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ABSTRACT 

Calcium functions as a universal messenger, regulating numerous biological and pathological 

processes of organisms and cells. The calcium-sensing receptor is a major protein that responds to 

extracellular calcium concentration and metabolites to trigger calcium changes inside cells and 

regulates multiple signaling pathways and diseases. The research presented in this thesis was 

designed to interpret the presumed role of CaSR in regulating calcium homeostasis and to 

understand the binding and functional cooperativity of CaSR that contains Ca2+-binding sites 

within the CaSR-ECD. The second part of this thesis illustrates optimizing functional assays to 

identify CaSR therapeutics based on a novel allosteric modulator, TNCA. Third, novel calcium 

sensors such as R-CatchER and G-CatchER+, designed in the Yang lab with unique capabilities to 

measure rapid calcium responses at the ER, were expressed/purified for biophysical 

characterization. These studies provide insights into the molecular basis for CaSR-related diseases 

to facilitate the discovery of new therapeutics.  
 

INDEX WORDS: Calcium-sensing receptor (CaSR), Extracellular domain (ECD), Metal-binding 
affinity, Calcium dynamics, Genetically encoded calcium indicators (GECIs), Thera(g)nostic 
agents 
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1 INTRODUCTION  

1.1 Calcium Dynamics and Signaling Regulate Numerous Biological Processes  

Calcium (Ca2+) functions as a universal messenger, contributing to many organisms and 

cells' biological and pathological processes. Ca2+ is modulated by intracellular Ca2+ stores, 

membrane channels, pumps, and receptors (1,2). As a critical ion in cell function and signaling, 

Ca2+ works as the messenger of life and death for complex eukaryotic multicellular and unicellular 

organisms. Additionally, as a ubiquitous biological ion, Ca2+ is responsible for muscle contraction, 

hormone secretion, activation of enzymes, and gene regulation. 

Ca2+ was first discovered as a first messenger, binding to proteins on the plasma membrane 

such as the calcium-sensing receptor (CaSR) to induce the intracellular Ca2+ release from the 

endoplasmic reticulum (ER) in an oscillating form in organisms (1). However, current studies 

illustrate that Ca2+ also functions as a second messenger where it is tightly regulated extracellularly 

and intracellularly. Typically, intracellular Ca2+ concentration is found at low levels at 

ap�S�U�R�[�L�P�D�W�H�O�\�����������Q�0���D�Q�G���X�S���W�R�����������0���&�D2+ in the excited state (3). 

In contrast, extracellular Ca2+ concentrations are much higher, between 1.1-1.8 mM and up 

to 40 mM Ca2+ in the bone environment. Additionally, organelles such as Ca2+ stores, as in the 

endoplasmic/sarcoplasmic reticulum (ER/SR), exist in concentrations from 0.5-1.0 mM Ca2+
. Such 

various concentrations result in a broad Ca2+ binding affinity of numerous proteins, ranging from 

nM to mM (1-3). The differences in Ca2+ binding affinities are related to the geometry coordination 

of Ca2+ binding sites. Since Ca2+ is a critical cellular messenger, Ca2+ found extracellularly, 

intracellularly, and in organelles are tightly regulated. Changes in Ca2+ concentration from 1.1-1.8 

mM to 2-3 mM can trigger intracellular and extracellular signaling cascades. Small changes in 

intracellular and extracellular calcium concentrations may also lead to severe consequences 
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resulting in cell toxicity and, in some cases, apoptosis. These are the general Ca2+ concentration 

ranges found in most cell types; however, there are differential Ca2+ concentrations found in 

specific cell types. For example, cells in the bone environment have [Ca2+]o up to 40 mM, and 

skeletal muscle cells [Ca2+]SR have calcium storage of up to 50 mM (4). It was also found that 

cytosolic Ca2+ �L�V���N�H�S�W���L�Q���W�K�H�����0���U�D�Q�J�H��(2), and changes in cytosolic Ca2+ concentrations can lead 

to an increased [Ca2+] i and, ultimately, cell death (2). Therefore,  maintaining appropriate calcium 

levels is crucial as calcium functions as a critical messenger in sustaining cell health and function.  

 

 

Figure 1.1- Calcium oscillations signal processes inside the cell 
 

Ca2+ oscillations with different frequencies inside the cell regulate numerous biological 
processes�����$�G�R�S�W�H�G���I�U�R�P���'�U�����0�L�O�O�H�U�¶�V���G�L�V�V�H�U�W�D�W�L�R�Q�� 
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1.2 Calcium Binding Proteins Located At Different Cellular Environments Control 

Calcium Dynamics and Signaling 

Calcium-binding proteins (CaBPs) regulate the temporal and spatial regulation of Ca2+ and Ca2+-

signaling.  Ca2+  binds to several CBPs, with different Ca2+ binding affinities tailoring their cellular 

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 change can regulate many target 

proteins through binding (5). For instance, an increase of cytosolic calcium causes calcium to 

cooperatively bind to four helix-loop-helix Ca2+ binding motifs (EF-hand) in two domain CaM to 

regulate many fundamental cellular and biological processes such as smooth muscle contraction, 

cell growth, and cell proliferation (6,7).  

The calcium-sensing receptor (CaSR) and other g-protein couple receptors sense extracellular Ca2+ 

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

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

channels/receptors such as the ryanodine receptor (RyR), inositol 1,4,5-trisphosphate receptor 

(IP3R), and pumps such as sarco/endoplasmic reticulum calcium-ATPase (SERCA) also manage 

changes in the Ca2+ concentration in the ER/SR. It was determined that the Ca2+ levels within the 

cellular organelles vary significantly. The ER/SR is the major intracellular Ca2+ store critical for 

regulating intracellular and extracellular calcium dynamics, protein synthesis, and muscle 

contraction (3,8). Many RyR, IP3R, and SERCA mutations can result in the malfunction of calcium 

signaling and lead to several types of human diseases (Table 1.1). It is essential to understand the 

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

will be explored in chapter two. 
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1.3 Structure and function of Family C G-Protein Coupled Receptors 

G-protein coupled receptors (GPCRs) are the largest membrane-bound proteins family. 

These proteins are known for their seven transmembrane helices (7TM), which all of the families 

of the GPCR superfamily have. Additionally, all GPCRs have an N-terminal extracellular domain 

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

connecting the 7TM helices. There are over 800 GPCRs known to date, but the exact number of 

the GPCRs is unknown (9). Half of the GPCRs have been found to regulate sensory functions such 

as taste, pheromones, light perception, and olfactory. In contrast, the other half of the GPCRs have 

been shown to mediate cellular signaling by activating ligands (9).  

There are three major classes of GPCRs, family A the Rhodopsin-like class; family B, the 

Secretin receptor class; and family C the glutamate class. Family A GPCRs (aGPCR) is the largest 

and most studied family. It is classified by its 7TM domain and shorter ECD and ICD regions. 

aGPCRs have 19 sub-families which include a multitude of receptors. Some family A GPCRs 

receptors include chemokine receptors, angiotensin receptors, opioid receptors, melatonin 

receptors, P2 purinergic receptors (P2YR), cannabinoid receptors, and rhodopsin receptors, 

dopamine receptors, and histamine receptors (H1R), to name a few (10). Family B GPCRs 

(bGPCR) have a moderated ECD and three sub-families. These family B GPCRs proteins include 

the calcitonin receptor, the parathyroid hormone receptor, secretin receptor, GPR56 orphan 

receptor, and diuretic hormone receptor (11). Lastly, family C GPCRs (cGPCR) include 

metabotropic glutamate receptors (mGluRs), the calcium-sensing receptor (CaSR), and the 

gamma-amino-butyric acid type B (GABAB) receptors, as well as three taste type 1 receptors (12). 

This family of GPCRs is classified by its large ECD, where the ligand-binding occurs (Figure 1.1) 

(12,13). GPCRs contain a large extracellular domain (ECD), a seven transmembrane domain 
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(TMD), and an intracellular loop. However, extracellular calcium binding to GPCRs mediating 

intracellular signaling specifically for CaSR for many biological processes is largely unknown.   

 

Figure 1.2- (Left)  The modeled CaSR ECD to mGluR1 (Right) Determined CaSR 
ECD to mGluR1 (PDB IDs 1EWR and 1ISR) 

Overlapping structures of modeled ECD (orange) and determined structure (PDB ID 5FBK). The 
Mg2+ and putative Ca2+ ions are shown in yellow and red spheres, respectively. Adopted from 
Zhang et al., 2016 (14) 

 

1.4 The Calcium-Sensing Receptor Cooperatively Senses Extracellular signaling   

CaSR plays a central role in assessing and responding to changes in extracellular 

concentrations by the binding of calcium, magnesium (Mg2+), and other positively charged ions to 

the ECD (15). Although, calcium homeostasis is directly regulated by CaSR and its related 

hormones, there are not any hormones that specifically control magnesium homeostasis. However, 

magnesium metabolism is largely influenced by hormones that regulate calcium homeostasis, by 

directly regulating the rate of divalent cation reabsorption in the kidneys by the calcium-sensing 

receptor (16).  

Additionally, the CaSR ECD show signs of positive homotropic cooperativity in the 

presence of calcium and magnesium. Positive homotropic cooperativity is a phenomenon in which 
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one subunit of a protein consisting of multiple binding sites is altered due to the binding of a ligand. 

This results in subsequent binding of more of the same ligand to another subunit of the same 

protein with a different binding affinity (Kd). Terbium titration using fluorescence spectroscopy is 

a good way to analyze conformational changes and binding affinity on top of binding cooperativity 

when using the Hill number from the Hill equation. IP1 accumulation functional assays can also 

be employed to determine the binding affinity and cooperativity in the presence of cations and 

allosteric modulators. The Hill number/coefficient devised by A. V. Hill measures the 

cooperativity in a binding process. A Hill coefficient value of 1 indicates independent binding, a 

Hill coefficient >1 indicates positive cooperativity, and a Hill coefficient value <1 indicates 

negative cooperativity (17).  A Hill coefficient value 1-5 implies there is cooperative binding of 

Ca2+ to CaSR ECD.  

 In addition, CaSR binds to drug targets, other metals, and amino acids (18,19). Before the 

discovery of CaSR, Ca2+ was mainly considered a critical second messenger believed only to 

regulate alterations of intracellular calcium levels. After the discovery of CaSR in 1993 by Dr. 

Edward M. Brown, who had cloned the receptor from the bovine parathyroid gland, it was realized 

that Ca2+ also acts as a first messenger (20). When Ca2+ plays a role as the first messenger to CaSR, 

it integrates calcium signaling from changes in the extracellular Ca2+ concentration ([Ca2+]o) to 

intracellular signaling networks by activating multiple signaling pathways. CaSR regulates Ca2+ 

homeostasis by controlling the parathyroid hormone (PTH) secretion from parathyroid glands and 

calcitonin secretion from thyroid c cells (21). CaSR also regulates small changes in calcium 

fluctuations through the parathyroid glands and by the production of the parathyroid hormone 

(PTH).  
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However, Ca2+ homeostasis is mainly regulated by CaSR controlling the Ca2+ levels between 

the intracellular and extracellular regions and the whole body. CaSR has a large extracellular 

domain that binds Ca2+ and Mg2+ extracellularly and then initiates its coupled G-protein signaling 

pathway. This causes a downstream production of inositol trisphosphate (IP3), which binds the IP3 

receptor (IP3R), causing Ca2+ release from the ER in an oscillating fashion. The release of Ca2+ 

from the ER induces the parathyroid hormone (PTH) and the parathyroid hormone (PTH).  

However, the inhibition of CaSR leads to a decrease in serum Ca2+ levels, which allows for 

PTH production. The production of PTH activates the kidneys to reabsorb more Ca2+ and produce 

vitamin D, which helps the intestines uptake more Ca2+. Conversely, increased Ca2+ levels in the 

blood allow for the activation of CaSR in the parathyroid glands and the inhibition of PTH 

secretion. The decreased PTH decreases Ca2+ reabsorption in kidneys, decreases the Ca2+ 

absorption in the intestines, and decreases the net bone resorption. However, ultimately this 

process will cease through a negative feedback loop until the Ca2+ levels in the blood decrease 

once more (22). As a result, CaSR is a target for diseases corresponding to the thyroid gland, 

parathyroid glands, and cells. Hyperparathyroidism, hypoparathyroidism, and bone diseases such 

as osteoporosis, tetany, and kidney dysfunction are some of those CaSR-related diseases. 

1.5 Calcium-sensing Receptor Related Diseases and Mutations 

Unlike other families of GPCRs, the majority of family C GPCRs size and functionality 

resides in the large ECD. Over 390 mutations on CaSR that have been found in the CaSR-ECD 

alone that results in diseases such as familial hypocalciuric hypercalcemia (FHH) and neonatal 

�V�H�Y�H�U�H�� �K�\�S�H�U�S�D�U�D�W�K�\�U�R�L�G�L�V�P�� ���1�6�+�3�7���� �Z�K�L�F�K�� �U�H�G�X�F�H�� �&�D�6�5�¶�V�� �V�H�Q�V�L�W�L�Y�L�W�\�� �W�R�� �>Ca2+]o (23-25). 

Conversely, activating mutations of the CaSR-ECD  autosomal dominant hypocalcemia (ADH) as 

well as carcinomas (Figure 1.3) (26). Of the 390 mutations over 225 mutations are in the ECD 



8 
 

 

alone, accounting for over 57% of the disease-causing mutations for CaSR.  Since the Ca2+ binding 

to CaSR has long been shown through binding assays and mutation studies to bind in the ECD, it 

comes as no surprise that many disease mutations occur in this critical domain of the receptor. 

Additionally, if looking at the diseases associated directly with dysfunction in the Ca2+ 

homeostasis from CaSR mutations (FHH, ADH, and NSHPT) there are 216 mutations for CaSR 

and 134 mutations in the ECD alone, accounting for 62% of the mutations.  

Although there are several drugs which target to CaSR, and one of which is FDA approved, 

specifically cinacalcet,  studies have not been able to show where these compounds definitively 

bind. Thus, it can only be solved with mutational studies on the proposed binding regions. Chapter 

two talks about  site-directed mutagenesis being used to replicate naturally occurring mutations in 

the multiple binding sites to assess the metal binding cooperativity. Chapter three utilizes the 

structure-based drug design of TNCA, a novel allosteric modulator, the presence of WT CaSR, to 

assess how compounds definitively bind to the CaSR-ECD and their half maximal effective 

concentration. However, future works will use site-directed mutagenesis to probe for the drug 

effects in presence of mutations in the metal binding sites.  

 

Figure 1.3- Functional cooperativity of the calcium-sensing receptor 
 
A �± CaSR Wildtype (black line) senses extracellular calcium changes with functional read out 
(such as detecting hormone PTH and calcitonin, also used to examine intracellular calcium 
oscillation, and IP3 signaling, and cAMP) with high cooperativity. Activating mutations (blue line) 
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of CaSR-�(�&�'�� �V�X�F�K�� �D�V�� �$�'�+�� �L�Q�F�U�H�D�V�H�V�� �&�D�6�5�¶�V�� �V�H�Q�V�L�W�L�Y�L�W�\�� �W�R�� �>�&�D2+]o. Conversely, inactivating 
mutations (red line) of CaSR-�(�&�'���V�X�F�K���D�V���6�+�����)�+�+�����D�Q�G���1�6�+�3�7���U�H�G�X�F�H�V���&�D�6�5�¶�V���V�H�Q�V�L�W�L�Y�L�W�\���W�R��
[Ca2+]o. Zhang et al.,2016 (14). 
 
B �± Disease mutations in the ECD of CaSR cause human disorders with abnormal [Ca2+]o 
homeostasis by altering functional cooperativity (Zhang et al., 2016 supplemental)(14).   
 
C �± pH, Mg2+ concentration, amino acids such as L-Phe, L-Trp, agonists  and antagonists and drug 
candidates (AMG-416, NPS-2143) in the extracellular environment largely alter functional 
cooperavity of CaSR 
 

1.6 The CaSR Induced Intracellular Calcium Oscillation and Signaling 

The GPCR class C family of proteins has been shown to function similarly while the 

specific downstream signaling responses differ. The CaSR is activated on the extracellular N-

terminus end of the heptahelical transmembrane protein by binding activators such as calcium, 

magnesium, glutamate, amino acids, drugs, etc. This activated protein then associates with the 

alpha, beta, and gamma complex to break off the G protein Gq, alpha-q to activate phospholipase 

C (PLC��). PLC�� then converts phosphatidylinositol bisphosphate (PIP2) into diacylglycerol 

(DAG) and inositol trisphosphate (IP3). DAG activates protein kinase C (PKC) and downstream 

effectors, while IP3 activates the release of Ca2+ from the ER by binding to the IP3R. The IP3R 

releases Ca2+ from the ER in an oscillation pattern (Figure 1.2). The frequency of oscillations can 

affect the function of the cell for fast processes such as insulin secretion in the seconds range or 

slow processes such as fertilization in the minute range (27-30). In addition to the Gq pathway 

GPCRs and CaSR can be activated through the Gi pathway for cAMP inhibition and the Gs 

pathway for increased cAMP production. However, the G-protein pathway utilized by CaSR can 

depend on ECD binding partners or cell type for G-proteins present (31).  Chapter two addresses 

the Ca2+
o-evoked, CaSR-mediated [Ca2+] i oscillations and IP production and cooperative change 

in response to altered [Ca2+]o in CaSR-transfected HEK cells.  

 



10 
 

 

 

Figure 1.4- A diagram of the CaSR signaling pathway 
 
The CaSR is shown in the VFT domain in dimer form bound to calcium in the hinge region 
and with other agonists/antagonists. This shows the general pathway for GPCR superfamily C 
proteins. After binding to an agonist, this activated protein then associates with the alpha, beta, 
gamma complex to break off the G protein Gq, alpha-q in the image below, to activate 
�S�K�R�V�S�K�R�O�L�S�D�V�H�� �&���� �3�/�&������ �3�/�&���� �W�K�H�Q�� �F�R�Q�Y�H�U�W�V�� �S�K�R�V�S�K�D�W�L�G�\�O�L�Q�R�V�L�W�R�O�� �E�L�V�S�K�R�V�S�K�D�W�H, PIP2, into 
diacylglycerol, DAG, and IP3. DAG activates PKC and downstream effectors while IP3 
activates the release of Ca2+ from the ER. Adopted from Zhang et at., 2015 (22) 
 

1.6.1 Integration of Calcium Signaling by CaSR 

Systemic calcium homeostasis is critical for multiple organs' physiological processes and 

conditions. Thus, it is necessary to investigate the integration of Ca2+ signaling from changes in 

extracellular calcium to intracellular signaling networks via receptors, channels, and pumps. The 

calcium-sensing receptor (CaSR) plays a central role in regulating extracellular calcium 

homeostasis by responding to changes in divalent cations concentrations. Additionally, it contains 

a multitude of extracellular stimuli that activate different signaling pathways. The CaSR-mediated 

network of intracellular Ca2+-signaling and related processes in cooperativity of extracellular Ca2+ 

binding are not well studied. However, it was found that CaSR dynamically integrates extracellular 

Ca2+ stimuli with homotropic and heterotropic cooperativity to modulate intracellular signaling at 
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molecular levels. This discovery could aid in designing novel therapeutic agents/strategies against 

Ca2+- and CaSR-related diseases.  

The CaSR-mediated signaling between the extracellular and intracellular Ca2+ signaling is 

critical for protein synthesis and trafficking (32,33)�����&�D�6�5�¶�V���S�U�R�O�R�Q�J�H�G���H�[�S�R�V�X�U�H���W�R���H�[�W�U�D�F�H�O�O�X�O�D�U��

Ca2+ is known to mobilize the intracellular compartments and cause the release of calcium from 

the ER (34). The Golgi apparatus and ER-Golgi intermediate compartments (ERGIC) are 

mobilized intracellularly to the plasma membrane through anterograde transport (32). Alterations 

in protein synthesis and trafficking are observed in physiological disorders that alter Ca2+-mediated 

signaling at the subcellular levels. Thus, measuring Ca2+ concentrations in the subcellular 

compartment will facilitate the understanding of Ca2+ signaling. 

Understanding calcium signaling integrated by the calcium-sensing receptor and the 

molecular basis of diseases, requires knowledge about the structure and function relationship of 

calcium binding sites that is directly related to functional cooperativity (chapter two). A sensitive 

assay for monitoring functional responses such as cytosolic calcium in response to extracellular 

calcium, magnesium amino acids, and other co-agonists (a compound that can bind to and cause 

the activation of a receptor therefore i�Q�F�U�H�D�V�L�Q�J���W�K�H���U�H�F�H�S�W�R�U�¶�V���U�H�V�S�R�Q�V�H����(35) and antagonists (a 

ligand or drug that decreases the biological response of a protein or enzyme by binding to the 

receptor)as well as for drug discovery is discussed in chapter three. Lastly, chapters four and five 

will discuss the recent development of novel calcium sensors designed in the Yang lab, G-

CatchER+ and R-CatchER with unique capabilities to measure rapid calcium responses in the ER.  

1.6.2 Challenges in studying CaSR and Its Calcium Signaling 

To facilitate the understanding of calcium signaling integrated by the calcium-sensing 

receptor and the molecular basis of diseases, several major challenges must be addressed: First, to 
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obtain the structure and function relationship requires knowledge about calcium binding sites on 

the CaSR-ECD that is directly related to functional cooperativity. However, due to  the calcium-

sensing receptor is a membrane protein; therefore, the challenges associated with membrane 

proteins can occur in studying the calcium-sensing receptor. The main challenge of working with 

membrane proteins is that they are difficult to separate from cells due to their hydrophobic 

transmembrane domain.  

Secondly, glycosylated proteins such as CaSR are difficult to crystalize and study using X-

ray crystallography. This is due to the complex form of the glycans on  CaSR that can prevent the 

crystallization of this protein. Mammalian expressed CaSR (mCaSR) is also very expensive and 

difficult to purify; this enhances the difficulty of examining the structure and function of mCaSR. 

To overcome this problem, we opted for the expression of CaSR using a bacterial expression 

system. Bacterial expressed CaSR, however, has an increased sensitivity to changes in 

temperature. Thus, performing biophysical studies at room temperature can lead to protein 

precipitation. However, formulation studies of modified buffers can aid in preventing protein 

precipitation at room temperature.  

Thirdly, CaSR is a large membrane protein consisting of 1078 amino acids. The largest part 

of the protein is the extracellular domain which contains 612 amino acids alone; an�G���&�D�6�5�¶�V��main 

functionality lies within the extracellular domain. Additionally, bacterially expressed CaSR is a 

monomer of the extracellular domain, meaning it can be more useful in studying the intrinsic 

effects. However, methods for directly measuring Ca2+ and amino acid binding to the CaSR ECD 

are not well established, fourth challenge. Moreover, there are not any methods for directly 

monitoring ligand-induced conformational changes of the CaSR ECD. Thus, approaches for 

addressing these challenges rely on utilizing the Fluorescence Resonance Energy Transfer (FRET) 
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assays such as Terbium Florescence or Terbium Tryptophan FRET signaling for monitoring 

ligand-generated fluorescence changes in isolated proteins.  

Terbium (Tb3+) itself is a yellow fluorescent ion. It is used as a fluorescent probe for Ca2+-

binding sites in proteins Tb3+ and Ca2+ are both positively charged cations with similar molecular 

radiuses, where Ca2+ is 187 pm and Tb3+ is 200 pm. Tb3+ behaves similarly to but is  approximately 

50-fold more potent than Ca2+. Those characteristics of  terbium combined with its +3 charge 

makes it better for studying metal binding properties of proteins with weak Kd values since the 

Tb3+ will bind tighter than Ca2+ in the same binding pockets.  Thus, the bacterially expressed CaSR 

using SHuffle cells were purified and analyzed by Terbium Tryptophan FRET signaling. The 

binding affinity and binding cooperativity were assessed using the Hill number from the Hill 

equation. 

Next, it is important to 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). Using stably transfected HEK 5001 

cells to measure the intracellular changes can be challenging due to the small calcium changes, 

fifth challenge. Thus, indirectly measuring the calcium/magnesium-induced and amino acid-

induced intracellular signaling changes using living cells can be applied to determine the 

selectivity of CaSR. Optimized cell growth protocols such as amino acid-free media and a longer 

incubation time for cell population studies by fluorimetry enhances the likelihood of cellular 

fluorescence. 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. 

Moreover, the calcium dye Fura-2 is dependent on temperature and time to be up-taken by cells 



14 
 

 

for intracellular calcium imaging. The research presented in this thesis aims to address these 

challenges when studying CaSR to understand how CaSR integrates the Ca2+ -mediated signaling 

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

1.7 Spatial-temporal Calcium Dynamics 

The spatial-temporal Ca2+ dynamics constitute one of the most ubiquitous modes of signal 

transduction (Figure 1.1). These signaling cascades result in the Ca2+ concentration gradient 

differences across various subcellular membranes. In addition, the time scale of muscle 

contractions due to Ca2+ changes vary from milliseconds to days. During muscle contraction, the 

dihydropyridine receptor (DHPR) activates the ryanodine receptors (RyR) on the ER membrane 

to release Ca2+, which occurs within milliseconds. Changes in the extracellular environment 

activate the voltage-gated Ca2+ channels (VGCCs), allowing this channel to induce Ca2+ signaling 

within milliseconds (36). 

In contrast, the membrane transient receptor potential (TRP) channels and Orai Ca2+ 

dynamics occur between 1-10 seconds. Intracellularly, the Ca2+ dynamics are also regulated under 

different time scales for the RyR, IP3R, and SERCA in ER membrane. The Ca2+ kinetics occurs 

between 10-60 seconds for the IP3R and between 0.05-5 seconds for the SERCA pump. There is a 

pressing need to design calcium sensors to capture calcium dynamics in a subcellular environment, 

especially in the ER. This thesis will address the properties of novel calcium sensors in chapters 

four-five.   

 

1.7.1 Homeostatic Regulation of Calcium 

The Ca2+ kinetics of the ER/SR through channels and pumps such as the RyR, IP3R, and 

SERCA corresponds to many biological processes, primarily coupling during muscle contraction 

(Figure 1.3). The mitochondria, functioning as the cell's energy powerhouse, alongside the ER/SR, 
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control the release kinetics of Ca2+ stores during muscle contraction (5,37). The Ca2+ storage center 

in the mitochondria works with the plasma membrane to play a significant role in regulating Ca2+ 

homeostasis through electrostatic connections in a microdomain. Increases in the mitochondrial 

matrix increase energy production, thus leading to the homeostatic regulation of Ca2+. Ultimately, 

increases in the mitochondrial matrix lead to increased adenosine triphosphate (ATP) production 

in the mitochondria, which illustrates how the mitochondria is the cell's energy production center.  

