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ABSTRACT 

Calcium is a universal messenger that regulates many biological and pathological processes 

by interacting with crucial calcium-binding proteins like the calcium-sensing receptor (CaSR). 

CaSR is a prominent protein that regulates various signaling pathways and diseases and detects 

changes in extracellular calcium concentration and metabolites to cause calcium changes in the 

intracellular environment. The study detailed in this thesis elucidates CaSR's presumed function 

in calcium homeostasis regulation and explores the binding and functional cooperativity of 

bacterially expressed CaSR using Trp-sensitized FRET assay. The second section of this thesis 

explores the optimization of TNCA a natural allosteric modulator of CaSR as our lead compound 

with the aid of structure-based drug design to develop novel CaSR therapeutics.  

These investigations offer valuable insights into the molecular basis for CaSR-related 

diseases to facilitate the discovery of new therapeutics. 
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1 INTRODUCTION 

1.1 Calcium Dynamics and Signaling  

In organisms, Ca2+ was initially recognized as a second messenger that binds to proteins located 

on the plasma membrane, including the calcium-sensing receptor (CaSR). This binding induces 

the release of intracellular Ca2+ from the endoplasmic reticulum (ER) in a rhythmic, oscillating 

manner (1). Current research, however, reports that calcium also functions as a first messenger, 

through its strict regulation both extra and intracellularly. As a universal and versatile messenger, 

Ca2+ contributes to many biological and pathological processes, and is regulated by receptors, 

membrane channels, intracellular Ca2+ stores, and pumps. (1,2). 

Ca2+, as an important ion in cell function and signaling, acts as a messenger of survival and demise 

for complex eukaryotic multicellular and unicellular organisms. This ubiquitous biological ion is 

also implicated in a multitude of processes including  gene control, hormone release muscle 

contraction, and enzyme activation (Figure 1.1). 

Research have shown that intracellular Ca2+ concentration can be as high as 10 μM Ca2+ in 

the excited state and as low as approximately 100 nM (3) compared to the higher concentrations 

of the extracellular Ca2+ which is between 1.1-1.8 mM and up to 40 mM Ca2+ in the bone 

environment. In the endoplasmic/sarcoplasmic reticulum (ER/SR), Ca2+ stores concentrations can 

be in the range between 0.5 to 1.0 mM. Such a wide range of concentrations results in a wide range 

of Ca2+ binding affinity of multiple proteins, spanning from nM to mM. (1-3). The geometric 

coordination of Ca2+ binding sites relates to variations in Ca2+ binding affinities. Ca2+ levels are 

rigorously regulated in extracellular, intracellular, and organelle environments due to their crucial 

role as a cellular messenger. Ca2+ concentrations as low as 1.1-1.8 mM and as high as 2-3 mM can 

trigger complex intracellular and extracellular signaling cascades. Minor changes in intracellular 
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and extracellular calcium concentrations can have serious consequences, including cell toxicity 

and, in some cases, apoptosis. These Ca2+ concentrations are applicable to most cell types; 

however, varied concentrations are observed in distinct cell types.  Cells in skeletal muscles 

[Ca2+]SR have calcium storage of up to 50 mM while those in the bones have [Ca2+]o up to 40mM 

(4). Studies have also shown that cytosolic Ca2+ is maintained in the μM range (2), and variations 

in Ca2+ concentrations in the cytosol could lead to an increase in intracellular calcium and 

eventually, cell death (2). Hence calcium homeostasis is important as this ion functions as a crucial 

messenger in sustaining cell health and function.  

 

Figure 1.1 Representation of the Ca2+ signaling. 

 
The regulated absorption and excretion of Ca2+ in the kidney and intestine, primarily controlled by calcium-sensing receptors, as 

well as the synchronized actions of hormones and bone cells, all aid in the regulation of extracellular Ca2+ homeostasis. (5).  

1.2 Calcium Dynamics and Signaling Regulation by Calcium Binding Proteins 

The temporal and spatial control of calcium and Ca2+ signaling is altered by calcium-binding 

proteins (CaBPs).  Ca2+ binds to several CaBPs with Ca2+ binding affinities tailored to their 
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intracellular environments to regulate calcium dynamics and various biological and pathological 

processes. For example, calmodulin, an indispensable cytosolic CaBP, responds to intracellular 

Ca2+ changes ([Ca2+]i), resulting in a Ca2+ induced conformational change. This alteration binds to 

calcium to regulate a wide range of target proteins(6). For instance, increasing cytosolic calcium 

can cause calcium to cooperatively bind to the four helix-loop-helix Ca2+ binding motifs (EF-hand) 

in CaM to regulate numerous fundamental cellular and biological processes like smooth muscle 

contraction, cell growth, and cell proliferation (7,8).  

The calcium-sensing receptor (CaSR) and other G-protein coupled receptors sense extracellular 

Ca2+ ([Ca2+]o), changes that mediate downstream intracellular signaling cascades. Additionally, 

calcium-binding proteins such as calsequestrin (CaSQ) located at the ER/SR, channels/receptors 

like the ryanodine receptor (RyR), inositol 1,4,5-trisphosphate receptor (IP3R), as well as sarco-

/endoplasmic reticulum calcium-ATPase pump (SERCA)manage changes in the calcium 

concentration in the ER/SR. These Ca2+ levels within the cellular organelles vary significantly and 

the primary intracellular Ca2+ store that is essential for regulating intracellular and extracellular 

calcium dynamics, protein synthesis, and muscle contraction is the  ER/SR. (3,9). Many RyR, 

IP3R, and SERCA mutations can result in the malfunction of calcium signaling and lead to several 

types of diseases affecting the human body (Table 1.1). Hence the importance of understanding 

the molecular basis of these human diseases by performing structural and functional studies, which 

will be explored in chapter two. 

1.3 Ca2+ Binding Proteins 

With an ionic radius of 0.99 Å, Ca2+ can bind with 3 to 8 ligands, however, is typically coordinated 

by 7 ligands in a pentagonal bipyramidal geometry (2,10). Ca2+ binding proteins (CaBP) detect 

small Ca2+ changes and relay them to other proteins, cells, and organelles.  
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the intracellular calcium reservoirs, Calreticulin controls Ca2+ absorption and release inside the ER 

and it is a key component of glycoprotein folding quality control. Calreticulin affects key 

biological activities outside of the ER, such as cell adhesion, gene expression, and RNA stability. 

The sarcoplasmic reticulum can retain up high amount of Ca2+ for the fast Ca2+ release and refilling 

required for skeletal and cardiac muscle contraction and release, however, the bulk of this Ca2+ is 

bound to CaSQ.(15).  

Calreticulin and calcium-binding proteins (CaSQ CaBPs) store calcium ions (Ca2+) until they are 

ready to be released through the ryanodine receptor (RyR) and/ or IP3 receptor, to decrease the 

levels of calcium ions in the endoplasmic reticulum/sarcoplasmic reticulum (ER/SR).  CaSQ Ca2+ 

buffering maintains the SR-free Ca2+ concentration at approximately 1 mM, similar to the ER, 

however, in the SR, Ca2+ is bound to CaSQ instead of calreticulin, which is the protein that binds 

Ca2+ in the ER.(15). Internal cell organelles also maintain low cytosolic Ca2+ levels through their 

own Ca2+ stores. One of the largest stores belongs to ER/SR with Ca2+ concentration at 0.1–1 mM, 

while the mitochondria maintain Ca2+ in the at nM to μM range. Cellular signaling is strongly 

influenced by CaBP, Ca2+ gradients and fluctuations in these gradients, as well as CaBPs 

functioning impairment, which can induce physiological disorders. 

1.4 The C G-Protein Coupled Receptors Family 

G-protein-coupled receptors (GPCRs) are a highly abundant and extensively researched 

set of genes in mammalian genomes. Every GPCR possesses a shared functional component 

consisting of seven helical transmembrane helices (7TM), an N-terminal located in the 

extracellular domain (ECD), a C-terminal in the intracellular domain (ICD), and extracellular and 

intracellular loops that connect the 7TM helices. Ligand binding occurs through the involvement 

of the extracellular loops and N-terminus, whereas interaction with intracellular signaling proteins 
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γ-aminobutyric acid B receptors (GABAβ receptors), metabotropic glutamate receptors (mGluR 

or GRM), pheromone receptors, Ca2+-sensing receptors (CaSR), and taste receptors (TAS1R1-3) 

(19). 

 

Figure 1.2 (Left) The modeled CaSR ECD to mGluR1 (Right) Determined CaSR ECD 

to mGluR1 (PDB IDs 1EWR and 1ISR) 

Modeled ECD (orange) and determined structure (PDB ID 5FBK) overlapping structures. The spheres that represent the putative 

Ca2+ and Mg2+ ions are red and yellow, respectively. Adopted from Deng et al., 2020. 

1.5 The Calcium-Sensing Receptor  

The discovery of the Ca2+ sensing receptor (CaSR) by Dr. Brown et al (19) has provided a 

fresh outlook on comprehending Ca2+ signaling. Detecting extracellular Ca2+ is crucial for 

controlling the activity of parathyroid cells, as Ca2+ can function as extracellular (primary) 

signaling molecules. Extracellular Ca2+ acts as a first messenger through CaSR-mediated 

activation of several intracellular signaling pathways. These pathways include the activation of 

phospholipases C, A2, and D, as well as different mitogen-activated protein kinases (MAPKs). 

Additionally, extracellular Ca2+ inhibits the production of cyclic adenosine monophosphate 

(cAMP). The CaSR protein is composed of a 600-residue N-terminal extracellular domain (ECD) 

that is folded into a pattern resembling a Venus flytrap. This is followed by a seven-pass 

transmembrane region and a cytosolic C terminus. The ECD has been demonstrated to play a 
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Figure 1.3 Schematic representation of the CaSR signaling pathway 

 
The CaSR receptor is depicted in a dimeric form, with the VFT domain, and bound to calcium in the hinge region. 

Additionally, it is shown interacting with various agonists and antagonists. The following is the overarching pathway for 

GPCR superfamily C proteins. Upon binding to an agonist, the protein becomes activated and subsequently forms 

associations with the alpha, beta, and gamma complexes, leading to the release of the G protein Gq, specifically the 

alpha-q subunit. This release then triggers the activation of phospholipase C, specifically the PLCβ enzyme. PLCβ 

enzymatically converts phosphatidylinositol bisphosphate (PIP2) into diacylglycerol (DAG) and IP3. DAG stimulates 

the activation of protein kinase C (PKC) and its subsequent effectors, whereas IP3 triggers the release of calcium ions 

(Ca2+) from the endoplasmic reticulum (ER). Adopted from Zhang et at., 2015. 

1.6 Diseases and Mutations associated with the Calcium-sensing Receptor. 

The discovery of the CaSR and its role in regulating physiological calcium levels led to the 

recognition of calcium homeostasis disorders linked to abnormal receptor activation. CaSR 

mutations can lead to either a nonfunctional receptor or an overactive receptor. Most of these 

mutations associated with diseases are missense mutations, which cause the replacement of a 

single amino acid. Additionally, there have been documented instances of amino acid insertions, 

deletions, shifts in open reading frames, and alterations in splice sites (27). More than 390 CaSR 

mutations have been found, and these mutations have been linked to several disorders, including 

familial hypocalciuric hypercalcemia (FHH) and neonatal severe hyperparathyroidism (NSHPT), 

and result in a decrease in CaSR sensitivity to extracellular calcium concentration ([Ca2+]o) (27-



12 

29). Activating mutations in the CaSR-ECD, on the other hand, have been related to autosomal 

dominant hypocalcemia (ADH) and various cancers.(30). Out of these 390 mutations, more than 

225 mutations are exclusively present within the ECD, constituting a significant proportion of over 

57% of the mutations linked to CaSR-related diseases. The prevalence of mutations in the ECD is 

unsurprising, as binding assays and mutation studies have shown the binding of Ca2+to CaSR ECD. 

Furthermore, if we classify these diseases based on their direct relation to the disruption of Ca2+ 

homeostasis caused by CaSR mutations (FHH, ADH, and NSHPT), a notable pattern emerges. 

Among the 216 mutations associated with CaSR, a significant subset of 134 mutations is found in 

the ECD. This remarkable correlation accounts for 62% of the total mutations that lead to these 

diseases. 

Even though there are multiple drugs that target CaSR, including FDA approved cinacalcet, 

definitive identification of the binding sites of these compounds remains elusive until recent EM 

structure determination(refs) and these drugs have adverse effects that limited to patient usage. 

The third chapter of this thesis delves into structure-based drug design involving the wild-type 

(WT) CaSR, but forthcoming research endeavors will prioritize the evaluation of CaSR mutations. 

1.6.1 CaSR-mediated integration of calcium signaling 

The calcium-sensing receptor (CaSR) is a pivotal player for the regulation of extracellular 

calcium homeostasis via response to changes in the concentrations of divalent cations. It also 

contains a plethora of extracellular stimuli that initiate various signaling pathways. While, there 

are still lapses in our understanding of CaSR-mediated network of intracellular Ca2+-signaling and 

associated mechanisms in extracellular Ca2+ binding cooperativity, recent studies have shown that 

CaSR dynamically integrates signals from extracellular calcium with homotropic and heterotropic 

cooperativity to precisely modulate intracellular signaling at a molecular scale. This newfound 
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1.6.2 Challenges faced studying the Calcium sensing Receptor. 

Several key problems must be solved to improve understanding of calcium signaling 

integrated by the calcium-sensing receptor and the molecular basis of diseases: First to understand 

the structural and functional relationship of CaSR, it is necessary to identify calcium binding sites 

on the CaSR-ECD as is directly connected to functional cooperativity. Also, CaSR is a membrane 

protein with r hydrophobic transmembrane domain that is difficult to extract from cells. 

Furthermore, glycosylated proteins such as CaSR present difficulties in crystallization and 

investigation using X-ray crystallography. This difficulty stems from the complicated structure of 

the CaSR's glycans, which can obstruct the protein's crystallization process. Furthermore, 

mammalian expressed CaSR (mCaSR) is both expensive and difficult to purify, adding to the 

complexity of studying its structure and functions. 

To overcome these challenges, we utilized a bacterial expression method to express CaSR. 

It is worth mentioning, however, that CaSR expressed in bacteria is more susceptible to cleavage 

and  protein precipitation. To overcome this challenge, formulation studies of modified buffers can 

be done to avoid such protein precipitation when operating at room temperature. 

Third, the calcium-sensing receptor (CaSR) is a large membrane protein with a total of 1078 amino 

acids. The extracellular domain (ECD), which is made up of 612 amino acids on its own, plays a 

major role to CaSR's basic functionality Furthermore, bacterial expressed CaSR is a monomer of 

the extracellular domain unit, emphasizing its potential value in investigating intrinsic effects. 

Nonetheless, the methodologies for directly measuring the cooperatively binding of calcium ions 

and amino acids to the extracellular domain of CaSR requires  carefully investigated. Directly 

tracking the structural changes caused by ligand binding in CaSR's extracellular domain can be 

probed by Fluorescence Resonance Energy Transfer (FRET) assays, such as  Terbium sensitized 
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ligands, reducing the effect of CaSR agonists and co-agonists. Furthermore, the effectiveness of 

the calcium-sensitive dye Fura-2 to aid intracellular calcium imaging is dependent on parameters 

such as temperature and time, which govern  cellular absorption. The goal of the research presented 

in this thesis is to address the complications inherent in the study of CaSR and to understand how 

CaSR orchestrates calcium-mediated signaling, which will aid in the development of innovative 

treatment strategies for CaSR-related illnesses. 

