R, where both ePTH and PTH1R have stabilizing mutations that likely 

affect how the hormone interacts with the receptor.25 Furthermore, ECL1 and the flexible 

loop in the N-terminal extracellular domain of PTH1R are disordered in the crystal 

structure. These flexible loops may provide crucial interactions that affect the dynamics 

of specific PTH(1-34) residues. The flexibility of these loops does not affect the 

identified interactions of the N-terminus of PTH because their interactions occur with 

residues in the transmembrane domain. In addition, ePTH contains mutations in residues 
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in the N-terminus of the peptide that constrain the conformation of the peptide and 

increase ligand-binding affinity, further complicating the comparison between the R2 

values and structural interactions.25 Regardless, this preliminary data demonstrates the 

potential power of using solution NMR to study changes in hormone dynamics upon 

interaction with its receptor. The data collected here and future studies will provide 

critical commentary on the changes in the dynamics of the native ligand upon binding to 

the native receptor that is currently unavailable using other structural and biophysical 

techniques.   
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Figure 5.10: Changes in dynamics of residues of PTH(1-34) upon interaction with 

PTH1R. (A). Crystal structure of ePTH (green) bound to PTH1R (teal) resolved to 2.5 Å 

(PDB ID: 6FJ3)25 with (B). interactions of the C-terminus of PTH(1-34) with PTH1R and 

(C). interactions of the N-terminus of PTH(1-34) with PTH1R.  Residues of ePTH that 

interact with PTH1R in the crystal structure are shown as red sticks. PTH(1-34) residues 

with changes in R2 values are shown in blue sticks. PTH(1-34) residues with changes in 

R2  that are shown to interact with PTH1R in the crystal structure are shown in pink.  
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I have established that millimolar concentrations of Ca2+ affect PTH(1-34) 

binding to PTH1R, but do not affect the conformation of PTH(1-34) alone (Figure 5.7). 

Relaxation experiments showed slight changes in R2 values of 5 residues of PTH(1-34) in 

the presence of 15 mM Ca2+ (Figure 5.8). Additional experiments are necessary in order 

to understand if the observed changes in dynamics provide further information about the 

conformation of PTH(1-34) in solution. However, the observation that Ca2+ does not 

significantly affect the backbone conformation of PTH(1-34) corroborates the hypothesis 

that Ca2+ modulation requires both PTH(1-34) and PTH1R.  

The preliminary data presented here illustrate the use of solution NMR as a 

method to study changes in dynamics of peptide interactions with PTH1R, building the 

foundation for future studies of PTH(1-34) dynamics upon interaction with PTH1R under 

different conditions, including the presence of 15 mM Ca2+. Through these experiments, I 

established that we observe small, but significant changes in R2 values for residues of 

PTH(1-34) in the presence of PTH1R, which correlate with current structural studies of 

the interaction between PTH(1-34) and PTH1R. In addition, I determined the presence of 

15 mM Ca2+ does not significantly change the backbone conformation of PTH(1-34) but 

does have small effects on the dynamics of residues in the C-terminus of the peptide. 

Future studies to combine these two observations will uncover changes in PTH(1-34) as 

it interacts with PTH1R in the presence of 15 mM Ca2+. Understanding how 15 mM Ca2+ 

changes the dynamics of PTH(1-34) as it binds to PTH1R will provide insight into the 

mechanism of the Ca2+  modulation of ligand binding to PTH1R. In combination with the 

receptor and peptide mutants described in Chapters 3 and 4, we will be able to determine 

how specific residues of PTH1R and PTH(1-34) contribute to PTH(1-34) binding to 
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PTH1R. Identifying changes in conformational dynamics of PTH(1-34) as it binds to 

PTH1R will lead to a more complete understanding of the mechanisms of PTH1R ligand 

binding, uncovering novel information about the mechanisms of family B GPCR ligand 

binding. 
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6 Chapter 6: Novel method development to investigate allosteric mechanisms of 

PTH1R  

 