1.8 Calcium-Related Diseases Modulated by Internal Calcium Stores 

Intracellular Ca2+ dynamics are modulated by extracellularly signaling and internal Ca2+ 

stores. Extracellular Ca2+ enters the cell through various channels, such as the receptor-operated 

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

calcium-sensing receptor (CaSR) is a transmembrane protein that binds extracellular Ca2+ and 

signals the release of Ca2+ from the ER to regulate Ca2+ homeostasis and has shown to have human 

diseases with alteration of functional cooperativity (Figure 1.3 and section 1.5). Therefore, 

understanding the CaSR mediated intracellular response attained by the structure, Ca2+ binding, 

and functional signaling can help us to understand the Ca2+ mediated molecular basis for diseases 

regulated by the CaSR Ca2+ dynamics (Table 1.1) (22,23,38).  
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Table 1.1- ER/SR protein diseases related to calcium signaling 
A detailed description of the following CaSR-related diseases can be found in sections 1.7.1-
1.7.2 along with their appropriate references.  

Inositol (1,4,5) 
Trisphosphate Receptor 

(IP3R) 

Ryanodine Receptor 
(RyR) 

Sarco/Endoplasmic 
Reticulum Calcium-
ATPase (SERCA) 

�x �$�O�]�K�H�L�P�H�U�¶�V��
Disease (AD) 

�x Bipolar Disorder 
(BPD) 

�x Spinocerebellar 
ataxia 15 and 29 
(SCA15/29) 

�x �+�X�Q�W�L�Q�J�W�R�Q�¶�V��
Disease 

�x Schizophrenia 
�x Amyotrophic 

Sclerosis (ALS) 
�x Epilepsy  

 

�x Malignant 
Hyperthermia 
(MH) 

�x Catecholaminergic 
Polymorphic 
Ventricular 
Tachycardia 
(CPVT) 

�x Central Core 
Disease Myopathy 
(CDD) 

�x Multiminicore 
Disease with 
External 
Ophthalmoplegia 
(MMDO) 

 

�x Brody Disease 
�x Darier Disease 

(DD) 
�x Type II Diabetes 
�x Acrokeratosis 

Verruciformis 
(AKV)  

 

1.8.1 ER/SR Related Disorders and Differential Expression of CaBPs 

Internal Ca2+ stores regulate the intracellular Ca2+ signaling by the ER/SR through the 

release channels RyR and IP3R and the SERCA pump (37). Mutations of the calcium-sensing 

receptor and other calcium-binding proteins (CaBPs) result in a collapse in the communication of 

Ca2+ signaling. Also, dysfunction of these proteins and their cellular isoforms distribution has been 

linked to various diseases and conditions, such as heart failure (39,40). The RyR and IP3R release 

Ca2+ from the ER/SR into the cytosol while the SERCA pump brings Ca2+ back into the ER/SR. 

Each of these ER/SR membrane proteins: RyR, IP3R, and SERCA, has different isoforms for 

differential expression in varying tissue types for Ca2+ regulation and can result in various ER/SR 

protein diseases related to calcium signaling  (Table 1.1). 
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First, the RyR has three isoforms in the human body, RyR1, RyR2, and RyR3. Dominant 

mutations on the RyR result in catecholaminergic polymorphic ventricular tachycardia 

(CPVT) and malignant hyperthermia (MH) (41). RyR1 is mainly expressed in skeletal muscle, 

cerebellum, hippocampus, extraocular muscle (EOM), and diaphragm (42-44). RyR2 expresses in 

cardiac muscle, cerebellum, and hippocampus, as well as in pregnant human myometrial tissue 

(39,42,45). RyR3 is expressed more widespread than RyR1 and RyR2. RyR3 is found in parts of 

the liver, kidney, brain, placenta, and skeletal muscle.   

Secondly, IP3R exists as a family of three ligand-gated channels: type 1 IP3R (IP3R1), type 

2 IP3R (IP3R2), and type 3 IP3R (IP3R3) (46-48). IP3, as the activator and second messenger, is 

generated through the activation of G-protein coupled receptors (GPCRs). Many mutations in 

IP3Rs have been recognized as the cause of multiple neurological disorders, which include 

spinocerebellar ataxia 15 (SCA15), spinocerebellar ataxia 29 (SCA29) (46-48)���� �$�O�]�K�H�L�P�H�U�¶�V��

disease (AD), Gillespie syndrome (49,50)���� �+�X�Q�W�L�Q�J�W�R�Q�¶�V�� �G�L�V�H�D�V�H�� ���+�'������ �D�Q�G�� �3�D�U�N�L�Q�V�R�Q�¶�V�� �G�L�V�H�D�V�H��

(PD) (51-54).  

Thirdly, the SERCA pumps exist in three isoforms: SERCA type 1, SERCA type 2, and 

SERCA type 3. SERCA type 1 is mainly expressed in fast twitch muscle fibers, SERCA type 2 is 

expressed in all tissue types, and SERCA type 3 is principally found in non-muscle cells (55,56). 

�0�X�W�D�W�L�R�Q�V�� �R�Q�� �6�(�5�&�$�V�� �D�U�H�� �U�H�O�D�W�H�G�� �W�R�� �G�L�V�H�D�V�H�V�� �V�X�F�K�� �D�V�� �%�U�R�G�\�¶�V�� �G�L�V�H�D�V�H�� �D�Q�G��neurodegenerative 

diseases (56).  

1.9 Fluorescent Proteins for Designing Calcium Sensors 

Fluorescent proteins (FPs) were discovered in 1962 by Shimomura et al. from the jellyfish 

Aequorea Victoria as a result of purifying the aequorin protein (57). However, the first cloning of 

FPs was not completed until 1996, using the green fluorescent proteins (GFP). The expression of 
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GFP showed that the protein could retain its fluorescence in other expression systems outside of 

the expression system from which it was extracted (58-60). The GFP crystal structure of GFP 

�U�H�Y�H�D�O�H�G���W�K�D�W���*�)�3���F�R�Q�W�D�L�Q�V���D����-barrel motif with the central chromophore fo�X�Q�G���L�Q���W�K�H����-barrel 

center allowing for fluorescence. This phenomenon allowed for the creation of genetically encoded 

calcium indicators.  

It was found that the chromophore contained a short three amino acid aromatic sequence, 

Ser65, Tyr66, and Gly67, from the transcription of GFP itself. Researchers utilized this discovery 

by developing a fluorescent probe. The scaffold protein, WT GFP or wild-type green fluorescence 

protein was enhanced and mutated to create the Enhanced GFP (EGFP).  The fluorescent probe, 

EGFP, demonstrated a brighter fluorescence than the GFP at the same wavelength of  488 nm (61). 

This sparked researcher's creativity to create more fluorescent probes with various fluorescence 

intensities and colors.  

Researchers mutated the chromophore of GFP from Tyr66 to histidine to make the blue 

fluorescent protein (BFP). Additional mutations of the GFP chromophore led to an enhanced BFP 

(EBFP) (62-64) with a stronger fluorescence intensity and production compared to the WT GFP 

(65). Additionally, the cyan fluorescent protein (CFP) resulted from adding more mutations of 

residue Tyr66 from changing the chromophore residue from tyrosine to tryptophan. The W7 

mutation group established the Enhanced CFP or ECFP (62,63,65).  

The yellow fluorescent protein (YFP) is another variant of GFP created through 

mutagenesis. Mutations T203Y, S65G, V68L, and S72A changed the color of the green fluorescent 

protein to yellow (66,67). In addition, an Enhanced yellow fluorescent protein (EYFP) was also 

developed. Compared to the EGFP, the EYFP showed signs of an increased pH sensitivity (68). 

Although pH sensitive,  most YFP variants had photobleaching and chloride sensitivity challenges. 
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As a result, EGFP overcame significant challenges seen in fluorescent probes and is the most 

probable fluorescent protein that can be used as a calcium indicator.   

1.10 Genetically Encoded Calcium Indicators (GECIs) 

Using site-directed mutagenesis, fluorescent proteins with mutated chromophores were 

utilized to create various colors of indicators (Figure 1.5) . These modified fluorescent probes are 

used as genetically encoded calcium indicators to measure cell activity through enhanced 

microscopy (69-72). The development of the Ca2+ indicators was pioneered by Persichini (73) and 

Roger Tsien (74), whose subsequent work on engineering changes to GFP led to a wide range of 

fluorescent protein applications (75).  

 

 
Figure 1.5- Different Classes of GECIs 

 
A �± Rational design of a single Ca2+ -binding site in CatchER series. A calcium-binding site is 
created directly on EGFP (G-CatchER, PDB: 4L1I). B �± CaM-based single wavelength indicators. 
A fusion protein composed of the calmodulinbinding peptide M13, a circularly permuted 
fluorescent protein cp-EGFP, and calmodulin (GCaMP2, PDB: 3EK4). C �± CaM-based FRET 
indicators. A fusion protein that consists of a cyan fluorescent protein ECFP, calmodulin, the 
calmodulin-binding peptide M13, and a yellow fluorescent protein EYFP (Cameleon YC2.0). D �± 
Troponin C-based FRET indicators. A fusion protein composed of two fluorescent proteins 
(mCerulean3 and cpVenus) separated by calcium-binding protein Troponin C (Twitch2B, PDB: 
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6GEL). Yellow spheres represent Ca2+. EGFP in green, ECFP in cyan and EYFP in bright yellow, 
mCerulean3 in orange, cpVenus in gray, M13 in purple, and CaM is shown in dark blue, 
respectively. Adopted from Tian et al., 2022. 

 

However, the primary purpose of developing GECIs is to study the physiological 

mechanisms regulated by Ca2+ signaling in cells. Advanced GECIs provide a quantitative analysis 

of Ca2+ fluctuations in different subcellular compartments, essential for defining the mechanisms 

of Ca2+-dependent signaling under various physiological and pathological conditions. There are 

two types of GECIs: single fluorophore and Forster resonance energy transfer (FRET) pair. The 

single fluorophore sensor/indicator is non-ratiometric/intensiometric which allows for a change in 

fluorescence intensity when Ca2+ binds. The endogenous Ca2+-trigger protein calmodulin (CaM), 

or troponin C (TnC), is commonly used as the Ca2+ binding domain. This area senses the Ca2+ 

changes in GECIs. The addition of Ca2+ stabilizes the charge on the chromophore, thus enhancing 

the fluorescence intensity (76). In single fluorophore indicators, Ca2+ binding changes either in 

absorbance or the quantum yield leads to changes in the fluorescence intensity. Single fluorophore 

indicators are often called intensiometric because the fluorescence intensity change only happens 

at one wavelength (77). Also, many single fluorophore indicators contain a large chimera of a FP 

connected to CaM and M13, the CaM binding peptide sequence from myosin light chain kinase 

(MLCK).  

FRET pair genetically encoded calcium indicators involve the fusion of two FPs with CaM 

and M13 overlapping in the fusion center. In FRET pair GECI, the emission energy of the FP 

donor is used as the excitation energy for the FP acceptor. The fluorescence change is measured 

by exciting the donor FP and measuring the emission of the donor and acceptor to calculate the 

ratio. The efficacy of energy transfer depends on the distance between the two FPs and the extent 

of overlap between the emission and excitation of the donor and acceptor, respectively (77,78). 
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The binding of Ca2+ to CaM or TnC exhibit a conformational change, disrupting the chromophore 

environment and thus inducing a fluorescence change. Ca2+ binding decreases the distance of the  

FPs, allowing FRET signaling to occur (77,79).  

To overcome the limitations of FRET-based Ca2+ indicators, Nakai et al. pioneered the 

development of a GCaMPs series of Ca2+ indicators by fusing Ca/CaM to the targeted peptide M13 

peptide using a single fluorescent protein (80). CaM was inserted into a circular permeable FP 

with M13 fused to the terminal. Since the production of this Ca2+ indicator, significant progress 

has been made to enhance the dynamic range and reduce the signal-to-noise ratio (SNR). However, 

currently, GCaMPs exhibit a broad range of binding affinities from µM to hundreds of µM range 

(81-94). Consequently, the large range of binding affinities of Ca2+ indicators has been challenging. 

However, the large range of binding affinities can be improved using random mutagenesis.  

Previous Yang lab members designed a novel class of a genetically encoded Ca2+ indicator 

based on the scaffold green fluorescent protein, EGFP (enhanced green fluorescent protein), which 

specifically shows rapid ER/SR calcium dynamics. This GECI is also a green Ca2+ indicator called 

CatchER (Ca2+ sensor for detecting high concentration in the ER). CatchER has an absorption 

profile of 395 nm and 488 nm excitation peaks and single wavelength emission at 510 nm; 

however, it is not ratiometric. CatchER has a large fluorescence intensity change induced by Ca2+ 

binding and a Kd of 120-180 µM. It has an off rate of 700 s-1. This makes it possible to measure 

the Ca2+ release from the ER/SR in various cell types. 

There is a pressing need to integrate Ca2+ signaling extracellularly to intracellularly using 

genetically encoded Ca2+ indicators with fast kinetics, while understanding the molecular 

mechanism of the CaSR and its mutations. Dr. Deng applied this strategy to the sensor mApple 

MCD1 and he developed a red Ca2+ indicator, R-CatchER. The successful expression of various 
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mApple MCD1 mutations in a bacterial expression system ultimately led to the discovery of 

mApple MCD1 A145E/K198D/R216D (R-CatchER). R-CatchER demonstrated greater kinetics 

in vitro, and in multiple cell types than CatchER. It also enabled the first report of ER Ca2+ 

oscillations mediated by CaSR and revealed ER Ca2+ based functional cooperativity of CaSR.  

With the development of a red Ca2+ indicator, this challenged the development of a new and 

improved green Ca2+ indicator. This novel green Ca2+ indicator called G-CatchER+ is a triple point 

mutation (S175G, S30R, Y39N) based on the previously modeled CatchER. It detects high 

concentration of calcium in the ER and exhibits unprecedented Ca2+ release kinetics and an 

appropriate Ca2+ binding affinity. Similarly, to CatchER, G-CatchER+ illustrated rapid ER/SR 

calcium dynamics in various cell types. G-CatchER+ also exhibits a superior Ca2+ on rate that is 

better than G-CEPIA1er (another green genetically encoded Ca2+ indicator). 

Through this research, there were several questions we wanted to address: 1) What structural 

elements cause the optical property changes seen in R-CatchER (the red sensor) and G-CatchER+ 

(the green sensor)? 2) Can we make mutations to the red and green sensor to broaden the Kd range 

and improve the fluorescence intensity? 3) Can we assess the binding stoichiometry events of these 

sensors in the presence of a positively charged ion? 4) Can we solve for the quantum yield and 

extinction coefficient to analyze the brightness of these sensors? 

1.11 Objectives and Overview of This Thesis 

The first goal of this research is to establish a working model of CaSR that contains several 

Ca2+-binding sites within the CaSR-ECD that cooperatively activate the receptor. Site-directed 

mutagenesis was employed to introduce naturally occurring mutations in the proposed metal 

binding sites. The plasmids were transformation in E.coli competent cells and were bacterial 

expressed. The bacterial expressed CaSR-ECD monomer was purified using Histag affinity 
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chromatography and analyzed by various biophysical methods to study its metal binding 

cooperativity. Additionally, we optimized the bacterial CaSR ECD expression and purification to 

enhance the bacterial cell growth rate while ensuring protein purity and stability. We used 

approaches in fluorescence binding studies using FRET signaling to analyze conformational 

changes of bacterial expressed CaSR. Tb3+ was used as a substitute for Ca2+  because Tb3+ is a 

fluorescent ion and more potent than Ca2+ , making it better for studying metal binding properties 

of proteins with a weak Kd value.  Using Terbium Tryptophan FRET signaling, we indirectly 

assessed the homotropic cooperativity of the metal binding sites. We also evaluated the binding 

affinity and heterotropic cooperativity in the presence of cations and allosteric modulators such as 

TNCA and AMG-416. The second part of this study measures increases in intracellular Ca2+ 

triggered by inositol 1, 4, 5- triphosphate (IP3) using mammalian expressed CaSR. This 

methodology assessed the functionality of mCaSR mutations by measuring intracellular Ca2+ 

oscillations from the IP1 production from IP3 in presence of various activators and Ca2+. 

 Chapter three covers the functional studies of HEK 5001 cells, of a stably transfected CaSR 

cell line, to dissect the different allosteric mechanisms of TNCA and TNCA derivatives utilizing 

structure-based drug design to activate the receptor. Cell population by fluorimetry was completed 

using modified methods to enhance the cellular response using a ratiometric calcium dye, Fura-2. 

The cells were cultured in amino acid free media to reduce the endogenous effects of naturally 

occurring amino acids that were hampering the effects of the synthesized TNCA derivatives. The 

HEK 5001 cells were activated using extracellular Ca2+ and Mg2+. Additional studies report the 

activation of the receptor using Ca2+ and Mg2+ in addition to the TNCA derivatives which 

functioned as an agonist or antagonist for CaSR. Free acid forms of the TNCA derivatives were 
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�D�O�V�R�� �H�[�S�O�R�U�H�G�� �W�R�� �H�Q�K�D�Q�F�H�� �W�K�H�� �G�U�X�J�¶�V�� �V�R�O�X�E�L�O�L�W�\�� �D�Q�G�� �S�U�R�Y�L�G�H�� �D�� �G�L�U�H�F�W�� �P�H�W�K�R�G�� �R�I�� �P�H�D�V�X�U�L�Q�J�� �W�K�H��

agonistic or antagonistic effect to CaSR.  

In chapter four, we demonstrated the newly developed Ca2+ indicator, G-CatchER+. G-

CatchER+ was created based on the novel Ca2+ sensor CatchER produced in the Yang lab, by 

introducing a triple point mutation. G-CatchER+ was bacterially expressed using BL21 D3 gold 

competent cells and purified using fast protein liquid chromatography. Modifying the expression 

protocol improved the folding at 37°C, and proper elution of the target protein through purification. 

The optical properties using the bacterial expressed sensor, examined the kinetics, calcium-binding 

affinity using fluorescence spectroscopy, and absorbance at various wavelengths. The quantum 

yield and extinction coefficient were also investigated to quantify the brightness of this novel green 

sensor compared to other green genetically encoded calcium indicators. The cellular studies using 

G-CatchER+ transiently transfected in C2C12 myoblasts cells, reported rapid local ER Ca2+ 

dynamics with significantly improved folding properties and overcame thermostability shown in 

the efficient measurement of Ca2+ in various organelles (95). The results indicated that G-

CatchER+ could be used to examine local ER/SR Ca2+ dynamics and facilitate drug development 

associated with ER dysfunction. 

Chapter five reported a new endoplasmic reticulum (ER)-targeted red Ca2+ indicator, R-

CatchER. The successful expression of various mApple MCD1 mutations in a bacterial expression 

system led to the discovery of mApple MCD1 A145E/K198D/R216D (R-CatchER). Biophysical 

methods were used to determine which mApple MCD1 mutations yield the best kinetics, calcium 

binding affinity/sensitivity, and brig�K�W�Q�H�V�V���� �-�R�E�� �S�O�R�W�¶�V��determined R-�&�D�W�F�K�(�5�¶�V�� �V�W�R�L�F�K�L�R�P�H�W�U�\��

during Ca2+ binding using absorbance and fluorescent spectroscopy. Quantum yield and extinction 

coefficient studies were also conducted to quantify the brightness of R-CatchER compared to other 
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readily available genetically encoded calcium indicators in the red and green spectrum. Cellular 

studies using HEK 293 and 5001 cells transiently transfected with R-CatchER enabled the first 

report of ER Ca2+ oscillations mediated by CaSR and revealed the ER Ca2+-based functional 

cooperativity of CaSR. Ultimately, our studies provide insights into the molecular basis of Ca2+-

related and CaSR-related diseases and facilitate the discovery of new therapeutics utilizing novel 

calcium indicators to assess the intracellular calcium changes.  

The final chapter reiterates the major discoveries and significance of this thesis and 

demonstrates our future work. 
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2 THE CALCIUM SENSING RECEPTOR STRUCTURE AND FUNCTION  

2.1 Background 

The calcium sensing receptor (CaSR) is a class C, G-protein coupled receptor (GPCR). A 

GPCR is from a large protein receptor family that is responsible for the detection of biomolecules 

outside the cell and the activation of internal signal transduction (96). In 1993, Dr. Edward M. 

Brown cloned the calcium sensing receptor that is primarily responsible for the regulation of rapid 

alterations of intracellular calcium. Dr. Brown discovered that Ca2+ also plays the role of a first 

messenger (14). Before the discovery of the CaSR, Ca2+ was considered a second messenger 

thought to only regulate intracellular calcium. However, understanding that when Ca2+ acts as a 

first messenger for the CaSR, it assimilates calcium signaling from changes in the extracellular 

Ca2+ concentration to the intracellular Ca2+ concentration. Signaling networks that are essential for 

many physiological and biological processes cooperatively respond to changes in the extracellular 

Ca2+ concentration to activate multiple signaling pathways. 

The CaSR regulates calcium homeostasis by maintaining an appropriate calcium ion 

concentration in the parathyroid glands and by the production of the parathyroid hormone (22). 

This CaSR protein is potentially used as a target for calcium-based diseases. These diseases include 

familial hyperparathyroidism and hypoparathyroidism, hypercalcemia and hypocalcemia, bone 

diseases such as osteoporosis and atherosclerosis, cancer, and kidney failure. The GPCR class c 

family of proteins has been shown to function similarly to the CaSR which binds calcium, other 

metals, and amino acids. This class c GPCR (cGPCR), however, is unique due to its large 

extracellular N-terminus domain that forms a dimer. The full intact CaSR structure is 

approximately 1078 amino acids in length with the ECD made up of 612. The intracellular domain 

is made up of 216 amino acids, and the remaining amino acids are found in the seven-
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transmembrane domain and its loops (22).  CaSR is activated on the extracellular N-terminus end 

of the transmembrane protein by binding to an activator like calcium, another positively charged 

ion, amino acid, or peptide. The binding of a ligand to the ECD activates the receptor and causes 

an induced conformational change.  

A major barrier to advancing our understanding of the mechanism of CaSR in regulating 

Ca2+ and allosteric modulators is due to the limitation of the conditions for crystallization of CaSR,  

as well as the fast on and off rate of Ca2+. Although computational modeling was utilized to 

overcome the challenges in assessing the binding sites on the ECD of CaSR, the exact Ca2+ binding 

sites may still be elusive. In fact, other groups have modeled or crystallized the CaSR ECD and/or 

full -length structures of CaSR with similar and different metal-binding sites. Thus, the lack of 

structural information and controversial metal-binding sites hampers the understanding of how 

CaSR ECD integrates its activation by divalent cations, amino acids, or allosteric modulators 

through cooperativity. 

2.2 Previous Process of Yang Lab to Develop CaSR Structure 

The initial CaSR study completed in the Yang lab begins by dissecting the Ca2+ binding 

sites in CaSR using a grafting approach. In 2007, Huang et al. revealed potential Ca2+ sensing 

locations in CaSR by using model structures of CaSR based on its structural homology to mGluR, 

another family c GPCR. She predicted several possible Ca2+ binding sites using computational 

algorithms based on the common structural properties of Ca2+ binding sites in a wide variety of 

proteins. She that removing the predicted ligand residues in the full-length CaSR resulted in 

significant changes in the intracellular responses to [Ca2+]o. Two predicted continuous Ca2+ 

binding sites were further validated by inserting the sequences individually into a non-Ca2+ binding 

host protein, CD2. The resulted engineered proteins, denoted to be CD2-CaSR3 and CD2-CaSR5, 
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possessed the ability to bind to both Ca2+ and Ln3+. The predicted Ca2+  binding using MetalFinder 

were shown to be involved in Ca2+/Ln3+ binding by high resolution NMR and site-directed 

mutagenesis. This validated Huang et al. prediction of the Ca2+ binding sites within the ECD of 

the CaSR. 

The second CaSR study begins by testing the molecular connectivity of the [Ca2+]o binding 

to a site encoded in binding site 1 in the hinge region of CaSR ECD. It was hypothesized that this 

region is responsible for the functional positive homotropic cooperativity in CaSR�¶�V response to 

[Ca2+]o. Additionally,  Zhang et al. identified an L-Phe binding pocket adjacent to the Ca2+ binding 

site 1. She illustrated how the L-Phe binding pocket is essential for functional positive heterotropic 

cooperativity by impacting the predicted Ca2+ binding sites in the ECD with regard to [Ca2+]o -

evoked [Ca2+] i signaling. 

The next part of the CaSR studies completed by Dr. Zhang in the Yang lab focused on 

enhancing the expression and purification of the full -length CaSR in a mammalian expression 

system. Zhang et al. noticed that the direct interaction of Ca2+ and L-Phe on the ECD of the 

receptor and the resultant impact on its structure and associated conformational changes have been 

hampered by the large size of the ECD, its high degree of glycosylation, and the lack of biophysical 

methods to monitor weak interactions in solution. To overcome these challenges, Dr. Zhang 

purified the glycosylated extracellular domain of CaSR (residues 20�± 612), containing either 

complex or high mannose N-glycan structures depending on the host cell line employed for 

recombinant expression. Both glycosylated forms of the CaSR ECD were purified as dimers and 

exhibit similar secondary structures with approximately 50% �.-helices, 20% ��-sheet content, and 

a well buried Trp environment.  
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In this study, Dr. Zhang we able to purify CaSR ECDs from both a wild type mammalian 

expression host using 293-F cells, to generate complex type N-glycan structures, as well as from 

the HEK293S (GnTI-) cell line. After a stable, well expressed, purified, and concentrated CaSR 

ECD was elucidated, Dr. Zhang performed a wide variety of binding assays. It was concluded that 

Ca2+ does not alter the overall alpha helix protein structure for the Circular Dichroism (CD) spectra 

but does show a slight possible conformation change. Ultimately, however, using a mammalian 

system for expression became challenging and was not cost effective, thus Dr. Zhang with the 

assistance of Dr. Miller decided to continue the CaSR studies using a bacterial expression system. 

Dr. Zhang optimized the bCaSR ECD for expression in an E. coli. cell line using Rosetta-gami to 

reduce degradation and increase the protein yield (Figure 2.1). 