1.7 Previous work done in the Yang Lab 

The Yang lab reported the first crystal structure of the extracellular domain (ECD) of 

human CaSR bound with Mg2+ and a tryptophan derivative ligand at 2.1 Å. The structure reveals 

important determinants for cooperative activation of the CaSR by metal ions and aromatic amino 

acids, including key residues in the ECD participating in Mg2+ and amino acid binding. In addition, 

extensive interactions between the disulfide-linked dimeric ECDs and their respective subdomains 

that produce a closed and likely active conformation of the Venus flytrap motifs of the two ECDs 

are present. The unexpected tryptophan derivative (TNCA) that was bound in the hinge region 

between two ECD subdomains represents a novel high-affinity co-agonist of CaSR that potentiates 

activation of the full-length CaSR expressed in HEK293 cells by Ca2+ and Mg2+(36).A major 

challenge faced with the screening of TNCA and TNCA derivatives was the fact that aromatic 

amino like L-Trp and L-Phe, and peptides all occupy the same binding pocket as TNCA(37,38) 

(Figure 3.1). The positioning of aromatic amino acids/TNCA within the hinge region of the 

homodimer CaSR ECD suggests that they are tightly located in that region and due to the 

considerable size of the dimerized CaSR-ECD, assessing binding affinity directly through 

conventional in vitro binding assays presents a significant challenge. 
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Hence it is important develop a sensitive assay for monitoring functional responses such 

as cytosolic calcium in response to extracellular calcium, magnesium, amino acids, other co-

agonist, and antagonists for drug discovery (chapter three). It was discovered that standard cell 

culture media, Dulbecco's Modified Eagle Medium (DMEM) contains amino acids that are 

endogenous ligands for CaSR, which will compete with the binding of certain ligands reducing 

the effects of CaSR agonists and co-agonists. Optimizing cell growth protocols such as the use of 

amino acid-free media enhances CaSR activity. The research presented in this thesis aims to 

address these challenge when studying CaSR to understand how CaSR integrates the Ca2+-

mediated signaling to aid in the discovery of drug treatments for CaSR diseases. 

1.8 Temporal-spatial calcium dynamics 

Spatial-temporal Ca2+ dynamics is a prevalent method of signal transmission, 

encompassing processes such as muscle contraction, fertilization, and gene control. The presence 

of high concentrations of Ca2+ ions across various subcellular membranes, such as the plasma 

membrane, endoplasmic reticulum (ER) membranes, mitochondria, and other organelles, is 

responsible for initiating these signaling cascades. In addition, the time scale of Ca2+ varies from 

milliseconds during muscle contractions to days. Fluctuations in the extracellular environment, 

such as changes in the voltage of the plasma membrane, stimulate voltage gated Ca2+ channels 

(VGCCs), causing them to generate highly accurate Ca2+ signaling within a matter of 

milliseconds(39). 

During muscle contraction, the DHPR is responsible for initiating the release of Ca2+ from the 

endoplasmic reticulum (ER) membrane by activating the ryanodine receptors (RyR). This release 

occurs within a matter of milliseconds. Following the release of Ca2+, a phenomenon referred to 
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as " Ca2+sparks" occurs in the cytosol, with a rapid rise time of around 10 milliseconds to reach its 

peak, and subsequently, a half-decay time of approximately 20 milliseconds. 

In contrast, the activation of transient receptor potential (TRP) channels and Orai receptors 

on the cell membrane takes place over a longer time frame, ranging from 1 to 10 seconds. Inside 

the cell, the regulation of Ca2+dynamics involves various components, including RyR, IP3R, and 

SERCA within the ER membrane. These components contribute to the modulation of Ca2+levels 

across different time scales. IP3 receptors (IP3R) are involved in regulating Ca2+dynamics over a 

span of 10 to 60 seconds, while SERCA functions on a faster scale of 0.05 to 5 seconds. 

Furthermore, the mitochondrial Ca2+uniporter (MCU), situated on the mitochondrial membrane, 

exhibits a moderate rate of Ca2+kinetics. This provides an additional layer of regulation to the 

intricate orchestration of calcium dynamics within the cell. 

 

Figure 1.4 Calcium oscillations serve as indicators of intracellular processes. 
Ca2+ oscillations with different frequencies inside the cell regulate numerous biological processes.    
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1.9 Impact of calcium stores on calcium related diseases 

Calcium (Ca2+) imbalances can cause a variety of difficulties since Ca2+ is essential for key 

tasks such as muscular contraction, heart functioning, and bone growth. Intracellular Ca2+ 

dynamics are tightly controlled by extracellular signaling as well as the maintenance of internal 

Ca2+ stores. External Ca2+ enters the cell via numerous channels such as receptor-operated channels 

(ROCs), store-operated channels (SOCs), and voltage-operated channels (VOCs). 

 

The calcium-sensing receptor (CaSR), a transmembrane protein, is critical in binding 

extracellular Ca2+ and then triggering Ca2+ release from the ER. Understanding calcium binding, 

and how functional signaling pathways impact CaSR-mediated intracellular responses, would 

provide more insight into the molecular processes behind illnesses regulated by Ca2+ dynamics 

that are dictated by CaSR. This discussion will investigate disorders connected with Ca2+ 

homeostasis abnormalities, with a special focus on problems associated with the endoplasmic 

reticulum/sarcoplasmic reticulum (ER/SR), a key Ca2+ storage organelle, as well as 

neurodegenerative diseases (Table 1.1) (27,40,41).  

Table 1.1-ER/SR associated protein diseases related to calcium signaling. 
A detailed description of the following CaSR-related diseases can be found in sections 1.8.1 along with their  

appropriate references.  

Inositol Trisphosphate 

Receptor (IP3R) 

Ryanodine Receptor (RyR) Sarco/Endoplasmic 

Reticulum Calcium-

ATPase (SERCA) 

pump 
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▪ Alzheimer’s 

Disease (AD) 

▪ Bipolar Disorder 

(BPD) 

▪ Spinocerebellar 

ataxia 15 and 29 

(SCA15/29) 

▪ Huntington’s 

Disease 

▪ Schizophrenia 

▪ Amyotrophic 

Sclerosis (ALS) 

▪ Epilepsy 

 

▪ Malignant 

Hyperthermia (MH) 

▪ Catecholaminergic 

Polymorphic 

Ventricular 

Tachycardia (CPVT) 

▪ Central Core Disease 

Myopathy (CDD) 

▪ Multiminicore 

Disease with 

External 

Ophthalmoplegia 

(MMDO) 

 

▪ Brody 

Disease 

▪ Darier 

Disease (DD) 

▪ Type II 

Diabetes 

▪ Acrokeratosis 

Verruciformis 

(AKV) 

 

  

1.10 Objectives and Overview of This Thesis 

The primary purpose of this study is to develop a working model to illustrate that the 

various calcium binding sites  in the extracellular domain of CaSR  work together to activate CaSR. 

In chapter two, we report validating the presence of several Ca2+ binding sites and establishing a 

working model which shows how this receptor is activated in the presence of positively charged 

ions and endogenous ambient amino acids. We also detail improving the expression and 

purification of bacterial CaSR ECD We employed  Tb fluorescent binding assay with FRET 

spectroscopy to examine the conformational variations  and the binding cooperativity of metal 

binding sites of bacterially expressed CaSR We also assessed the binding affinity and cooperativity 

of CaSR in the presence of cations and allosteric modulators like TNCA and AMG-416. 

The third chapter of this thesis discusses the functional studies carried out using cell 

population assay and single cell imaging  to understand the allosteric processes of TNCA and its 

derivatives synthesized from structure-based drug design, 76Br- Labeling, 125I-labeling, and 
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2  THE FUNCTION AND STRUCTURE OF THE CALCIUM-SENSING RECEPTOR 

2.1  Introduction 

G protein-coupled receptors (GPCRs), which are located on the cell membrane, are the 

largest protein family that is encoded by the human genome because of their presence. CaSR is a 

member of the family C of the G-protein-coupled receptor (GCPR), which is responsible for the 

conversion of extracellular impulses into important physiological effects (42)  CaSR is primarily 

expressed in the cells of the thyroid and parathyroid glands, as well as the cells of the kidneys. It 

possesses a 7TM domain, a cysteine-rich domain (CRD), an intercellular domain (ICD), and a 

large extracellular domain (ECD), and it plays a role in the regulation of the secretion and 

reabsorption of parathyroid hormone in the renal system.(43-45). It is widely expressed in the 

epidermis, gastrointestinal tract, central nervous system (CNS), cardiovascular system, bone, 

kidney, breast, and parathyroid tissues and performs key functional roles in normal and 

pathological control (46-49). Prior to the discovery of CaSR in 1993 by Dr. Edward Brown of the 

Endocrine-Hypertension Division of the Department of Medicine at Brigham and Women's 

Hospital and Harvard Medical School in Boston, Massachusetts, United States of America, Ca2+ 

was considered a second messenger responsible for the regulation of intracellular calcium 

concentration. Subsequent studies  however, confirmed that Ca2+ acts as a first messenger through 

CaSR which senses changes in extracellular Ca2+ concentration activating many pathways in 

signaling networks that are critical for numerous physiological and biological functions. (44) There 

is a significant role that CaSR plays in the regulation of calcium homeostasis, and it has been 

utilized as a therapeutic target for cases of diseases that are related to calcium. such as 

hypocalcemia, hypercalcemia, familial hyperparathyroidism, and hypoparathyroidism, cancer, 

kidney failure, and bone diseases such as atherosclerosis and osteoporosis. Ca2+ is the primary 
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of metal-binding sites impede our comprehension of how the extracellular domain of CaSR 

coordinates its activation by amino acids, divalent cations, and allosteric modulators through 

cooperativity. 

2.2  Previous structural and functional studies of CaSR  by Yang Lab 

Preliminary studies carried out in the Yang lab by Huang et al. (57) used a grafting approach and 

employed model structures of CaSR based on structural homology to mGluR, to dissect the Ca2+ 

binding sites and identify potential Ca2+ sensing sites in the receptor. Using computational 

algorithms that leverage similar structural characteristics of Ca2+ binding sites over a wide range 

of proteins, she was able to predict multiple possible Ca2+ binding sites. Upon the removal of these 

projected ligand residues in the full-length CaSR structure, significant changes in the cellular 

responses to extracellular calcium were observed. Incorporating the sequences individually into 

CD2, a non-binding host protein by a grafting approach and Tb3+ FRET assay, Huang’s studies 

confirmed the prediction of two consecutive Ca2+ binding sites.  The engineered  proteins  possess 

the ability to bind to Ca2+ and Ln3+ ions. Their findings from high-resolution nuclear magnetic 

resonance (NMR) of bacterially purified protein subdomains containing calcium binding sites  

supported her previous hypothesis regarding the presence of these calcium ion (Ca2+) binding 

locations in the extracellular domain (ECD) of the calcium-sensing receptor (CaSR).(57) 

Zhang et al. further investigated the impact played by the Ca2+ binding site 1, which is 

situated in the hinge region of the ECD of CaSR. The objective was to understand its interaction 

with other binding sites within the ECD and how this interaction enhances the functional positive 

homotropic cooperativity in CaSR's response to extracellular calcium. Zhang et al made a 

significant finding by identifying a binding pocket for L-Phenylalanine (L-Phe) near Ca2+ binding 

site 1. This discovery is important as studies have shown the L-Phe site plays a crucial role in the 
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positive heterotropic cooperativity between L-Phe and [Ca2+]o, which ultimately leads to the 

activation of [Ca2+]i oscillations via CaSR.(23)  

Zhang et al. continued his work on CaSR, by optimizing the expression and purification of 

the full-length of the ECD of CaSR in a mammalian expression system. Extensive glycosylation 

and limited biophysical assays to observe these weak interactions in solution. To overcome these 

challenges, the glycosylated CaSR ECD was purified (res. 20-612). This domain is either 

composed of high mannose or complex N-glycan structures, depending on the specific host cell 

line utilized for the recombinant expression. The purified dimers from these two glycosylated 

forms of CaSR ECD exhibited similar secondary structures characterized by 50% α-helix, 20% β-

sheet content, and a well buried tryptophan environment. (58) 

Zhang et al. purified the CaSR ECD from two sources, first from a wild-type mammalian 

expression host utilizing 293-F cells which produced complex type N-glycan structures, and then 

HEK 293S (GnTI-) cell lines. After trimmed off glycosylation, the purified and concentrated CaSR 

ECD was used in several binding assays to demonstrate the cooperativity binding of Calcium and 

Phe. The purified ECD from mammalian expression system is a dimer and was used for the first 

determination of x-ray structure of the ECD CaSR that revealed several metal binding sites and 

the discovery of a Trp derivative, TNCA (Fig 2.2).  

2.2.1    Expression and Optimization of Bacterial expressed CaSR in Rosetta-gami cells 
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The bacterial expression of CaSR ECD was optimized in Escherichia coli (E.coli) cells, 

with the use of Rosetta-gami to reduce degradation and enhance protein yield.

 

Figure 2.1 bCaSR ECD expressed in Rosetta-gami DE3 E. coli cells. 

 
The bacterial Calcium Sensing Receptor Extracellular Domain (bCaSR ECD) consists of a cysteine-rich region and a 

signal peptide, with a Flag tag incorporated using the pRSET plasmid. Using affinity chromatography via Fast Protein Liquid 

Chromatography (FPLC) the protein was purified, utilizing a Histidine-tagged (His-tag) column. Western blot analysis was 

conducted using a Flag antibody (58). 

a - The wild-type (WT) bacterial expressed CaSR ECD was produced in Rosetta-gami (DE3) pLys at a temperature of 

30°C. The inset showing the Coomassie blue staining of specific fractions acquired from the purification process. b - Comparable 

chromatography techniques were executed to purify the triple-labeled 15N13C2 D WT bCaSR ECD, which was produced in Tuner 

cells at a temperature of 30°C. c - 50 μg of protein samples from specified fractions of WT bCaSR ECD were subjected to incubation 

at 100°C in SDS  buffer containing β-mercaptoethanol for 5 minutes prior to being loaded onto SDS gels. The bands corresponding 

to the bCaSR ECD were identified by employing an anti-Flag antibody. d - The identical procedure as in (a) was utilized for triple-

labeled bCaSR ECD proteins.  e - To isolate the WT bCaSR ECD protein (0.5 mg), an extended incubation with RCA-1 lectin 

agarose beads was performed at a temperature of 4°C, and subsequently, the beads were washed with PBS. Lane 1 corresponds 

to the fraction obtained from FPLC as the initial protein sample. Lane 2 contains the fraction obtained using PBS with a 

concentration of 200 mM galactose. Lane 3 consists of 5 μl of RCA-1 lectin agarose beads after being incubated with the protein. 

The elution fractions were subsequently analyzed by immunoblotting using an anti-Flag antibody. 