Thus far, the work presented here has focused on ligand binding interactions of peptide 

hormones with the extracellular domain of PTH1R.  However, allosteric interactions are 

known to affect both ligand and G protein binding to PTH1R. For example, the data 

presented in chapter 3 provide evidence that ligand binding to PTH1R is more complex 

than the two domain binding model, highlighting the importance of allosteric interactions 

between the N- and C-terminus of the hormone in PTH1R ligand binding. However, it is 

difficult to study the effect of these allosteric interactions due to the challenge of isolating 

the N- and C-terminus of the peptide as it interacts with PTH1R. Previous work in the lab 

established a triblock molecule, which contains three primary components: a lipid anchor, 

a flexible linker containing a repeating Gly-Ser repeat sequence, and the N-terminus of 

the peptide of interest. The data presented in this chapter describe preliminary studies 

using this triblock molecule to separate the N- and C-terminus of the residue to determine 

how the two portions affect PTH1R. We combined the triblock molecule containing 

PTH(1-14), PTHrP(1-14), or a mutant PTHrP(1-14), with PTH(15-34) or PTHrP(15-36) 

for cell based cAMP assays to study how the identity of the C-terminus affects the 

activation of the N-terminal fragments. Preliminary results show that the identity of the 

C-terminal fragment affects how each N-terminal fragment activates PTH1R, with 

position 5 playing an important role.  Furthermore, previous studies show that allosteric 

interactions between extracellular ligand binding and intracellular G protein coupling 

modulate GPCR function. In order to investigate allosteric interactions of PTH1R, we 
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developed a surface plasmon resonance (SPR) platform to measure changes in ligand 

binding and G protein affinity. Preliminary data highlight the feasibility of this new 

platform. Future studies will investigate how the presence of G protein changes PTH(1-

34) and PTHrP(1-36) ligand binding and, conversely, how the presence of PTH(1-34) or 

PTH(1-36) affects the G protein binding affinity. The new methods developed in this 

chapter lay a foundation for future studies to identify important allosteric interactions that 

modulate ligand binding and activation of PTH1R.   

 

The triblock receptor activation studies were done in collaboration with Dr. Yingying 

Cai. Dr. Cai synthesized and characterized the triblock molecules and performed the 

preliminary cell based cAMP accumulation assays and I completed the assays. The SPR 

studies were done in collaboration with Dr. Ewa Folta-Stogneiw and the Biophysics 

Section of the Discovery Proteomics Core at Yale University.  
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6.1 Introduction 

The work outlined in Chapter 3 determined the components of PTH(1-34) that are 

important for the Ca2+ -dependent binding. Through these studies, I investigated if one or 

both of the two domains of binding was necessary for Ca2+ dependence using chimeric 

PTH/PTHrP peptides. Of interest, the chimeric peptide PTH(1-14)PTHrP(15-36) bound 

PTH1R much tighter than either PTH(1-34) or PTHrP(1-36), which suggests an allosteric 

interaction between the two binding domains, likely through the peptide hormone.101 We 

hypothesized the chimeric PTH(1-14)PTHrP(15-36) peptide disrupted these allosteric 

interactions to cause the tighter binding. Furthermore, the reciprocal chimeric peptide 

PTHrP(1-14)PTH(15-34) showed no binding to PTH1R, corroborating the idea that there 

are allosteric interactions between the two domains of binding through the hormone that 

are necessary for ligand binding interactions.  

Previous studies by Gardella et al (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.141 They observed that PTHrP(1-14) is incompatible with the 

PTH(15-34), but mutating the residue 5 of PTHrP (His) to the PTH residue (Ile) restores 

binding.  To investigate the allosteric interactions between the N- and C-terminus of 

ligand binding, we designed an assay to isolate the N- and C- terminus of the peptide 

ligand. Previous work in the lab established a triblock molecule, which contains three 

primary components: a lipid anchor, a flexible linker containing a repeating Gly-Ser 

repeat sequence and the N-terminus of the peptide of interest (Figure 6.1).114 We 

synthesized triblock constructs for PTH(1-14), PTHrP(1-14) and PTHrP(1-14)H5I, a 
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mutation that switches the identity of position 5 to the PTHrP residue.  Cell-based cAMP 

accumulation assays tested the activation of the triblock molecules alone, with PTH(15-

34) or with PTHrP(15-36) in order to measure how the identity of the C-terminal 

fragment affects the activation of the N-terminal fragment.  