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

bCaSR includes a cys-rich region, signal peptide, and has a flagtag using the pRSET plasmid. Fast 
protein liquid chromatography was completed using a Histag column by the means of affinity 
chromatography. The western blots were completed using flag antibody (Zhang et al) (97). 
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A �± FPLC purification curve of WT bCaSR ECD expressed in Rosetta-gami (DE3) pLys at 30�qC. 
Inset: Coomassie blue staining of the representative fractions from the affinity column separation. 
B �± The same chromatography of protein purification as Figure2.1 A using triple labeled 15N13C2 
D WT bCaSR ECD expressed in Tuner at 30�qC.  
C �± Western blot of 50ug WT bCaSR ECD protein  from indicated fractions 28-44. 
D �± Western blot of triple labeled bCaSR ECD proteins. 
E �±  Western blot of IP result of WT bCaSR:  Lane 1: Elution fraction from FPLC as input protein. 
Lane 2: Elution fraction using PBS containing 200 mM galactose. Lane 3: 5 �Pl of the RCA-1 lectin 
agarose beads after incubating with protein. 
 

2.2.1 bCaSR Optimization and Expression in Rosetta-gami cells  

In 2017, Dr. Zhang optimized the expression protocol of CaSR ECD using Rosetta-gami 

competent cells to produce more cost-effective results. WT bCaSR ECD was expressed in Rosetta-

gami (DE3) pLys at 30°C. The cell pellet was collected, and the soluble protein was extracted by 

a cell disruptor. After centrifugation, the supernatant fractions of the cell lysate  underwent protein 

purification using a nickel affinity column. Representative tracing of A280 measured in milli AU 

for protein eluted by imidazole. Unfortunately, this cell line took a long time to express and 

produced a low protein yield.  

�,�Q�� ������������ �'�U���� �0�L�O�O�H�U�¶�V�� �S�U�L�P�D�U�\�� �S�U�R�M�H�F�W�� �L�Q�F�O�X�G�H�G��bCaSR expression and purification of 

bCaSR ECD and mutations of the ECD.  She began by following the optimized expression protocol 

of CaSR ECD using Rosetta-gami cells as directed by Dr. Zhang. She removed the mammalian 

shuttle region, called the signal peptide region (sp), which was expected to reduce degradation as 

it was not necessary in a bacterial expression system. She also removed the cys rich domain (CRD) 

since cysteine (cys) forms disulfide bonds and could lead to incorrect disulfide bond formation; 

and incorrectly folded, unstable protein is more prone to protein degradation. �'�U�����0�L�O�O�H�U�¶�V western 

blots shows that the removal of both cys and sp (cys-/sp) lead to the best protein expression, but 

also a loss of protein concentration and yield, and some degradation (Figure 2.2). 
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(Top) Western blots of bacterial expressed CaSR extracellular domain expressed using Rosetta 
gami competent gel with and without the cysteine rich domain and signal peptide region.  
(Bottom) CaSR-ECD containing Histag at the N-terminus, Flagtag region, and glycosylation sites.  
Red box indicates the deletion of CRD (Cys-) and blue box indicates a deletion of the signal 
peptide (sp-). Zhang et al., 2014 (97) 
 
 

2.2.2 bCaSR Optimization and Expression in SHuffle cells  

To resolve this yield and stable expression issue,  Dr. Miller consulted with our collaborator 

Dr. Jian Hu, from Michigan State University, who gifted us his bCaSR ECD which was further 

optimized for expression in SHuffle cells. SHuffle and Origami, which Rosetta-gami was derived 

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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from, both have suppression of Thioredoxin reductase (trxB) and Glutathione reductase (gor) 

which break down disulfide bonds. This allows these E. coli cells to form disulfide bonds, which 

allows efficient protein folding. These also contain a mutant of Alkyl hydroperoxide reductase 

subunit C (AhpC), which assist on the detoxification of reactive oxygen species. This mutant, 

AhpC*, removes lethality of trxB and gor suppression by mimicking their ability to reduce 

Glutaredoxin 1 (Grx1), restoring the reducing power to the cells (Figure 2.3). Conversely, Origami 

forms disulfide bonds indiscriminately since it has periplasmic DsbA (Disulfide bond isomerases 

family C) that leads to mis-oxidized and inactive proteins even though correct size. Rosetta-Gami 

is an Origami derivative with enhanced expression of eukaryotic proteins containing specific 

codons. Whereas SHuffle cells have cytoplasmically over-expressed DsbC under the rRNA 

promoter rrnB which enhances correct protein folding.  

 

 

 

Figure 2.3 �± The difference of SHuffle compared to Rosetta-gami in diagram form. 

The western blot performed with ADD CaSR antibody (right). �$�G�R�S�W�H�G�� �I�U�R�P�� �'�U���� �0�L�O�O�H�U�¶�V��
dissertation.   
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�'�U�����+�X�¶�V���E�&�D�6�5 , bCaSR-Hu ECD, does not have the flag-tag for immunostaining,  and it 

still retains the Histag for purification by the mean of immobilized metal affinity chromatography. 

The updated bCaSR-Hu ECD sequence now has four cys altered to alanine (ala) and lacks the cys-

/sp- (Figure 2.4). 

 

Figure 2.4�± The sequence of bCaSR-Hu ECD compared to bCaSR ECD WT 
 
In red boxes are the 4 Cys that were changed to Ala. Also, the CRD and signal peptide were 
removed. The disulfide bond forming Cys for homodimer formation are removed, possibly making 
this protein a monomer solely. �$�G�R�S�W�H�G���I�U�R�P���'�U�����0�L�O�O�H�U�¶�V���G�L�V�V�H�U�W�D�W�L�R�Q������ 
 
 

2.2.3 Current bCaSR Expression Development Using SHuffle Cells  

Although the bCaSR expression improved upon changes made by Dr. Miller, the bacterial 

cells expressed slowly at 30°C. CaSR has an increased sensitivity to changes in temperature, thus, 

changing the expression temperature of the cells would not be ideal as it would lead to the incorrect 

expression and folding of the protein. Instead, we modified the creation of the LB Miller broth by 

adjusting the pH from 6.8 to 7.4 as noted in the description section of Fisher BioReagents website. 
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Increasing the pH of the LB Miller broth, improved the growth rate of the cells leading to a shorter 

time needed before induction. During cell lysis we changed the protocol from cell disruptor to 

sonication. Both cell lysis techniques are appropriate to break the cell membrane, however, 

sonication required less time and is less messy than using a cell disruptor. We also adjusted the pH 

of the lysis buffer from 7.4 to 8.0 as it was more effective in lysing the cell and generating a higher 

protein yield. Formulation buffers for the purified bCaSR ECD were unsuccessful when analyzing 

the fluorescence through Terbium/Tryptophan FRET signaling. Although adding sodium chloride 

at various concentrations to the titration buffers enhanced protein solubility and decreased 

precipitation, ultimately it led to quenching of the FRET signaling and lowered the overall 

fluorescence from the protein.  

2.2.4 Structural Basis of Metal Binding Sites on CaSR ECD 

Huang et al. reported a modeled structure of CaSR ECD in 2007 based on a 27% sequence 

identity between the CaSR ECD and the X-ray structures of mGluR1 (PDB IDs 1EWR and 1ISR) 

(98). According to Deng et al. (99) computational algorithms were used based on a statistical 

analysis of coordination properties of known Ca2+ binding proteins (100-102), five Ca2+ binding 

sites were predicted in each monomer of the CaSR ECD: Site 1 (S147, S170, D190, Y218, and 

E297), Site 2 (D215, L242, S244, D248, and Q253), Site 3 (E224, E228, E229, E231, and E232), 

Site 4 (E350, E353, E354, N386, and S388), and Site 5 (E378, E379, T396, D398, and E399) 

(98,103,104). However, with previous modeling efforts (105-107), a flexible loop region that was 

not visible in the mGluR1 structure was further modeled in the following studies. The intrinsic 

Ca2+ binding affinities of predicted Ca2+ binding sites 1, 3, and 5 were determined by grafting them 

individually into a non-Ca2+ binding protein CD2 scaffold with a flexible linker (98). Additionally, 

subdomains encompassing several wild-type or mutated Ca2+ binding sites were created to the 
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study functional cooperativity. The functional studies completed by the means of Tryptophan 

fluorescence, Terbium-Tryptophan FRET signaling, Ca2+ competition assays, and 1D 1H NMR 

(104). The predicted metal site 1 demonstrated a crucial role in positive homotropic cooperativity 

among the multiple Ca2+ binding sites of the CaSR ECD (104). Like our predicted metal site 1 

(Figure 2.5), Zhang et al. revealed a Mg2+/ Ca2+ binding site at the hinge region (D216, D275, and 

S272).  

Additionally, we identified one metal binding site at the homodimer interface of lobe 2, 

formed by negatively charged residues (E228, E231, S240, and E241). After soaking the crystal 

in the presence of gadolinium (Gd3+), this site (E228, E229, and E232) moved slightly and was 

close to the original predicted site 3 by Zhang et al. Double mutation E228I/E229I were found to 

�G�U�D�P�D�W�L�F�D�O�O�\�� �U�H�G�X�F�H�� �&�D�6�5�� �D�F�W�L�Y�L�W�\���� �V�X�J�J�H�V�W�L�Q�J�� �W�K�L�V�� �V�L�W�H�¶�V�� �S�R�W�H�Q�W�L�D�O�O�\�� �U�R�O�H�� �L�Q��Ca2+-induced 

conformational changes and dimerization (14). Although the long loop region with two predicted 

binding sites (sites 4 and 5) are not visible due to a lack of electron density, the structure revealed 

a new metal binding site formed by the mainchain (backbone) carbonyl oxygen atoms from 

uncharged residues. This new metal binding site, site 3, contains residues I81, S84, L87, and L88) 

(Figure 2.5).   
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Figure 2.5- Binding sites of Mg2+/Ca2+/TNCA/Bicarbonate in CaSR ECD 
  

Binding sites on the CaSR ECD with a dimer Mg2+/Ca2+ binding site 2 (E228, E231, S240, and 
E241), a hinge region TNCA/ Mg2+/Ca2+ binding site 1 (S147, A168, S170, A214, D216, Y218, 
S272, D275, and E297), a new top Mg2+/Ca2+ binding site 3 (I81, S84, L87, L88, L91), and a 
bicarbonate binding site (R66, R69, W70, R415, I416, and S417). �$�G�R�S�W�H�G�� �I�U�R�P�� �'�U���� �0�L�O�O�H�U�¶�V��
dissertation.   
 

Using a mammalian expression system with a functional dimer and reduced glycosylation, 

the first structure determination of a Mg2+-bound form of native CaSR ECD dimer (PDB ID 5FBK) 

at pH 7.0 at a resolution of 2.1 Å was shown. A Gd3+-loaded form at 2.7 Å (PDB ID 5FBH) was 

achieved as well (14). Both structures are like the modeled structure from which we studied the 

functional cooperativity utilizing Tryptophan fluorescence, Terbium-Tryptophan FRET binding, 

Ca2+ competition assays, and 1D 1H NMR.  
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A subsequent study by Geng et al. determined both apo and holo forms of the CaSR ECD 

with mutations in glycosylation-sites and the cysteine-rich domain under different pH conditions 

and varied Ca2+, phosphate, and sulfate concentrations (PDB IDs 5K5S and 5K5T) (Figure 2.6) 

(108). Analysis of the structures of the Venus Fly Trap (VFT) domains between the apo and holo 

forms were similar, with an RMSD of 4.4 Å. The holo-ECD structure (PDB ID 5K5S) with 

mutations (N386Q and S402N, and/or N468Q) was determined at 2.6 Å resolution in 1.6 M 

NaH2PO4, 0.4 M K2HPO4, 100 mM Na2HPO4/citric acid, 10 mM CaCl2, and 10 mM L-Trp at pH 

4.2. Four Ca2+ ions were identified in each monomer. The apo-ECD structure (PDB ID 5K5T) was 

determined at 3.1 Å in 1.5 M Li2SO4, 100 mM Tris, 2 mM CaCl2 at pH 8.5, but only a single Ca2+ 

ion was observed in each monomer (109).  

Coincidentally, the new site identified by Zhang et al. was also identified in the Geng et 

al. 5K5T structure. In addition, this metal-binding site was found at a slightly lower position than 

Zhang et al., coordinated by residues D234, E231, and G557. However, the other Ca2+ binding 

sites, site 2 (T100, N102, and T145) and site 3 (S302 and S303), in the 5K5T structure, lacked 

negatively charged ligands due to the interruption of chloride ion binding in the 5FBK structure.  

Additionally, Liu et al. developed an innovative cell-free F�|rster resonance energy transfer 

(FRET)-based conformational CaSR biosensor to clarify the main conformational changes 

associated with activation (110). Although their studies proposed that chloride was an activator for 

CaSR, only two Ca2+ binding sites (S147, S170, D190, Y218, and E297) and (D216, D275, and 

S272) were validated.  
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Figure 2.6. X-ray Structure of CaSR ECD with a cysteine rich domain  
 

X-ray Structure of both (A) apo and (B) holo form of CaSR ECD with Cys-rich domain. Green 
spheres represent Ca2+. SO4

2- and PO4
3- are shown in yellow and magenta spheres, respectively. 

L-Trp is indicated by orange sticks, (PDB ID: 5K5T and 5K5S) (99,109). 
 
 

 

Figure 2.7- Key determinants for the molecular basis of disease-associated 
mutations and regulation 

 
A �±  Involvement of loop 1 (yellow) and loop 2 (gold) in dimerization.   
B �± Working model for activation occurs through a conformational change induced by ligand 
binding at the hinge region between subdomains 1 and 2, as well as bridging interactions 
provided by metal ion binding at the acidic patch at the interface between the two subdomain 
regions of their respective protomers.  Mutations at these key determinants in the ECD of CaSR 
cause human disorders with abnormal [Ca2+]o and [Mg2+]o homeostasis. Zhang et al., 2016 (14) 
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The loops that mediate subdomain 1 dimerization are functionally important (Figure 2.7). 

Loop 2, following a2, is largely disordered in mGluR structures but is known to participate in two 

intermolecular disulfide bonds in CaSR through two conserved cysteine residues (C129 and C131) 

(Figure 2.7) (111,112). The N-terminal part of loop 2 forms a short a helix extended from a2 with 

a kink at N118.  The a2a segments from each protomer embrace each other, likely stabilizing 

dimerization (Figure 2.7B). Because several activating ADH mutations (L125P/F, E127G/A/K, 

C129Y/F/S/R, and N118K) and one inactivating FHH mutation are present on loop 2, subdomain1 

dimerization that is facilitated by loop 2 appears to be crucial in regulating the function of CaSR.  

Moreover, the highly conserved loop 1, which is significantly longer than the 

corresponding loop in mGluRs reaches across the dimerization interface to a hydrophobic surface 

on a13*. The hydrophobic interaction, primarily mediated by P55, L51, and W458*, stabilizes an 

extended conformation of loop 1, and a conserved positively charged patch also appears to 

contribute to dimerization of subdomain 1 (Figure 2.7). Notably, mutation of P55 causes FHH, 

indicative of a critical role of loop 1. Figure 2.7B summarizes our present model for receptor 

activation.  The presumed conformational change induced by ligand/metal binding in the hinge 

region between subdomains 1 and 2, with homodimerization of protomer subdomains 1 through 

loops 1 and 2, facilitates the approach of subdomain 2 from their respective protomers.   

2.2.5 Disease Mutations of CaSR 

With the discovery of our CaSR crystal structure, this led to the development of mutational 

CaSR research of the ECD (113). We wanted to examine the confirmation of our predicted 

Ca2+/Mg2+ and agonist binding sites and assess the disease mutations on these binding regions in 

order to further understand how these mutations affect CaSR binding. Ultimately, we wanted to 

test the binding cooperativity between the binding sites which could further lead us to therapeutic 
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targets to address the gain of function and loss of function disorders of Ca2+ homeostasis. We 

investigated the three main cation/TNCA binding sites (BS) as well as the bicarbonate/anion/pH 

BS for disruption or disease related mutations (Figure 2.8). 

Dr. Miller made mutations for bCaSR: R66H (anion/pH BS for FHH), D216N (anion/pH 

BS for disrupt/cancer), E241K (dimer BS for ADH), S272A (hinge BS for disruption), E297K 

(hinge BS for FHH/NSHPT), H254A (anion/pH BS for disruption), E228Q and E228K (dimer BS 

for ADH), these mutations were successfully made using the KOD DNA polymerase (Table 2.2).  

 

 

Figure 2.8- X-ray Structure of CaSR ECD 

X-ray Structure of CaSR ECD (PDB ID 5FBK) and key areas to be studied with zoomed Mg2+ 
Site I, Mg2+ Site II, Mg2+ new Site, hinge ligand binding site, and anion binding site. Green spheres 
represent Ca2+. Bicarbonate is shown in orange sticks. TNCA is indicated by magenta sticks. Deng 
et al.,2021  
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Table 2.1- CaSR disease mutations  
Mutations of bCaSR are red, hCaSR are blue, and both are green. 

 

 

2.3 Trp Compound Analysis and Uncovering TNCA 

Unexpectedly, an elongated planar electron density was observed in the hinge region 

between the two subdomains where orthosteric ligand binding is thought to occur (Error! R

eference source not found.A). No naturally occurring CaSR ligands (CaSRLs) or reagents that 

were used in sample preparation and crystallization or any currently known CaSRLs fit the density 

well, suggesting a novel CaSRL.  High-resolution liquid chromatography�±electrospray ionization�±

mass spectrometry (LC-ESI-MS) of the purified protein preparation (Error! Reference source n

ot found.B) identified a species that was eluted at ~4.65min with a mass/charge ratio (m/z) of 

215.0824 in negative-ion mode. The predicted elemental formula based on the observed mass 

corresponds to C12H11N2O2 (calculated mass, 215.0821; mass accuracy, 1.4 ppm) (Figure 2.8). A 

search of PubChem identified a tryptophan derivative, L-1,2,3,4-tetrahydronorharman-3-

carboxylic acid (TNCA) with the predicted molecular weight and shape of the observed density.  

When compared to tryptophan, TNCA contains one extra carbon atom linking the amine nitrogen 

atom and the C2 atom of the indole ring.  TNCA can be detected in various food and biological 

systems and is likely produced by tryptophan reacting with formaldehyde in humans (114), and is 
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perhaps generated during production of the recombinant protein in HEK cells. Elution time, 

molecular weight, and MS fragmentation of synthetic TNCA matched those of the CaSRL, 

confirming the identity of the compound as TNCA (Error! Reference source not found.B). The l

igand will be referred to hereafter as TNCA. 

 

Figure 2.9- Identification and characterization of a tryptophan derivative bound to 
hCaSR-ECD as a novel high-affinity co-agonist of CaSR 
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A �± Fo-Fc omit map (Fo and Fc are the observed and the calculated structure factor amplitudes, 
respectively) of TNCA at s = 4.5. The protein is shown in ribbon mode, and the ligand is shown 
in stick mode.  The residues around TNCA are labeled in the zoomed-in figure.  
B �± LC-ESI-MS of protein sample (top), buffer (middle), and the standard compound (bottom) 
in negative-ion mode.  The high-resolution isotopic MS spectra of the indicated peaks are 
shown in the inserted figures. Zhang et al., 2016 (97) 

 

The discovery of an unexpected tryptophan derivative ligand (TNCA) with an unusually 

high affinity, potentiates the activation of CaSR by [Ca2+]o and [Mg2+]o, and opens new avenues 

for the development of agonists and antagonists as therapeutics for CaSR related diseases (115). 

We want to establish a working model that shows how several Ca2+-binding sites cooperatively 

activate the receptor with endogenous ambient amino acids. And test how the disease mutations 

disrupt such positive cooperativity. Specifically, we want to assess how the addition of TNCA, to 

the hinge pocket adjacent to the Ca2+-binding site, can rescue the disease mutations at the hinge 

region and possibly other binding sites. Binding studies will test the hinge mutations D216N and 

E297K, dimer interface mutation E2281, and top loop mutation I81M in the presence of TNCA. 

Functional studies by IP1 accumulation examined hinge mutations D216N, S272A, E297K, 

Y218S, and S170T, dimer interface mutations E228I, E228Q, and E228K, and top loop mutation 

I81M, L87R, double mutations I81M/D216N, and I81M/E228I in the presence of TNCA; and 

compared the results to WT CaSR as a control. A proposed working model based on the activation 

of CaSR is generated as a result of the functional studies with and without mutations on the CaSR-

ECD (Figure 2.10). 
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Figure 2.10- Working Model of Different Allosteric Modulation by TNCA and 
AMG -416 

 
(Left) Without mutations, �W�K�H���P�H�W�K�R�G���R�I���D�F�W�L�Y�D�W�L�R�Q���V�K�R�Z�V���W�K�D�W���F�D�O�F�L�X�P���E�L�Q�G�V���D�W���W�K�H���K�L�Q�J�H���U�H�J�L�R�Q��
�I�L�U�V�W���V�W�L�P�X�O�D�W�L�Q�J���W�K�H�� �F�O�R�V�X�U�H�� �R�I�� �W�K�H���W�Z�R���P�R�Q�R�P�H�U�L�F���O�R�E�H�V���� �0�R�U�H�� �F�D�O�F�L�X�P�� �Z�L�O�O�� �E�L�Q�G�� �D�W�� �W�K�H�� �K�L�Q�J�H��
�U�H�J�L�R�Q���F�D�X�V�L�Q�J���W�K�H���F�O�R�V�X�U�H���R�I���W�Z�R���O�R�E�H�V���D�W���W�K�H���K�L�Q�J�H���U�H�J�L�R�Q�����/�D�V�W�O�\�����F�D�O�F�L�X�P���Z�L�O�O���E�L�Q�G���D�W���W�K�H���W�R�S��
�O�R�R�S���U�H�J�L�R�Q���� 
 
(Right) �,�Q�� �W�K�H�� �S�U�H�V�H�Q�F�H�� �R�I�� �P�X�W�D�W�L�R�Q�V�����W�K�H���P�H�W�K�R�G�� �R�I�� �D�F�W�L�Y�D�W�L�R�Q�� �V�K�R�Z�V�� �W�K�D�W���F�D�O�F�L�X�P�� �E�L�Q�G�V�� �D�W�� �W�K�H��
�K�L�Q�J�H���U�H�J�L�R�Q���I�L�U�V�W�����V�W�L�P�X�O�D�W�L�Q�J���W�K�H���E�L�Q�G�L�Q�J���D�W���W�K�H���W�R�S���O�R�R�S���U�H�J�L�R�Q�����7�K�H�Q���7�1�&�$���E�L�Q�G�V���F�D�X�V�L�Q�J���W�K�H��
�F�O�R�V�X�U�H���R�I���W�Z�R���O�R�E�H�V���D�W���W�K�H���K�L�Q�J�H���U�H�J�L�R�Q���D�Q�G���I�D�F�L�O�L�W�D�W�H�V���W�K�H���F�O�R�V�X�U�H���R�I���W�K�H���W�Z�R���O�R�E�H�V�����P�R�Y�L�Q�J���W�K�H�P��
�F�O�R�V�H�U���W�R�J�H�W�K�H�U������ 
 
�7�K�H���I�X�Q�F�W�L�R�Q�D�O���F�R�R�S�H�U�D�W�L�Y�L�W�\���R�I���W�K�H���&�D�6�5���(�&�'���F�D�Q���E�H���V�H�H�Q���L�Q�G�L�F�D�W�H�G���E�\���W�K�H���S�U�H�V�H�Q�F�H���R�I���W�K�H���U�H�G��
�G�R�W�W�H�G���U�H�F�W�D�Q�J�O�H���R�I���W�K�H���&�D�6�5���P�R�Q�R�P�H�U�����7�K�H���G�L�P�H�U���F�R�R�S�H�U�D�W�L�Y�L�W�\���L�V���V�H�H�Q���D�W���W�K�H���K�L�Q�J�H���U�H�J�L�R�Q���D�Q�G��
�W�K�H�� �K�R�P�R�W�U�R�S�L�F�� �F�R�R�S�H�U�D�W�L�Y�L�W�\�� �L�V�� �V�H�H�Q�� �D�W�� �W�K�H�� �G�L�P�H�U�� �L�Q�W�H�U�I�D�F�H�� �Z�L�W�K�R�X�W�� �W�K�H�� �S�U�H�V�H�Q�F�H�� �R�I�� �P�X�W�D�W�L�R�Q�V��
���&�D�6�5�� �:�7������ �+�R�Z�H�Y�H�U���� �L�Q�W�U�R�G�X�F�L�Q�J�� �P�X�W�D�W�L�R�Q�V�� �W�R�� �W�K�H�� �(�&�'�� �F�D�X�V�H�V�� �K�H�W�H�U�R�W�U�R�S�L�F�� �I�X�Q�F�W�L�R�Q�D�O��
�F�R�R�S�H�U�D�W�L�Y�L�W�\���D�V���W�K�H���K�L�Q�J�H���U�H�J�L�R�Q���� 
 
2.4 Objectives and Overview of This Chapter 

To dissect the overall Ca2+- binding/metal binding cooperativity, bacterial expressed 

monomeric CaSR ECD was synthesized and purified. The first section of this chapter examines 
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the bCaSR expression system and optimization using monomeric CaSR ECD adapted to express 

in SHuffle cells optimized by Dr. Miller and Dr. Hu. Keeping the expression system the same as 

Dr. Miller, the expression protocol was slightly adjusted using a modified pH for the bacterial 

broth for bacterial cell culture, and a modified lysis buffer pH. The bacterial expressed monomeric 

CaSR ECD was purified using Histag purification chromatography with immobilized nickel.  

Next, the correlation between the WT CaSR ECD and its disease related mutations using 

bacterially expressed CaSR was investigated using site directed mutagenesis with a single point 

mutation (Table 2.1). Using Terbium Tryptophan FRET signaling, the binding affinity and 

homotropic cooperativity was calculated using the Hill equation. Next, the binding events of 

extracellular Tb3+ in the presence of TNCA and AMG-416 were evaluated for positive heterotropic 

cooperativity or noncooperative binding. It was hypothesized that in the presence of extracellular 

Tb3+ alone the binding events of CaSR ECD is homotropic. Conversely, in the presence of 

extracellular Tb3+ and TNCA, the binding events of CaSR ECD is heterotropic displaying co-

activation of the receptor. The binding event of AMG-416 and extracellular Tb3+ is assumed to be 

heterotropic due to the location of the binding site of AMG-416 in the dimer interface of CaSR 

ECD (Figure 2.11).  
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Figure 2.11- Modeled CaSR structure with reported Ca2+ binding sites and allosteric 
modulators. Adopted from Tian et al., 2022 

 
Summary of all reported Ca2+-binding sites, TNCA/Trp-binding site, anion-binding site, and 
PAM/NAM-binding sites. Green spheres represent Ca2+. L-Trp is indicated by magenta sticks. 
PO4���í ions are shown in magenta spheres. AMG-416 are indicated as blue ribbon, and Evocalcet 
are shown as cyan spheres. 