Aiming for more cost-effective results, Dr Zhang tried to optimize the expression procedure of 

CaSR ECD using rosetta-gami competent cells. At 30°C, the expression of WT bCaSR ECD in 

Rosetta-gami (DE3) pLys was done overnight. After which the cells were harvested, and the 

soluble protein was obtained using a cell disruptor. The soluble protein was then centrifuged, and 
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Cys- means a deletion of the CRD (red box) and sp- means a deletion of the signal peptide region (blue box).  

Western blots were done using a flag antibody.(58) 

 

2.2.2 Expression and Optimization of Bacterial expressed CaSR in SHuffle cells 

To improve the yield and stability of the expression system, a batch of bCaSR ECD from 

Dr Jian Hu which was used to optimize the expression in SHuffle cells. Cells derived from the 

combination of Origami and Rosetta, known as Rosetta-gami cells, exhibit a fusion of 

characteristics from both parent cell lines. They inherit the ability of Rosetta cells to express 

eukaryotic proteins containing rare codons, which supply rare transfer RNAs. Additionally, these 

Figure 2.2 bCaSR expression in Rosetta-gami with and without the 

signal peptide region and/or the cys-rich domain (CRD) 
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cells harness the effective disulfide-forming capacity inherited from Origami cells. This is 

achieved by mutating thioredoxin reductase (trxB) and glutathione reductase (gor) in Origami 

cells, ensuring a cytoplasmic reducing condition(59,60). Although Origami and SHuffle cells 

possess similar characteristics and favors disulfide formation , the SHuffle cells possess more 

excellent characteristics which makes it suitable for our bacterial expression system as SHuffle 

cells can cytoplasmically express DsbC (Disulfide bond isomerase) which helps to rectify incorrect 

mis-oxidized disulfide bonds and ensure correct protein folding thereby reducing the aggregation 

of target protein into inclusion bodies.(59) Dr Hu’s bCaSR ECD, renamed  bCaSR-Hu ECD 

contains the Histag needed for purification via immobilized metal affinity chromatography but 

lacks a flag tag required for immunostaining. In the new bCaSR-Hu ECD, the four cysteines 

present previously was replaced with alanine and the signal peptide or cysteine sequence(cys/sp) 

was also removed. 

 
Figure 2.3 Comparison of the sequence bCaSR ECD WT with bCaSR -Hu ECD 
The Red boxes indicate cysteine residues replaced by alanine, also this protein is a monomer as the disulfide forming 

cysteine for homodimer was removed.  
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Even with the improvement made with bacterial expression, there were still some 

limitations to be addressed. First it was observed that the cells were expressing slowly at 30oC and 

the temperature could not be increased to increase the growth rate due to CaSR increased  

sensitivity to temperature could lead to the incorrect expression and folding of the protein. 

Dr Miller and Ms. Bean  improved the growth rate and reduced the time prior to induction by 

adjusting the pH of the LB  Broth from 6.8 to 7.4 . They also adjusted the pH of the lysis buffer 

from 7.4 to 8.0 to improve effectiveness of the lysis process, a sonicator rather than a cell disruptor 

was used to shorten cell lysis process. 

2.2.3 Structural Analysis of the Metal Binding Sites on CaSR Extracellular Domain 

Studies  by Huang et al. in 2007 reported a modeled structure of CaSR using a 27% 

sequence identity based on X-ray structures of mGluR1(PDB IDs 1ISR and 1EWR).(57) By 

employing computational algorithms and conducting statistical analysis of the coordination 

properties of this known Ca2+ binding protein(61,62) Huang was able to predict five Ca2+ binding 

sites present in each monomer of CaSR extracellular domain. Site 1 consisting of residues S147, 

Y218, S170, D190; Site 2 consisting of residues  Q253, D215, D248, L242, S244; Site 3 consisting 

of residues E232, E228, E231, E224, E229; Site 4 consisting of residues S388, E354, E350, N386, 

E353; and Site 5 consisting of residues E399, E379, D398, E379, T396(57,63). Prior to this work, 

earlier modeling studies(64,65) had revealed a flexible loop region absent in the structure of the 

mGluR1 was also included in this study. With the use of the grafting approach, they were able to 

determine the intrinsic Ca2+ binding sites of the predicted Ca2+ binding sites 1,3 and 5 and the 

subdomains that encompassed the various wild-type (WT) or mutations were generated to explore 

the functional cooperativity of CaSR.  The functional studies were done using several assays 

including tryptophan fluorescence, Ca2+ competition assay, terbium-tryptophan FRET signaling 
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and 1D 1H NMR(63). Metal binding site 1, predicted by Huang et al. plays a  crucial role in aiding 

positive homotropic cooperativity between all the calcium binding sites and this predicted metal 

binding site 1 aligns with Zhang et al. results, which had indicated a Ca2+ / Mg2+  binding site 

located in the hinge region (Figure 2.4). In addition, a second metal binding site located in the 

homodimer interface in lobe 2 was identified. This site is surrounded by residues that carry a 

negative charge (E228, E231, S240 and E241). After immersing the crystal in gadolinium, there 

was a slight positional shift for residues E228, E231, E232 bringing this site even closer to Zhang 

et al. predicted site 3. Interestingly the presence of double mutations E228I/E229I reduced CaSR’s 

activity significantly, which implied that the site plays a pivotal role in dimerization and calcium 

induced conformational changes(66).  a new metal binding site formed from uncharged residues 

located on the main chain carbonyl oxygen atoms (I81, L87, L88 and S84) was identified in the 

determined x-ray structure ( Figure 2.4).  However due to decrease in electron density and 

significantly high flexibility, the two predicted sites in the long loop region could not be seen.  

 

 

Figure 2.4 X-ray structure of the Calcium Sensing Receptor ECD 
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The X-ray structure of the Calcium Sensing Receptor ECD (PDB ID 5FBK) reveals specific locations that require 

attention, including the magnified Mg2+ Site I, Mg2+ Site II, Mg2+ new Site, hinge ligand binding site, and anion binding site. Ca2+ 

is symbolized by green spheres. Bicarbonate is represented by orange sticks. TNCA is represented by magenta bars.(66). 

 

Another group, Geng et al. explored the apo and holo forms of the CaSR extracellular 

domain and the mutations in the glycosylation sites and CRD and this was done with different 

calcium, sulfate and phosphate concentration while varying pH (PDB IDs 5K5S and 5K5T)(67) 

(Figure 2.5). Similar results showed that the apo and holo forms of the venus fly trap structures 

shared many similarities and had a RMSD of 4.4 Å. The holo form of the ECD structure, revealed  

four Ca2+ ions in each monomer while in the apo form of the ECD structure, only one Ca2+ ion 

was present(67). Their modeled structure 5K5T also validates the new site that was observed by 

Zhang et al. although they reported that the metal binding site was at a position slightly lower than 

what Zhang et al. reported with residues D234, E2312, G557. Comparing their other calcium sites 

with that of Zhang et al. site 2 (T100, N102, and T145) and site 3 (S302 and S303), in the 5K5T 

structure do not possess negative charged ligands because of the intrusion of Cl- binding. 

 

Figure 2.5 X-ray Structure of CaSR ECD with a cysteine rich domain  
X-ray structure of both the apo and holo forms of the extracellular domain (ECD) of CaSR with the Cys-rich domain is 

depicted. Ca2+ is represented by green spheres. The anions SO4
2- and PO4

3- are represented by yellow and magenta spheres, 

respectively. L-Trp is represented by orange sticks., (PDB ID: 5K5T and 5K5S) (66) 
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Loops in CaSR have a significant functional role in facilitating subdomain 1 dimerization. 

In mGluR structure, Loop 2 is found to be disordered yet it is very crucial in the formation of 

intermolecular disulfide binds via conserved Cys residues C129 and C131.(68,69) (Figure 2.6) At 

the N-terminal section of loop 2, there is a short alpha helix that extends from position a2 and has 

a kink at N118,  this interaction between the a2a segments from each promoter facilitates a stable 

dimerization (Figure 2.6B) A number of mutations that leads to ADH and FHH (L125P/F, 

E127G/A/K, C129Y/F/S/R, and N118K) are found in loop is important in regulating CaSR’s 

function. In comparison, the longer and more conserved Loop1, extends beyond the dimerization 

interface and reaches a hydrophobic surface on a13*. This hydrophobic surface is dependent solely  

on P55, W458 and L51 and contributes to stabilizing the extended conformation of loop 1. Also, 

the dimerization of subdomain 1 is facilitated by a conserved positively charged patch. Figure 

2.6B provides a summary of our present molder for CaSR’s activation. The interaction between 

subdomain 2 from their corresponding promoters is facilitated by the change in conformation 

caused by the binding of a ligand or metal in the hinge region between subdomain 1 and 2 and the 

homodimerization of promoter subdomains via loops 1 and 2. 

 

Figure 2.6 Key Crucial factors influencing the underlying molecular causes of disease-

associated mutations and regulation. 
A-The dimerization process involves the participation of loop 1 (yellow) and loop 2 (gold).  B - The activation process is 

facilitated by a conformational change caused by the binding of a ligand at the hinge region between subdomains 1 and 2. 

Additionally, metal ions bind at the acidic patch located at the interface between the two subdomain regions of their respective 
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protomers, providing bridging interactions.  Genetic variations at these crucial factors in the extracellular domain (ECD) of the 

calcium-sensing receptor (CaSR) result in human disorders characterized by disrupted regulation of extracellular calcium 

([Ca2+]o) and magnesium ([Mg2+]o) levels.(70). 

2.2.4  Disease causing mutations of the calcium sensing receptor. 

The discovery of the crystal structure of the receptor opened up studies on the mutation on the 

ECD OF CaSR.(70) The first objective of the Yang lab for this study was to validate the predicted 

Ca2+ /Mg2+ and other agonist binding sites as well as evaluate the effect these disease mutations in 

this binding site can affect CaSR binding. The second objective was to assess the binding 

cooperativity among all the binding sites as this study could provide ways to identify potential 

therapeutic targets for addressing loss and gain of function disorders in CaSR. Three TNCA/ Ca2+ 

/Mg2+ binding sites and the bicarbonate/anion/pH binding sites were analyzed for disease 

mutations. 

In the case of bCaSR, Dr Miller successfully made 7 mutations using the KOD DNA 

polymerase namely, H254A (anion/pH BS for disruption), D216N (anion/pH BS for 

disrupt/cancer), R66H (anion/pH BS for FHH), E228Q and E228K (dimer BS for ADH), E241K 

(dimer BS for ADH), E297K (hinge BS for FHH/NSHPT), S272A (hinge BS for disruption) Table 

2.1 

Table 2.1 Disease Mutations of CaSR 
Mutations of hCaSR are coated in red, bCaSR are in blue and both are in green. 
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2.2.6 Uncovering L-1,2,3,4-tetrahydronorharman-3-carboxylic acid (TNCA) 

The analysis of the crystal structure revealed an unexpected discovery in the hinge region around 

the two subdomains. Instead of the binding of orthosteric ligands, an elongated planar electron 

density was found. Figure2.7 This finding suggests the presence of a novel CaSR ligand (CaSRLs) 

since no naturally occurring CaSRLs or reagents that was employed in the sample preparation or 

during crystallization fit into the electron density well. With the use of High-resolution liquid 

chromatography–electrospray ionization–mass spectrometry (LC-ESI-MS), the pure sample was 

analyzed and a distinct species with mass to charge ratio of 215.0824 in negative-ion mode which 

eluted at 4.65min was identified. Based on this observed mass, the elemental formula predicted 

corresponds to C12H11N2O2 (calculated mass, 215.0821; mass accuracy, 1.4 ppm) (Figure 2.7). 

Using PubChem to search for possible compounds that fit this structure, L-1,2,3,4-

tetrahydronorharman-3-carboxylic acid (TNCA) which is a tryptophan derivative was found to fit 

the estimated molecular weight and conforms to the electron density’s predicted shape. TNCA in 

comparison to tryptophan has an additional carbon that links the amine nitrogen atom and the 

carbon 2 of the indole ring. TNCA has been found in several foods and biological systems and it 

is likely a by-product of the reaction of tryptophan and formaldehyde in humans(71), and also 

produced during the recombinant protein production in HEK cells. 
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Figure 2.7 Discovery and analysis of a tryptophan derivative that is bound to hCaSR-

ECD as a new co-agonist with a strong affinity for CaSR. 
A – An Fo-Fc omit map was generated for TNCA at a resolution of s = 4.5, using the observed (Fo) and calculated (Fc) 

structure factor amplitudes. The protein is displayed in ribbon conformation, while the ligand is depicted in stick conformation.  

The surrounding residues of TNCA are annotated in the magnified illustration. B – Liquid chromatography-electrospray ionization 

mass spectrometry (LC-ESI-MS) was performed on a protein sample (top), buffer (middle), and the standard compound (bottom) 

using negative-ion mode.  The inserted figures display the high-resolution isotopic MS spectra of the indicated peaks.(70). 

 

The discovery of TNCA, an unusual high affinity tryptophan derivative ligand which 

enhances the activation of CaSR by extracellular calcium and magnesium ions has opened new 

possibilities for the design and development of both agonists and antagonists as therapeutics for 

diseases related to CaSR.(54) This study will help us to create a working model that explains how 

multiple calcium binding sites cooperatively activate CaSR in the presence of ambient amino acids 

as well as understand how disease mutations disrupt this cooperativity. Particularly, we aim to 

evaluate the full potential of TNCA in restoring functionality at the hinge region or other binding 
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sites when added to the hinge region adjacent Ca2+ binding site. Our binding studies will focus on 

evaluating the effect of the hinge mutations D216N and E297K, dimer interface mutation E2281, 

and top loop mutation I81M in the presence of TNCA. 

2.3 Objectives and Overview of This Chapter 

This chapter addresses the expression bCaSR ECD from SHuffle cells and purification 

using Histag purification chromatography with immobilized nickel and analyzed using terbium 

tryptophan FRET. Employing bacterially expressed CaSR, we intend to study the correlation 

between the WT CaSR ECD and its mutations. With the aid of the expressed bCaSR-Hu-ECD WT 

and its single point mutations, and using terbium tryptophan FRET signaling, we were able to 

measure the binding affinity and cooperativity of CaSR in the presence of terbium and allosteric 

modulators like TNCA and AMG 416. Through this assay, we were able to obtain structural 

information of bCaSR ECD WT and its mutations and our hypothesis postulates that the presence 

of TNCA results in co-activation of CaSR and heterotopic cooperativity. Our main objective is to 

decipher the mechanism of CaSR-mediated Ca2+ signaling and lay the molecular groundwork for 

[Ca2+]o-mediated cooperative activation involving numerous metal binding sites. 

2.4  Methods 

2.4.1 bCaSR ECD Expression And Purification Protocol 

Shuffle cells that have been transformed with bCaSR ECD were streaked on an ampicillin 

plate and incubation was done overnight at 37oC in an incubator. The next day, one colony was 

selected and introduced into a 25mL Luria Beria (LB) miller broth from Fisher BioReagents to 

serve as the small-scale inoculation and incubated at 30oC overnight. The small-scale inoculation 

sample was added to 600mL LB broth and shaken in a refrigerated shaker with the optical density 

(O.D) measured hourly. The addition of isopropyl β-D-1-thiogalactopyranoside (IPTG) to the 
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broth was done when the O.D600nm reached a value of 0.6, this activates the lac operon and enables 

protein expression. The expression was done overnight at 25oC and the pellet harvested was 

dissolved in a lysis buffer containing cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail 

at pH 8.0 in preparation for the purification of the protein. With the aid of a sonicator, the cell 

membrane was disrupted in the lysis buffer, centrifuged, filtered, and purified via a Histag column 

using fast protein liquid chromatography (FPLC). The pure protein was desalted using a HiTrap™ 

desalting prepacked column from GE Healthcare. 