 

 

Figure 6.1: Triblock molecules anchor into the lipid bilayer to interact with 

receptors.114 Illustration of the three components of the triblock molecule shows the 

peptide (red), Gly-Ser repeat linker (blue) and the lipid anchor (tan) and its proposed 

interactions with PTH1R. Figure adapted from 114 
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While the majority of the work outlined above focused on ligand binding 

interactions, many previous studies of GPCRs show important allosteric interactions 

between G protein binding on the cytoplasmic side of the receptor and ligand binding.91, 

97, 198 In particular, the extended ternary model of GPCR activation proposes the 

equilibrium between the active and resting state is modulated by the presence of other 

binding partners.199 In addition, G protein binding has been shown to affect ligand-

binding affinity and ligand binding has also been shown to affect G protein binding and 

activation.200, 201 To test how the presence of G protein affects the interactions of ligands 

with PTH1R, we developed SPR assays in collaboration with Dr. Ewa Folta-Stogneiw.  

Combining SPR experiments with the nanodisc purification provides a novel 

platform to investigate the extended ternary model of GPCR ligand binding and receptor 

activation. This platform only requires micrograms of purified GPCRs while allowing for 

the incorporation of many different experimental conditions and binding partners (Figure 

6.2).202, 203 SPR is a label-free method that provides quantitative kinetic and 

thermodynamic information to elucidate cross-membrane allostery of PTH1R via 

interactions with its multiple binding partners.  
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Figure 6.2: SPR platform to study ligand and G protein binding to PTH1R.  PTH1R 

(green) in nanodiscs captured on a Ni2+-NTA on the sensor chip by a 6x-His tag (red) on 

the membrane scaffold protein (purple) to measure ligand (orange) and G protein (blue) 

binding. 
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6.2 Experimental methods 

Synthesis of Peptide-Linker-Lipid Triblock Molecules. The triblock molecules were 

made as described previously.114 Briefly, PTH(1-14), PTHrP(1-14) and muPTHrP(1-

14)H5I (replacing His5 of PTHrP(1-14) with Ile) were purchased with the C-terminal 

linker and cysteine (peptide-(GS)8-Cys-CONH2, Neobiolab). The lipid with a maleimide-

functionalized headgroup (16:0 MPB PE) was obtained from Avanti. For synthesis, the 

corresponding peptide was dissolved in H2O with excess TCEP to prevent disulfide bond 

formation. The lipid was dried under nitrogen then dissolved in 1X PBS/CH3CN (3:1). 

The peptide (1 equiv.) and the lipid (3 equiv.) was mixed for 2h at 37°C. The reaction 

mixture was purified using reverse phase HPLC, and the resulting product was verified 

using LC-MS. 

 

Cell-Based Activation Assays. Cell-based assays were performed as described in 

chapter 2 with the following modifications. After ~40 hours induction, cells expressing 

PTH1R were washed with 200 μL binding buffer (50 mM Tris-HCl, pH 7.4, 100 mM 

NaCl, 5 mM KCl, 2 mM CaCl2, 0.5% FBS and 5% heat-inactivated FBS) and treated 

with 120 μL cAMP assay buffer (DMEM containing 200 uM IBMX, 1mg/ml BSA, 35 

mM HEPES, pH 7.4) with or without C-terminal portion of the peptides PTH(15-34) or 

PTHrP(15-36) at 1 μM concentration. Cells were incubated for 20 min, followed by 

addition of 60 μL binding buffer containing the desired triblock over the concentration 

range of 1 nM to 1 μM and stimulated for another 20 min.  Each point was measured in 

duplicate in each experiment, and each curve represents an average of two experiments. 
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Expression and purification of PTH1R. Nanodisc purification of PTH1R was 

performed as described in Chapter 2 above, except the elution buffer (150 mM NaCl, 50 

mM Tris-HCl pH 7.4) was modified to remove EDTA for the SPR studies.  