 

Next, we show that Ca2+
o-evoked, CaSR-mediated [Ca2+] i oscillations and IP production 

exhibit cooperative changes in their responses to altered [Ca2+]o in CaSR-transfected HEK cells 

(19). Functional cooperativity of CaSR, particularly the positive homotropic cooperative response 

to [Ca2+]o, is essential �I�R�U���W�K�H���U�H�F�H�S�W�R�U�¶�V���D�E�L�O�L�W�\���W�R���U�H�V�S�R�Q�G���R�Y�H�U���D���Q�D�U�U�R�Z���S�K�\�V�L�R�O�R�J�L�F�D�O���U�D�Q�J�H���R�I��

[Ca2+]o (1.1-1.3 mM, Hill coefficient of 3-4) to regulate activation of intracellular Ca2+ signaling, 

inhibition of PTH release in parathyroid cells, and stimulation of calcitonin secretion in C-cells 6-

23 (116,117). We gained our functional information from these cellular CaSR studies by 

examining the cooperativity induced affects. Our aim is to further expand our knowledge of disease 

mediated function differences of both bCaSR ECD and CaSR from a mammalian expression 

system. We used allosteric modulators such as AMG-416, TNCA, and TNCA derivatives as 

potential lead compounds for therapeutic CaSR drug screening and structure-based drug design.  
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Our goal is to understand the mechanism of CaSR mediated Ca2+ signaling and to define 

the molecular basis for cooperative [Ca2+]o activation orchestrated by multiple metal binding sites. 

The binding events of CaSR were assessed using structural studies with bacterial expressed CaSR 

ECD monomer. In comparison, the binding events of the functional studies were completed using 

an IP1 accumulation assays with mammalian CaSR, to also quantify the activation of CaSR and 

its downstream signaling. Introducing site directed mutagenesis for the structural and functional 

studies led to the assessment of homotropic and heterotropic cooperativity in different metal 

binding sites with different mutations.  

2.5 Methods 

2.5.1 General bCaSR ECD Expression and Purification  Protocol  

 SHuffle cells transformed with bCaSR ECD were streaked on an ampicillin positive agar 

plate, then incubated overnight at 37°C in a Fisher Scientific incubator. A single colony was 

selected and added to a small-scale sample of Luria Beria (LB) Miller broth from Fisher 

BioReagents. The small-scale inoculation was added to 600 mL of premade LB broth with 1:1000 

ratio of Ampicillin and shaken in a refrigerated shaker. The optical density (O.D) was measured 

hourly, when the O.D600nm= 0.6, and �L�V�R�S�U�R�S�\�O����-D-1-thiogalactopyranoside (IPTG) was added to 

trigger the lac operon and allow for protein expression. The protein was allowed to express 

overnight, reducing the temperature.  

 Preparing for purification, the protein pellet was resuspended in lysis buffer with 

�F�2�P�S�O�H�W�H�Œ���� �0�L�Q�L���� �(�'�7�$-free Protease Inhibitor Cocktail.  The cell membrane was disrupted 

using a sonicator and/or a cell disruptor in lysis buffer pH 8.0.  The sample was then filtered and 

purified using a His-tag column by employing fast protein liquid chromatography (FPLC). The 

Histag buffers is a follow; Histag buffer A: 50 mM Tris-HCl, 250 mM NaCl, 20 mM Imidazole, 



48 
 

 

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 desalted in 10 mM Tris with pH 7.4, using �D�� �+�L�7�U�D�S�Œ�� �G�H�V�D�O�W�L�Q�J��

prepacked column from GE Healthcare.  

2.5.2 Transformation 

The transformation plate used in the laboratory contained an ampicillin-positive agar gel 

which is suitable for the growth of ampicillin resistant E. coli bacterial cells. The protocol for 

transformation is as follows. A suitable DNA was added to the SHuffle cells in an Eppendorf tube 

near a flame. The Eppendorf tube was flicked to enable mixing and placed on ice. Afterwards, the 

cells were heat-shocked in an Isotemp 102S and immediately placed back on ice. Next, LB broth 

was added to the cells and was placed in a Fisher Scientific incubator at 37°C for 20 minutes. After 

incubation ���������/ of the sample was taken from the Eppendorf tube and added unto an ampicillin 

agar plate and streaked using a L-Spreader. The plate is then stored in the incubator overnight. 

2.5.3 Small Scale Inoculation  

Using the transformation plate created the day prior, a colony was selected and inserted 

into a small volume of LB media containing ampicillin. The cell culture was allowed to grow in a 

non-refrigerated shaker at 37°C, 220 rpm for 12-16 hours. 

2.5.4 Large Scale Inoculation/Expression 

After 12-16 hours of inoculation of the small-scale sample, the falcon tube was removed 

from the shaker and added to 600 mL of LB media containing ampicillin. An optical density, also 

known as the OD samples, were taken, in addition to the controlled variables or blank. The flasks 

containing the bacterial cell culture was placed in the refrigerated shaker. The samples were 

checked hourly then every 30 minutes when the O.D reached 0.3. When the O.D600nm= 0.6, 600 

µL of 1 M IPTG was added. The temperature of the refrigerated shaker was reduced from 30°C to 
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prevent cell death. The flasks were kept on the shaker overnight and a final optical density reading 

was taken in the morning prior to harvesting the cells. 

2.5.5 Cell Harvesting and Lysis  

The samples were transferred from the large flask to the large centrifuge tube balancing it 

with water in another tube, or by the dividing the sample evenly into multiple large centrifuge 

tubes. The centrifuge tubes were inserted into the centrifuge rotor diagonally from each other. The 

samples were centrifuged at 7,000 rpm, for 30 minutes at 4 °C. After centrifuging the pellet was 

collected and stored for a maximum of three months in -20° C. To lyse the pellet/cell, the pellet 

must be resuspended in lysis buffer with a protease inhibitor ���F�2�P�S�O�H�W�H�Œ���� �0�L�Q�L���� �(�'�7�$-free 

Protease Inhibitor Cocktail). The more common method of cell lysis requires a sonicator which 

disrupts the cells using sound energy. After cell lysis, the mixture is separated by centrifugation at 

a high speed and filtered via a 0.45 µM filter and further applied to a HisPrep HP column (GE 

Healthcare).  

2.5.6 Histag Purification using Affinity Chromatography 

The Histag buffers for fast protein liquid chromatography is as follows; 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. After purifying the protein, the protein samples were 

loaded on a desalting column to remove sodium chloride and imidazole. The 15 mL desalting 

column is made up of 3 connecting 5 mL GE HiTrap columns with a 5 mL loading volume per run 

with a desalting buffer of 10 mM Tris-HCl, pH 7.4. 

2.5.7 BSA Standard and Protein Analysis 

Create the samples (total volume of 1 mL) making 2 blanks (800 µL of ddH2O and 200 µL 

of Bio-Rad) and samples, one for each plate in experiment (800 µL of ddH2O, Usually 1 µL of 
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protein is used, so 800 µL of ddH2O is added and1 µL of ddH2O is removed to get 799 µL of 

ddH2O, 1 µL of protein, 200 µL of Bio-Rad). Run the samples using the UV-Vis quantitative 

method. Transfer the data into an excel spreadsheet, using your BSA standard curve. Use the slope 

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

2.5.8 SDS-PAGE gels 

The samples were incubated in Bio-Rad 4x Laemmli Sample Buffer with Sigma-Aldrich 

2-Mercaptoethanol and boiled for 15 minutes. The proteins were separated on an 8.5% SDS-PAGE 

gel.  After electrophoresis, the gel was either stained with Coomassie blue or transferred to a 0.45 

µm nitrocellulose membrane for western blot.  The nitrocellulose membrane was blocked with 3% 

Bio-Rad Blotting-Grade Blocker non-fat milk in Tris Buffered Saline and then incubated with first 

mouse anti-CaSR ADD antibody (1:4000) for 1 hour at room temperature. After being washed 

three times with TBS with 0.1% tween (TBST), the membrane was incubated at room temperature 

for 1 hour with goat anti-mouse secondary antibody diluted with TBST (1:4000).  The detected 

protein signals were visualized by Bio-Rad enhanced chemiluminescence reaction system. 

2.5.9 SDS-PAGE Silver Staining  

An 8.5% SDS-Page was prepared as discussed in the SDS-Page gel sections. After running 

the gel at 80 volts with the desired protein, the gel was collected, and the following silver staining 

procedure was followed. 1. Wash the gel 3 × 5 minutes in ultrapure water.2. Fix the gel 2 × 15 

minutes in 30% ethanol:10% acetic acid solution. 3. Wash the gel 2 × 5 minutes in 10% ethanol, 

then 3 × 5 minutes in ultrapure water. 4. Prepare Sensitizer Working Solution (50 µL Sensitizer 

with 25 mL water). 5.Sensitize the gel for 1 minute (light sensitive, cover with foil), then wash 2 

× 1 minute with water. 6. Prepare Stain Working Solution (0.5 mL Enhancer with 25 mL Stain). 

7. Stain the gel for 30 minutes (light sensitive, cover with foil) 8. Prepare Developer Working 
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Solution (0.5 mL Enhancer with 25 mL Developer). Add developer and place in fridge for up to 5 

mins, remove then add enhancer. 9. Wash the gel 3 × 20 seconds with ultrapure water, then develop 

gel for 1-3 minutes or until bands appear. 10. Stop with 5% acetic acid for 10 minutes.  

2.5.10 Cell Culture and Transfection 

The protein was placed in the pcdna3.1 vector for mammalian expression. In vivo studies were 

carried out in HEK293 cells and HEK5001 cells, a stably transfected CaSR cell line. For HEK293 

cells, the cells were previously split to the imaging slides and left to reach 40% confluency before 

transfection. The cells were cultured in high glucose DMEM buffer with fetal bovine serum (FBS). 

The next day, the transfection reagent used to deliver the plasmid into the cell was Lipofectamine 

2000. A one microgram DNA to three microliters Lipofectamine 2000 ratio was used for mCaSR 

based protein transfection. One milliliter of transfection solution was prepared for every slide of 

cells being transfected. Two tubes of 0.5 mL OPTI were prepared. The Lipofectamine 2000 was 

added to one and the DNA to the other. The solutions were left to sit for approximately one minute 

at room temperature. The DNA solution was then added in its entirety to the lipofectamine 

solution. After using a pipette to mix the solution was centrifuged for five seconds and placed in a 

dark, room temperature drawer to incubate for five minutes. After the incubation time has lapsed 

the transfection solution was added dropwise to the dish and left to incubate at 37 °C for four 

hours. Afterwards the media was replaced with 3 mL of fresh DMEM and incubated at 37 °C for 

48 hours.  

2.5.11 Polymerase Chain Reaction (PCR) 

PCR site directed mutagenesis was performed using either G-Biosciences Pfu DNA 

polymerase or Sigma-�$�O�G�U�L�F�K�� �.�2�'�� �'�1�$�� �S�R�O�\�P�H�U�D�V�H�� �D�F�F�R�U�G�L�Q�J�� �W�R�� �W�K�H�� �P�D�Q�X�I�D�F�W�X�U�H�U�¶�V��

instructions.  Briefly, a pair of complementary primers were designed for generating each mutant 
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with the mutation placed at the middle of the primers.  The template DNA was amplified using 

these primers for 30 cycles in a polymerase chain reaction instrument (Techne).  After digestion 

of the template DNA with New England Biolabs Dpn1, the amplified mutant DNA was 

transformed and amplified using Agilent XL10-Gold ultracompetent cells.  All the DNA sequences 

were verified by Genewiz. 

2.5.12 IP-One Assay 

The IP-One-Gq kit was used to determine inositol phosphate accumulation mediated by Gq 

signaling pathway (Cisbio). Briefly, HEK293 cells were transiently transfected with the CaSR or 

CaSR variants in 384-well plates and incubated for 24 hrs-48 hrs. Drugs or Ca2+ dilutions were 

prepared in stimulation buffer (140 mM NaCl, 5 mM KCl, 10 mM LiCl2, 0.55 mM MgCl2, 10 mM 

HEPES). Then added to the plates and incubated for 1 h at 37ºC. Cells were then incubated with 

IP1-d2 and Anti-IP1-Cryptate in lysis buffer for 1h at RT. The Time-Resolved Fluorescence 

signals were determined using a Victor plate reader. 

2.5.13 Intrinsic Tryptophan Fluorescence Spectroscopy 

Intrinsic tryptophan emission spectra were recorded from 300 to 400 nm with the excitation 

wavelength at 282 nm. The Ca2+ titration was performed in 10 mM Tris with 2.0 µM bCaSR (wt 

and mutations) at pH 7.4 by adding stepwise concentrations of CaCl2. 

2.5.14 Tryptophan Fluorescence Spectroscopy  

Devices that measure fluorescence are called fluorimeters. In tryptophan fluorescence 

spectroscopy, monochromators are used to select the excitation and emission wavelength. The 

fluorescence of a folded protein is a mixture of the fluorescence from aromatic amino acids such 

as tryptophan, tyrosine, and phenylalanine. The intrinsic fluorescence emission of bCaSR wild 

type are due to excitation of tryptophan residues in that fold protein. Calcium titration using 



53 
 

 

tryptophan fluorescence spectroscopy can be used to analyze conformational change and binding 

through titration.  For the tryptophan fluorescence, Ca2+ causes a decrease in fluorescence signal. 

Thus, upon titration of Ca2+, we should see a change in the fluorescence if the tryptophan residues 

in the protein chances its distance to the calcium binding sites leading to a fluorescence intensity 

change. This indicates that the titrant bound to the protein has induced a conformational change. 

2.5.15 FRET Microscopy  

The most common definition of fluorescence resonance energy transfer (FRET) is a 

mechanism describing energy transfer between two light-sensitive molecules called chromophores 

or fluorophores depending on if the protein emits fluorescence5. FRET is used to measure distance 

and detect molecular interactions in several systems and has applications in biochemistry. Typical 

fluorescence microscopy relies upon the absorption by a fluorophore of light at one wavelength 

(excitation), followed by the emission of secondary fluorescence at a longer wavelength 

(emission). However, the excitation and emission wavelengths are often separated from each other 

by tens to hundreds of nanometers. For FRET to occur we need proteins tagged with 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.  

2.5.16 Terbium/Tryptophan FRET Signaling 

Terbium (Tb3+) is a yellow, fluorescent molecule resulting from a green emission line.  Tb3+ 

has been used as a fluorescent probe for calcium binding sites in proteins since they are both 

positively charged ions, Terbium +3 charge makes it better for studying metal binding properties 

of proteins. Terbium titration using FRET fluorescence spectroscopy can be used to analyze the 

conformational changes of the protein and binding affinity on top of binding cooperativity when 
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using an appropriate Hill equation. Neither terbium or tryptophan produces a fluorescence signal 

at emission spectra betweeen 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.  

2.6 Results and Discussion 

 

Figure 2.12. Bacterial expression and purification protocol of bCaSR-Hu ECD WT 
and mutations expressed in SHuffle cells 

 
bCaSR-Hu ECD expression and purification protocol. General protocol for the expression and 
purification of the bacterially expressed CaSR and its mutations adopted by Dr. Miller.  

 

2.6.1 Expression of original bCaSR mutations  

Currently, methods for direct measurement of Ca2+ and amino acid binding to the CaSR 

have not yet been well established, nor are there methods for direct monitoring ligand induced 
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conformational changes of the proteins. Approaches for addressing these questions utilizes the 

Fluorescence Resonance Energy Transfer (FRET) assay for monitoring ligand generated 

fluorescence changes in isolated proteins.   

Additionally, we use a multitude of methods for analyzing CaSR specifically bacterial 

expression (bCaSR). In part one of this chapter, we utilized a bacterial E. coli expression system 

for the CaSR ECD which has been optimized to have higher yield and less degradation. The 

benefits of bCaSR is that there is no post-translational modifications like glycosylation, there is 

quicker cell growth, in addition to being economical. We began the expression of bCaSR-Hu ECD 

wildtype obtained from Dr. Hu using the expression conditions seen below (Table 2.2). After the 

successful expression of the wildtype protein, Dr. Miller made mutations of bCaSR by optimizing 

the primers design. Primers were between 14-28 bp long, and the PCR temperature was between 

55-65°C. Analyzing the sequences of the mutations, it was found that the PCR point mutations 

were successful.  

The DNA of PCR point mutations were then amplified with DH5�. cells and transformed 

into the bacterial SHuffle cells for expression on an ampicillin plate. The protein expression 

follows the protocol listed in the methods section of this chapter. Mutants R66H, E228K, and 

E228Q did not express protein based on the Western blot gels (Figure 2.16). Additionally, R66H 

grew very slowly only reaching 0.2 O.D when the others were already at 0.6 O.D. Conversely, 

E228K and E228Q both reached an O.D. of 1.0 very quickly whereas the others were still at 0.3 

O.D. (Table 2.3). This unusual growth patterns and the correlating lack of bCaSR are interesting. 

Thus, these mutants in addition to the other mutants were expressed again. The results are not 

shown here, but the slow bacterial growth in addition to the lack of expression was related a 

mutation issue. These results can be found in the appendix. Thus, the original bCaSR mutations 
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were not used to complete the formulation and binding studies to test the cooperativity of the metal 

binding sites. However, mutations D216N and E297K showed excellent expression and 

purification, thus they were used to complete the formulation and binding studies to test the 

�U�H�F�H�S�W�R�U�¶�V���F�R�R�S�H�U�D�W�L�Y�L�W�\ (Figures 2.14-2.15). New mutations E228I (dimer interface mutation) and 

I8M (top loop mutation) were also expressed to examine the cooperativity of the metal binding 

sites.  

 
Table 2.2- Expression and purification conditions of original bCaSR mutations 

Protein 
bCaSR 

Cell 
type 

Expression 
media 

Expression 
temp/ After 
induction  

temp. 

Lysis 
buffer  

Histag 
Buffer  

A 

Histag 
Buffer  

B 

Desalt
ing 

Buffer  

WT  
 
 
 
 
 
 
 
 

SHuffle 
cell 

 
 
 
 
 
 
 
 

Luria Miller 
Broth, pH 6.8 

 
 
 
 
 
 
 
 
 

30°C/ 
25°C 

 
 

PBS, 1 g 
N-

laurylsar
cosine, 
EDTA, 

and 
EDTA-

free 
Protease 
Inhibitor 
Cocktail 
tablet, 
pH 7.0 

 
 
 
 
 
 

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 

R66H 

D216N 

E228H 

E228Q 

E241K 

H254A 

S272A 

E297K 
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Figure 2.13- 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 seven hours as indicated by the black arrow (completed with Dr. 
Miller).  
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Table 2.3- Optical density of bCaSR-Hu ECD wildtype and mutations at hourly 
intervals 
 

Time 
(h) 

bCaSR 
WT 

R66H D216N E228K E228Q E241K H254A S272A E297K 

0 0.101 0.038 0.106 0.067 0.062 0.109 0.108 0.111 0.108 

2.5 0.150 0.042 0.147 0.173 0.151 0.156 0.154 0.151 0.156 

5.5 0.281 0.060 0.297 1.080 1.030 0.310 0.360 0.279 0.285 

6.25 0.336 0.105 0.341 - - 0.362 0.474 0.325 0.338 

6.5 0.421 0.125 0.364 - - 0.386 0.505 0.335 0.348 

7 0.505 0.261 0.520 - - 0.544 0.581 0.486 0.502 

24 2.114 1.974 1.945 1.494 1.593 2.000 1.984 2.039 2.135 
 

*The samples were induced with 1 mL of 1 M IPTG at the highlighted time stamps.  Dashes 
indicate that the optical density was not measured directly after induction.  
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Coomassie blue gel: before and after induction of original bCaSR mutations. 
BI = Before Induction Pellet, AI =  After Induction Pellet, 1 = WT, 2 = R66H, 3 = D216N,  
4 = E228K, 5 = E228Q, 6 = E241K, 7 = H254A, 8 = S272A, 9 = E297K, M = Marker 
 
bCaSR exist at 57.7 kDa, thus bCaSR ECD WT and mutations R66H, D216N, E228K, E228Q, 
E241K, H254A, S272A, and E297K all expressed after induction with IPTG. However, mutations 
R66H, E228K, E228Q, E241K expressed very little.  
 

Figure 2.14- 8.5% Coomassie blue SDS-PAGE gel of  bCaSR purification 
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2.6.2 Histag purification of original bCaSR mutations  

 
Figure 2.15- bCaSR WT purification and expression 

 
A �± Histag FPLC purification of bCaSR WT. B �± Desalting of the main peak fractions 33-44 from 
A. C �± SDS-PAGE Coomassie blue gel of before and after induction of bCaSR WT. D �± SDS-
PAGE Western blot of bCaSR WT purification and desalting. 

 
BI = Before Induction Pellet, AI =  After Induction Pellet, M = Marker 
 
P1 = Peak 1 Histag, P2 = Peak 2 Histag, PM = Main Peak Histag, D1 = Main Peak Desalting Peak 
1, D2 = Main Peak Desalting Peak 2, D3 = Main Peak Desalting Peak 3, D4 = Main Peak Desalting 
Peak 4, DP1 = Peak 1 Desalting Peak, DP2 = Peak 2 Desalting Peak.  
 

The desired protein bCaSR exist at 57.7 kDa. It is indicated by the red box 
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Figure 2.16- bCaSR R66H purification and expression 
 

A �± Histag FPLC purification of bCaSR R66H. B �± Desalting of the main peak fractions 17-21 
from A. C �± SDS-PAGE Coomassie blue gel of before and after induction of bCaSR R66H. D �± 
SDS-PAGE Western blot of bCaSR R66H purification and desalting. 
 
BI = Before Induction Pellet, AI =  After Induction Pellet, M = Marker 
 
P1 = Peak 1 Histag, P2 = Peak 2 Histag, PM = Main Peak Histag, D1 = Main Peak Desalting Peak 
1, D2 = Main Peak Desalting Peak 2.  
 
The desired protein bCaSR exist at 57.7 kDa. It is indicated by the red box 
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Figure 2.17- bCaSR D216N purification and expression 
 
A �± Histag FPLC purification of bCaSR D216N. B �± Desalting of the main peak fractions 33-44 
from A. C �± SDS-PAGE Coomassie blue gel of before and after induction of bCaSR D216N. D �± 
SDS-PAGE Western blot of bCaSR D216N purification and desalting.  
 
BI = Before Induction Pellet, AI =  After Induction Pellet, M = Marker 
 
P1 = Peak 1 Histag, P2 = Peak 2 Histag, PM = Main Peak Histag, D1 = Main Peak Desalting Peak 
1, D2 = Main Peak Desalting Peak 2.  
 
The desired protein bCaSR exist at 57.7 kDa. It is indicated by the red box 
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Figure 2.18- bCaSR E297K purification and expression 
 

A �± Histag FPLC purification of bCaSR E297K. B �± Desalting of the main peak fractions 32-44 
from A. C �± SDS-PAGE Coomassie blue gel of before and after induction of bCaSR E297K. D �± 
SDS-PAGE Western blot of bCaSR E297K purification and desalting. 

 
BI = Before Induction Pellet, AI =  After Induction Pellet, M = Marker 
 
P1 = Peak 1 Histag, P2 = Peak 2 Histag, PM = Main Peak Histag, D1 = Main Peak Desalting Peak 
1, D2 = Main Peak Desalting Peak 2, D3 = Main Peak Desalting Peak 3. 

 
 
The desired protein bCaSR exist at 57.7 kDa. It is indicated by the red box 
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All bCaSR proteins were purified using an FPLC system. The supernatant containing 

bCaSR was loaded onto a 5 mL HiTrap Ni2+-NTA chelating column where the 6X Histidine tag 

on the N-terminal of bCaSR interacted with the Ni2+ on the column. The protein began eluting 

between 20-80% imidazole (500 mM). Samples were collected for SDS-PAGE gel analysis of 

protein purity. The collected purified protein of bCaSR ECD WT and the mutations were injected 

separately into a desalting column made up of 3 connecting 5 mL GE Hitrap sephadex columns 

with a 5 mL loading volume per run with a desalting buffer of 10 mM Tris-HCl, pH 7.4. The flow 

rate was set at 3 mL/min. The inset SDS-PAGE gel of the fractions collected from gel filtration 

show their purity, seen in the Western blots below.  

2.6.3 Western blot of original bCaSR mutations  

 

Figure 2.19- SDS-PAGE Western blot gel of bCaSR WT, R66H, E228K, E228Q and 
S272A purification 

 
P1 = Peak 1 His-tag, P2 = Peak 2 His-tag, P3 = Peak 3 His-tag, PM = Main Peak His-tag, M = 
Marker, D1 = Main Peak Desalting Peak 1, D2 = Main Peak Desalting Peak 2, D3 = Main Peak 
Desalting Peak 3, D4 = Main Peak Desalting Peak 4, DP1 = Peak 1 Desalting Peak, DP2 = Peak 2 
�'�H�V�D�O�W�L�Q�J���3�H�D�N�����$�O�O���Z�H�U�H���W�U�H�D�W�H�G���Z�L�W�K����-mercaptoethanol and ADD antibody was used.  
 
The desired protein bCaSR exist at 57.7 kDa. It is indicated by the red box. Thus, bCaSR ECD 
WT and mutation S272A were successfully expressed. Peak 2 Histag, peak 3 Histag, main peak 
Histag, main peak desalting peak 1, and main peak desalting peak 2 showed the presence of protein 
for both the wildtype and mutation S272A. bCaSR ECD WT also expresses peak 3 desalting peak 
(completed with Dr. Miller). 
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Figure 2.20- SDS-PAGE Western blot gel of bCaSR D216N, E241K, H254A, and 
E297K purification  
 
P1 = Peak 1 His-tag, P2 = Peak 2 His-tag, P3 = Peak 3 His-tag, PM = Main Peak His-tag, M = 
Marker, D1 = Main Peak Desalting Peak 1, D2 = Main Peak Desalting Peak 2, D3 = Main Peak 
Desalting Peak 3, D4 = Main Peak Desalting Peak 4, DP1 = Peak 1 Desalting Peak, DP2 = Peak 2 
�'�H�V�D�O�W�L�Q�J���3�H�D�N�����$�O�O���Z�H�U�H���W�U�H�D�W�H�G���Z�L�W�K����-mercaptoethanol and ADD antibody was used.  
 
The desired protein bCaSR exist at 57.7 kDa. It is indicated by the red box. Thus, bCaSR ECD 
mutation D216N, E241K, H254A and E297K were successfully expressed. Peak 2 Histag, peak 3 
Histag, main peak Histag, main peak desalting peak 1, main peak desalting peak 2 and main peak 
desalting peak 3 showed the presence of protein for all mutations. (Completed with Dr. Miller). 