2.4.2 Transformation 

An ampicillin- positive agar gel plate was employed for the transformation process to allow 

for the optimal growth of the ampicillin resistant E. coli bacterial cells.  2uL of DNA was added 

to about 50uL of Shuffle cells in an Eppendorf tube near a flame from a Bunsen burner to create a 

sterile environment. The tube was tapped several times to ensure that the DNA was mixed with 

the Shuffle cells properly and then placed on ice for 30mins after which the cells were heat shocked 

for 45secs at 42oC and placed on ice immediately for 3-5 minutes and 500uL of LB broth was 

added to the cells and placed in a Fisher Scientific incubator at 37°C for 1 hour. After incubation, 

an ampicillin plate was streaked with 100uL of the sample and placed in an incubator overnight. 

2.4.3 Inoculation 

A colony selected from the transformation plate was inserted into 20mL of LB broth media 

that contains ampicillin, and the culture was grown at 37°C, 220 rpm for 12-16 hours. 

2.4.4 Large Scale Inoculation 

After the small-scale inoculation, the falcon tube is removed from the shaker and the 

sample is poured into a large flask containing 600mL LB broth media and ampicillin in a ratio 

1:1000 and the OD was before it was placed in refrigerated shaker at 30°C, 220 rpm. The samples 
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were observed hourly, and the OD measured, at OD600nm of 0.6, 600uL of 1M IPTG was added, 

and the temperature was reduced to 30°C while shaking was done overnight. The next day, the OD 

was measured again before harvesting. 

2.4.5 Harvest and Lysis 

The samples were retrieved from the flask and placed into the centrifuge tubes; the 

centrifuge tubes were balanced before placing it in a diagonal manner inside the centrifuge rotor. 

Then the samples were spun at 4°C for 30 minutes at 7,000rpm and the supernatant was discarded 

while the pellets was saved in a -20°C. The pellet to be used for purification was resuspended in a 

lysis buffer containing cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail at pH 8.0. The 

cell membrane was disrupted in the lysis buffer with the aid of a sonicator,, and the mixture was 

separated by centrifugation at 11,000rpm for 30 minutes at 4°C and filtered using a 0.45 µM filter 

and then loaded onto a HisPrep HP column (GE Healthcare). 

2.4.6 Histag Purification using Affinity Chromatography 

The Histag buffers used for the fast protein liquid chromatography (FPLC) include Histag 

Buffer A: 50 mM Tris-HCl, 250 mM NaCl, 20 mM Imidazole, pH 7.4-7.5. Histag Buffer B: 50 

mM Tris-HCl, 250 mM NaCl, 500 mM Imidazole, pH 7.4-7.5. The purified protein was then 

loaded on the desalting column to remove the imidazole and sodium chloride. The desalting 

column used is made up of 3 stacked 5mL GE HiTrap columns and 5 mL of protein is loaded per 

run using a 10 mM Tris-HCl, pH 7.4 as a desalting buffer. 

2.4.7 BSA Standard and Protein Analysis 

Prepare 1mL samples (800 µL of ddH2O and 200 µL of Bio-Rad) for each sample to be 

tested and two blanks. Run the samples after running the blanks in the UV-Vis spectrometer and 
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transfer the data into a spreadsheet on excel using the BSA standard curve previously prepared. 

The slope equation, y=mx+b from the standard curve, is used to calculate the protein concentration. 

2.4.8  SDS-PAGE gels 

For each step of the expression and purification, 30uL of each sample was collected in 

Eppendorf tubes and 10uL of Bio-Rad 4x Laemmli Sample Buffer with Sigma-Aldrich 2-

Mercaptoethanol was added to each tube and boiling was done for 15 minutes. The samples were 

aliquoted into the wells of a 8.5%SDS-PAGE gel to separate the proteins based on their molecular 

size and after which the gels were stained with Coomassie blue to stain or transferred to a 0.45 µm 

nitrocellulose membrane for western blotting. After transfer, the membrane was blocked with 

3%Bio-Rad Blotting-Grade Blocker non-fat milk in Tris Buffered Saline (TBS) for 2 hours after 

which the membrane was incubated with mouse anti-CaSR ADD antibody in TBST (1:700) for an 

hour at room temperature on a shaker and then washed three times with TBST (Tris Buffered 

Saline with 0.1% Tween). After washing the membrane was incubated in goat anti-mouse 

secondary antibody diluted with TBST (1:4000) for 1 hour and washed three times with TBST 

(Tris Buffered Saline with 0.1% Tween) and the detected protein signals were visualized by Bio-

Rad enhanced chemiluminescence reaction system. 

2.4.9 SDS-PAGE Silver Staining  

A 8.5% SDS-Page gel was prepared following the instructions provided in the SDS-Page 

gel sections. Following the electrophoresis of the gel at 80 volts with the target protein, the gel 

was retrieved and subjected to the subsequent silver staining protocol. 1. Rinse the gel three times 

for five minutes each in ultrapure water.2. Immerse the gel in a solution containing 30% ethanol 

and 10% acetic acid for a total of 15 minutes, repeating the process twice. 3. Rinse the gel twice 

for 5 minutes each in a 10% ethanol solution, followed by three rinses of 5 minutes each in 
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ultrapure water. 4. Create a Sensitizer Working Solution by combining 50 µL of Sensitizer with 

25 mL of water. Expose the gel to light for 1 minute (due to its sensitivity to light, ensure it is 

covered with foil), followed by two 1-minute rinses with water. 6. Create the Stain Working 

Solution by combining 0.5 mL of Enhancer with 25 mL of Stain. 7. Apply a dye to the gel and 

allow it to react for a duration of 30 minutes (taking into account its sensitivity to light, ensure that 

it is protected by covering it with foil). 8. Prepare the Developer Working Solution by combining 

0.5 mL of Enhancer with 25 mL of Developer. Place the developer in the refrigerator for a 

maximum of 5 minutes, then remove it and add the enhancer. 9. Rinse the gel three times for 20 

seconds each with ultrapure water, then incubate the gel for 1-3 minutes or until bands become 

visible. 10. Immerse in a solution of 5% acetic acid for a duration of 10 minutes.  

2.4.10 Cell Culture and Transfection 

The protein was introduced into the pcdna3.1 vector, which is specifically engineered for 

mammalian expression. The experiments were carried out using living HEK293 cells and 

HEK5001 cells, which are a genetically modified cell line that has a consistent expression of the 

calcium-sensing receptor (CaSR). Before transfection, the HEK293 cells were distributed onto 

imaging slides and allowed to grow until they reached 40% confluency. The cells were cultured in 

a high glucose DMEM medium supplemented with fetal bovine serum (FBS). On the subsequent 

day, Lipofectamine 2000 was utilized as the transfection agent to deliver the plasmid into the cell. 

A ratio of 1 μg of DNA to 3 μL of Lipofectamine 2000 was used to transfect mCaSR-based 

proteins. For each slide of cells undergoing transfection, a solution with a volume of one milliliter 

was prepared. Two 0.5 mL OPTI tubes were assembled. One sample was treated with 

Lipofectamine 2000, while the other sample was treated with DNA. The solutions were permitted 

to incubate for approximately one minute at room temperature. Then, the complete DNA solution 
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was added to the lipofectamine solution. After using a pipette to mix the solution, it was 

centrifuged for a period of five seconds. Afterwards, the solution was moved to a dim drawer at 

the ambient temperature for a duration of five minutes to allow for incubation. After the incubation 

period ended, the transfection solution was added gradually and in small increments to the dish. 

The dish was subsequently placed in an environment with a temperature of 37 °C and allowed to 

incubate for a period of four hours. Following that, the media was replaced with 3 mL of fresh 

DMEM and incubated at a temperature of 37 °C for a period of 48 hours.  

2.4.11 Tryptophan Fluorescence Spectroscopy  

Fluorimeters are devices used to measure fluorescence. Tryptophan fluorescence 

spectroscopy employs monochromators to precisely choose the excitation and emission 

wavelength. The fluorescence of a folded protein comprises a combination of the fluorescence 

emitted by aromatic amino acids, such as tryptophan, tyrosine, and phenylalanine. The inherent 

fluorescence emission of wild type bCaSR is caused by the excitation of tryptophan residues in 

the folded protein. Tryptophan fluorescence spectroscopy can be employed to analyze 

conformational changes and binding by means of calcium titration.  Ca2+ induces a reduction in 

the fluorescence signal of tryptophan. Therefore, when Ca2+ is titrated, any alteration in the 

proximity of the tryptophan residues to the calcium binding sites will result in a modification of 

the fluorescence, causing a change in fluorescence intensity. This suggests that the titrant has 

caused a structural alteration in the protein. change. 

2.4.12 FRET Microscopy  

Fluorescence resonance energy transfer (FRET) is commonly defined as the process by 

which energy is transferred between two light-sensitive molecules, known as chromophores or 

fluorophores, depending on whether the protein emits fluorescence. Fluorescence Resonance 
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Energy Transfer (FRET) is employed for the precise determination of spatial separation and 

identification of molecular associations in various systems, making it a valuable tool in the field 

of biochemistry. Fluorescence microscopy typically depends on the absorption of light at one 

wavelength (excitation) by a fluorophore, which then emits secondary fluorescence at a longer 

wavelength (emission). Nevertheless, the excitation and emission wavelengths frequently exhibit 

a separation of tens to hundreds of nanometers. For FRET to occur we need proteins with two 

different fluorophores such that emission wavelength of one overlap with the excitation 

wavelengths of another. And the interacting molecules must be less than 10 nanometers apart. If 

the distances of the proteins are close enough, it will produce a structural overlap producing a 

FRET signal.  

2.4.13 Terbium/Tryptophan FRET Spectroscopy 

Terbium (Tb3+) is a luminescent molecule that exhibits a yellow color due to its emission 

of green light.  Tb3+ serves as a fluorescent probe for calcium binding sites in proteins due to its 

positive charge, which enables it to effectively investigate the metal binding characteristics of 

proteins. The conformational changes of the protein and its binding affinity can be analyzed using 

terbium titration through FRET fluorescence spectroscopy. Additionally, the binding cooperativity 

can be assessed by employing a suitable Hill equation. Both terbium and tryptophan do not exhibit 

fluorescence in the emission spectra range of 500-600 nm. However, if we excite the solution at 

the tryptophan peak of 282 nm a large fluorescence change around 545 nm can be seen when FRET 

between Tb3+ and Trp occurs. This creates the hypothesis that Terbium is bound to the calcium 

binding sites of bCaSR WT with a tryptophan residue close enough to the binding pocket to 

produce a FRET signal.  
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2.5 Results and Discussion 

 

Figure 2.8 Bacterial expression and purification protocol of bCaSR-Hu ECD WT and 

mutations expressed in SHuffle cells. 
General protocol for the expression and purification of the bacterially expressed CaSR and its mutations adopted by Dr. 

Miller 

2.5.1 Expression of bCaSR Wild-type and mutations  

 We employed several methods to analyze our bacteria expressed CaSR (bCaSR), in the 

first part of this chapter, we made use of a bacterial E. coli expression system rather than the 

mammalian system to improve the yield, reduce degradation. Another advantage of using the 

bacterial expression system is the absence of post-translational modifications such as 

glycosylation, increase in cell growth and it is cost effective. Mutations E297K and I81M were 

used to complete the binding study to examine the cooperativity of the metal binding sites done 

with E228I and D216N mutations. The expressions of the wildtype bCaSR and mutations were 

expressed in LB Miller broth at pH 7.2 for 12-16 hours after the samples have been induced with 

IPTG. Next the sample was centrifuged to harvest the cell pellets and lysed in lysis buffer. The 

lysis buffer is made up of a cOmplete TM, Mini EDTA-free Protease Inhibitor Cocktail tablet, 20 

mL of 5x PBS, 1 g N-laurylsarcosine, 500 mM EDTA, and filled to 100 mL with ddH2O at pH 8.0 
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Table 2.2 Expression and purification conditions of original bCaSR mutations 

 
Protein 

bCaSR 

Cell Expression 

media 

Expression 

temp/ After 

induction 

temp. 

Lysis  

buffer 

Histag Buffer 

A 

Histag Buffer 

B 

Desalting 

Buffer 

WT  

 

 

 

 

SHuffle 

cell 

 

 

 

 

Luria Miller 

Broth, pH 7.2 

 

 

 

 

 

30°C/25°C 

5x PBS (20 mL), 1 

g N-lauryl 

sarcosine, 500 mM 

EDTA, Fill to 100 

mL with ddH20 

and cOmplete TM, 

Mini EDTA-free 

Protease Inhibitor 

Cocktail tablet, pH 

8.0 

 

 

50 mM Tris-

HCl, 250 mM 

NaCl, 20 mM 

Imidazole, pH 

7.4 

 

 

50 mM Tris-

HCl, 250 mM 

NaCl, 500 

mM 

Imidazole, pH 

7.4 

 

 

 

 

10 mM Tris-

HCl, pH 7.4 

D216N 

E228I 

I81M 

E297K 

 

 

Figure 2.9 Optical density curve of bacterial culture prior to expression of bCaSR 

ECD-Hu original mutations 
The pre-culture, small-scale expression was added to 1 L of LB and ampicillin and allowed to grow in a shaker at 30°C 

until the O.D. reached 0.6. When the O.D600nm equaled  0.6, the samples were induced with IPTG after ten hours as indicated by 

the yellow arrow.  
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Table 2.3 Optical density of bCaSR-Hu ECD wildtype and mutations at hourly 

intervals 
The samples were induced with 600 µL of 1 M IPTG at the highlighted time stamps. 

Time (Hours) WT I81M E297K 

0 0.089 0.115 0.132 

1 0.101 0.117 0.134 

2 0.105 0.124 0.135 

3 0.122 0.14 0.146 

4 0.162 0.18 0.175 

5 0.353 0.295 0.266 

6 0.564 0.444 0.382 

7 0.767 0.738 0.631 

24 2.15 2.29 2.241 

WT in (g) 3.7895 4.6975 5.003 
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Figure 2.10 Expression of  bCaSR-Hu ECD Wildtype 
A – Histag FPLC purification of bCaSR WT and desalting of the main peak fractions 18-32. The smaller image in the 

bottom right corner is a desalting spectrum of the wildtype protein using size exclusion chromatography. B – Expression samples 

taken hourly before and after induction of bCaSR-Hu ECD Wildtype were used to run the 8.5% SDS-PAGE gel confirming the 

wildtype protein was expressed, bCaSR= 59.9kDa. C – SDS-PAGE Coomassie blue purification gel of bCaSR WT. The targeted 

protein is highlighted by the red box.  