 

Surface plasmon resonance assays. SPR studies were performed on a BioCore T100 

instrument. A solution containing 10 μg/μL of PTH1R was loaded onto a nitrilotriacetic-

nickel (NTA-Ni2+) chip with a flow rate of 10 μL/min for 30 minutes in SPR buffer (150 

mM NaCl, 50 mM Tris-HCl pH 7.4 1% w/v BSA). The NTA-Ni2+ chip capture the 

nanodiscs through the 6x His tag on the MSP proteins.  Serial dilutions of PTH(1-34) 

from 20 μM were made in SPR buffer. To measure PTH(1-34) binding to the captured 

PTH1R nanodiscs, the peptide analyte was flown over the cells with a flow rate of 50 

μL/min for 2 minute and the resonance recorded. Changes in the response was plotted as 

a function of PTH(1-34) concentration and fit to determine the binding affinity.  Control 

experiments were performed simultaneously with empty nanodiscs captured on the NTA-

Ni2+ chip to show PTH(1-34) does not bind to nanodiscs if PTH1R is not present.  
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6.3 Results  

6.3.1 Triblock molecules activate PTH1R  

The triblock PTH(1-4) and muPTHrP(1-14)H5I molecules activated PTH1R to 

produce cAMP (Figure 6.3). However, their EC50 values were approximately100-fold 

worse than full length PTH(1-34) (Figure 3.5). When PTH1R was first incubated with 

PTH(15-34), the potency of triblock PTH did not change. However, with PTHrP(15-36), 

the potency of triblock PTH was significantly weaker. In contrast, triblock PTHrP was 

unable to activate PTH1R in any combination, even when its cognate C-terminus, 

PTHrP(15-36) was present (Figure 6.3). This shows an important allosteric interaction 

must be disrupted by separating the N- and C-terminus of PTHrP(1-36). Of note, 

PTHrP(1-36) activates PTH1R 10 fold weaker than PTH(1-34) in previous cell based 

assays, with the chimeric ligand PTHrP(1-14)PTH(15-34) also showing weaker 

activation (Figure 3.5). Thus, in completely separating the two domains of binding for 

PTHrP, we abolish receptor activation. Most interesting, mutating position 5 of PTHrP 

from His to Ile makes the muPTHrP triblock activate PTH1R with weaker potency than 

the triblock PTH (Figure 6.3). However, the ability of the mutant PTHrP triblock restore 

the activation of PTH1R due to a single point mutation at position 5 highlights the 

importance of residue 5. When tested with PTH(15-34), the muPThrP triblock shows 

similar potency to the muPTHrP triblock alone. However, the presence of PTHrP(15-36) 

increases the potency of the muPTHrP triblock 2-fold. This shows that even with the 

mutation at PTHrP position 5 to that of the PTH peptide, the presence of the cognate C-

terminus has the strongest effect on the potency of the muPTHrP triblock.  
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Figure 6.3: The identity of the peptide N-terminus affects the activation of PTH1R. 

Cell-based activation of three different triblock molecules (A). PTH(1-14) triblock (n=3), 

(B). PTHrP(1-14) triblock (n=2) and (C). mutant PTHrP(1-14)H5I (n=2) in the presence 

of different C-terminal peptide fragments.  Data shows the pmols of cAMP produced/mg 

of total protein for each sample, normalized to the maximum cAMP produced.  
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6.3.2 Surface plasmon resonance assays show ligand binding to PTH1R 

PTH1R purified in nanodiscs containing a 6x-His tag was stably captured by Ni2+-

NTA residues on the SPR sensor chips. Flowing increasing concentrations of PTH(1-34) 

over the sensor chip bound to PTH1R showed increasing resonance units. Fitting the 

change in response for each PTH(1-34) concentration showed PTH(1-34) binds to 

PTH1R on the sensor chip with a KD value of 2.8 ± 1.5 μM. With the addition of 15 mM 

Ca2+ PTH(1-34) binds PTH1R with KD = 1.9 ± 0.6 μM. Due to the weak binding affinity, 

the on and off rates were unable to be calculated. These results highlight the feasibility of 

the SPR platform for studying family B GPCR interactions using PTH1R purified in 

nanodiscs as a model system.  