 

Mutants R66H, E228K, and E228Q did not express protein based on the Western blot gels 

(Figure 2.17). Additionally, R66H grew very slowly only reaching 0.2 O.D when the others were 

already at 0.6 O.D. Conversely, E228K and E228Q both reached an O.D. of 1.0 very quickly 

whereas the others were still at 0.3 O.D (Table 2.3). Additionally, mutations D216N and E297K 

showed excellent expression and purification (Table 2.3)(Figures 2.14-2.15). New mutations 

E228I and I8M are also successfully expressed in the second part of the chapter, under different 

expression conditions. bCaSR-Hu ECD wildtype in addition to mutations D216N, E297K, E228I, 

and I81M were used to complete the formulation and binding studies to examine the cooperativity 

of the metal binding sites. 
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2.6.4 Expression of new bCaSR mutations  

This section focuses on the modified expression and purification of the bCaSR-Hu ECD 

wildtype and mutations. Mutations D216N, E297K, E228I, and I81M were used to complete the 

formulation and binding studies to examine the cooperativity of the metal binding sites. The step 

in modifying the expression included referring to the specifications of the LB Miller broth on 

Fisher BioReagents�¶���Z�H�E�V�L�W�H����It was suggested that LB Miller broth to be pH adjusted to pH 7.2 to 

ensure faster protein expression. Although adjusting the pH did not significantly enhance the 

expression rate, we decided to continue adhering to the company protocol. Thus, of the multiple 

expressions of wildtype CaSR and mutation are expressed in LB Miller Broth adjusted to pH 7.2 

(Appendix). 12-16 hours after inducing the samples with IPTG, the content of the flask are 

centrifuged at 7,000 rpm to collect the cell pellet for purification. Next the pellets were lyse using 

lysis buffer which contains a half of 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 ddH20. 

We tried adjusting the lysis buffer to pH 7.0, 7.4 and 8.0. We found that lysing the pellet through 

sonication using the lysis buffer pH 8.0 yields more protein. Centrifugation after sonication is 

completed at 11,000 rpm for 30 minutes which is ideal at separating the pellet from the supernant, 

the liquid part containing our protein. Next, we purified the proteins using fast protein liquid 

chromatography. A Histag column was used which was charged with nickel, Ni2+. This allowed 

for the Histag to only bind to a specific protein while the other junk proteins were eluded out or 

washed through the column. Using nickel as the immobilized metal we expected to see increased 

purity over high protein yield. Here, we also examine how increasing or decreased the 

concentration of imidazole in the wash buffer (Histag buffer A) influenced the purify of protein. 
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We found that added 20 mM imidazole was crucial for the elimination of junk protein and prevent 

non-specific binding of other proteins during the washing phase.  

After purification we analyzed our chromatograms which showed that our targeted protein, 

wildtype CaSR and mutations D216N, E297K, E228I, I81M eluted. The protein was eluted at 3 

mL/min flow rate using Buffer B. The imidazole concentration increased from 20-80% (500 mM 

imidazole) causing the elution of the targeted protein. The last peak from fractions 18-32 contained 

our targeted protein. The proteins were also desalted to removed NaCl and imidazole by the means 

by size exclusion chromatography. bCaSR ECD is rather large, weight 57.7 kDa, thus our targeted 

protein is the first peak on the desalting chromatogram (Figures 2.19-2.23). 

 
Table 2.4- 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-

laurylsarcosine, 
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 
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Figure 2.21- 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 black arrow (completed with Dr. 
Miller).  
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Table 2.5- Bacterial expression of bCaSR is monitored by the optical density at 600 nm  

Time (h) bCaSR WT D216N E228I I81M E297K 

0 0.081 0.098 0.087 0.089 0.141 

1 0.082 0.099 0.089 0.091 0.142 

2 0.093 0.111 0.101 0.105 0.154 

3 0.104 0.122 0.106 0.114 0.170 

4 0.122 0.134 0.123 0.130 0.201 

5 0.156 0.162 0.155 0.175 0.217 

6 0.191 0.200 0.192 0.233 0.247 

7 0.210 0.210 0.208 0.280 0.296 

8 0.249 0.238 0.240 0.345 0.358 

10 0.425 0.355 0.368 0.629 0.445 

24 2.094 2.121 2.121 2.165 2.358 

 
 *The samples were induced with 600 µL of 1 M IPTG at the highlighted time stamps 
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2.6.5 Expression and purification of new bCaSR mutations 

 

Figure 2.22- Expression of  bCaSR-Hu ECD Wildtype 
 

A �± 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= 57.7 
kDa. B �± 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. C �± SDS-PAGE Coomassie blue purification gel of bCaSR WT. 
The targeted protein is highlighted by the red box.  
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Figure 2.23- Expression of bCaSR-Hu ECD D216N 
 

A �± Expression samples taken hourly before and after induction of bCaSR-Hu ECD D216N were 
used to run the 8.5% SDS-PAGE gel confirming the mutation was expressed, bCaSR= 57.7 kDa. 
B �± Histag FPLC purification of bCaSR D216N and desalting of the main peak fractions 18-32. 
The smaller image in the bottom right corner is a desalting spectrum of D216N using size exclusion 
chromatography. C �± SDS-PAGE Coomassie blue purification gel of bCaSR D216N. D �±Western 
blot of purified bCaSR D216N. The targeted protein is highlighted by the red box.  
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Figure 2.24- Expression of bCaSR-Hu ECD E228I 
 

A �± Expression samples taken hourly before and after induction of bCaSR-Hu ECD E228I were 
used to run the 8.5% SDS-PAGE gel confirming the mutation was expressed, bCaSR= 57.7 kDa. 
B �± Histag FPLC purification of bCaSR E228I and desalting of the main peak fractions 18-32. The 
smaller image in the bottom right corner is a desalting spectrum of E228I using size exclusion 
chromatography. C �± SDS-PAGE Coomassie blue purification gel of bCaSR E228I. The targeted 
protein is highlighted by the red box.  
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Figure 2.25- Expression of bCaSR-Hu ECD I81M 
 

A �± 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= 57.7 kDa. 
B �± 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. C �± SDS-PAGE Coomassie blue purification gel of bCaSR I81M. D �±Western 
blot of purified bCaSR I81M. The targeted protein is highlighted by the red box.  
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Figure 2.26- Expression of bCaSR-Hu ECD E297K 
 

A �± 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= 57.7 kDa. 
B �± 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. C �± SDS-PAGE Coomassie blue purification gel of bCaSR E297K . D �±Western 
blot of purified bCaSR E297K.The targeted protein is highlighted by the red box. 
 

For SDS-PAGE gels 1 mL samples for the wildtype protein and mutations were collected and 

centrifuged at 13,200 rpm for 5 minutes. The supernant was removed and only the pellet remained. 

���������/���R�I�����[���/�D�H�P�P�O�L���6�'�6���V�D�P�S�O�H���E�X�I�I�H�U���Z�L�W�K����������������-mercaptoethanol was added to each cell 

pellet in an Eppendorf tube and vortexed until mixed. The samples were then boiled for 15 min at 
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�����ƒ�&���W�R���������ƒ�&�������������/���R�I���H�D�F�K���V�D�P�S�O�H���Z�D�V���O�R�D�G�H�G���L�Q�W�R���D��������-8.5% SDS gel and allowed to run at 

80 volts for 1 hour 30 minutes- 2 hours or until the samples neared the bottom of the gel. The gel 

was then stained with the Coomassie blue staining buffer for 20 minutes. The gel was then placed 

into destaining buffer overnight to allow the protein bands to develop. 

After overexpression of the new variants, the cell pellets were collected. For protein 

purification, the selected pellet was sonicated in 50-100 mL of lysis buffer to break the cells and 

release the protein. After centrifugation of the cell lysate, the supernatant containing the protein of 

interest was purified using HisTag purification on a Ni2+-NTA column using an imidazole gradient. 

The Histag chromatogram and SDS-PAGE gels for bCaSR WT and mutations are shown above.  

The supernatant obtained from the sonicated SHuffle cells was syringe filtered, using a 

0.45 µM pore size, and loaded onto a 5 mL HiTrap chelating column containing immobilized Ni2+ 

using Buffer A at a 1 mL/min flow rate. The protein was eluted at 3 mL/min flow rate using Buffer 

B. The imidazole concentration increased from 20-80% (500 mM imidazole) causing the elution 

of the targeted protein. The first peak in the chromatograms is the cell debris being washed away 

during loading. The peak containing the targeted protein is the final large peak. The collected 

purified protein was injected unto a desalting column made up of 3 connecting 5 mL GE Hitrap 

sephadex columns with a 5 mL loading volume per run with a desalting buffer of 10 mM Tris-

HCl, pH 7.4. The flow rate was set at 3 mL/min. Prepared Histag Buffers is a follow; 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. 

2.6.6 Cooperativity of multiple Ca2+-binding sites 

To dissect the cooperativity of multiple Ca2+-binding sites on the ECD domain, we established a 

monomeric CaSR ECD E. coli expression system by removing the Cys-rich domain and signal 
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peptide. We expressed this modified CaSR ECD in SHuffle cells. Using intrinsic Trp fluorescence 

spectroscopy, stepwise Ca2+ concentrations induced a decreased fluorescence signal of CaSR 

ECD, with a Kd for Ca2+ of 5.0 ± 0.1 mM, suggesting a conformational change induced by Ca2+ 

(Figure 2.27). 

 

Figure 2.27- Calcium titration of bacterial expressed CaSR ECD Wildtype using 
intrinsic Trp fluorescence spectroscopy 

 
A �± Stepwise Ca2+ concentrations induced the normalized change of fluorescence emission  signal 
of CaSR ECD (delta F/Fmax) when the protein is excited at 280 nm. B �±  Decreased of fluorescence 
change (delta F/F) at 330 nm (excited at 280 nm) as a function of extracellular calcium 
concentration. The Ca2+ titration was performed in 10 mM Tris with 2.0 µM bCaSR WT at pH 7.4 
by adding stepwise concentrations of CaCl2. Kd= 5.0 ± 0.1 mM. Completed by Dr. Miller  
 

2.6.7 Positive Cooperativity between multiple Ca2+-binding sites and amino acids/TNCA 

binding site 

Next, we further invested the Ca2+-induced conformational change using ANS fluorescence 

spectroscopy. ANS is a commonly used fluorescent probe for the characterization of protein 

conformational changes.  A blue shift and an increase of fluorescence intensity are generally 

attributed to the hydrophobicity and the restricted mobility of ANS.  
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Figure 2.28- Ca2+, TNCA, and L-Phe titration on bacterial expressed CaSR ECD 
Wildtype using ANS fluorescence spectroscopy 

 
A �± Stepwise Ca2+ concentrations induced a decreased ANS fluorescence signal of CaSR ECD 
when the protein is excited at 370 nm. B �± Stepwise TNCA concentrations induced a decreased 
ANS fluorescence signal of CaSR ECD when the protein is excited at 370 nm. C �±  Stepwise L-
Phe concentrations induced a decreased ANS fluorescence signal of CaSR ECD when the protein 
is excited at 370 nm. D �±  Decreased of fluorescence change (delta F/F) comparison of bacterial 
expressed CaSR ECD for Ca2+, TNCA, and L-Phe �Z�L�W�K���������0���E�D�F�W�H�U�L�D�O���H�[�S�Uessed CaSR ECD.  
 

�8�V�L�Q�J���������0���E�D�F�W�H�U�L�D�O���H�[�S�U�H�V�V�H�G���&�D�6�5���(�&�'�����Z�H���R�E�V�H�U�Y�H�G���W�K�H���G�H�F�U�H�D�V�H�G���$�1�6���I�O�X�R�U�H�V�F�H�Q�F�H��

signal in presence of Ca2+, TNCA, or L-Phe. Interestingly, the Kd to Ca2+ and L-Phe were similar 

(3.4 ± 0.3 mM for Ca2+ and 3.6 ± 0.2 mM for L-Phe), while TNCA exhibited very strong binding 

to the CaSR ECD, with a Kd �R�I�������������“���������������0 (Figure 2.28). Additionally, such high binding of 
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TNCA to CaSR ECD increased to 0.027 ± 0.003 ���0�� �Z�K�H�Q�� �S�U�H�L�Q�F�X�E�D�W�H�G�� �Z�L�W�K�� ������ �P�0�� �&�D2+, 

demonstrating the positive cooperativity between Ca2+ and TNCA (Figure 2.29). 

 

Figure 2.29- TNCA titration with 10 mM Ca 2+ of bacterial expressed CaSR ECD 
using ANS fluorescence spectroscopy 
 
A �±Stepwise TNCA concentrations induced a decreased fluorescence change using ANS dye (20 
µM) of CaSR ECD after incubating with 10 mM Ca2+ when the protein is excited at 370 nm. B �± 
Decreased of fluorescence change (delta F/F) comparison of bacterial comparison of bacterial 
expressed CaSR ECD for TNCA in the absence of 10 mM Ca2+ or in the presence of 10 mM Ca2+. 
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2.6.8 Terbium Tryptophan FRET signaling  

 

 
 
 
 
 
 
 
 

 
 
 
 

 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
Figure 2.30 Terbium Tryptophan FRET signaling of bCaSR-Hu ECD Wildtype and 

mutations D216N and E228I.  
 

 

 

 



80 
 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Bacterial expressed CaSR ECD using Tryptophan fluorescence spectroscopy.  
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 62.3 + 1.8 µM with a Hill number of 4.80  + 0.5 
µM.  
C �± Stepwise Tb3+ concentrations induced an increase of the FRET signal for the mutation D216N. 
D �± Kd of bacterial expressed bCaSR-Hu ECD D216N is uniphasic in the presence of 100 µM 
Terbium. The Kd2 of the second binding phase is 17.6 + 0.9 µM. The Hill number is not applicable. 
E �± Stepwise Tb3+ concentrations induced an increase of the FRET signal for the mutation E228I. 
F �± Kd of bacterial expressed bCaSR-Hu ECD E228I is biphasic in the presence of 100 µM 
Terbium. The Kd1 of the first base 7.50  + 0.3 µM. The Kd2 of the second binding phase is 63.9 + 
6.9 µM with a Hill number of 1.70  + 0.4 µM.  
G �± Stepwise Tb3+ concentrations induced an increase of the FRET signal for the mutation I81M. 
H �± Kd of bacterial expressed bCaSR-Hu ECD I81M is biphasic in the presence of 100 µM 
Terbium. The Kd1 of the first base 0.087 + 2.8 µM. The Kd2 of the second binding phase is 21.5 + 
0.9 µM. The Hill number could not be determined. Also, the data for mutation I81M is 
inconclusive.  
I �± Stepwise Tb3+ concentrations induced an increase of the FRET signal for the mutation E297K. 
J �± Kd of bacterial expressed bCaSR-Hu ECD E297K is biphasic in the presence of 100 µM 
Terbium. The Kd1 is not applicable. The Kd2 of the second binding phase is 35.8 + 6.2 µM. The 
Hill number could not be determined. Also, the data for mutation E297K is inconclusive. 

Figure 2.31- Terbium Tryptophan FRET signaling of bCaSR-Hu ECD mutations 
I81M and E297K 
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Protein samples of 1.0 µM of the bacterially expressed CaSR was prepared in titration 

buffer 20 mM PIPES and 10 mM KCl at pH 6.8. The emission spectra were collected from 500-

600 nm with the excitation at 282 nm. Secondary Rayleigh scattering was circumvented by using 

a glass filter with a cutoff of 320 nm.  The protein concentration was adjusted to 1.0 µM by 

normalizing the absorbance value obtained at 280 nm. The 280 nm absorbance was divided by a 

factor of 0.1. Additional titration buffers were used to prevent protein precipitation and to enhance 

bCaSR solubility, however we found that adding L-amino acids, glycerol, and NaCl quenches the 

FRET signal (Appendix A).  

2.6.9 Different allosteric modulation between TNCA and AMG-416 

 Etelcalcetide (AMG-416), a novel positive allosteric modulator for CaSR, which proposed 

to form a disulfide bond with residue C482 of CaSR upon binding(118). However, its exact binding 

location is still unclear. AutoDock suggested that AMG-416 binds at the dimer interface and forms 

a disulfide bond with residue C482 (Figure 2.29). Some of binding studies of bCaSR illustrate 

that AMG-416 could activate CaSR sensitivity to extracellular Ca2+ at a similar level to TNCA. In 

the presence of AMG-416, Tb3+ binding to bacterial expressed CaSR ECD exhibited a single 

binding phase, which is different from two binding phases without AMG-416.  In contrast, TNCA 

maintained the two Tb3+ binding phases. Thus, the detailed allosteric mechanism of TNCA and 

AMG-416 needs to be investigated.  

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

ECD to the formulation studies using IP1 accumulation of mCaSR in the presence of Ca2+. 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 
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for our X-Ray crystallization studies since it is more stable, has correct folding, and the glycans 

can be cleaved using enzymes. 

 

Figure 2.32- Tb3+ binding studies and functional assay of AMG-416 and TNCA on 
CaSR ECD 

 
A �± X-ray Structure of CaSR ECD (PDB ID 5FBK) and cyan sticks represent AMG-416. AMG-
416 forms a disulfide bond with residue C482. B �± Kd comparison of bacterial expressed CaSR 
ECD in the presence of TNCA or AMG-416 compared to in the absence of TNCA and AMG-416. 
C �±  Functional activity of CaSR with either AMG-416 or TNCA using IP1 accumulation assay. 
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Figure 2.33- 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 D216N 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. 
 
 

 
Figure 2.34- Tb3+ binding studies and functional assay of AMG-416 and TNCA on the 

CaSR ECD related to the metal binding sites at the dimer interface 
 
A �±  Kd comparison of bacterial expressed CaSR ECD with mutation E228I 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 
dimer interface.  
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Figure 2.35- 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 �±  Kd comparison of bacterial expressed CaSR ECD with mutation I81M 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 top loop 
region.  
 

 
Figure 2.36-  Functional assays of AMG-416 and TNCA on the CaSR ECD related to 

the metal binding sites at the hinge region 
 
For the Tb3+binding studies, protein samples of 1.0 µM of bacterially expressed CaSR was 

prepared in 20 mM PIPES and 10 mM KCl at pH 6.8. The emission spectra were collected from 

500-600 nm with the excitation at 282 nm. The normalized data was evaluated at 545 nm, the 
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maximum fluorescence peak. For the IP1 functional studies, the Ca2+ dilutions were prepared in 

stimulation buffer containing 140 mM NaCl, 5 mM KCl, 10 mM LiCl2, 0.55 mM MgCl2, and 10 

mM HEPES. The cells and buffer were added to the plates and incubated for 1 hour at 37ºC. Cells 

were then incubated with IP1-d2 and Anti-IP1-Cryptate in lysis buffer for 1hour at room 

temperature. The Time-Resolved Fluorescence signals were determined using a Victor plate 

reader. Detailed parameters of the binding and functional studies can be found in the tables below.  

 

 
Table 2.6-  Summary of Tb3+ binding affinity  of bCaSR with TNCA and AMG-416 using 
Terbium-sensitized  FRET 

 
bCaSR ECD 
WT Tb 3+ only 

(µM)  

5 µM TNCA 
with Tb 3+ 

(µM)  

20 µM AMG -416 
with Tb 3+ (µM)  

K d1 

(1:1) 
8.80 + 0.4 10.1 ± 0.2 - 

K d2 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 

�û�) 1.24E+06 5.93E+05 5.01E+05 

 
*  Terbium-sensitized  FRET assays were completed using 1 µM bCaSR ECD, dissolved in 20 mM 

Pipes, pH= 6.8. The normalized intensity was fitted using the Hill equation, 
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Table 2.7- Summary of Tb3+ binding affinity  of bCaSR with mutation at CaSR binding site 
D216N, in the absence and presence of TNCA and AMG416 using Terbium-sensitized  
FRET 
 

 
bCaSR ECD 

D216N Tb3+ only 
(µM)  

5 µM TNCA with 
Tb3+ 

(µM)  

20 µM AMG-416 
with Tb 3+ (µM)  

K d1 (1:1) - - - 

K d2 17.6 + 0.9 14.3 + 2.3 28.1 + 6.3 

Hill 
Number 

1.80 + 0.3 2.20 + 0.5 1.40 + 0.3 

�û�) 2.78E+05 4.95E+05 6.10E+05 

*  Terbium-sensitized  FRET assays were completed using 1 µM bCaSR ECD D216N, dissolved 
in 20 mM Pipes, pH= 6.8. The normalized intensity was fitted using the Hill equation, 
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Table 2.8- Summary of Tb3+ binding affinity of bCaSR with mutation at CaSR binding site 
E297K, in the absence and presence of TNCA and AMG416 using Terbium-sensitized  
FRET 

 
bCaSR ECD 

E297K Tb3+ only 
(µM)  

5 µM TNCA with 
Tb3+ 

(µM)  

20 µM AMG-416 
with Tb 3+ (µM)  

K d1 (1:1) - N/A N/A 

K d2 35.8 + 6.2 N/A N/A 

Hill 
Number 

1.25 + 0.2 N/A N/A 

�û�) 8.00E+05 N/A N/A 

 

*  Terbium-sensitized  FRET assays were completed using 1 µM bCaSR ECD E297K, dissolved 
in 20 mM Pipes, pH= 6.8. The normalized intensity was fitted using the Hill equation, 
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Table 2.9- Summary of Tb3+ binding affinity of bCaSR with mutation at CaSR binding site 
E228I, in the absence and presence of TNCA and AMG416 using Terbium-sensitized  
FRET 

 
bCaSR ECD 

E228I Tb3+ only 
(µM)  

5 µM TNCA with 
Tb3+ 

(µM)  

20 µM AMG-416 
with Tb 3+ (µM)  

K d1 (1:1) 7.5 + 0.3 17.5 ± 1.2 10.5 ± 1.4  

K d2 66.0 + 9.8 78.8 ± 13.1 67.6 + 7.1 

Hill 
Number 

1.70 ± 0.4 3.20 ± 1.0 1.90 ± 0.2 

�û�) 1.29E+06 1.02E+06 9.68E+05 

 

*  Terbium-sensitized  FRET assays were completed using 1 µM bCaSR ECD E228I, dissolved in 
20 mM Pipes, pH= 6.8. The normalized intensity was fitted using the Hill equation, 
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Table 2.10- Summary of Tb3+ binding affinity of bCaSR with mutation at CaSR binding 
site I81M, in the absence and presence of TNCA and AMG416 using Terbium-sensitized  
FRET 

 
bCaSR ECD 

I81M Tb 3+ only 
(µM)  

5 µM TNCA with 
Tb3+ 

(µM)  

20 µM AMG-416 
with Tb 3+ (µM)  

K d1 (1:1) 0.087 + 2.8 - -  

K d2 21.5 + 0.9 10.0 + 1.2 12.8 + 1.3 

Hill 
Number 

4.15 + 0.6 1.50 + 0.2 1.20 + 0.1 

�û�) 5.58E+05 7.02E+05 5.95E+05 

 

*  Terbium-sensitized  FRET assays were completed using 1 µM bCaSR ECD I81M, dissolved in 
20 mM Pipes, pH= 6.8. The normalized intensity was fitted using the Hill equation, 
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Table 2.11- Summary of the functional assay using IP1 accumulation of CaSR (WT and mutations) in the presence of 
either TNCA or AMG -416 
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2.7 Conclusions 

Temporal and spatial changes of the Ca2+ concentration in the extra- and intracellular 

environments of cells affect the regulation of numerous cellular processes by modulating the 

activity of Ca2+ receptors and/or Ca2+ binding proteins. To dissect the cooperativity of multiple 

Ca2+-binding sites on the ECD domain, we established a monomeric CaSR ECD E. coli expression 

system by removing the Cys-rich domain and signal peptide. We purified the bacterial expressed 

CaSR ECD using Histag affinity chromatography with immobilized nickel and desalted using ion 

exchange chromatography. Using intrinsic Trp fluorescence spectroscopy and stepwise Ca2+ 

concentrations we induced a decreased fluorescence signal of 1 ���0  CaSR ECD suggesting an 

induced conformational change by Ca2+ (Kd= 5.0 ± 0.1 mM). We invested the Ca2+-induced 

conformational change using ANS fluorescence spectroscopy. We observed that adding stepwise 

Ca2+ concentrations induced a decreased ANS fluorescence signal of CaSR ECD when the protein 

is excited at 370 nm (Kd= 5 3.4 ± 0.3 mM). While TNCA exhibited very strong binding to the 

CaSR ECD, with a Kd �R�I�������������“���������������0��(Figure 2.28), such high binding of TNCA to CaSR ECD 

changed to Kd= �������������“�����������������0���Z�K�H�Q���S�U�H�L�Q�F�X�E�D�W�H�G���Z�L�W�K���������P�0���&�D2+, demonstrating a decrease 

in the ANS fluorescence signal of CaSR ECD in the presence of TNCA and the positive 

cooperativity between Ca2+ and TNCA. Using stepwise concentrations of L-Phe we also saw a 

decreased ANS fluorescence signal of CaSR ECD (Kd= 3.6 ± 0.2 mM).  

Using Terbium Tryptophan FRET signaling we determined the binding affinity and 

cooperativity of 1 ���0  CaSR ECD in the presence of Tb3+ and allosteric modulators TNCA and 

AMG-416. For the wildtype protein (Figures 2.30 and 2.32) (Kd1= 8.80 + 0.4 µM and Kd2= 62.3 

+ 1.8 µM, tight and weak binding phases, respectfully) we can see that this data set supports our 

hypothesis of the co-activation of CaSR with both TNCA and a metal (Kd1= 10.1 ± 0.2 µM and 
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Kd2= 55.0 ± 3.1 µM). The AMG-416, the blue curve, pre-activates the receptor and eliminates the 

first binding phase (Kd= 12.5 ± 1.4  µM). Although AMG-416 stabilizes the active form of CaSR 

it cannot rescue the cooperativity (Figure 2.32 and Table 2.6).  

Mutation D216N (Kd= 17.6 + 0.9 µM) found in the hinge region illustrates a complete loss 

of the tight binding phase when titrated with terbium and treated with TNCA (Kd= 14.3 + 2.3 µM) 

and AMG-416 (Kd= 28.1 + 6.3 µM) (Figure 2.33). TNCA and AMG-416 both had the capacity to 

increase the CaSR activity with of D216N, and TNCA can recover the cooperativity of CaSR. In 

contrast, the cooperativity of CaSR is lost in the presence of AMG-416 (Table 2.7). Mutation 

E297K also found in the hinge region displays inconclusive Tb3+ binding data (Figures 2.31). 

However, the IP1 functional studies show that mutation E297K largely disrupt CaSR activity, 

suggesting this binding site is essential for CaSR activity (Table 2.11). Interestingly, TNCA can 

partially recover its mutation affect (Figure 2.36). In contrast, AMG-416 had no effect on this 

mutation. This data illustrates the importance of the functional roles on the closure of VTF domain. 