 

 

 

Figure 2.11Expression of bCaSR-Hu ECD E297K 
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A –– Histag FPLC purification of bCaSR E297K and desalting of the main peak fractions 18-32. The smaller image in 

the bottom right corner is a desalting spectrum of E297K using size exclusion chromatography. B – Expression samples taken 

hourly before and after induction of bCaSR-Hu ECD E297K were used to run the 8.5% SDS-PAGE gel confirming the mutation 

was expressed, bCaSR= 59.9 kDa.. C – SDS-PAGE Coomassie blue purification gel of bCaSR E297K.  

 

 

Figure 2.12 Expression of bCaSR-Hu ECD I81M 
A – Histag FPLC purification of bCaSR I81M and desalting of the main peak fractions 18-32. The smaller image in the 

bottom right corner is a desalting spectrum of I81M using size exclusion chromatography.  B – Expression samples taken hourly 

before and after induction of bCaSR-Hu ECD I81M were used to run the 8.5% SDS-PAGE gel confirming the mutation was 

expressed, bCaSR= 59.9 kDa. C – SDS-PAGE Coomassie blue purification gel of bCaSR I81M. 

 

The purification chromatograms of the WT and mutants I81M and E297K is shown in (Figure 

2.10, 2.11, 2.12) with our targeted protein eluting at fraction 38-51 for WT (Figure 2.10A) and 

fraction 27-40 for E297K and I81M (Figure 2.11A, 2.21A) .Using size exclusion chromatography, 

the purified proteins was desalted to remove any salts in the protein present since our purification 

buffer contain a lot of salts, and the first peak which is the protein peak  is in  fraction 1-4 for the 

WT and the mutants was collected. (Figure 2.10A, 2.11A, 2.12A).  To confirm that the protein 

was properly expressed and purified, SDS-PAGE was done for the samples from the expression 

and purification of the WT and mutations E297K and I81M  and we see a band at 55-70kDa which 

is what we expect as the molecular weight of our bCaSR protein is 59.9kDa for the expression and 
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purification samples indicating that the protein was properly expressed and purified (Figure 

2.10B, 2.11B, 2.12B).   

2.5.2 Terbium Tryptophan FRET signaling  

We employed the Fluorescence Resonance Energy Transfer (FRET) assay to monitor the 

changes in fluorescence produced by ligand bind to purified  proteins. 1 µM of the purified 

concentrated protein was prepared in the titration buffer (10mM KCl and 20mM PIPES at pH 6.8) 

for the FRET titration. With excitation set at 282nm, the emission spectra were collected at 500-

600nm and to prevent the interference from secondary Rayleigh scattering, we used a glass filter 

with a cutoff at 320nm. By normalizing the absorbance reading gotten at 280nm, we were able to 

adjust the concentration of the protein to 1 µM. The normalized data was then evaluated at 545nm 

which is the maximum fluorescence peak. 

Using Stepwise Tb3+ concentrations from 0uM-100uM, we see an increase of the FRET signal for 

the wildtype protein and mutants E297K and I81M with the highest intensity at 100uM 

(Figure2.13A,C,E). Comparing the WT CaSR to the mutants, we see that the bCaSR-Hu ECD 

Wildtype exhibits a strong binding phase (hinge site) and weak binding phase with high 

cooperativity in the presence of 100 µM Terbium. When Tb3+concentration was relatively low (0-

20uM), Tb3+ binding to CaSR ECD exhibited a non-cooperative phase, with a with the Kd1 of 8.8 

± 0.4,  However, after passing a threshold of Tb3+ concentration, Tb3+ binding to CaSR ECD 

exhibited a highly cooperative binding phase, with a 46.3 ± 2.9 µM with a Hill number of 2.50 ± 

0.1 µM. These observations strongly support the cooperativity between multiple Ca2+ binding sites 

in the CaSR ECD(Figure 2.13B).  In this Tb3+ titration study, mutations at the hinge region binding 

site 1, E297K, showed a weak binding phase, accompanied by reduced cooperativity when 

compared  to the wild type (WT) with Kd2 of the second binding phase is 13.8±1.7µM and a Hill 
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Figure 2.13 Terbium Tryptophan FRET signaling of bCaSR-Hu ECD mutations 

I81M and E297K 
Bacterial expressed CaSR ECD using Tryptophan fluorescence spectroscopy.  
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A – Stepwise Tb3+ concentrations induced an increase of the FRET signal for the wildtype protein. B – Kd of bacterial 

expressed bCaSR-Hu ECD Wildtype is biphasic in the presence of 100 µM Terbium. The Kd2 of the second binding phase is 46.3 

± 2.9 µM with a Hill number of 2.50 ± 0.1 µM. C – Stepwise Tb3+ concentrations induced an increase of the FRET signal for the 

mutation E297K. D – Kd of bacterial expressed bCaSR-Hu ECD E297K is just one phase in the presence of 100 µM Terbium. The 

Kd1 is not applicable. The Kd2 of the second binding phase is 16.6± 2.5 µM. with a Hill number of 1.30 ± 0.1 µM. E – Stepwise 

Tb3+ concentrations induced an increase of the FRET signal for the mutation I81M. F – Kd of bacterial expressed bCaSR-Hu ECD 

I81M is just one phase in the presence of 100 µM Terbium. The Kd2 of the second binding phase is 13.8±1.7µM with a Hill number 

of 1.40 ± 0.2µM. 

2.5.3 Allosteric modulation of AMG-416 and TNCA  

In 2016, our laboratory reported TNCA, a derivative of tryptophan, as a co-agonist for 

CaSR, potentiating its functionality. TNCA was observed to bind with residues S147, S170, D190, 

Y218, and E297, and it is involved in the activation of both intracellular calcium signaling ([Ca2+]i) 

and ERK activity associated with CaSR(36). 

Etelcalcetide hydrochloride also referred to as (Parsabiv®, ONO-5163/AMG 416(75) is a 

compound that functions as an allosteric modulator of the calcium sensing receptor. Developed by 

Amgen Inc., it is the first intravenous calcimimetic agent that has been approved for the treatment 

of secondary hyperparathyroidism (SHPT). The compound AMG-416 has been proposed to form 

a disulfide bond between the agonist and C482 of the extracellular domain of the CaSR.(76) 

although the precise location is not clear. However, using the modeling stimulation software, 

AutoDock, AMG-416 is suggested to bind at the dimer interface AMG-416 binds and forming a 

disulfide bond with C482 of the CaSR ECD (Figure 2.14).  Previous binding studies done with 

bCaSR have shown that AMG-416 could activate the sensitivity of CaSR to [Ca2+]o in a manner 

similar  to TNCA. It was observed that in the presence of 20µM AMG, terbium binding to bCaSR 

ECD displayed a single binding phase as opposed to the two binding phase in the absence of AMG-

416. However, in the presence of TNCA, the Tb3+ biphasic binding phase was retained. Hence a 

thorough study on the allosteric mechanism of AMG-416 and TNCA needs to be done.  

Here, we also compared the binding studies of Tb3+ binding to bacterial expressed ECD to 

the formulation studies using cell population studies and IP1 accumulation of mCaSR in the 
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presence of Ca2+ done by Dr Deng and Li Tian. For mCaSR we have the benefit of correctly folded 

protein and glycosylation patterns, which is good to see true native ECD function in comparison 

to the bCaSR. Additionally, mCaSR was utilized for our X-Ray crystallization studies since it is 

more stable, has correct folding, and the glycans can be cleaved using enzymes. 

 

 

 

Figure 2.14 Tb3+ binding studies and functional assay of AMG-416 and TNCA on 

CaSR ECD 
A –  CaSR ECD Xray structure (PDB ID 5FBK) is depicted, with cyan sticks representing AMG-416. AMG-416 

undergoes disulfide bonding with residue C482. B- Comparison of the binding affinity (Kd) of the extracellular domain (ECD) of 

the calcium-sensing receptor (CaSR) expressed in bacteria, in the presence of TNCA or AMG-416, as compared to its absence. C-

Assessing the functional activity of CaSR using a cell population assay with either AMG-416 or TNCA. D- Assessing the functional 

activity of CaSR with either AMG-416 or TNCA using the IP1 accumulation assay. 

 

In our binding study, it was observed that the introduction of AMG-416 resulted in the a 

single binding phase for the bCaSR-Hu ECD Wildtype , contrasting with the two binding phases 
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observed in the absence of AMG-416. Conversely, TNCA maintained both the strong and weak 

binding phases. (Figure 2.14B). In order to elucidate the mechanism for the heterotopic 

cooperative activation of CaSR by [Ca2+]o, TNCA, and AMG-416, we conducted other studies. 

We monitored intracellular calcium responses both by using a cuvette population assay and by 

IP1assay to determine functional cooperativity of CaSR. HEK293 cells transfected with WT CaSR 

exhibited sigmoidal concentration-response curves for extracellular calcium -evoked intracellular 

calcium responses and this result suggests strong positive homotropic cooperativity within the five 

Ca-binding sites of the CaSR and this response are  even more  potentiated by TNCA and AMG-

416.   

Figure 2.15 Tb3+ binding studies and functional assay of AMG-416 and TNCA on the 

CaSR ECD related to the metal binding sites at the hinge region. 
 

A – Kd comparison of bacterial expressed CaSR ECD with mutation E297K in the presence of Tb3+ in the absence or 

presence of TNCA and AMG-416. B – Functional activity of CaSR with either AMG-416 or TNCA using IP1 accumulation assay 

related to the metal binding sites at the hinge region.  

 

The E297K mutation was observed to markedly impair CaSR activity, underscoring the 

indispensable role of this binding site in CaSR functionality. Interestingly, TNCA exhibited the 

capacity to restore function in the presence of E297K, whereas AMG-416 showed no impact on 

these mutations. This data strongly implies that TNCA's pivotal functional role involves the 
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closure of the VTF domain, facilitated by additional binding at the hinge region, a phenomenon 

not observed with AMG-416(figure 2.15). 

 

Figure 2.16 Tb3+ binding studies and functional assay of AMG-416 and TNCA on the 

CaSR ECD related to the metal binding sites at the top loop region. 
A – Comparison of the affinity constant (Kd) of the extracellular domain (ECD) of the calcium-sensing receptor (CaSR) 

expressed in bacteria, with the I81M mutation, in the presence of Tb3+ ions, both in the absence and presence of TNCA and AMG-

416. B- The functional activity of the calcium-sensing receptor (CaSR) can be assessed using an IP1 accumulation assay. This 

assay can determine the effect of either AMG-416 or TNCA on the CaSR's activity. Specifically, it focuses on the metal binding 

sites located in the top loop region of the receptor. 

 

We also investigated the impact of AMG-416 and TNCA on the top calcium binding site. The 

binding study revealed that both TNCA and AMG-416 were unable to restore the binding 

cooperativity of the I81M mutation. Additionally, a functional study measuring IP1 accumulation 

and intracellular calcium responses using cell population assay indicated that neither TNCA nor 

AMG-416 improves the activity of the I81M mutation (Table 2.4). This observation suggests a 

potential non-cooperative function for this specific binding site. Furthermore, there was a 

suggestion that this binding site might exhibit conservation in structure, as reported in mGluRs 

and the T1R2/T1R3 receptor.(73,74). Hence, the top binding site may serve a dual role, as 

mutations at this site could significantly impede both structural integrity and functional properties. 

(Figure 2.16) 

The cell population studies involved measuring the [Ca2+]i responses of both the wild type (WT) 

CaSR and its mutants, following the methodology described by Huang et al. In summary, HEK293 

cells transfected with mCaSR were cultured on coverslips measuring 13.5 × 20 mm.  Once the 



58 

in a lysis buffer for a duration of 1 hour at ambient temperature. The Time-Resolved Fluorescence 

signals were measured utilizing a Victor plate reader. Detailed parameters of the binding and 

functional studies can be found in the tables below.  

 

 

Table 2.4 Detailed parameters of Terbium Tryptophan FRET of bCaSR WT 
 

bCaSR ECD 

WT Tb3+ only 

(µM) 

5 µM TNCA 

with Tb3+(µM) 

20 µM AMG-416 

with Tb3+ (µM) 

Kd1 

(1:1) 

8.80 + 0.4 10.1 ± 0.2 - 

Kd2 62.3 + 1.8 55.0 ± 3.1 12.5 ± 1.4  

Hill 

Number 

4.80 ± 0.5 5.70 ± 1.1 1.2 ± 0.1 

ΔF 1.24E+06 5.93E+05 5.01E+05 

 

Table 2.5 Detailed parameters of Terbium Tryptophan FRET of bCaSR E297K, 

modeled binding site mutation. 
 

bCaSR ECD 

E297K Tb3+ only 

(µM) 

5 µM TNCA with 

Tb3+ 

(µM) 

20 µM AMG-416 

with Tb3+ (µM) 

Kd1 (1:1) - N/A N/A 

Kd2 16.6 ± 2.5 10.4 ± 0.7 22.4 ± 2.1 

Hill 

Number 

1.3 ± 0.1 2.2 ± 0.1 1.6 ± 0.2 

ΔF 6.75E+05 4.59E+05 6.78E+05 

 



59 

Table 2.6 Detailed parameters of Terbium Tryptophan FRET of bCaSR I81M, top binding 

site mutation 
 

bCaSR ECD 

I81M Tb3+ only 

(µM) 

5 µM TNCA with 

Tb3+(µM) 

20 µM AMG-416 

with Tb3+ (µM) 

Kd1 (1:1) N/A - -  

Kd2 13.8 ± 1.7 10.0 ± 1.2 12.4 ± 1.3 

Hill 

Number 

1.4 ± 0.2 1.2 ± 0.2 1.2 + 0.1 

ΔF 4.52E+05 5.57E+05 4.64E+05 

 

 

 

Table 2.7 Detailed parameters of the functional assay of CaSR (WT and mutations) 

in the presence of either TNCA or AMG-416 using IP1 Assay 

 

 

Table 2.8 Detailed parameters of the functional assay of CaSR (WT and mutations) 

in the presence of either TNCA or AMG-416 using Cell Population Assay. 
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We monitored intracellular calcium responses by using a cell population assay. The EC50 with 

calcium alone for WT CaSR was 2.6 mM. With TNCA and AMG-416, we see significant reduction 

in the EC50 for activation of [Ca2+]i signaling by [Ca2+]o in the presence of 0.5-10 mM  [Ca2+]o 

However, functional study  of intracellular calcium responses using cell population assay indicated 

that neither TNCA nor AMG-416 improves the activity of the I81M mutation.(Table 2.8) 

2.6 Conclusion  

Tempo-spatial changes of calcium concentration in the intra cellular and extracellular 

environment of cells impact the regulations of several cellular processes by   modulating the 

activity of calcium binding proteins and the activity of calcium. To study the cooperativity of the 

various calcium binding sites on the extracellular domain, we employed the use of the monomeric 

CaSR ECD E. coli expression system by removing the Cys-rich domain and signal peptide.     With 

the aid of Terbium Tryptophan FRET signaling, we were able to determine the binding affinity 

and cooperativity of CaSR in the presence of Tb3+ and allosteric modulators TNCA and AMG-

416. In the case of the wildtype protein (Figure 2.13) our results support our hypothesis of the co-

activation of CaSR with both TNCA and a metal. The AMG-416, the blue curve, pre-activates the 

receptor and eliminates the first binding phase. Although AMG-416 stabilizes the active form of 

CaSR it cannot rescue the cooperativity.  