 

 

Figure 6.4: SPR analysis of PTH(1-34) binding to PTH1R. PTH(1-34) binds to 

PTH1R captured on the sensor chip (black), but not empty nanodiscs captured on the 

nanodisc (gray) with (A). 0 mM Ca2+ and (B). 15 mM Ca2+. Data shows a single 

experiment with the error in KD value the standard deviation from the fitting.  
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6.4 Discussion and future directions  

The preliminary data presented in this chapter highlight the feasibility of two 

novel experimental methods to study allosteric interactions of PTH1R. The triblock 

molecule is an ideal system for separating the N- and C-terminus of the peptide in order 

to study the allosteric interactions that occur between the two domains of ligand binding. 

The preliminary results presented here using the triblock PTH, PTHrP and muPTHrP 

provide additional experimental evidence for the importance of allosteric interactions in 

modulating ligand binding to PTH1R.  We demonstrated that the identity of the C-

terminus of the peptide affects the ability of the N-terminus to activate the receptor 

(Figure 6.3). Future studies to determine if the identity of the N-terminus affects the 

ligand binding of the C-terminus will help continue to uncover how mechanisms of 

allosteric interactions within the peptide affect the activation of family B GPCRs.   

The development of the SPR platform showed PTH(1-34) bound to PTH1R 

captured on Ni2+-NTA sensor chips through the 6x-His tag of the MSP (Figure 6.4). This 

preliminary data is the foundation for additional studies to investigate allosteric 

interactions between G protein and ligand binding.  Future studies will investigate 

interactions of PTH1R with other binding partners, including PTH, PTHrP, and different 

G protein isoforms. Identifying changes in the thermodynamics and kinetics of binding 

interactions of hormones and G proteins will expand our understanding of the activation 

PTH1R, uncovering the effects of allosteric interactions on GPCR structure and function. 

Further development of the two methods described here will lead to a detailed 

understanding of the complicated allosteric interactions that modulate PTH1R ligand 

binding and activation. Upon identifying these mechanisms, these studies can be 
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combined with the novel solution NMR method discussed in chapter 5 to study changes 

in binding dynamics under many different conditions. For example, we could measure 

changes in ligand dynamics in the presence of PTH1R bound to G protein. Changes in 

PTH(1-34) dynamics in the presence of G protein will begin to establish a mechanism for 

the G protein’s effect on ligand binding to PTH1R.  This system can be used in many 

different combinations in order to fully elucidate the dynamics of ligand binding to and G 

protein interactions with PTH1R.   
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7 Chapter 7: Conclusions and future directions 

 

In work presented here, I outline an investigation into the molecular mechanisms 

of PTH1R ligand binding and receptor activation using biochemical and biophysical 

assays to study PTH1R purified using a novel nanodisc purification protocol. This project 

focused primarily on interactions between the peptide hormones and PTH1R, leading to 

several conclusions that expand upon the existing understanding of ligand binding to 

family B GPCRs.   

Through biochemical assays, I demonstrated that PTH1R purified in nanodiscs 

binds a truncated version of both PTH(1-34) and PTHrP(1-36). Interestingly, the binding 

affinity of PTH(1-34) for PTH1R was significantly increased in the presence of 15 mM 

Ca2+, while the binding affinity of PTHrP(1-36) was unaffected. This Ca2+ effect was only 

observed with the full length PTH1R, and occurred regardless of the presence of the 

nanodisc. In addition, I confirmed that the ligand-binding enhancement was not 

promiscuously activated by divalent cations, by showing that ligand binding was 

unaffected by the presence of Mg2+ (Chapter 2).  In studying residues of PTH(1-34) that 

mediate the Ca2+-dependent binding, I identified that the C terminus of PTH(1-34), 

residues (15-34), was required for the Ca2+ effect, likely through residues Glu19 and 

Glu22 (Chapter 3).  