It also shows the importance of TNCA binding at the hinge region to induce the closure of the 

VTF domain. 

Mutation E228I (Kd1= 7.5 + 0.3 µM and Kd2= 66.0 + 9.8 µM, tight and weak binding phases, 

respectfully) (Figure 2.31) found in the dimer interface illustrates the recovery of the high 

cooperativity of the second binding phase in the presence of Tb3+ and TNCA (Kd1= 17.5 ± 1.2 µM 

and Kd2= 78.8 ± 13.1 µM). For the IP1 accumulation functional studies we confirmed that both 

TNCA and AMG-�������� �I�X�U�W�K�H�U�� �L�Q�F�U�H�D�V�H�G�� �&�D�6�5�¶�V�� �D�F�W�L�Y�L�W�\ (Table 2.11). Interestingly, although 

AMG-416 further increased the activity of E228I it did not exhibit the recovery of Ca2+ 

cooperativity (Kd1= 10.5 ± 1.4  µM and Kd2= 67.6 + 7.1 µM) (Figure 2.34 and Table 2.9). In 



93 
 

 

contrast, TNCA recovered the cooperativity of IP1 accumulation functional studies in the presence 

of Ca2+ (Figure 2.34).  

The data suggests that TNCA (Kd= 10.0 + 1.2 µM) can slightly recover the effects of the 

I81M mutation located in the top loop region (Kd1= 0.087 + 2.8 µM and Kd2= 21.5 + 0.9 µM) more 

than the allosteric modulator AMG-416 (Kd= 12.8 + 1.3 µM), however the mutation effects of 

I81M cannot recover the binding cooperativity seen in WT CaSR ECD (Figure 2.35 and Table 

2.10). Using Tb3+ binding studies, we can see an increased sensitivity of CaSR, but a loss of 

cooperativity indicated by the presence of only the second binding phase (Figure 2.35). The IP1 

functional studies indicated that neither TNCA nor AMG-416 recovered the single mutation I81M 

(Table 2.11). This data suggests of the non-cooperative role of this top loop metal binding site.  

Additionally, the dynamic range or fluorescence intensity range (deltaF) of WT CaSR ECD 

compared to mutations D216N and I81M is almost 5-fold larger, whereas compared to mutation 

I81M there is not a significant deltaF change. In the presence of TNCA, the deltaF of WT CaSR 

ECD compared to mutation D216N is 10-fold larger, while there is not a significant fluorescence 

intensity change comparing WT CaSR ECD to mutation I81M. In the presence of AMG-416, the 

deltaF of WT CaSR ECD compared to mutations D216N and I81M is not significant (Tables  2.6-

2.10) 

Overall, our data demonstrated the importance of the hinge region, where both Ca2+/Tb3+ 

and TNCA likely interact with the CaSR ECD. Our findings of the capability of TNCA, but not 

AMG-416, to rescue the disease mutations in the hinge region provides insight into the heterotropic 

cooperativity at the dimer interface. Also, our data suggests of the non-cooperative role of the top 

loop metal binding site. The mutations at hinge region and dimer interface facilitates the activation 

of the CaSR ECD and the induced conformation state, while demonstrating key factors for 
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�U�H�J�X�O�D�W�L�Q�J�� �W�K�H�� �U�H�F�H�S�W�R�U�¶�V�� �R�Yerall activity. These studies verify our working models and provide 

insights into the molecular basis of CaSR related diseases to facilitate the discovery new 

therapeutics which binds at the hinge region and dimer interface of the CaSR ECD.  

Future works will focus on understanding the detailed mechanism of the integration of Ca2+ 

signaling by CaSR by examining additional mutations in the CaSR ECD such E297K and the 

mutations studied using the functional assay (IP1 accumulation assays) using various CaSR 

agonists and antagonists.  
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3 FUNCTIONAL ANALYSIS OF THE CELLULAR RESPONSE OF CASR  

3.1 Background 

The discovery of the parathyroid CaSR by Dr. Ed Brown (collaborator) et al. in 1993 

established a new paradigm of Ca2+ signaling (20). Extracellular Ca2+ ([Ca2+]o) acts as a first 

messenger to regulate diverse cellular processes via CaSR and 14 other cGPCRs. CaSR and the 

other GPCRs can trigger multiple intracellular signaling pathways, including Gq/11, Gi/o, and Gs 

signaling, extracellular signal-regulated kinases 1 and 2 (ERK1/2) signaling, and intracellular Ca2+ 

mobilization. Previous Yang lab members have shown that Ca2+
o-evoked, CaSR-mediated [Ca2+] i 

oscillations, IP1 production, and extracellular signal-regulated kinase 1/2 (ERK) activity exhibits 

cooperative changes in their responses to altered [Ca2+]o in CaSR-transfected HEK cells(19). 

Functional cooperativity of CaSR, particularly the positive homotropic cooperative response to 

[Ca2+]o, is essential �I�R�U�� �W�K�H�� �U�H�F�H�S�W�R�U�¶�V�� �D�E�L�O�L�W�\�� �W�R�� �U�H�V�S�R�Q�G�� �R�Y�H�U�� �D�� �Q�D�U�U�R�Z�� �S�K�\�V�L�R�O�R�J�L�F�D�O�� �U�D�Q�J�H�� �R�I��

[Ca2+]o (1.1-1.3 mM, Hill coefficient of 3-4) to regulate the activation of intracellular Ca2+ 

signaling, inhibition of PTH release in parathyroid cells, and stimulation of calcitonin secretion in 

C-cells (117,119). 

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

can function as agonists and co-agonists of CaSR to regulate its [Ca2+]o-induced activation of the 

CaSR. L-amino acids, especially aromatic amino acids, under physiological conditions, regulate 

the high [Ca2+]o-elicited activation of CaSR by altering the EC50 values for [Ca2+]o-evoked 

intracellular calcium ([Ca2+] i) responses via positive heterotropic functional cooperativity (120-

122). Like other cGPCRs, CaSR functions as a dimer with a long N-terminal ECD (123). The ECD 

plays a vital role in the cooperative response of the receptor to changes in [Ca2+]o, amino acids, 

metabolites, and pH (105,124-129). 
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Our recent determination of the first crystal structure of the human CaSR ECD is bound to 

both Mg2+ and a tryptophan derivative (TNCA) at 2.1 Å in the presence of excess Mg2+. Shortly 

after our crystal structure determination, an LBD with a Cys-rich domain crystal structure was 

reported. They found that amino acids play an essential role, and Ca2+ only contributes as a 

secondary role (109). The recent full-length structures have confirmed this mechanism, that is, L-

Trp binding induces the closure of the VFT domain of CaSR, bringing the receptor into an 

intermediate active state. Ca2+ binding relays the conformational changes from the VFT domains 

to the TMDs, inducing close contact between the two TMDs of dimeric CaSR, activating the 

receptor(130). In contrast, Liu et al. demonstrated that Ca2+ alone could fully activate the receptor 

using a cell-free FRET biosensor, and amino acids could behave as pure allosteric 

modulators(130). Thus, the molecular basis for this functional cooperativity is not yet understood.  

3.2 Introduction  

This chapter uses functional studies that show the Ca2+-evoked, CaSR-mediated [Ca2+] i 

oscillations utilizing cell population of the calcium-sensing receptor from a mammalian expression 

system. Optimized cell growth protocols such as amino acid-free media, longer incubation time, 

and an increased fluorescence dye, Fura-2, concentration was utilized to heighten the likelihood 

of cellular fluorescence. We used aromatic amino acid derivatives such as TNCA, also known as 

1,2,3,4-tetrahydronorharman 3-carboxylic acid �W�R�� �S�R�W�H�Q�W�L�D�W�H�� �&�D�6�5�¶�V�� �D�F�W�L�Y�L�W�\�� �E�\�� �P�H�D�V�X�U�L�Q�J�� �W�K�H��

intracellular calcium concentrations and half maximal effective concentrations of specific 

compounds. These compounds include the addition of a fluorine, iodine or acrylic group with a 

methyl ester to TNCA to screen for possible CaSR therapeutics. Methods of measurement was 

completed indirectly with increasing fixed concentrations of the compounds (Fluoro-TNCA 

derivative, Iodo-TNCA derivative, and Acrylic- TNCA derivative) in presence of increasing 
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stepwise concentrations of extracellular calcium and magnesium. An additional compound 

screened included a Iodo-TNCA derivative free acid form. This was synthesized to enhance the 

solubility of the Iodo-TNCA derivative, and to develop a method to directly measure the half 

maximal effective concentration of this compound to CaSR. The cell populations studies examined 

the effectiveness of the compounds acting as an agonist or antagonist to CaSR.  

Ultimately, these tested compounds, Fluoro-TNCA derivative and Iodo-TNCA derivative 

will undergo 18F-labeling, 125I-labeling, and  123I-labeling (discussed in detail in sections 3.2.1 

and 3.5.5), to be used as PET agents to screen for various chronic thyroid and kidney diseases 

(Figure 3.9). 

3.2.1 Structure-based Drug Design  

Therapeutics targeting GPCRs account for over a third of the available Food and Drug 

Administration (FDA) approved drugs. Developing compounds targeting GPCRs is an ever-

expanding niche, with revenue from these FDA-approved GPCR targeted drugs amassing over 

$180 billion annually (131-134). Family C GPCRs consist of eight metabotropic glutamate 

receptors (mGluR1-8), a calcium-sensing receptor (CaSR), and two heterodimeric aminobutyric 

acid B (GABAB) receptors, three taste receptors (T1R), an amino acid receptor (GPRC6A), and 

five orphan receptors.  Additionally, therapeutics targeting the family C of GPCR is low with only 

2 compounds, one targeting GABAB receptors called Baclofen and one developed for CaSR called 

Cinacalcet for the treatment of hyperparathyroidism(135). Furthermore, only one drug targets to 

CaSR ECD, called AMG-416 (136,137). Intermittent increases in PTH result in bone formation, 

whereas chronically elevated levels lead to bone loss. Thus, finding a CaSR antagonist could lead 

to the treatment of osteoporosis as well as hypoparathyroidism(138). Many antagonists for CaSR 

have been developed, such as NPS-2143, commonly known as Ronacaleret and Encaleret. 
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However, it is not FDA approved because the bone formation and loss were equivalent, there was 

not significant improvement seen in human trials (139). 

After discovering the novel CaSR binding partner, TNCA found bound to the CaSR 

structure; we drove forward with structure-based drug design utilizing TNCA as our lead 

compound to find potential agonists or antagonists for CaSR (140). Since TNCA is a naturally 

occurring compound formed from Trp through the Pictet-Spengler reaction, it cannot be used as a 

patentable drug target (141). Currently, almost all drugs that have been designed for CaSR 

targeting have been thought to be bound to the loops of the transmembrane domain (TMD) or 

inside of the TMD channel themselves.  These studies were done by mutation of proposed binding 

sites based on homology models of the CaSR TMD (142,143). Due to the controversies of the 

crystallized full length CaSR, there is the possibility that these drugs target different regions of the 

CaSR structure so finding TNCA bound to the CaSR ECD structure gives us a lead compound to 

do drug design based off of TNCA.  Since TNCA itself is naturally occurring in the body it cannot 

be used as a drug itself but modifications of TNCA could induce a novel therapeutic as a 

calcimimetic or calcilytic.  Therefore, we set out to do structure-based drug design utilizing TNCA 

as a lead chemical compound to identify selective CaSR agonists and antagonists with improved 

binding and pharmacokinetic profiles. 

Lastly, our collaborative studies focused on the development and analysis of a PET 

imaging tracer to CaSR. Our cell population studies by fluorimetry tested the function of the 

receptor targeted PET agents, with aims of high sensitivity. Previous efforts were unsuccessful, 

likely due to the lack of structural information of the binding sites of CaSR. However, with our 

newly modeled CaSR structure and the current therapeutics available, we can map the CaSR 

distribution and expression in vivo and as a companion diagnostic for the drug development of a 
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PET imaging agent utilizing 18F-labeling, 125I-labeling, and  123I-labeling. Fluorine-18 is one of the 

several isotopes of fluorine that is often used in radiolabeling of biomolecules for PET imaging 

due to its favorable half-life of approximately 110 minutes and its positron emitting property. Thus, 

18F-labeling will be implemented using the Fluoro-TNCA derivative. Conversely, for the Iodo-

TNCA derivative, 125I-labeling will be implemented since I-125 has t1/2=60 days. Also, in 

conjunction with iodo-TNCA, I-123 will  be used (t1/2=13.2 hours, predominant gamma 

emission=159 keV ideal for SPECT cameras) for the labeled TNCA for single photon imaging 

(SPECT). 

Furthermore, the developed PET imaging agent can have immediate applications to address 

the unmet medical needs in mapping kidney diseases, and localization to the thyroid gland, in 

which CaSR is primarily expressed, to treat various thyroid and parathyroid cancers and diseases.  

Future plans will focus on using this structure-activity-relationship to guide additional drug 

discovery and development of CaSR targeted PET agents using calcilytic drugs with 18F-labeling.   

3.2.2 Screening Potential Drugs Using Cell Population Assay 

Single-cell imaging can give a plethora of information such as oscillation frequency, 

oscillation start and end times, EC50, and cellular response rates.  The tradeoff being that only a 

few cells are imaged at a time and several trials need to be done to get a high enough n number to 

confirm the reliability of the results.  Cell population, on the other hand, images an area on the 

slide which can contain thousands if not hundreds of thousands of cells per experiment, leading to 

much more reliable, consistent, and quicker results.  Cell population analyzes the IP3 oscillation 

signal on a much larger scale utilizing n=1,000 to 1,000,000 as opposed to single-cell imaging 

where n=20-200.  For cell population we do not see oscillations since with the thousands of cells 

present, we can see the initial Ca2+ release from the ER as a sharp increase but as all the cells begin 
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to oscillate as slightly varying frequencies, as shown in the single-cell imaging, these varied 

frequency peaks lead to cancellation of signal to get an average signal line which is called 

destructive wave interference.  

3.3 Objectives and Overview of This Chapter 

This chapter explores the structure-activity relationship of TNCA and TNCA derivatives 

that can function as allosteric modulators for CaSR. We introduced a fluorine, iodine, and acrylic 

group with a methyl ester to TNCA to screen for possible CaSR therapeutics. We utilized cell 

population studies using HEK 5001 cells, a stably transfected CaSR line, to examine the 

effectiveness of the compounds acting as an agonist or antagonist to CaSR when bound to the 

hinge region of the CaSR ECD. In presence of different co-activators, extracellular calcium and 

extracellular magnesium, were screen for the maximal effective concentrations. Additionally, we 

analyzed the cooperativity of extracellular calcium and magnesium, in presence of the TNCA 

derivatives and assessed if there is an increase or decrease in the sensitivity/detection window of 

CaSR.  

We hope that these studies will provide essential results for a novel avenue in the 

development of other CaSR specific agonists and antagonists for the treatment of various CaSR 

associated human diseases. Lastly, we hope that these compounds can be used in the development 

of PET imaging agents that will enable us to map CaSR distribution and expression in vivo and, 

as a companion diagnostic for drug development.  

3.4 Methods 

3.4.1 Cell Culture and Transfection 

The protein was placed in the pcdna3.1 vector for mammalian expression. In vivo studies were 

carried out in HEK293 cells and HEK5001 cells. For HEK293 cells, the cells were previously split 
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to the imaging slides and left to reach 40% confluency before transfection. The cells were cultured 

in high glucose DMEM buffer with fetal bovine serum (FBS). The next day, the transfection 

reagent used to deliver the plasmid into the cell was Lipofectamine 2000. The appropriate DNA 

was added to the Lipofectamine 2000 ratio for mCaSR based protein transfection. Two tubes of 

0.5 mL OPTI were prepared. The Lipofectamine 2000 was added to one and the DNA to the other. 

The solutions were left to sit for approximately one minute at room temperature. The DNA solution 

was then added in its entirety to the lipofectamine solution. The solution was centrifuged for five 

seconds and placed in a dark, room temperature drawer to incubate for five minutes. After the 

incubation time has lapsed the transfection solution was added dropwise to the dish and left to 

incubate at 37 °C for four hours. Afterwards the media was replaced with fresh DMEM and 

incubated at 37 °C for 48 hours.  

3.4.2 Cell Population by Fluorimetry  

Experimental and clinical studies often require highly sterilized cells to complete cell 

populations assays. Cell population assays study the oscillations of a group of cells in response to 

calcium stimulation or interval drug treatments. The protocol for cell population is as follows. Seed 

5001 cells to 40-50% confluency on 13.5 x 20 mm coverslips the day prior. Seed 5001 cells to 

30% confluency on 13.5 x 20 mm coverslips two days prior. UV both sides of the cover slip to 

�V�X�U�H���L�W�¶�V���V�W�H�U�L�O�L�W�\�����7�K�H�Q���D�G�G���S�R�O�\-lysine to adhere the cells to the plate. Allow to sit for 30 minutes- 

1 hour in the cell culture hood. Wash gently with HBSS to remove the excess poly-lysine. Add 

cells directly on the cover slip and allow to rest in the hood at room temperature for 5 minutes. 

Add additional DMEM media to cover the dish, approximately 3 mL. The  DMEM media with 

FBS and Penicillin/Streptomycin was exchanged for the amino acid free media called DMEM 

without GLN, phenylalanine, tryptophan, tyrosine by Cell Culture Technologies.  
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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, 1.25 mM Ca2+, 0.1 % glucose, 0.1 % BSA, 

pH = 7.4). Subsequently, the cells are incubated with F-127 and Fura-2 at 37 degrees. After 

incubation, wash the cells with experimental buffer (20 mM HEPES, 125 mM NaCl, 5 mM KCl, 

0.5 mM MgCl2, 0.5 mM Ca2+, 0.1 % glucose, 0.1 % BSA, pH = 7.4). 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.  

 

Figure 3.1- Optimization of Cell Population Assay Using Human CaSR 
 
The optimized cell population step is highlighted using the red dashed box.  
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3.4.3 Intracellular Calcium Concentration by Cell Population  

The [Ca2+] i responses of wild type (WT) CaSR and its mutants were measured as described 

by Huang et al. Briefly, CaSR-transfected HEK293, or stably transfected HEK5001, cells were 

grown on 13.5 × 20 mm coverslips.  After the cells reached 90% or higher confluency, they were 

�O�R�D�G�H�G���E�\���L�Q�F�X�E�D�W�L�R�Q���Z�L�W�K���������0���)�X�U�D-2 AM in 20 mM HEPES, containing 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) 

for 20-30 mins at 37°C and then washed three times with experimental buffer. The coverslips with 

transfected, Fura-2-loaded HEK cells were placed diagonally in 3-mL quartz cuvettes containing 

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 510 nm were 

measured during stepwise increases in [Ca2+]o with alternating excitation at 340 or 380 nm on a 

QM1 fluorescence spectrophotometer (Photon Technology International).  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 fitted using the Hill equation, 
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� �' �����Z�K�H�U�H���û�6 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.   
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3.5 Results and Discussion 

3.5.1 Screening Positively Charged Ions and Potential Drugs Using Cell Population Assay 

Although, single-cell imaging can give a plethora of information such as oscillation 

frequency, oscillation start and end times, EC50, and cellular response rates.  The tradeoff is that 

only a few cells are imaged at a time and several trials must be done to get a high enough n number 

to confirm the reliability of the results.  Cell population, on the other hand, images an area on the 

slide which can contain thousands if not hundreds to thousands of cells per experiment, leading to 

much more reliable, consistent, and quicker results. Cell population analyzes the IP3 oscillation 

signal on a much larger scale utilizing n=1,000 to 1,000,000 as opposed to single-cell imaging 

where n=20-200.  For cell population we do not see oscillations since with the thousands of cells 

present, we can see the initial Ca2+ release from the ER as a sharp increase but as all the cells begin 

to oscillate, there are slightly varying frequencies. These varied frequency peaks lead to 

cancellation of signal to get an average signal line which is called destructive wave interference. 

When we normalize the cell population data, we are analyzing the average of the last 50 seconds 

of a specific concentration. The last 50 seconds is where the cells plateau, returning to its baseline, 

producing a destructive wave interference signal.  
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Figure 3.2- Representative cell population data for WT hCaSR with calcium 
 

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.  B �± The ratio of 340/380 nm of A. C �± The EC50 plot of normalized fluorescence 
intensity ratio versus the increase in Ca2+ to WT hCaSR where the values are calculated from the 
plateau of the Fura-2 signal. EC50= 3.57 + 0.03 mM, n=25. The cells were cultured in amino acid 
free media.  

 

Figure 3.3- Representative average cell population data for WT hCaSR with 
calcium 
A �± The EC50 plot of normalized fluorescence intensity ratio versus the increase in Ca2+ to WT 
hCaSR cultured in amino acid free media, EC50= 3.57 + 0.03 mM, Hill number= 5.15 + 0.21, n=25. 
B �± The EC50 plot of normalized fluorescence intensity ratio versus the increase in Ca2+ to WT 
hCaSR cultured in standard DMEM, EC50= 3.69 + 0.06 mM, Hill number= 5.03 + 0.33, n=11. 
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hCaSR treated with increasing levels of Ca2+ leads to a sharp increase in fluorescence signal 

followed by a rapid decrease in signal before it plateaus. The addition of Ca2+ leads to less recovery 

for the plateau back to baseline as more Ca2+ saturates the cytosol and Fura-2 signal (Figure 3.2). 

The functional EC50 for Ca2+ is 3.57 ± 0.03 mM with high functional cooperativity with a Hill 

number of 5.15 + 0.21 using amino acid free media. Due to the decrease in EC50 use a cell culture 

without endogenous amino acids, we decided to continue our cell studies by aspirating the standard 

DMEM 24 hours prior to experimentation and introducing amino acid free media (Figure 3.2-3.3). 

 

Figure 3.4- Representative cell population data for WT hCaSR with magnesium 
 

A �± Raw data of Ca2+ addition to WT hCaSR using Fura-2 with Mg2+ binding to Fura-2 
intracellularly leading to an increase in signal at 340 nm and a decrease in the signal at 380 nm 
simultaneously.  B �± The ratio of 340/380 nm of A. C �± The EC50 plot of normalized fluorescence 
intensity ratio versus the increase in Mg2+ to WT hCaSR where the values are calculated from the 
plateau of the Fura-2 signal. EC50= 6.84 + 0.18 mM, Hill number= 6.43 + 1.03, n=13. Ex: 340 and 
380 nm, Em: 510 nm. 
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Figure 3.5- Representative average cell population data for WT hCaSR with 
magnesium 
 
A �± The EC50 plot of normalized fluorescence intensity ratio versus the increase in Mg2+ to WT 
hCaSR cultured in amino acid free media, EC50= 6.84 + 0.18 mM, Hill number= 6.43 + 1.03, n=13. 
B �± The EC50 plot of normalized fluorescence intensity ratio versus the increase in Mg2+ to WT 
hCaSR cultured in standard DMEM, EC50= . EC50= 7.05 + 0.28 mM, Hill number= 5.78 + 0.84, 
n=6. 
 

3.5.2 Structure-Activity -Relationship of TNCA to CaSR 

To improve the potency of TNCA, we performed structure-activity-relationship of TNCA 

to CaSR, using commercially available compounds as well as collaboration with Dr. Mingyong 

Li. First, we proposed to test the chiral center of TNCA by testing L-amino acid and D-amino acid 

in potentiating CaSR activity. We found out that the L- TNCA had an EC50 �R�I���������������“���������������0����

which is more potent than the D-TNCA (EC50 of 912 + �������������0�������V�X�J�J�H�V�W�L�Q�J���/-configuration is 

preferred in the binding pocket (Figure 3.6). 
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Figure 3.6- EC50 comparison of L-TNCA and D-TNCA to CaSR 
 

A �± Structure of L-TNCA (�������������“����������������) and D-TNCA (EC50 of 912 + �������������0��. B �± EC50 

comparison of L-TNCA and D-TNCA. Completed by Dr. Deng.  

 

3.5.3 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. The EC50 of calcium alone falls between 3.5-4.0 mM. In the presence of 

L-TNCA, the EC50 of CaSR using cell population decreases to 2.98 + 0.07 mM Ca2+ with 0.1 mM 

TNCA and 3.34 + 0.06 mM Ca2+ with 0.5 mM TNCA (Table 3.1 and Figure 3.7). 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). Detailed cell 

population results can be seen in appendix B.  
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Table 3.1- Summary of EC50 in response of [Ca2+]o changes for [Ca2+] i signaling in 
the presence of various concentrations of TNCA 

Co-activators HEK 5001- 
Cell Population EC50 

Hill Number  
 

Calcium only titration  3.64 + 0.05 mM 
 

3.94 + 0.19 
 

0.5 mM [Ca2+]o + 0.1 mM TNCA 
 

2.98 + 0.07 mM 
 

1.89 + 0.59 
 

0.5 mM [Ca2+]o + 0.2 mM TNCA 
 

2.71 + 0.07 mM 
 

2.90 + 0.27 
 

0.5 mM [Ca2+]o + 0.3 mM TNCA 
 

2.79 + 0.05 mM 
 

3.69 + 0.23 
 

0.5 mM [Ca2+]o + 0.4 mM TNCA 
 

3.55 + 0.02 mM 
 

2.85 + 0.20 
 

0.5 mM [Ca2+]o + 0.5 mM TNCA 
 

3.34 + 0.06 mM 
 

3.16 + 0.30 
 

 

 

Figure 3.7- The activity of L-TNCA compound to CaSR in the presence of calcium 
 

A �± Structure of allosteric modulator 1,2,3,4-tetrahydronorharman-3-carboxylic acid (L-TNCA) 
to CaSR. B �± EC50 comparison of L-TNCA to CaSR in the presence of extracellular Ca2+. The 
fluorescence intensity was observed with increases in Ca2+ to WT hCaSR cultured in standard 
DMEM.  
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Figure 3.8- The activity of TNCA to CaSR in the presence of calcium 

 
A �± EC50 comparison of Ca2+ to CaSR in the presence of TNCA. B �± Indirect measurement of the 
EC50 TNCA as a function of calcium, EC50 = 0.15 ± 0.10 µM, Hill number= 1.52 ± 0.16, n=3. The 
fluorescence intensity was observed with increases in Ca2+ to WT hCaSR cultured in amino acid 
free media. Completed by Li Tian.  
 

Table 3.2- Summary of EC50 in response of [Mg2+]o changes for [Ca2+] i signaling in 
the presence of various concentrations of TNCA. 