Mutation E297K also found in the hinge region displays illustrates a complete loss of the 

tight binding phase when titrated with terbium and treated with TNCA and AMG-416.  With 

TNCA, it is possible to improve the effect of loss of function of CaSR in E297K, although AMG-

416 could not regain the function of CaSR This is similar to the IP1 functional studies, the mutation 

E297K largely disrupts CaSR activity, suggesting this binding site is essential for CaSR activity. 

Interestingly, TNCA can partially recover its mutation effect (Figure 2.15). In contrast, AMG-416 
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3 FUNCTIONAL ANALYSIS OF THE CELLULAR RESPONSE OF CASR  

3.1 Introduction 

Dr. Ed Brown et al.'s discovery of the parathyroid CaSR in 1993 introduced a new paradigm 

of Ca2+ signaling (77). CaSR and 14 other cGPCRs use extracellular Ca2+ ([Ca2+]o) as a first 

messenger to regulate a variety of cellular functions. CaSR and other GPCRs can activate a variety 

of intracellular signaling pathways, including Gq/11, Gi/o, and Gs signaling, ERK1/2 signaling, and 

intracellular Ca2+ mobilization. 

Past Yang lab members established that in CaSR-transfected HEK cells, Ca2+
o-evoked, 

CaSR-mediated [Ca2+]i oscillations, IP1 generation, and extracellular signal-regulated kinase 1/2 

(ERK) activity display cooperative alterations in their responses to changed [Ca2+]o (78). CaSR 

functional cooperativity, particularly the positive homotropic cooperative response to [Ca2+]o, is 

required for the receptor to respond over a narrow physiological range of [Ca2+]o (1.1-1.3 mM, 

Hill coefficient of 3-4) to regulate intracellular Ca2+ signaling activation, inhibition of PTH release 

in parathyroid cells, and stimulation of calcitonin secretion in C-cells(79). 

Extracellular positively charged ions including Mg2+ and Ca2+, polyamines, and amino acids 

can act as CaSR agonists and co-agonists to modulate [Ca2+]o induced CaSR activation. Under 

physiological conditions, L-amino acids, particularly aromatic amino acids, regulate the high 

[Ca2+]o-elicited activation of CaSR by changing the EC50 values for[Ca2+]o-elicited intracellular 

calcium ([Ca2+]i) responses via positive heterotropic functional cooperativity (80-82). CaSR, like 

other cGPCRs, works as a dimer with a lengthy N-terminal ECD (83). The ECD is essential for 

the receptor's coordinated response to changes in [Ca2+]o, amino acids, metabolites, and pH (46,84-

87). 
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3.1.1 Uncovering TNCA 

Interestingly, an extended planar electron density was detected in the hinge region between 

the two subdomains, which is hypothesized to be the site of orthosteric ligand binding (Figure 

2.1A). There were no naturally occurring CaSR ligands (CaSRLs) or reagents employed in sample 

preparation and crystallization that fit the density well, implying a unique CaSRL.  The purified 

protein preparation was subjected to high-resolution liquid chromatography-electrospray 

ionization-mass spectrometry (LC-ESI-MS), which revealed a species eluted at 4.65min with a 

mass/charge ratio (m/z) of 215.0824 in negative-ion mode. Based on the observed mass, the 

expected elemental formula is C12H11N2O2 (calculated mass, 215.0821; mass accuracy, 1.4 ppm) 

(36) .A PubChem search yielded a tryptophan derivative, L-1,2,3,4-tetrahydronorharman-3-

carboxylic acid (TNCA), with the expected molecular weight and observed density shape.  TNCA 

has one more carbon atom connecting the amine nitrogen atom and the C2 atom of the indole ring 

than tryptophan.  TNCA has been found in a variety of food and biological systems, and it is most 

likely formed in humans by tryptophan reacting with formaldehyde (71), and it may also be 

produced during the creation of the recombinant protein in HEK cells. The synthetic TNCA's 

elution time, molecular weight, and MS fragmentation matched those of the CaSRL, confirming 

the compound's identity as TNCA (Figure 2.7). The ligand shall be referred to as TNCA from now 

on. 

3.1.2 Structure-based Drug Design  

GPCR-targeting therapeutics account for more than one-third of all FDA-approved 

medicines. Developing chemicals that target GPCRs is a growing market, with revenue from FDA-

approved GPCR targeted pharmaceuticals totaling more than $180 billion per year (89-91). The 

metabotropic glutamate receptors (mGluR1–8), a calcium-sensing receptor (CaSR), and two 
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drug design to develop selective CaSR agonists and antagonists with enhanced binding and 

pharmacokinetic properties. 

Finally, our collaborative research with Drs Marichiev and Goodman focused on the 

development and testing of a CaSR-specific PET imaging tracer for mapping CASR expression in 

both biological and pathological states. Our fluorimetry-based cell population investigations 

evaluated the function of receptor-targeted PET agents, with the goal of achieving high sensitivity. 

Previous efforts failed, most likely due to a lack of structural information on CaSR binding 

pockets.  Nevertheless, using our newly modeled CaSR structure and present therapeutics, we can 

map CaSR distribution and expression in vivo and as a companion diagnostic for the drug 

development of a PET imaging agent using 18F-labeling, 76Br-labeling. Due to its long half-life of 

around 110 minutes and positron emission characteristic, fluorine-18 is one of many fluorine 

isotopes that are often used in radiolabeling of biomolecules for PET imaging. Thus, 18F-labeling 

will be implemented using the fluoro-TNCA derivative. Also, bromine-76, a positron emitter with 

57% positron emission and 43% electron capture has been used to label antibodies and small 

molecules for PET imaging. The relatively long half-life (16.2 h) and high positron energy (3.4 

MeV maximum) also make it possible to use 76Br for internal radiotherapy. The therapeutic effect 

can also be attributed to the electron capture component of the Br-76 radionuclidic decay. 

3.1.3 Goals And Objective of This Chapter 

We intend to investigate the structure-activity relationship of TNCA and TNCA derivatives 

that can operate as CaSR allosteric modulators. We anticipate that the findings of these 

investigations will pave the way for the creation of CaSR-specific agonists and antagonists for the 

treatment of numerous CaSR-associated human disorders. We also intend to assess the 

effectiveness of potential PET imaging agents for CaSR in the presence of calcium and magnesium 
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as this study will help us to understand how to map vivo organ and tissue distribution of CaSR and 

develop CaSR targeted PET agents for non-invasive and longitudinal molecular imaging. 

3.2  Methods 

3.2.1 Cell Culture and Transfection 

For mammalian expression, the protein was inserted into the pcdna3.1 vector. HEK293 cells 

and HEK5001 cells, a stably transfected CaSR cell line, were used for in vivo research. Before 

transfection, HEK293 cells were split onto imaging slides and allowed to reach 40% confluency. 

The cells were grown in a high glucose DMEM buffer with 10% fetal bovine serum (FBS). 

Lipofectamine 2000 was utilized the next day as the transfection reagent to transfer the plasmid 

into the cell. For mCaSR-based protein transfection, a one microgram DNA to three microliters 

Lipofectamine 2000 ratio was utilized. For each slide of cells to be transfected, one milliliter of 

transfection solution was prepared. Two 0.5 mL OPTI tubes were made. One received 

Lipofectamine 2000, while the other received DNA. The solutions were allowed to rest at room 

temperature for about one minute. The entire DNA solution was then added to the lipofectamine 

solution. The solution was mixed with a pipette and centrifuged for five seconds before being set 

in a dark, room-temperature drawer where it incubated for five minutes. Following the incubation 

time the transfection solution was added by drops to the dish and incubated at 37 °C for four hours. 

After that, the medium was replaced with 3 mL of fresh DMEM and incubated for 48 hours at 37 

°C.  

3.2.2 Cell Population by Fluorimetry  

To complete cell populations assays in experimental and clinical studies, carefully 

sterilized cells are frequently required. Cell population experiments look at how a group of cells 

oscillates in response to calcium stimulation or interval medication administrations. Researchers 
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Using the microscope check to see if the cells have reached 90% confluency on the day of 

experiment. Cells are washed gently three times using loading buffer (20 mM HEPES, 125 mM 

NaCl, 5 mM KCl, 0.5 mM MgCl2, 1 mM NaH2PO4, pH = 7.4, then add 1.25 mM Ca2+, 0.1 % 

glucose, and 0.1 % BSA).  

Subsequently, the cells are incubated with 2 µL F-127 and 2 µL Fura-2 for 30 mins at 37 

degrees. After incubation, wash the cells with experimental buffer (20 mM HEPES, 125 mM NaCl, 

5 mM KCl, 0.5 mM MgCl2, pH = 7.4, then add 0.5 mM Ca2+, 0.1 % glucose, and 0.1 % BSA). 

Take the cover slip and put it in the cuvette so that it is diagonal and facing the beam at a right 

angle to the detector. The slit width of the PTI fluorometer should be 0.65/1.80 nm for cell 

population based on the literature. Measurements of Fura-2 fluorescence is an excitation ratio of 

340/380 nm and the emission it 510 nm. The starting concentration is 0.5 mM Ca2+ because the 

experimental buffer contains that concentration of standard calcium. We titrate with 1 M Ca2+ in 

step wise from (0.5 – 10 mM Ca2+) in triplicate. The emission ratio of 340/380 nm is calculated 

and normalized using the last 50 seconds when the cellular response returns to the baseline. We 

used calcium chloride (CaCl2) as the calcium standard and magnesium chloride hexahydrate 

(Cl2H12MgO6) as the magnesium standard for the cell population studies.  

3.2.3 Intracellular Calcium Concentration by Cell Population  

The cell population studies involved measuring the [Ca2+]i responses of both the wild type 

(WT) CaSR and its mutants, following the methodology described by Huang et al. In summary, 

HEK293 cells transfected with mCaSR were cultured on coverslips measuring 13.5 × 20 mm.  

Once the cells reached a confluency of 90% or higher, they were loaded with 2 μM Fura-2 AM in 

an incubation buffer containing 20 mM HEPES, 125 mM NaCl, 5 mM KCl, 1.25 mM CaCl2, 0.5 

mM MgCl2, 1 mM NaH2PO4, 0.1% glucose, and 0.1% BSA (pH 7.4) and incubated for 20-30 
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minutes at 37°C. Afterward, the cells were washed three times with experimental buffer.  The 

coverslips containing HEK 293 cells transfected with CaSR and loaded with Fura-2 were 

positioned diagonally inside quartz cuvettes with a volume of 3 mL. The cuvettes were filled with 

Ca2+-free experimental buffer. The experimental buffer contained 20 mM HEPES, 125 mM NaCl, 

5 mM KCl, 0.5 mM CaCl2, and 0.5 mM MgCl2, 0.1 % glucose, and 0.1 % BSA (pH 7.4). The 

appropriate concentration of Ca2+, either 0.5 mM or 2.0 mM Ca2+ was added to the experimental 

buffer before completing the cell population studies. The fluorescence spectra at a wavelength of 

510 nm were recorded while gradually increasing the concentration of extracellular calcium ions 

[Ca2+]o. The measurements were performed using a QM1 fluorescence spectrophotometer 

(manufactured by Photon Technology International), and the ratio of the intensities of the emitted 

light at 510 nm when excited at 340 or 380 nm was used to monitor changes in [Ca2+]i. The EC50 

and Hill constants were determined by fitting the data to the Hill equation, 
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where ΔS is the total signal change in the equation, Kd is the apparent binding affinity, n is the Hill 

coefficient, and [M] is the free metal concentration.  The emission ratio of 340/380 was calculated 

and used to reflect the changes in [Ca2+]i when different concentrations of positively charges ions, 

aromatic amino acids, or drugs were applied to the cells.   

3.2.4  Cell culture and transfection 

HEK293 cells were cultured in DMEM medium containing 4.5 grams per liter of glucose, 10% 

fetal bovine serum (FBS), and 1% penicillin and streptomycin for a duration of 48 hours. The cells 

were incubated in a humidified incubator at a temperature of 37 °C, with a CO2 concentration of 

5%. The cells were transfected with EGFP CaSR using Lipofectamine 2000 (Invitrogen) according 

to the instructions provided by the manufacturer.  
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3.2.5  Measurement of [Ca2+]i in single cells transfected with EGFP CaSR   

HEK HEK293 cells cultured on coverslips were transiently transfected  with EGFP CaSR and 

incubated for a duration of 48 hours. The cell was loaded with Fura-2 AM by incubating it with a 

solution containing 2 μM Fura-2 AM and 2ul of Pluronic F-127 in 1mL of loading buffer. This 

mixture, along with 1.5mL of buffer (consisting of 0.5 mM CaCl2, 140 mM NaCl, 5 mM KCl and 

1.0 mM MgCl2), was then added to the small plate containing the cells and cover slip. 

Subsequently, the coverslips were placed in a bath chamber located on the stage of a Leica DM600 

fluorescence microscope. The real-time emission fluorescence intensity ratio of 340 nm and 380 

nm was measured to monitor changes in intracellular Ca2+ concentration. This was done by adding 

extracellular Ca2+, various concentrations of amino acids (AA) or TNCA derivatives, or a 

combination of Ca2+ with AA, and using them as indicators for intracellular Ca2+ concentration 

changes.  

3.3     Results And Discussion 

3.3.1 Screening Positively Charged Ions and Potential Drugs Using Cell Population and 

single cell Assay.  

Single-cell imaging offers a plethora of information, such as oscillation frequency, start 

and end periods, EC50, and cellular response rates.  The drawback is that only a limited number of 

cells are captured in each photograph, necessitating multiple attempts to achieve a sufficiently 

large sample size for establishing the reproducibility of the results.  Cell population imaging 

captures images of a specific area on the slide that include  many cells, ranging from 1,000 to 

1,000,000 with average of calcium responses at initial responses to the stimuli and cannot detect 

single cell calcium oscillation.  , When all cells start oscillating at different frequencies, as 
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observed in single-cell imaging, the peaks of these varied frequencies result in signal cancellation, 

leading to the formation of an average signal response.  

A major challenge faced with the screening of TNCA and TNCA derivatives was the fact 

that aromatic amino like L-Trp and L-Phe, and peptides all occupy the same binding pocket as 

TNCA(37,38) (Figure 3.1). The positioning of aromatic amino acids/TNCA within the hinge 

region of the homodimer CaSR ECD suggests that they are tightly located in that region and due 

to the considerable size of the dimerized CaSR-ECD, assessing binding affinity directly through 

conventional in vitro binding assays presents a significant challenge. 

  

Figure 3.1  L-Trp/TNCA share the same binding pocket.. PDB code 5FBK (37,38) 

 

Studies have shown that aromatic amino acids, like L-phenylalanine (Phe) and tryptophan 

(Trp), act as co-agonists, with calcium to activate CaSR(68,98,99). Nevertheless, it was suggested 

that these amino acids, on their own, do not activate CaSR, and require a basal calcium 

concentration of approximately 1.0-1.5 mM, in contrast, calcium by itself can fully activate the 

receptor(L-AAs) however, the precise involvement of L-AAs in the activation mechanism of CaSR 

remains unclear. This uncertainty arises because the study of CaSR function has traditionally been 

conducted in cellular assays, where the concentrations of L-AAs are unknown. To gain precise 

control over the ambient L-AA concentration, Liu et al. devised a cell-free assay that efficiently 
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Figure 3.2 Comparison of calcium induced oscillations in normal media and free AA 

media using cell population assay 
A – Raw data of Ca2+ addition to WT hCaSR using Fura-2 with Ca2+ binding to Fura-2 intracellularly leading to an 

increase in signal at 340 nm and a decrease in the signal at 380 nm simultaneously.(Normal media)  B – The ratio of 340/380 nm 

of A. C – Raw data of Ca2+ addition to WT hCaSR using Fura-2 with Ca2+ binding to Fura-2 intracellularly leading to an 

increase in signal at 340 nm and a decrease in the signal at 380 nm simultaneously.(Free amino acid  media)  D – The ratio of 

340/380 nm of A. E-Cell population response curve fitting using hill equation, cell cultured in normal medium in black, cell 

treated with AA-free medium in red. 