However, the mutations in PTH(1-34) were not sufficient to remove the Ca2+-

dependent binding. Therefore, I hypothesized that E19 and E22 of PTH(15-34) interact 

with negatively charged residues in two non-conserved loops of PTH1R, one in the 

extracellular domain (ECD) and one in the extracellular loop 1 (ECL1).  I mutated the 8 
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acidic residues in the ECD loop to alanine to create the 8pt PTH1R mutant and 6 acidic 

residues of ECL1 to create the 6pt PTH1R mutant. I tested ligand binding of PTH(1-34) 

to each of these mutants and observed a decrease in Ca2+-dependent binding of PTH(1-

34) to the 6pt PTH1R. The mutations to PTH1R alone did not abolish the Ca2+ effect 

(Chapter 4).  However, combining the mutant 6pt PTH1R with mutant PTH(1-

34)E19AE22A eliminated Ca2+ dependence. Thus, Ca2+ dependence requires residues of 

both PTH(1-34) and PTH1R in order to affect ligand binding (Chapter 4).  

To study the possible mechanisms underlying the Ca2+-dependent binding of 

PTH(1-34), I used a solution NMR method to observe changes in dynamics of PTH(1-34) 

upon ligand binding to PTH1R under different conditions (Chapter 5). Preliminary data 

show changes in the transverse relaxation rates (R2) for residues of PTH(1-34) in the 

presence of PTH1R. An increased R2 value for a given residue indicates an increased 

rigidity due to interactions with PTH1R. Many of the residues with increased R2 values in 

the presence of PTH1R have been previously identified in structural studies to interact 

with PTH1R. The preliminary data highlights the feasibility of this new method to study 

changes in ligand dynamics upon interaction with different binding partners and buffer 

conditions.  

Finally, I developed two new platforms to investigate the allosteric interactions 

involved in ligand binding and activation of PTH1R. Using the novel triblock molecule, 

our lab observed that identity of the C-terminus of the peptide affects the activation of the 

N-terminus of the peptide (Chapter 6).  In addition, we developed an SPR platform to 

study allosteric interactions between ligand and G protein binding. The preliminary data 
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show SPR combined with nanodisc purification of PTH1R is a robust platform for 

studying interactions between binding partners such as the peptide ligands or G proteins.  

The preliminary experiments presented here highlight the development of novel 

methods to study ligand binding and activation of PTH1R, forming the foundation for 

many future studies. For example, the triblock molecular system is an effective way to 

separate the N- and C-terminus of the peptide during ligand binding and receptor 

activation. Future studies to determine if the identity of the N-terminus of the peptide 

affects the ligand binding affinity of the C-terminus will provide new information about 

allosteric interactions of ligand binding to PTH1R.  In addition, the novel SPR platform 

provides a method to investigate the transmembrane allosteric interactions of 

extracellular and intracellular domains with PTH1R.  Using these methods to identify 

allosteric pathways in PTH1R will inform future protein NMR studies of peptide 

dynamics under different conditions. For instance, once the effect of the presence of G 

protein on ligand binding is identified through SPR experiments, solution NMR studies 

could identify changes in peptide dynamics in the presence of PTH1R with G protein 

bound. Future studies combining the novel experimental methods developed here will 

provide the necessary experimental background to develop and test new hypotheses about 

ligand binding and activation of PTH1R.  

 The work presented in this thesis builds on the foundation of previous 

biochemical and structural analysis PTH1R ligand binding and activation. The 

combination of nanodisc purification with biophysical assays uncovered the importance 

of allosteric interactions throughout all points of ligand binding and receptor activation. 

For PTH1R, these interactions are modulated by the presence of millimolar 
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concentrations of Ca2+. Future investigations into the molecular details of these allosteric 

interactions will continue to elucidate the complex signaling mechanisms of PTH1R, 

providing a foundation for interpreting and understanding the structure and function of 

family B GPCRs. Understanding the molecular mechanisms of PTH1R will elucidate 

new details about the paradoxical signaling of PTH during the bone remodeling process, 

potentially leading to novel development of more effective treatments for osteoporosis.   
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