Co-activators HEK 5001- 
Cell Population EC50 

Hill Number  
 

0 mM Ca2+ ND 
 

ND 
 

0.5 mM Ca2+ 7.20 + 0.4 mM 
 

5.50 + 0.5 
 

1.5 mM Ca2+ 
 

4.50 + 0.3 mM 
 

2.90 + 0.6 
 

0 mM [Ca2+]o + 0.25 mM TNCA 
 

ND 
 

ND 
 

0.5 mM [Ca2+]o + 0.25 mM TNCA  
 

ND 
 

ND 
 

0.5 mM [Ca2+]o + 0.5 mM TNCA 
 

3.30 + 0.7 mM 
 

3.50 + 1.0 
 

1.5 mM [Ca2+]o + 0.25 mM TNCA ND ND 

0.5 mM [Ca2+]o + 10.0 mM Phe 6.00 + 0.7 mM 
 

4.90 + 2.3 
 

ND= Not Determined  
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Figure 3.9- Cell population using the novel hCaSR agonist TNCA with magnesium 
and calcium 

 
A �± TNCA potentiates [Mg2+]o- evoked [Ca2+] i responses in a population assay in HEK-

5001 cells measured by Fura-2 acetoxymethyl (AM) in the absence (black square) or presence of 
Phe (blue triangle) or TNCA (red circle). B �± TNCA potentiates [Ca2+]o- evoked [Ca2+]i responses 
in a population assay in HEK-5001 cells measured by Fura-2AM in the absence of TNCA (black 
square) or presence of 0.5 mM TNCA (red circle). C �± EC50 plot of normalized fluorescence 
intensity ratio of Mg2+ versus the increase in TNCA to WT hCaSR. Inset: The EC50 changes of 
[Mg2+]o is shown over a narrow concentration range of TNCA. Adopted from Zhang et al., 2016 
(14).  
 

Results show that 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). Also, the maximally active concentration of 0.1 to 0.5 mM TNCA markedly reduces 

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

(Appendix). It is assumed that TNCA functions to co-activate the receptor in the presence of 

positively charged ions. The Hill number or Hill coefficient is a measure of cooperativity in a 

binding process. The Hill numbers that have value of greater than one shows positive cooperativity 

binding. That is, the binding of one ligand facilitates the binding of subsequent ligands at other 

metal binding sites on the receptor complex (Tables 3.1-3.2). 

3.5.4 Activity Relationship of Compounds With An Indole Ring to CaSR 

Next, we wanted to test whether three-ring structure is necessary for the activity. It was 

supposed that TNCA was formed by the cyclization of L-Trp and showed higher potency than D-
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Trp. Neither serotonin, sumatriptan, or zolmitriptan showed a positive effect on potentiating CaSR 

activity. This observation confirmed that a three-ring structure is necessary to improve the activity 

of TNCA (Figure 3.10). Interestingly, serotonin showed slightly antagonist activity, though not 

promising. 

 

 

Figure 3.10- Activities of compounds with indole ring to CaSR 
 
A �± Structures of tested compounds with indole ring. B �± Activity comparison in potentiating 
CaSR activity. The fluorescence intensity was observed with increases in Ca2+ to WT hCaSR 
cultured in standard DMEM. Completed by Dr. Deng.  
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As we demonstrated that a three-ring structure is preferred to potentiate CaSR activity, we 

speculate that the piperidine adjacent to the indole ring is essential to the activity. Replacement of 

piperidine ring into phenyl ring diminished the positive activity compared to TNCA, suggesting 

the important role of forming H-bond between piperidine ring with CaSR (Figure 3.10). 

Interestingly, oxidation of the piperidine ring did not alter the activity, demonstrating again the 

important role of the nitrogen on the third ring (Figure 3.11). 

 

 

Figure 3.11- Activities of compounds without piperidine to CaSR  
 

A �± Structures of tested compounds without piperidine ring. B �± Activity comparison in 
potentiating CaSR activity. Completed by Dr. Deng. 
 

Our data provided important information on the essential roles of the indole ring and the 

nitrogen on the piperidine ring. The last but not the least part of the TNCA structure is the carboxyl 

group which is connected to the piperidine ring. Deletion of the carboxyl group completely 

diminished the activity, except for the 9736 and 3608. The reason why 9736 and 3608 maintained 
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the activity might result from the substituent group at the indole ring and piperidine ring (Figure 

3.12). 

3.5.5 Development of PET imaging tracer to CaSR 

Differential CaSR in different types of kidney cells and its activation of fibroblast plays an 

important role in renal fibrosis and heterogeneity (Figure 3.12). Unfortunately, currently, we are 

lacking a non-invasive imaging method to quantify renal fibrosis targeting to CaSR. Great efforts 

have been devoted in the development of a cell-specific molecular imaging agent with high 

sensitivity and specificity. This is driven by 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 many diseases. Mapping CaSR expression at the sub nM level requires the 

development of receptor targeted PET agents with high sensitivity. 

Positron Emission Tomography (PET) is a nuclear medicine imaging technique that is used 

in the early detection and treatment of many diseases, including cancer. Fluorine-18 is one of the 

several isotopes of fluorine that is often used in radiolabeling of biomolecules for PET imaging 

due to its favorable half-life of approximately 110 minutes and its positron emitting property. 

Additionally, iodine-123 and iodine-125 are one of the several isotopes of iodine that is often used 

in radiolabeling of biomolecules for PET imaging due their favorable half-life and ideal 

predominant gamma emission for single photon imaging, respectively.  

Here, we tested probable PET agents, based on the novel allosteric modulator TNCA, for 

CaSR using a Fluoro-TNCA derivative and Iodo-TNCA derivative, ultimately which will be 

relabeled using 18F-labeling, 125I-labeling, and  123I-labeling.  
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Figure 3.12- Distribution of CaSR in the mammalian kidney 

(Left) Distribution of CaSR in the mammalian kidney. The CaSR (indicated as red dots, abundance 
represented by the density of dots) is differentially expressed in different types of renal cells. 
(Right) Cellular environment mediated by CaSR for the regulation of myofibroblast cells during 
kidney fibrosis. 
 

Table 3.3- Summary of EC50 in response of [Ca2+]o changes for [Ca2+] i signaling in the 
presence of various concentrations of Fluoro-TNCA. 

Co-activators HEK 5001- 
Cell Population EC50 

(mM) 

Hill Number  
 

Calcium only titration  3.53 + 0.04  5.17 + 0.22 
 

0.5 mM [Ca2+]o + 0.01 µM F-TNCA 
 

3.48 + 0.02  
 

4.99 + 0.14 
 

0.5 mM [Ca2+]o + 0.1 µM F-TNCA  3.42 + 0.05 
 

4.61 + 0.28 
 

0.5 mM [Ca2+]o + 1.0 µM F-TNCA 
 

3.81 + 0.06  
 

5.11 + 0.34 
 

0.5 mM [Ca2+]o + 10.0 µM F-TNCA 
 

3.99 + 0.07 
 

5.16 + 0.42 
 

0.5 mM [Ca2+]o + 100 µM F-TNCA 
 

3.24 + 0.04  
 

ND 
 

0.5 mM [Ca2+]o + 300 µM F-TNCA 
 

2.90 + 0.06  
 

ND 
 

0.5 mM [Ca2+]o + 500 µM F-TNCA 2.87 + 0.04  ND 
 

ND = Not Determined 
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3.5.5.1 Tested PET imaging drug: 5-fluoro-dimethyl TNCA methyl ester to CaSR 

 

 

Figure 3.13- The activity of Fluoro-TNCA compound to CaSR in the presence of 
calcium 

 
A �± Structure of PET tracer 5-fluoro-dimethyl TNCA methyl ester (Fluoro-TNCA) to CaSR.  B �± 
EC50 comparison of Ca2+ to CaSR in the presence of Fluoro-TNCA and extracellular Ca2+. The 
fluorescence intensity was observed with increases in Ca2+ to WT hCaSR cultured in amino acid 

free media. Fitted using the hill equation, 
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TNCA derivative, 5-fluoro-dimethyl TNCA methyl ester (Fluoro�±TNCA) showed 

functional cooperativity in the presence of 10 mM extracellular Ca2+. The EC50 of  Fluoro�±TNCA 

at different concentrations generally decreased as the concentration of fixed Fluoro�±TNCA 

increased (Table 3.3 and Figure 3.12). 
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Figure 3.14�± Calcium EC50 change in the presence of Fluoro dimethyl TNCA methyl 
ester  
Indirect measurement of the EC50 of the Fluoro-TNCA derivative as a function of calcium, EC50 
= 6.09 µM, Hill number= 1.29 + 0.13, n=5. Inset: zoomed in normalized intensity to track the 
small calcium changes at a low concentration.  

 

TNCA derivative, Fluoro�±TNCA showed functional cooperativity in the presence of 10 

mM extracellular Ca2+. The half maximal effective concentration of this Fluoro�±TNCA derivative 

at various concentrations generally decreased as the concentration of fixed Fluoro�±TNCA 

increased. Detailed analysis of specific fixed concentrations of this Fluoro�±TNCA derivative can 

be found in the appendix. 

Next, the intracellular calcium concentration when using Mg2+ as an activator was tested. 

This method assessed how Mg2+ contributes to the functional cooperativity of CaSR. Once again 

using Fura-2 as the selected calcium indicator, the intercellular calcium release in the presence of 

magnesium we observed. It was discovered Mg2+ had a higher EC50 than Ca2+ alone in the presence 
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of this Fluoro�±TNCA derivative. Additionally, it was observed that Mg2+ acts as a heterotropic 

cooperative agonist to activate the function of CaSR. 

The [Ca2+] i responses of WT hCaSR were measured as described by Huang et al. (144). 

Briefly, CaSR stably transfected HEK5001 cells were grown on 13.5 × 20 mm coverslips. The 

following day, the DMEM media with 10% FBS and 1% Penicillin/Streptomycin was exchanged 

for the amino acid free media with 10% FBS and 1% Penicillin/Streptomycin. After the cells 

�U�H�D�F�K�H�G�� �������� �R�U�� �K�L�J�K�H�U�� �F�R�Q�I�O�X�H�Q�F�\���� �W�K�H�\�� �Z�H�U�H�� �O�R�D�G�H�G�� �E�\�� �L�Q�F�X�E�D�W�L�R�Q�� �Z�L�W�K�� ���� ���0�� �)�X�U�D-2 AM in 

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-fluoro-dimethyl TNCA methyl ester 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 3.4- Summary of EC50 in response of [Mg2+]o changes for [Ca2+] i signaling in 
the presence of various concentrations of Fluoro-TNCA. 

Co-activators HEK 5001- 
Cell Population EC50 

(mM) 

Hill Number  
 

Magnesium only titration 6.70 + 0.19 
 

ND 
 

0.5 mM [Ca2+]o + 0.1 µM F-TNCA 
 

6.48 + 0.23 
 

ND 

0.5 mM [Ca2+]o + 1.0 µM F-TNCA 
 

5.61 + 0.32 
 

ND 

0.5 mM [Ca2+]o + 10.0 µM F-TNCA 
 

5.78 + 0.33 
 

ND 

ND =  Not Determined 



119 
 

 

 

 

Figure 3.15- The activity of Fluoro-TNCA compound to CaSR in the presence of 
magnesium 

 
A �± Structure of PET tracer c (Fluoro-TNCA) to CaSR.  B �± EC50 comparison of Ca2+ to CaSR in 
the presence of Fluoro-TNCA and extracellular Mg2+. The fluorescence intensity was observed 
with increases in Mg2+ to WT hCaSR cultured in amino acid free media. Fitted using the hill 

equation, 
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TNCA derivative, 5-fluoro-dimethyl TNCA methyl ester (Fluoro�±TNCA) showed functional 

cooperativity in the presence of 13 mM extracellular Mg2+. The EC50 of Fluoro�±TNCA at different 

concentrations generally decreased as the concentration of fixed Fluoro�±TNCA increased (Table 

3.4 and Figure 3.15). In the presence of <10 ��M Fluoro�±TNCA, the EC50  decreases. The data 

suggests that the addition of fluorine with methyl ester to TNCA as a function of extracellular 

Mg2+
 decreased the EC50 by increasing the sensitivity/detection window, appendix.  
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Table 3.5- Summary of EC50 in response of to [Ca2+]o and [Mg2+]o changes for [Ca2+] i 
signaling in the presence of various concentrations of Fluoro-TNCA derivative. 

 
*The compound was dissolved in DMSO, however <1% of solution was needed to complete the 
cell population studies.  
 

Similar to the cell population(s) with fixed concentrations of 5-fluoro-dimethyl TNCA 

methyl ester in the presence of calcium, the concentrations of 5-fluoro-dimethyl TNCA methyl 

ester in the presence of magnesium was 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% 

�R�U���K�L�J�K�H�U���F�R�Q�I�O�X�H�Q�F�\�����W�K�H�\���Z�H�U�H���O�R�D�G�H�G���E�\���L�Q�F�X�E�D�W�L�R�Q���Z�L�W�K���������0���)�X�U�D-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, Fluoro�±TNCA showed 

functional cooperativity in the presence of 13 mM extracellular Mg2+. The EC50 of Fluoro�±TNCA 

at different concentrations generally decreased as the concentration of fixed Fluoro�±TNCA 

increased (Figures 3.13 and 3.15). In the presence of concentrations <10 ��M Fluoro�±TNCA, the 

EC50  decreases. Concentrations above 100 ��M Fluoro�±TNCA causes the EC50 to increase. 

Concentrations above 200 ��M Fluoro�±TNCA caused the drug to precipitate. As a result, only the 

data from the concentrations between 0.1-10 ��M is reliable. TNCA derivative, Fluoro�±TNCA 
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showed functional cooperativity in the presence of 10 mM extracellular Ca2+. The EC50 of calcium 

in the presence of Fluoro�±TNCA at different concentrations generally decreased as the 

concentration of fixed Fluoro�±TNCA increased. Overall, it has high sensitivity for CaSR with the  

EC50 = 6.09 µM in presence of Ca2+ and an EC50 = 4.71 µM in the presence of Mg2+. Although it 

was observed that magnesium increases the sensitivity of CaSR to Fluoro-TNCA, it exhibits a loss 

of cooperativity.���2�Y�H�U�D�O�O����the addition of a fluorine ion with methyl ester to TNCA increased the 

EC50, and functions as an agonist for CaSR. Additional titrations for 5-fluoro-dimethyl TNCA 

methyl ester at concentrations above 100 ��M can be found in the appendix.  

Fortunately, 5-fluoro-dimethyl TNCA methyl ester contains fluorine as part of its 

molecular structure for direct F-18 for F-19 exchange. In addition, this modified TNCA functions 

�W�R�� �L�Q�G�X�F�H�� �W�K�H�� �U�H�F�H�S�W�R�U�� �P�H�G�L�D�W�H�G�� �L�Q�W�H�U�F�H�O�O�X�O�D�U�� �U�H�V�S�R�Q�V�H�� �D�Q�G�� �I�X�Q�F�W�L�R�Q�V�� �W�R�� �L�Q�I�O�X�H�Q�F�H�� �&�D�6�5�¶�V��

cooperativity in presence of both calcium and magnesium.  As a result, 5-fluoro-dimethyl TNCA 

methyl ester can be used as a probable CaSR targeted PET agent or as a drug candidate.  

3.5.5.2 Tested PET imaging drug: 5-iodo-dimethyl TNCA methyl ester to CaSR 

Severe iodine deficiency can result in hypothyroidism which oftentimes impairs motor 

development in children. Conversely, an excess of iodine can also result in hypothyroidism and in 

some cases, lead to thyroid autoimmunity(145). Organic compounds containing iodine are called 

iodo compounds. These iodo compounds play a vital role for the regulation of thyroid hormone(s) 

in which is the primary cause of iodine deficiency or iodine excess. Here we examined the 

intracellular response of CaSR by treating the cells with various fixed concentrations of 5-iodo-

dimethyl TNCA methyl ester in the presence of Ca2+ (Table 3.6). 
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Table 3.6- Summary of EC50 in response of [Ca2+]o changes for [Ca2+] i signaling in the 
presence of various concentrations of Iodo-TNCA. 

Co-activators HEK 5001- 
Cell Population EC50 

(mM) 

Hill Number  
 

Calcium only titration  4.08 + 0.11 4.37 + 0.45 

0.5 mM [Ca2+]o + 0.1 µM I-TNCA 
 

3.90 + 0.03 
 

ND 

0.5 mM [Ca2+]o + 1.0 µM I-TNCA 
 

3.66 + 0.02  
 

ND 

0.5 mM [Ca2+]o + 10.0 µM I-TNCA 
 

3.63 + 0.04 
 

ND 

ND = Not Determined 

 
Figure 3.16- The activity of Iodo-TNCA compound to CaSR in the presence of 

calcium 
 

A �± Structure of PET tracer 5-iodo-dimethyl TNCA methyl ester (Iodo-TNCA) to CaSR. B �± EC50 
comparison of Ca2+ to CaSR in the presence of Iodo-TNCA and extracellular Ca2+. The 
fluorescence intensity was observed with increases in Ca2+ to WT hCaSR cultured in amino acid 

free media. Fitted using the hill equation, 
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The measurement of [Ca2+] i change upon response of [Ca2+]o and an iodo-TNCA derivative 

suggests that the EC50 < 10 µM. Consequently, the addition of iodine 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-iodo-dimethyl TNCA methyl ester in the presence 

of Mg2+ (Table 3.7). 

 

Table 3.7- Summary of EC50 in response of [Mg2+]o changes for [Ca2+] i signaling in 
the presence of various concentrations of Iodo-TNCA. 

Co-activators HEK 5001- 
Cell Population 

EC50 (mM) 

Hill Number  
 

Calcium only titration  7.76 + 0.21 5.78 + 0.84 

0.5 mM [Ca2+]o + 0.1 µM I-TNCA 
 

6.90 + 0.34 6.09 + 1.7 

0.5 mM [Ca2+]o + 1.0 µM I-TNCA 
 

6.78 + 0.32 6.71 + 2.0 

0.5 mM [Ca2+]o + 10.0 µM I-
TNCA 

 

5.72 + 0.35 ND 

ND = Not Determined 
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Figure 3.17- The activity of Iodo-TNCA compound to CaSR in the presence of 
magnesium 

 
 EC50 comparison of Ca2+ to CaSR in the presence of an Iodo dimethyl TNCA methyl ester. The 
fluorescence intensity was observed with increases in Mg2+ to WT hCaSR cultured in amino acid 

free media. Fitted using the hill equation, 
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Table 3.8- Summary of EC50 in response of to [Ca2+]o and [Mg2+]o changes for [Ca2+] i 
signaling in the presence of various concentrations of Iodo-TNCA derivative. 

 
 
*The compound was dissolved in DMSO, however <1% of solution was needed to complete the 
cell population studies.  
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The measurement of [Ca2+] i change upon response of [Mg2+]o and an iodo-TNCA 

derivative suggests that the EC50 < 10 µM, indicating that the iodo-TNCA derivative still functions 

as an agonist to CaSR. Further studies on biological activity of this derivative are still underway 

in our laboratory and will be reported on in the future. 

Next, we wanted to enhance the solubility of the Iodo-TNCA derivative, by producing a 

free acid form of the compound. The Iodo-TNCA free acid form was analyzed by the means of 

cell population by fluorimetry. This results from those experiments can be found below.  

 

Table 3.9- Summary of EC50 in response of [Ca2+]o changes for [Ca2+] i signaling in the 
presence of various concentrations of Iodo-TNCA derivative free acid 

 

 
*The compound was dissolved in DMSO, however <1% of solution was needed to complete the 
cell population studies.  
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Figure 3.18- The activity of fixed 5-iodo-dimethyl TNCA free acid with calcium  
 
EC50 comparison of Ca2+ to CaSR in the presence of 5-iodo-dimethyl TNCA free acid. The 
fluorescence intensity was observed with increases in Ca2+ to WT hCaSR cultured in amino acid 

free media. Fitted using the hill equation, 
nn

d

n

MK

M
S

][

][

��
� �'  

 

The results indicate that the addition of iodo dimethyl TNCA free acid with extracellular 

Ca2+ functions as an antagonist. In the presence of calcium, the EC50 gradually increased as the 

concentration of 5-iodo-dimethyl TNCA free acid increased (Table 3.9). Also, a delayed cellular 

response was observed at high concentrations of this free acid, appendix.  

3.5.5.3 Tested PET imaging drug: acrylic dimethyl TNCA methyl ester to CaSR 

Next, an acrylic-TNCA derivative was tested. Acrylic groups have an increased 

physicochemical stability and acceptable miscibility with most transdermal drugs (146). This 

makes the drug's effects more intense ultimately increasing the effectiveness of a given dose So, 
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with that in mind, we were expecting to observe a decrease in the EC50 producing a potent TNCA 

derivative however the opposite was true (Figure 3.19). 

Table 3.10- Summary of EC50 in response of [Ca2+]o changes for [Ca2+] i signaling in the 
presence of various concentrations of an acrylic-TNCA derivative. 

 

 
*The compound was dissolved in DMSO, however <1% of solution was needed to complete the 
cell population studies.  
 

 

Figure 3.19- The activity of an Acrylic -TNCA compound to CaSR in the presence of 
calcium. 
A �± EC50 comparison of Ca2+ to CaSR in the presence of acrylic dimethyl TNCA methyl ester. 
B �± Indirect measurement of the EC50 of the acrylic-TNCA derivative as a function of calcium. 
The fluorescence intensity was observed with increases in Ca2+ to WT hCaSR cultured in amino 
acid free media. EC50 = 14.6 µM, Hill number= 1.65 + 0.77, n=3 
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Next, we examined how using magnesium functioned as a co-activator of CaSR in the presence of 

various concentrations of the acrylic-TNCA derivative (Figure 3.18). 

Table 3.11- Summary of EC50 in response of [Mg2+]o changes for [Ca2+] i signaling in the 
presence of various concentrations of an acrylic-TNCA derivative. 

 

 

 

Figure 3.20- The activity of an Acrylic -TNCA compound to CaSR in the presence of 
magnesium. 

 
A �± EC50 comparison of Ca2+ to CaSR in the presence of acrylic dimethyl TNCA methyl ester.  
B �± Indirect measurement of the EC50 of the acrylic-TNCA derivative as a function of magnesium. 
The fluorescence intensity was observed with increases in Mg2+ to WT hCaSR cultured in amino 
acid free media. EC50 = 47.1 µM, Hill number= 0.65 + 0.78, n=3 
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The addition of an acrylic 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 acrylic-TNCA when the 

receptor was activated with Mg2+ , the loss of cooperative binding was observed; and there was a 

significant increase in the half maximal effective concentration for this drug (Figure 3.20). This 

concludes that acrylic-TNCA is the less promising drug candidate which has been studied thus far, 

however, the acrylic-TNCA derivative still functions as an agonist for CaSR.  

3.5.5.4 Testing additional drug candidates for the calcium-sensing receptor 

Next, we examined how fluorine-18 could be easily incorporated into the structure of 

TNCA by substitution on one or more of the methyl groups without significant structural 

modification. We synthesized the 1-�I�O�X�R�U�R�P�H�W�K�\�O���G�H�U�L�Y�D�W�L�Y�H�����������¶-C(CH2F)CH3 �±TNCA (XI-203) 

�D�Q�G���W�K�H���������¶-dimethylfluorine deriv�D�W�L�Y�H�������¶-C(CH2F)2 �±TNCA (XI-212). Next, we measured the 

intracellular response of CaSR by treating HEK-5001 cells, a stably transfected CaSR cell line, 

with drugs XI-203 and XI-212 in the presence of Ca2+ (Table 3.6). Activity for CaSR demonstrated 

that both the 1-�I�O�X�R�U�R�P�H�W�K�\�O�� �G�H�U�L�Y�D�W�L�Y�H���� �������¶-C(CH2F)CH3 �±TNCA (XI-���������� �D�Q�G�� �W�K�H�� �������¶-

�G�L�P�H�W�K�\�O�I�O�X�R�U�L�Q�H���G�H�U�L�Y�D�W�L�Y�H�������¶-C(CH2F)2 �±TNCA (XI-212) showed the ability to potentiate CaSR 

activity (Figure 3.21). This suggests that this is a good drug candidate for CaSR, and an ideal 

starting point for PET ligand development.  

CaSR stably transfected HEK-5001 cells were grown on 13.5 × 20 mm coverslips. The 

following day, the DMEM media with 10% FBS and 1% Penicillin/Streptomycin was exchanged 

for the amino acid free media with 10% FBS and 1% Penicillin/Streptomycin. After the cells 

�U�H�D�F�K�H�G�� �������� �R�U�� �K�L�J�K�H�U�� �F�R�Q�I�O�X�H�Q�F�\���� �W�K�H�\�� �Z�H�U�H�� �O�R�D�G�H�G�� �E�\�� �L�Q�F�X�E�D�W�L�R�Q�� �Z�L�W�K�� ���� ���0�� �)�O�X�R-4 AM in 
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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 525 nm were measured during stepwise increases using either 

XI-203 or XI-212 with excitation at 488 nm.  The intensities were normalized using the last 50 

seconds at which the specified concentration of drug was added. The points were fitted using the 

Hill equation and the half maximal effective concentration of each drug was measured.  

 

Table 3.12- Summary of EC50 in response to fixed [Ca2+]o for [Ca2+] i signaling in the 
presence of PET tracers XI-203 and XI-212 

Co-activators HEK 5001- 
Cell Population EC50 

(mM) 

Hill Number  
 

Calcium only titration  3.58 + 0.10  
 

4.98 + 0.54 

500 µM XI-203 
 

2.84 + 0.03 
 

6.12 + 0.54 

500 µM XI-212 
 

1.74 + 0.11  5.29 + 0.84 

 

 

Figure 3.21- The activity of PET tracer to CaSR 
 
A �± Structures of PET tracer to CaSR. B �± EC50 comparison of 500 µM Xl -203 (EC50= 2.84 + 0.03 
mM, Hill number= 6.12 + 0.54) and 500 µM Xl -212 to CaSR (EC50= 1.74 + 0.11, Hill number= 
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5.29 + 0.84). The cells were cultured in amino acid free media and fitted using the Hill equation. 
Completed by Dr. Deng. 

�7�K�H���������¶-�G�L�P�H�W�K�\�O�I�O�X�R�U�L�Q�H���G�H�U�L�Y�D�W�L�Y�H�������¶-C(CH2F)2 �±TNCA (XI-212) showed a higher 

potency than 1-�I�O�X�R�U�R�P�H�W�K�\�O���G�H�U�L�Y�D�W�L�Y�H�����������¶-C(CH2F)CH3 �±TNCA (XI-203) (Figures 3.22-

3.23). Additionally, the Xi-212 showed functional cooperativity.   

 

Figure 3.22- Activity of PET tracer XI -203 to CaSR 
 

A �± Raw data of the addition of XI-203 to WT hCaSR using Fluo-4. B �± EC50 comparison of 500 
µM Xl -203 (EC50= 2.84 + 0.03 mM, Hill number= 6.12 + 0.54) and standard calcium titration 
(WT) to CaSR. Ex: 488 nm, Em: 525 nm. The cells were cultured in amino acid free media and 
fitted using the Hill equation. Completed by Dr. Deng. 