. 

 

This experiment was also done using the single cell assay, and it was observed that in the 

amino acid-free culture medium, cells oscillate earlier upon calcium stimuli at 3mM [Ca2+]o 

compared to the normal media at 4mM [Ca2+]o (Figure 3.3). This finding suggests that the 

endogenous preoccupied amino acids may function as autoinhibition. 
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Figure 3.3 Comparison of calcium induced oscillations in normal media and free AA 

media using single cell assay. 
(A) Representative 5001 cell oscillation upon calcium titration, cell cultured in normal medium (top), cell treated with 

AA-free medium (bottom), (B) oscillation frequency is right-shifted, indicating higher oscillation frequency. (C) Single cell 

imaging response curve fitting using hill equation, cell cultured in normal medium in black, cell treated with AA-free medium in 

red. 

 

 

Using single cell assay, the effect of  [L-Phe]o in the absence of endogenous AA was also 

measured,  and the data shows that in the absence of endogenous AA, [L-Phe]o induces CaSR 

oscillations at lower [Ca2+]o with increased oscillation frequency. This proves that calcium alone 

can easily activate the receptor then [L-Phe]o helps to further enhance that activation. This result 

was also compared with the cell population data done by Li Tian,  and we observed an increased 

signal peak of L-Phenylalanine in the free amino acid media. 
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Figure 3.4 Comparison of L-Phenylalanine induced signal peaks in normal medium 

and AA-free medium using single cell assay. 
(A) Representative 5001 cell oscillation upon calcium titration with fixed 5mM L-Phe, cell cultured in normal medium 

(top), cell treated with AA-free medium (bottom), (B) cell imaging response curve fitting using hill equation, cell cultured in 

normal medium in black, cell treated with AA-free medium in red.. N=2 
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Figure 3.5 Comparison of L-Phenylalanine induced signal peaks in normal medium 

and AA-free medium using cell population assay. 
Cell population result in 5001 cells preloaded with Fura-2 titrated L-Phenylalanine with fixed 2mM Ca2+ in normal 

medium (top panel) or after overnight starvation in AA-free medium (bottom panel), fluorescent intensity from Fura-2 at excitation 

340nm and 380nm were at( left ), and the ratio of 340nm/380nm were at (right) 

 

Using single cell assay, the effect of  [L-Trp]o in the absence of endogenous AA was also 

measured,  and the data shows that in the absence of endogenous AA, [L-Trp]o induces CaSR 

oscillations at lower [Ca2+]o with increased oscillation frequency. This proves that calcium alone 

can easily activate the receptor then [L-Trp]o helps to further enhance that activation.  
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Figure 3.6 Comparison of L-Tryptophan induced signal peaks in normal medium 

and AA-free medium using cell population assay 

(A) Representative 5001 cell oscillation upon calcium titration with fixed 5mM L-Trp, cell cultured in normal medium 

(top), cell treated with AA-free medium (bottom), (B) cell imaging response curve fitting using hill equation, cell cultured in 

normal medium in black, cell treated with AA-free medium in red. N=2 

 

 that the hinge region calcium binding site is formed by S147, S170, D190, Y218, and E297, 

which partially overlaps with the amino acid binding site. Upon examining CaSR structures in the 
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inactive, partially active, and fully activated forms, we found that the inactive form of CaSR 

(pdb:7m3j) has widely open overlapping binding sites. However, in the presence of TRP 

(pdb:7dtu), the binding pocket narrows, and the mentioned residues restrict the calcium binding 

space. Additionally, when only calcium is present (pdb:7dtt), although no calcium was reported in 

this site, we can observe the surface of the binding site warping into a spherical shape, leaving the 

TRP/TNCA site open. The addition of TNCA after calcium has bound at the hinge region further 

closes the site (pdb: 7dtt vs. pdb: 7e6t). This observation supports our finding that TRP's 

preoccupation inhibits calcium binding at this hinge region binding site, whereas the addition of 

TRP/TNCA with calcium bound to this site enhances CaSR activity (Error! Reference source 

not found.). 

 

 

Figure 3.7 Hinge calcium and amino acid binding site in difference CaSR structures. 
 

 Based on our data, we propose a working model demonstrating that calcium acts as the 

primary agonist for CaSR, capable of activating the receptor on its own. Additionally, the 

inclusion of amino acids as co-agonists can enhance this activation. It's important to note that 

amino acids alone are unable to activate the receptor; they require a basal threshold of calcium 

concentration to exhibit cooperativity. Below this threshold, the amino acids occupy the hinge 

region binding site, acting as an autoinhibitory factor (Figure 3.8). 
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Table 3.1 Comparison of Regular medium and AA-free medium. 
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3.3.2 Activity Relationship of Calcium and Magnesium to TNCA to CaSR 

Next, we compared the relationship between calcium and magnesium to TNCA to 

potentiate CaSR activity in free amino acid media. The EC50 of calcium alone falls between 3.0-

4.7 mM. In the presence of L-TNCA, the EC50 of CaSR using cell population decreases to 2.85 + 

0.05 mM Ca2+ with 0.01 µM TNCA and 1.85 + 0.04 mM Ca2+ with 5 µM TNCA (Table 3.2 and 

Figure 3.8). Additionally, a maximally active concentration of 0.1 to 0.5 mM TNCA markedly 

reduces the EC50 for activation of [Ca2+]i signaling by [Mg2+]o in the presence of 0.5 mM [Ca2+]o 

(Figure 3.9).  

 

Table 3.2 EC50 of [Ca2+]o for stimulation of [Ca2+]i signaling in the presence of various 

concentrations of TNCA 
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Figure 3.12 The activity of TNCA to CaSR in the presence of magnesium 
Representative 5001 cell oscillation upon TNCA  titration with fixed 7.5mM magnesium, cell cultured in free AA 

medium (right),),  cell imaging response curve fitting using hill equation (left) Direct measurement of the EC50 of TNCA, EC50 = 

0.11µM.  N=5 

 

We also compared the relationship between calcium and magnesium to TNCA to 

potentiate CaSR activity in free amino acid media. The EC50 of TNCA in the presence of 2mM 

calcium  was 0.13 mM and 0.11mM  in the presence of 7.5mM magnesium. (Figure 3.11 and 

Figure 3.12). Our results show that TNCA is a strong co-agonist with [Mg2+]o in activating 

[Ca2+]i oscillations and ERK1/2 phosphorylation 

3.3.3 Development of PET imaging tracer to CaSR 

CaSR differentiation in different types of kidney cells, as well as its activation of 

fibroblasts, is important in renal fibrosis and heterogeneity (Figure 3.13). Unfortunately, there is 

currently no non-invasive imaging method for quantifying renal fibrosis targeting CaSR. Much 

effort has gone into developing a cell-specific molecular imaging agent with high sensitivity and 

specificity. This research is of paramount importance due to the unmet medical need for 

quantitative staging fibrosis and its major causes, as well as improving preoperative or 

intraoperative imaging guides for thyroid cancer and other diseases. CaSR expression mapping at 

the sub-nM level necessitates the development of receptor-targeted PET agents with high 
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series, it was observed that having a -CO2CH3 group at the "Y" position was superior to a -COOH 

group. 

 

Figure 3.14 Structures of drug compounds based on TNCA. 

 

 

Table 3.3 Apparent EC50 of drug candidates based on TNCA calculated by the 

change of calcium EC50 in free amino acid using cell population assay. 

Compound 
Co-activator 

[Ca
2+

]
o
 

Co-activator 

[Mg
2+

]
o
 

TNCA  0.15 + 0.24 µM  ND 

5-Bromo SDUL 121-044 (Agonist) 0.83 ± 0.17uM  0.13 ± 0.36uM  

5-Bromo L- TNCA Methyl Ester (Agonist) 0.18 + 0.43uM  Inconclusive 

L-Bromo TNCA (Agonist) 0.41+ 0.18µM  ND 
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3.3.4 Tested PET imaging drug: 5-bromo-1,2,3,4- Tetrahydro-1H-pyrido[3,4-b] 

indole-3- carboxylic acid to CaSR 

 

Table 3.4 EC50 of [Ca2+]o for stimulation of [Ca2+]i signaling in the presence of 5-

Bromo SDUL 121-044 (5-bromo-1,2,3,4- Tetrahydro-1H-pyrido[3,4-b] indole-3- 

carboxylic acid 

 
Figure 3.15 The activity of 5-Bromo SDUL 121-044 compound to CaSR in the 

presence of calcium 
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incubation buffer and then washed three times with experimental buffer. The coverslips were 

placed diagonally in 3-mL quartz cuvettes containing experimental buffer.  

The fluorescence spectra at 510 nm were measured during stepwise increases in [Ca2+ ]o or 

[Mg2+]o with alternating excitation at 340 and 380 nm.  The ratios of the intensities in the presence 

of various fixed concentrations of 5-Bromo TNCA were fitted using the Hill equation. The 

intracellular response of CaSR by treating the cells with various fixed concentrations of 5-fluoro-

dimethyl TNCA methyl ester in the presence of Mg2+ is seen below.  

 

Table 3.5 EC50 of [Mg2+]o for stimulation of [Ca2+]i signaling in the presence of Bromo-

TNCA 
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Table 3.6 EC50 of [Mg2+]o and [Ca2+]o for stimulation of [Ca2+]i signaling in the 

presence of different co-activators and Bromo-TNCA derivative. 

 

 
Similar to the cell population(s) with fixed concentrations of 5-Bromo TNCA in the 

presence of calcium, the concentrations of 5-Bromo TNCA in the presence of magnesium were 

prepared the same way. CaSR stably transfected HEK5001 cells were grown on coverslips in 

DMEN. The following day, the DMEM media was exchanged for the amino acid free media with 

FBS and Penicillin/Streptomycin. After the cells reached 90% or higher confluency, they were 

loaded by incubation with 2 μM Fura-2 AM in incubation buffer for 30 minutes, then washed three 

times with experimental buffer.  

The fluorescence spectra at 510 nm were measured during stepwise increases in [Mg2+]o 

with alternating excitation at 340 and 380 nm. This TNCA derivative, Bromo–TNCA showed 

functional cooperativity in the presence of 13 mM extracellular Mg2+. The EC50 of Bromo–TNCA 

at different concentrations generally decreased as the concentration of fixed Bromo–TNCA 

increased (Figures 3.15 and 3.16). In the presence of concentrations 100 μM Bromo–TNCA, the 

EC50   decreases. TNCA derivative, Bromo–TNCA showed functional cooperativity in the presence 

of 10 mM extracellular Ca2+. The EC50 of calcium in the presence of Bromo–TNCA at different 
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concentrations generally decreased as the concentration of fixed Bromo–TNCA increased. 

Overall, it has high sensitivity for CaSR with the EC50 = 1.79 µM in presence of Ca2+ and an EC50 

= 0.53 µM in the presence of Mg2+. Overall, the addition of a bromine ion with to TNCA decreased 

the EC50, and functions as an agonist for CaSR.  

Fortunately, 5-bromo-1,2,3,4- Tetrahydro-1H-pyrido[3,4-b] indole-3- carboxylic acid 

contains bromine as part of its molecular structure for direct B-76 exchange. In addition, this 

modified TNCA functions to induce the receptor-mediated intercellular response and functions to 

influence CaSR’s cooperativity in the presence of both calcium and magnesium.  As a result, 5-

bromo TNCA can be used as a probable CaSR-targeted PET agent or as a drug candidate.  

3.3.5 Tested PET imaging drug: 5-Bromo methyl ester TNCA to CaSR 

Next, we wanted to enhance the solubility of the Bromo-TNCA derivative, by producing a 

methyl ester form of the compound. The bromo-methyl ester TNCA form was analyzed by the 

means of cell population by fluorimetry. The results from those experiments can be found below. 

(Table 3.6). 
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Table 3.7 EC50 of [Ca2+]o for stimulation of [Ca2+]i signaling in the presence of Bromo methyl 

ester TNCA. 

 

 
Figure 3.17 The activity of Bromo methyl ester TNCA compound to CaSR in the 

presence of calcium 
A – EC50 comparison of Ca2+ to CaSR in the presence of 5-bromo-methyl ester TNCA and extracellular Ca2+. B– Calcium 

EC50 change in the presence of Bromo methyl ester TNCA. 

Indirect measurement of the EC50 of the Bromo dimethyl ester TNCA derivative as function of calcium, EC50 = 0.18 µM 

 

The measurement of [Ca2+]i change upon response of [Ca2+]o and  5-bromo-methyl ester 

TNCA derivative suggests that the EC50 < 1 µM. Consequently, the addition of bromine with a 

methyl ester to TNCA functions as an agonist to CaSR.   

Next, we examined the intracellular response of CaSR by treating the cells with various 

fixed concentrations of 5-bromo-dimethyl ester TNCA in the presence of Mg2+ (Table 3.7) 



97 

Table 3.8 EC50 of [Mg2+]o for stimulation of [Ca2+]i signaling in the presence of Bromo 

methyl ester TNCA. 

 

 

Figure 3.18 The activity of Bromo methyl ester TNCA compound to CaSR in the 

presence of magnesium 
A – EC50 comparison of Ca2+ to CaSR in the presence of Bromo methyl ester TNCA and extracellular Mg2+. 

 

B. The activity of an Bromo methyl ester TNCA to CaSR in the presence of magnesium. 

Indirect measurement of the EC50 of the Fluoro-TNCA derivative as a function of calcium, EC50 = Inconclusive.  
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Table 3.9 EC50 of [Mg2+]o and [Ca2+]o for stimulation of [Ca2+]i signaling in the 

presence of different co-activators and Bromo methyl ester TNCA derivative. 

 

The measurement of [Ca2+]i change upon response of [Mg2+]o and bromo methyl ester 

TNCA suggests that the EC50 < 10 µM, indicating that the bromo methyl ester TNCA still functions 

as an agonist to CaSR. Additionally, the EC50 seems not to follow a particular trend but we noticed 

that it increased till it got to 0.1µM and started decreasing at 0.5 µM 5-bromo-methyl TNCA ester. 

Further studies on biological activity of this derivative are still underway in our laboratory and will 

be reported on in the future. 

3.3.6 Tested PET imaging drug: 5-Fluoro methyl Ester TNCA to CaSR 

Here we examined the intracellular response of CaSR by treating the cells with various 

fixed concentrations of 5-Fluoro methyl Ester TNCA in the presence of Ca2+ (Figure 3.19). 
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Table 3.10 EC50 of [Ca2+]o for stimulation of [Ca2+]i signaling in the presence of an 5-

Fluoro methyl Ester TNCA. 

 

 

Figure 3.19 The activity of a 5-Fluoro methyl Ester TNCA compound to CaSR in the 

presence of calcium. 

 
A – EC50 comparison of Ca2+ to CaSR in the presence of 5-Fluoro methyl Ester TNCA. 

B – Indirect measurement of the EC50 of the 5-Fluoro methyl Ester TNCA as a function of calcium, EC50 = 0.5 µM.  

 

Next, we examined how magnesium functioned as a co-activator of CaSR in the presence 

of various concentrations of the 5-Fluoro methyl Ester TNCA (Figure 3.19). 
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Table 3.11 EC50 of [Ca2+]o for stimulation of [Ca2+]i signaling in the presence of 5-

Fluoro methyl Ester TNCA 

 

 

Figure 3.20 The activity of an Fluoro methyl Ester-TNCA compound to CaSR in the 

presence of magnesium. 

 
A – EC50 comparison of Ca2+ to CaSR in the presence of 5-Fluoro methyl Ester TNCA.  

B – Indirect measurement of the EC50 of the 5-Fluoro methyl Ester TNCA as a function of magnesium, EC50 = ND 

 

The addition of an Fluoro group with a methyl ester to TNCA as a function of extracellular 

Mg2+ increased the EC50 consistently with the extracellular calcium with an increased sensitivity/ 

detection window. Although a larger dynamic range was seen for the 5-Fluoro methyl Ester TNCA 

when the receptor was activated with Mg2+ , we still can’t calculate a total EC50 for the magnesium 

titration(Figure 3.20) however, the fluoro-TNCA derivative still functions as an agonist for CaSR.  
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3.3.7 Testing AMG-416 for the calcium-sensing receptor 

We conducted this experiment to evaluate the effectiveness of our potential drug candidate 

by testing CaSR with AMG-416, a known agonist, as a control to compare the results and 

determine the agonistic response. (Figure 4.12). Etelcalcetide hydrochloride, also known as 

Parsabiv® or (ONO-5163/AMG 416)(75) is a compound that acts as an allosteric modulator of the 

calcium sensing receptor. It was initially developed by KAI Pharmaceuticals Inc. (now Amgen 

Inc.). AMG-416, the initial intravenous calcimimetic agent approved for secondary 

hyperparathyroidism (SHPT), was suggested to bind to the dimer region of CaSR ECD by creating 

a mixed disulfide bond between the agonist and C482 of the CaSR ECD.(100) AMG 416 is a 

pharmaceutical agent employed for the treatment of secondary hyperparathyroidism in individuals 

suffering from chronic kidney disease. It works by binding to the calcium-sensing receptor in the 

parathyroid gland and activating it, which reduces the production of parathyroid hormone. This 

helps to maintain calcium and phosphorus balance in the body, which is important for bone health. 

AMG 416 is administered as an injection and is typically used with other chronic kidney disease 

treatments.(76) 

Here we examined the intracellular response of CaSR by treating the cells with various 

fixed concentrations of AMG-416 in the presence of Ca2+ in free amino acid using cell population 

assay. This was done in triplicate. (Figure 3.21). 
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Table 3.12 EC50 of [Ca2+]o for stimulation of [Ca2+]i signaling in the presence of AMG-

416 

 

 

Figure 3.21 The activity of AMG-416 to CaSR 

 
A – EC50 comparison of Ca2+ to CaSR in the presence of AMG-416. 

B – Indirect measurement of the EC50 of the AMG-416 as a function of calcium, EC50 = 8.9 µM 

 

The result shows that AMG is clearly an agonist, however it has an EC50 of 8.9 ± 0.87 µM, 

when compared with the results from our drug candidates which was done under the same 

condition we see that these candidates have strong agonist activity and specificity to CaSR and 

with affinity at >1 µM range, which is significantly greater than clinically approved drug AMG-

416 (EC50 ~ 9 µM) (figure 3.21) 
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3.3.8 Tested PET imaging drug: 5- Fluoro TNCA Free Acid to CaSR 

Here we examined the intracellular response of CaSR by treating the cells with various 

fixed concentrations of 5 fluoro TNCA free acid in the presence of Ca2+ (Figure 3.18). 

Table 3.13 EC50 of [Ca2+]o for stimulation of [Ca2+]i signaling in the presence of an the 5 

Fluoro TNCA Free Acid  

 

 

 

Figure 3.22 The activity of an 5-fluoro TNCA free acid compound to CaSR in the 

presence of calcium. 
A – EC50 comparison of Ca2+ to CaSR in the presence of 5-fluoro TNCA free acid. 

B – Indirect measurement of the EC50 of the 5-fluoro TNCA free acid as a function of calcium, EC50 = 0.65 µM.  
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The measurement of [Ca2+]i change upon response of [Ca2+]o and 5 fluoro TNCA free acid 

derivative suggests that the EC50 < 1 µM. Consequently, the addition of fluorine with TNCA 

functions as an agonist to CaSR.  

 

3.3.9 Tested PET imaging drug: L-bromo-TNCA to CaSR 

Here we examined the intracellular response of CaSR by treating the cells with various 

fixed concentrations of L-bromo-TNCA in the presence of Ca2+ (Figure 3.19). 

Table 3.14 EC50 of [Ca2+]o for stimulation of [Ca2+]i signaling in the presence of L-

bromo-TNCA 
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Figure 3.23 The activity of L-bromo-TNCA to CaSR in the presence of calcium. 

 
 

A – EC50 comparison of Ca2+ to CaSR in the presence of L-bromo-TNCA. 

B – Indirect measurement of the EC50 of the L-bromo-TNCA as a function of calcium, EC50 = 0.41 µM.  

 

The measurement of [Ca2+]i change upon response of [Ca2+]o and L-bromo-TNCA 

derivative suggests that the EC50 < 1 µM. Consequently, the addition of bromine with TNCA 

functions as an agonist to CaSR.  

3.3.10 Tested PET imaging drug: Iodo Methyl Ester TNCA to CaSR 

Here we examined the intracellular response of CaSR by treating the cells with various 

fixed concentrations of Iodo Methyl Ester TNCA in the presence of Ca2+ (Figure 3.20). 
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Table 3.15  EC50 of [Ca2+]o for stimulation of [Ca2+]i signaling in the presence of Iodo 

Methyl Ester TNCA 

 

 

Figure 3.24 The activity of Iodo Methyl Ester TNCA to CaSR in the presence of 

calcium. 
A – EC50 comparison of Ca2+ to CaSR in the presence of Iodo Methyl Ester TNCA 

B – Indirect measurement of the EC50 of the Iodo Methyl Ester TNCA as a function of calcium, EC50 = 0.18 µM.  
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The measurement of [Ca2+]i change upon response of [Ca2+]o and Iodo Methyl Ester TNCA  

derivative suggests that the EC50 < 1 µM. Consequently, the addition of Iodine with TNCA 

functions as an agonist to CaSR.  

3.3.11 Tested PET imaging drug: 2 Fluoro ethyl TNCA to CaSR 

Here we examined the intracellular response of CaSR by treating the cells with various 

fixed concentrations of 2 Fluoro ethyl TNCA in the presence of Ca2+ (Figure 3.21). 

Table 3.16 EC50 of [Ca2+]o for stimulation of [Ca2+]i signaling in the presence of 2 

Fluoro Ethyl  TNCA 
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Figure 3.25 The activity of 2 Fluoro Ethyl TNCA to CaSR in the presence of calcium. 
A – EC50 comparison of Ca2+ to CaSR in the presence of 2 Fluoro Ethyl TNCA 

B – Indirect measurement of the EC50 of the 2 Fluoro Ethyl TNCA as a function of calcium, EC50 = 0.57µM.  

 

The measurement of [Ca2+]i change upon response of [Ca2+]o and 2 Fluoro Ethyl TNCA 

derivative suggests that the EC50 < 1 µM. Consequently, the addition of Fluorine with TNCA 

functions as an agonist to CaSR.  

3.3.12 Tested PET imaging drug: 2FluoroEthyl  5-Fluoro TNCA to CaSR 

Next, the fluorinated TNCA form was analyzed by the means of single cell imaging by 

fluorimetry. The results from those experiments can be found below. 

 

Figure 3.26  HEK293 cells transfected with EGFP-CaSR and loaded with Fura 2-Dye. 
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number showing an oscillation pattern *100. D. The frequency distribution of the oscillation frequency from single cells was 

investigated as described before, the number of peaks/min was recorded at the level of I-TNCA at which the majority of the cells 

(50%)started to oscillate. 

 

The measurement of [Ca2+]i change upon response of [Ca2+]o and  2Fluoro ethyl 5Fluoro 

TNCA derivative suggests that the EC50 < 1 µM. Consequently, the addition of Fluoro ethyl to 

TNCA functions as an agonist to CaSR.   

We also examined the intracellular response of CaSR by treating the cells with various 

fixed concentrations of 2FluoroEthyl 5Fluoro TNCA in the presence of Ca2+ (Figure 3.27). 

Table 3.17 EC50 of [Ca2+]o for stimulation of [Ca2+]i signaling in the presence of 

2FluoroEthyl 5Fluoro TNCA. 
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Figure 3.28 The activity of 2FluoroEthyl 5Fluoro TNCA to CaSR in the presence of 

calcium. 
A – EC50 comparison of Ca2+ to CaSR in the presence of 2FluoroEthyl 5Fluoro TNCA 

B – Indirect measurement of the EC50 of the 2FluoroEthyl 5Fluoro TNCA as a function of calcium, EC50 = 0.19µM.  

 

The measurement of [Ca2+]i change upon response of [Ca2+]o and 2 Fluoro Ethyl TNCA 

derivative suggests that the EC50 < 1 µM. Consequently, the addition of Fluoro ethyl with the 

Fluoro TNCA derivative functions as an agonist to CaSR.  

3.3.13 Tested PET imaging drug: 2FluoroEthyl 5BromoTNCA to CaSR  

Here we examined the intracellular response of CaSR by treating the cells with various 

fixed concentrations of 2Bromo5-Fluoro TNCA in the presence of Ca2+ (Figure 3.24). 
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Table 3.18 EC50 of [Ca2+]o for stimulation of [Ca2+]i signaling in the presence of 

2Fluoro Ethyl 5-Bromo TNCA  

 

 

Figure 3.29 The activity of 2FluoroEthyl 5BromoTNCA to CaSR in the presence of 

calcium. 
A – EC50 comparison of Ca2+ to CaSR in the presence of 2FluoroEthyl5BromoTNCA 

B – Indirect measurement of the EC50 of the 2FluoroEthyl5BromoTNCA as a function of calcium, EC50 = 6.39µM.  
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The measurement of [Ca2+]i change upon response of [Ca2+]o and 

2FluoroEthyl5BromoTNCA derivative suggests that the EC50 < 1 µM. Consequently, the addition 

of Fluoro Ethyl with the bromo TNCA derivative functions as an agonist to CaSR.  

3.4 Conclusion 

The unanticipated discovery of TNCA analogs opens new possibilities for the structure-

based creation of CaSR allosteric modulators. The functional analysis of CaSR cellular response 

tests demonstrated how utilizing regular Dulbecco's Modified Eagle Medium contained 

endogenous CaSR ligands that competed with the binding of TNCA derivatives to diminish the 

effects of CaSR agonists and co-agonists. Thus, in the presence of these compounds, designated 

as 5-X-TNCA-Y (where X can be H, F, Br, I; and Y can be CO2H, CO2CH3, CO2CH2CH2F), we 

used DMEM cell media lacking glycine, phenylalanine, tryptophan, and tyrosine to enhance the 

CaSR response. When determining the [Ca2+]i  change upon response of [Ca2+]o and TNCA, the 

indirectly determined EC50 = 0.12 ± 0.10 µM. The measurement of [Ca2+]i change upon response 

of [Ca2+]o and a Bromo ion TNCA EC50= 0.83 µM while the measurement of [Ca2+]i change upon 

response of [Ca2+]o and a free acid form of bromo-TNCA derivative EC50= 0.41µM. Similarly, the 

addition of a bromine ion with a methyl ester to TNCA decreased the EC50 to 0.18 µM however 

we see a significant increase in the EC50 when a fluorine ion with ethane was added to the bromo 

TNCA derivative; EC50= 6.39µM.   . In the case of the fluorine series, The measurement of [Ca2+]i 

change upon response of [Ca2+]o and a Fluoro-TNCA derivative EC50= 0.50 µM. Upon the addition 

of a fluorine ion with a methyl ester to TNCA the EC50 increased to 0.65 µM. We also measured 

[Ca2+]i change upon response of [Ca2+]o and a fluorine ion with ethane attached to the parent 

compound  and we were able to get an EC50 of 0.57 µM. The effect of  [Ca2+]i change upon response 

of [Ca2+]o and a fluorine ion with ethane attached to the fluoro TNCA derivative was also 
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4. MAJOR CONCLUSIONS AND SIGNIFICANCE 

This thesis addressed critical gaps in our understanding of extracellular signaling and the 

CaSR structure. This research examines the crystal structure of the CaSR ECD, and its metal 

binding sites as well as the pivotal role of Ca2+ binding sites of the CaSR ECD in diseases of 

[Ca2+]o sensing hence creating new crucial insights into the regulation and molecular basis of 

diseases, as well as possible drug development mechanisms. Inactivating and activating mutations 

are mostly found around the ECD's hinge region and dimer interface, hence understanding major 

regulators of extracellular signaling provides vital insights into the molecular origins of clinical 

diseases related to this receptor. Using the structure-based drug design of TNCA, we ventured into 

a novel research path of drug design for the treatment of CaSR-related diseases as research findings 

indicate that disease-associated mutations can modify the response of CaSR's to both extracellular 

calcium and magnesium, either by changing the responsiveness of CaSR or its cooperativity. 

Despite the identification of CaSR as a crucial regulator for renal fibrosis there is still an unmet 

medical need for quantitative staging renal fibrosis and its major causes. 

In Chapter 2, a comprehensive exploration into the cooperative binding mechanism of 

calcium and agonists to the CaSR ECD, along with the functional cooperativity of the CaSR, was 

conducted. Our research brought to light the functional calcium binding sites within the CaSR, 

underscoring the crucial role of the hinge region as a significant interaction site for both calcium 

and TNCA (a specific agonist). Notably, our discovery that TNCA, unlike AMG-416, possesses 

the ability to restore proper functionality to mutations within this hinge region offers valuable 

insights into the fundamental factors influencing the overall receptor activity. Additionally, we 

observed that AMG-416 can facilitate the dimerization of the CaSR ECD, and this dimerization is 
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APPENDICES 

APPENDIX A: The Calcium Sensing Receptor Structure and Function  

bCaSR mutation expression  

 

Bacterial expressed CaSR vector 

pET17b vector was used to for bacterial expression of the GPCR, bCaSR WT. It is 

bacterial resistant to the antibiotic ampicillin. It contains multiple cloning regions which 

allows for efficient cloning using an asymmetric linker. 

 

 

 DNA agarose gel of bacterial expressed CaSR 

DNA agarose gel of bCaSR employing the process of restriction cut using the restriction 

enzymes Xho1 and Xba1. The circular plasmid contains approximately 3306 bp while bCaSR 

contains approximately 1542 bp. 

 