 
Figure 3.23- Activity of PET tracer XI -212 to CaSR 
 

A �± Raw data of the addition of XI-212 to WT hCaSR using Fluo-4. B �± EC50 comparison of 500 
µM Xl -212 to CaSR (EC50= 1.74 + 0.11, Hill number= 5.29 + 0.84) and standard calcium titration 
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(WT) to CaSR. Ex: 488 nm, Em: 525 nm. The cells were cultured in amino acid free media and 
fitted using the Hill equation. Completed by Dr. Deng. 
 
Next, we examined how changing the concentration of extracellular calcium in the experimental 

buffer influences the half maximal effective concentration of the drug. Since XI-212 is more likely 

to be a good drug candidate, only XI-212 was tested in the presence of either 1 mM Ca2+, 2 mM 

Ca2+, or 3 mM Ca2+ (Table 3.13 and Figure 3.14). 

 
Table 3.13- Summary of EC50 in response to various [Ca2+]o conditions for [Ca2+] i 

signaling in the presence of PET tracer XI-212 
Co-activators HEK 5001- 

Cell Population 
EC50 

(mM) 

Hill Number  
 

Calcium only titration  4.08 + 0.11 
 

4.98 + 0.54 

1.0 mM [Ca2+]o + 500 µM XI-212 
 

351.8 + 75.8 
 

ND 

2.0 mM [Ca2+]o + 500 µM XI-212 
 

153.5 + 39.1 
 

ND 

3.0 mM [Ca2+]o + 500 µM XI-212 55.6 + 39.0 
 

ND 

 

 

Figure 3.24- EC50 comparison of Xl-212 at different extracellular Ca2+ 
concentrations 

 
Different concentrations of Xl -212 were applied to activate CaSR in the presence of either 1 mM 
Ca2+, 2 mM Ca2+, or 3 mM Ca2+. The addition of XI-212 to WT hCaSR using Fluo-4 with Ca2+ to 
Fluo-4 intracellularly lead to an increase in signal at 525 nm. The cells were excited at 488 nm 
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during cell population by fluorimetry. The EC50 is 351.8 ± 75.8 µM at 1 mM Ca2+; 153.5 ± 39.1 
µM at 2 mM Ca2+;  and 55.6 ± 39.0 µM at 3 mM Ca2+). The cells were cultured in amino acid free 
media and fitted using the Hill equation. Completed by Dr. Deng. 

The results show that XI-212 at different extracellular metal concentration of Ca2+ showed 

functional cooperativity.  Moreso, the EC50 of XI-212  decreased as the extracellular Ca2+ increased 

(351.8 ± 75.8 µM at 1 mM Ca2+; 153.5 ± 39.1 µM at 2 mM Ca2+;  and 55.6 ± 39.0 µM at 3 mM 

Ca2+) (Figure 3.23). 

3.6 Conclusion 

The unexpected discovery of TNCA opens a new avenue for the structure-based design of 

CaSR allosteric modulators for CaSR. The functional analysis of the cellular response of CaSR 

studies illustrated how using standard Dulbecco's Modified Eagle Medium contained amino acids 

that are endogenous ligands for CaSR, that competed with the binding of TNCA derivatives to 

reduce the effects of CaSR agonists and co-agonists. Thus, we utilized DMEM cell media without 

glycine, phenylalanine, tryptophan, and tyrosine to enhance the CaSR response in the presence of 

an acrylic-TNCA derivative, a Fluoro-TNCA derivative, and an iodo-TNCA derivative and in the 

presence of the novel allosteric modulator TNCA. When determining the [Ca2+] i  change upon 

response of [Ca2+]o and TNCA, the indirectly determined EC50 = 0.15 ± 0.10 µM. The 

measurement of [Ca2+] i change upon response of [Ca2+]o and an acrylic-TNCA derivative EC50= 

14.6 µM. The measurement of [Ca2+] i change upon response of [Ca2+]o and a Fluoro-TNCA 

derivative EC50= 6.09 µM. As a result, the addition of a fluorine ion with a methyl ester to TNCA 

increased the EC50, however this compound still functions as an agonist to CaSR, as does the 

acrylic-TNCA derivative. The measurement of [Ca2+] i change upon response of [Ca2+]o and an 

iodo-TNCA derivative suggests that the EC50 < 10 µM. Consequently, the addition of iodine with 

a methyl ester to TNCA functions as an agonist to CaSR.  
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Moreover, the addition of the acetyl group with a methyl ester to TNCA as a function of 

extracellular magnesium increased the EC50 consistently with the extracellular calcium, displaying 

an increased sensitivity/ detection window (EC50= 47.1 µM). Similarly, the addition of fluorine 

with a methyl ester to TNCA as a function of extracellular magnesium decreased the EC50 by 

increased in the sensitivity/ detection window (EC50= 4.71 µM). The measurement of [Ca2+] i 

change upon response of [Mg2+]o and an iodo-TNCA derivative suggests that the EC50 < 10 µM, 

indicating that the iodo-TNCA derivative functions as an agonist to CaSR. Lastly, a free acid form 

of the iodo-TNCA derivative was analyzed by the means of cell population by fluorimetry. The 

measurement of [Ca2+] i change upon response of [Ca2+]o and an iodo-TNCA derivative free acid 

suggests that the EC50 > 50 µM. There was a delayed cellular response of the HEK 5001 cells, in 

the presence of increasing fixed concentrations of the iodo-TNCA derivative free acid. This 

indicated that this compound functions as a potential antagonist to CaSR.  

Ultimately, it was observed that defining the working model of CaSR, through binding and 

functional studies, we can further understand the molecular basis of disease and assist in structure 

and ligand-based drug design to treat CaSR related diseases. Utilizing the structure-based drug 

design of TNCA as our lead compound, a Fluoro-TNCA derivative, an iodo-TNCA derivative, 

and an Iodo-TNCA derivative free acid was developed and assessed for their half maximal 

effective concentration in relation to CaSR. The Fluoro-TNCA derivative compound displayed 

promising results in the presence of calcium and magnesium with an EC50 in the uM range, 

suggesting it can be screened as a drug candidate. 

Thus, these structure-activity relationship studies will provide essential results for a novel 

avenue in the development of CaSR specific agonists and antagonists for the treatment of various 

CaSR associated human diseases using newly available structures and patented methodology. 
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Additionally, the identification of thera(g)nostic agents with receptor and cell specificity is 

expected to overcome the side effects of reported drugs. 

Future studies will explore using the Fluoro-TNCA derivative with F-18 labeling and the 

Iodo-TNCA derivative free acid with I-123 and/or I-125 labeling as a starting point for PET ligand 

development to map CaSR distribution and expression in vivo and, as a companion, diagnostics 

for drug development. Furthermore, the developed PET imaging agent can have immediate 

applications to address pressing unmet medical needs in mapping and understanding kidney 

fibrosis with heterogeneity. Furthermore, the developed PET imaging agent will localize to the 

thyroid and parathyroid for the removal of MTC cancer. This is because surgical removal of 

abnormal parathyroid cells is still the best option for HPT patients. 
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4 DESIGN AND EVALUATION OF A GREEN CALCIUM SENSOR  

4.1 Introduction  

As the primary intracellular Ca2+ stores, the ER and the SR found in muscle cells are central 

to Ca2+ signaling by modulating Ca2+ transients with differential timescales that govern essential 

biological functions. Additionally, the ER functions to tightly control the spatial-temporal Ca2+ 

dynamics through the SERCA pump, IP3Rs, and RyRs.  Moreover, extracellular Ca2+, amino acids, 

metabolites, and neurotransmitters were reported to function as a first messenger to activate the 

calcium-sensing receptor and other family c G protein-coupled receptors (cGPCRs) to trigger an 

intracellular Ca2+ release from the ER (117,147-153)�����+�R�Z�H�Y�H�U�����L�W�¶�V���V�W�L�O�O���X�Q�F�O�H�D�U���K�R�Z��Ca2+ release 

from the ER contributes to the cytosolic Ca2+ oscillation compared to Ca2+ influx.  

Moreover, spatiotemporal Ca2+ signaling plays an essential role in many physiological 

processes, such as excitation-contraction (EC) coupling in the muscle and immune responses, 

spanning a timescale that ranges from a few milliseconds to minutes or even hours (150-152). The 

dysfunction of Ca2+ dynamics has been linked to numerous diseases, including neurodegenerative 

disorders and hyperparathyroidism (153,154). One primary method of analyzing pathological 

states relies on monitoring cytosolic Ca2+ dynamics coupled with multiple receptors, channels, 

pumps, and exchangers, leading to a convoluted interpretation. Thus, there is a pressing need to 

report Ca2+ dynamics with rapid kinetics and sufficient sensitivity, that can also be used to examine 

the signaling pathway of cGPCRs specifically the calcium-sensing receptor. 

Tremendous efforts have been devoted to developing genetically encoded calcium indicators 

(GECIs) to accurately monitor ER Ca2+ transients regarding kinetics, amplitude, and sensitivity. 

The objective was to target specific cellular compartments and monitor longitude events in cells 

and in vivo (155-158). Among all the approaches that have been reported, endogenous Ca2+ binding 
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proteins such as calmodulin (CaM) or troponin C with multiple Ca2+ binding sites are used to 

sensor the Ca2+ changes. Still, such changes rely on subsequent Ca2+-dependent conformational 

changes. The development of Ca2+ indicators heavily rely on random selections and with limited 

progress in achieving fast kinetics and linear responses, especially for reporting ER Ca2+ dynamics. 

And as briefly discussed in chapter one, sections 1.8-1.9 and in this introduction (chapter four), 

there is a pressing need to develop Ca2+ sensors with superior kinetics, specificity, suitable binding 

affinity, and a small signal-to-noise ratio. To overcome the limitation of weak binding affinities, 

multiple binding phases and slow kinetics, the Yang lab designed calcium sensors, with specificity 

to the ER, by introducing a calcium binding site on the surface of the chromophore of various 

fluorescent proteins. 

In 2011, Tang et al. designed a unique class of genetically encoded indicators by introducing 

a singular Ca2+ binding site on the scaffold protein EGFP. This green Ca2+ sensor called CatchER 

is useful in detecting high Ca2+ concentration in the ER. The Ca2+ binding site is adjacent to the 

chromophore (right above the Y66 phenolic oxygen) and next to residues H148, T203, and E222 

(Figure 4.1). It exhibits unprecedented Ca2+ release kinetics with an off-rate estimated at around 

700 s�í1 and a strong Ca2+ binding affinity (Kd of 0.18±0.02 mM) (153). It was observed that its 

fluorescence sensitivity may be due to hydrogen-bond interaction. CatchER (D11) and its variants 

(D8-D10 and D12) were bacterially expressed and purified. Dr. Teng introduced acidic ligand 

residues which resulted in an added absorption maximum at 398 nm at the expense of the 490 nm 

peak (Figure 4.2). This EGFP feature is associated with predominance of the anionic 

chromophore. 
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Figure 4.1- Proposed schematic structure and in vitro optical properties of designed 
Ca2+ biosensor variants.  

 
A �± Truncated structure of WT EGFP (1EMA) with the chromophore (CRO) highlighted as cyan 
spheres. Residue 147, 202, 204, 223, and 225 side chain (blue), protruding from the surface in 
close proximity to the chromophore, were mutated to form the Ca2+ binding ligands. Key residues 
H148, T203, and E222, involved in proton interaction with the chromophore, were located near 
the designed Ca2+ binding site.  
B �± Spatial distribution of the five residues (blue) that are responsible for Ca2+ chelation.  
C �± Spatial organization of these residues and their relationship with the chromophore in the EGFP 
molecule, which shows nonacidic residues.  
D-H �± Constructs D8, D9, D10, CatchER, and D12 show replacement at residues S147, S202, 
Q204, F223, and T225, respectively.  
Adopted from Teng et al., 2011 
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Figure 4.2-  Absorbance spectra of WT EGFP and Ca2+ sensors D8�±D12. 
 

The designed proteins exhibited a major absorbance peak at 398 nm and a lower peak at 490 nm, 
with a normalized absorbance peak at 280 nm. Adopted from Teng et al., 2011 
 

 

Figure 4.3- Location of N149 residue in the binding site of CatchER 
 
The designed metal binding site of CatchER contains five negatively charged residues located 

a chromophore sensitive region of EGFP. Residue N149 was mutated to glutamate (E) to create a 
sensor with a different affinity for Ca2+

. Adopted from Dr. Reddish�¶�V���G�L�V�V�H�U�W�D�W�L�R�Q�� 
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It is known that the task of converting extracellular stimuli into a coded intracellular Ca2+ 

signal, wave, or oscillation lies within the ER/SR in combination with a non-uniform distribution 

of calcium-binding proteins (CaBPs). These modulators of Ca2+ signals create spatially diverse 

nano-compartments with differential Ca2+ concentrations within the ER/SR lumen via their spatial 

distribution and response dynamics (159). Early studies in understanding the ER Ca2+ release 

involved the use of Ca2+ dyes to monitor Ca2+ transients directly using a cell impermeant salt called 

fluo-5N (160). Also, genetically encoded Ca2+ indicators (GECIs) have only been used. The 

calmodulin (CaM) based G-CEPIA1er Ca2+ indicator and FRET pairs Ca2+ indicators have shown 

usefulness, however their limitations include non-linearity due to multiple Ca2+ binding sites and 

slow Ca2+ kinetics (74) (89) (150,152,161). To fill in this gap, the genetically encoded green Ca2+ 

indicator, CatchER was designed  containing five negatively charged residues located a chromophore 

sensitive region of EGFP (Figure 4.3).  

In 2021, Reddish et al. modified the novel Ca2+ sensor CatchER produced in the Yang lab 

by introducing a triple point mutation. This Ca2+ sensor, called G-CatchER+, reports rapid local 

ER Ca2+ dynamics with significantly improved folding properties and overcomes thermostability 

shown in the efficient measurement of Ca2+ in various organelles (95).  

Later in 2021, Deng et al. reported a red Ca2+ sensor called R-CatchER. R-CatchER showed 

superior kinetics in vitro and multiple cell types, enabled the first report of ER Ca2+ oscillations 

mediated by the calcium sensing receptor and revealed ER Ca2+ -based functional cooperativity of 

CaSR. Chapter five discusses in detail the design of this novel red Ca2+ sensor in addition to the 

expression and purification of the bacterially expressed sensor (162).   
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4.2 Optimization of A Green Calcium Sensor Based on Scaffold Protein, EGFP  

Here we report the development of an improved version of CatchER called G-CatchER+, 

with optimized folding at physiological temperature. G-CatchER+ was designed by creating a 

single Ca2+ binding site with negatively charged residues directly onto the scaffold protein EGFP 

like CatchER (Figures 4.1-4.4) (65,153,163). To overcome folding limitations and to increase 

dynamic range of CatchER for mammalian cell applications, we introduced mutations S30R, 

Y39N, and S175G individually and in combination to create G-CatchER+ (95,156). G-CatchER+ 

exhibits significantly improved folding stability and subsequent fluorescence. These engineered 

proteins were expressed in E.coli based competent cells and purified using established methods 

found in the methods sections of chapter foutr.  

G-CatchER+ specifically reports rapid global ER/SR Ca2+ dynamics in various cell types, 

including neurons. G-CatchER+ exhibits a significantly faster Ca2+ on rate than G-CEPIA1er, 

another green genetically encoded Ca2+ indicator, with enhanced Ca2+ dependent fluorescence 

increases because of increased fluorescence lifetime upon Ca2+ binding. Additionally, G-CatchER+ 

has the capacity to monitor rapid local ER/SR Ca2+ changes in multiple cell types and in a 

subcellular environment in excitation-contraction (EC) coupling processes. 
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Figure 4.4- Design and in vitro properties of G-CatchER+ 
 

Design of Ca2+ binding sites using MUG (MUltiple Geometries) algorithm. EGFP was modified 
with a direct Ca2+ binding site. Both CatchER and G-CatchER+ were designed using these 
techniques (binding site residues are highlighted in pink, residues mutated from CatchER to G-
CatchER+ are highlighted in red, and Ca2+ is represented with the silver ball). 
 
4.3 Objectives and Overview of This Chapter 

Tremendous efforts have been devoted to the development of GECIs, which have an 

advantage of genetic targeting over synthetic Ca2+ dyes. However, current GECIs are almost 

exclusively based on native Ca2+-binding proteins with multiple binding sites, such as CaM and 

troponin C, and large-scale mutagenesis has been the primary approach to optimize Ca2+-binding 

affinities or fluorescence sensitivities (84,86,87,89,94,164-166). Moreover, these indicators rely 

on Ca2+-dependent binding of CaM to its targeted peptides, which is a rate-limiting step that 

undergoes ms time-scale conformational changes. Mutations on the CaM binding peptide, RS20, 

were reported to improve in vitro kinetics, but the Ca2+ sensitivity is compromised with a 

significantly reduced dynamic range (167). Consequently, alternative strategies to rationally 

design Ca2+ indicators with a single Ca2+-binding site and rapid kinetics are urgently expected. 

Thus, we initially developed a green genetically encoded Ca2+ indicator, CatchER. 

(100,153). CatchER exhibited much faster kinetics than conventional CaM based indicators, 

ascribed to that CatchER does not need to undergo large conformational changes upon Ca2+ 

binding. However, CatchER exhibited a relatively small Ca2+-induced fluorescence dynamic 
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range, partially because the criteria used in developing CatchER was to alter the Ca2+ binding 

affinity rather than the dynamic range by optimizing the geometry of the Ca2+ binding site.  

In this chapter, we report a new design strategy of GECIs by tuning both protein dynamics 

and electrostatics of the scaffold fluorescent proteins. Guided by this strategy, we developed 

improved Ca2+ indicators, G-CatchER+ and G-CatchER+2 (also known as G-CatchER+ E147D) 

based on CatchER and verified our successfully designed new green calcium indicators with large 

Ca2+-induced fluorescence dynamic range and fast kinetics. G-CatchER+ G-CatchER+2 was 

bacterially expressed and purified using established methods in chapter 4.2. First, we examined 

the optical properties and calcium dynamics by performing calcium and gadolinium titrations, in 

addition to accessing it absorbance and fluorescence at wavelengths 395 nm and 488 nm. We also 

analyzed the biophysical properties of G-CatchER+ (mutations S30R, Y39N, and S175G) 

individually it variant, G-CatchER+2,  containing the residue E147D that improves the brightness 

of the Ca2+ probes at 37°C.  

4.1 Challenges  

Many of the currently available GECIs are based on native Ca2+-binding proteins with 

multiple binding sites, such as CaM and troponin C, and large-scale mutagenesis has been the 

primary approach to optimize Ca2+-binding affinities or fluorescence sensitivities. However, there 

are few limitations of current CaM-based GECIs, such as non-linear response because of multiple 

Ca2+ binding sites, slow kinetics, and signaling interference from overexpression of CaM. 

Moreover, these indicators rely on Ca2+-dependent binding of CaM to its targeted peptides, which 

is a rate-limiting step that undergoes ms time-scale conformational changes. Thus, an alternative 

approach to design GECIs is needed. 
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The ideal Ca2+ sensor would use a single fluorescent protein, with a Ca2+ binding site 

designed on the surface via site-directed mutagenesis. It would have good selectivity for Ca2+, an 

appropriate affinity, and proper binding and release kinetics to monitor Ca2+ dynamics in a 

particular subcellular location. The ideal Ca2+ sensor would also have a substantial fluorescence 

change in response to Ca2+ with good fluorescence dynamics at 37°C for mammalian cell 

application. Thus, the inherent challenges exist in designing the aforementioned Ca2+ sensor (95).  

4.2 Methods  

4.2.1 Chemicals and Reagents for G-CatchER+  

�&�K�H�P�L�F�D�O�V���D�Q�G���5�H�D�J�H�Q�W�V���7�K�H���(�����F�R�O�L�����V�W�U�D�L�Q���'�+���.�����W�K�H���S�O�D�V�P�L�G���Y�H�F�W�R�U���S�&�'�1�$�����������������Z�D�V��

purchased from Invitrogen. All the restriction enzymes, T4 DNA ligase, and T4 polynucleotide 

kinase (PNK) were purchased from New England Biolabs. DNA sequencing for all clones was 

carried out by GENEWIZ Inc. Plasmid extraction was carried out using the QIAGEN mini-prep 

and maxi-prep kits. C2C12, Cos-7, HEK-293 and HeLa cells were purchased from American Type 

Culture Collection (ATCC). (S)-3,5-DHPG (10 mM stock in buffer) and thapsigargin (1 mM stock 

in DMSO) were from Tocris. 4-cmc (100 mM stock in buffer), CPA (50 mM stock in DMSO), 

histamine (100 mM stock in buffer) and ATP (100 mM stock in buffer) were from Sigma-Aldrich. 

ER-Tracker �5�H�G�����$�O�H�[�D���)�O�X�R�U�Œ�����������3�K�D�O�O�R�L�G�L�Q���D�Q�G���3�U�R�/�R�Q�J���J�R�O�G���D�Q�W�L�I�D�G�H���P�R�X�Q�W�D�Q�W���Z�L�W�K���'�$�3�,��

were from Invitrogen. Mouse anti-ryanodine receptor antibody [34C], rabbit anti-ryanodine 

receptor antibody [EPR21796], mouse anti-SERCA1 ATPase antibody [VE121G9] and mouse 

anti-SERCA2 ATPase antibody [2A7-A1] were from abcam. pCMV-G-CEPIA1er was a gift from 

Dr. Yubin Zhou at Texas A&M University. 
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4.2.2 Cloning of G-CatchER+  

CatchER was designed as previously detailed  by Tang et al., 2011. To create G-CatchER+ 

containing the triple point mutation S175G, S30R, and Y39N mutations, point mutations were 

incorporated sequentially into CatchER in both vectors. G-CatchER+ was cloned into the 

pcDNA3.1+ vector using BamH1 and EcoR1 restriction enzyme sites. pDsRed2-JP45 was kindly 

provided by Dr. Francesco Zorzato. To create the G-CatchER+ -JP45 fusion construct, dsRed was 

replaced with CatchER using BamH1 and Not1 restriction sites. Proper insertion of CatchER at 

the C-terminus of JP45 was confirmed by DNA sequencing using the forward primer. 

4.2.3 Expression and purification of G-CatchER+ 

The vector, pET28a, containing variant DNA were transformed into BL21(DE3) gold cells. 

G-CatchER+ was expressed at 25°C following the addition of 0.2 mM IPTG in Luria Bertani (LB) 

media with 30 mg/mL of kanamycin. After centrifugation, cell pellets were re-suspended in 30 mL 

of lysis buffer (20 mM Tris, 100 mM NaCl, 0.1% Triton X-100, pH 8.0) and sonicated. The 

resulting lysate containing the protein of interest was centrifuged, and the supernatant was filtered 

using a 0.45 µM filter and applied to a 5 mL Ni2+-NTA HiTrapTM HP chelating column (GE 

Healthcare) for HisTag purification using an imidazole gradient. To remove the imidazole, pure 

protein fractions were concentrated to 1 mL and desalted using a size exclusion affinity  column 

(GE Healthcare) using 10 mM Tris pH 7.4 at 1 mL/min. 

4.2.4 Ca2+ binding assay 

�)�O�X�R�U�H�V�F�H�Q�F�H���P�H�D�V�X�U�H�P�H�Q�W�V���R�I���*���&�D�W�F�K�(�5�����Z�L�W�K���L�Q�F�U�H�D�V�L�Q�J���&�D�������F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���Z�H�U�H���G�R�Q�H��

�L�Q���R�U�G�H�U���W�R���R�E�W�D�L�Q���W�K�H���D�I�I�L�Q�L�W�\���R�I���W�K�H���V�H�Q�V�R�U���I�R�U���&�D�������L�Q���Y�L�W�U�R�����6�D�P�S�O�H�V���R�I���������—�0���*���&�D�W�F�K�(�5�����Z�L�W�K��

�����—�0���H�W�K�\�O�H�Q�H���J�O�\�F�R�O���W�H�W�U�D�D�F�H�W�L�F���D�F�L�G�����(�*�7�$�����Z�H�U�H���S�U�H�S�D�U�H�G���L�Q���W�U�L�S�O�L�F�D�W�H���L�Q�������P�/���Y�R�O�X�P�H�V���L�Q��������

�P�0�� �7�U�L�V���� �S�+�� ���������� �7�K�H�� �V�D�P�S�O�H�V�� �Z�H�U�H�� �S�O�D�F�H�G�� �L�Q�� �T�X�D�U�W�]�� �I�O�X�R�U�H�V�F�H�Q�F�H�� �F�X�Y�H�W�W�H�V���� �D�Q�G�� �&�D�������L�R�Q�� �Z�D�V��
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�W�L�W�U�D�W�H�G���L�Q�W�R���H�D�F�K���V�D�P�S�O�H���L�Q���D���V�W�H�S�Z�L�V�H���P�D�Q�Q�H�U���� �X�V�L�Q�J���������� �0���D�Q�G������ �0���&�D�������V�W�R�F�N���V�R�O�X�W�L�R�Q�V�����7�K�H��

�I�O�X�R�U�H�V�F�H�Q�F�H�� �U�H�V�S�R�Q�V�H�� �R�I�� �W�K�H�� �V�H�Q�V�R�U�� �W�R�� �L�Q�F�U�H�D�V�L�Q�J�� �&�D�������F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V�� �Z�D�V�� �P�R�Q�L�W�R�U�H�G�� �X�V�L�Q�J�� �D��

�I�O�X�R�U�H�V�F�H�Q�F�H�� �V�S�H�F�W�U�R�S�K�R�W�R�P�H�W�H�U�� ���3�K�R�W�R�Q�� �7�H�F�K�Q�R�O�R�J�\�� �,�Q�W�H�U�Q�D�W�L�R�Q�D�O���� �&�D�Q�D�G�D���� �Z�L�W�K�� �W�K�H���)�H�O�L�[������

�I�O�X�R�U�H�V�F�H�Q�F�H�� �D�Q�D�O�\�V�L�V�� �V�R�I�W�Z�D�U�H�����7�K�H�� �D�E�V�R�U�E�D�Q�F�H�� �V�S�H�F�W�U�D�� �E�H�I�R�U�H�� �D�Q�G�� �D�I�W�H�U���W�L�W�U�D�W�L�R�Q�� �Z�H�U�H�� �R�E�W�D�L�Q�H�G��

�X�V�L�Q�J���D���6�K�L�P�D�G�]�X���8�9�������������V�S�H�F�W�U�R�S�K�R�W�R�P�H�W�H�U���� 

4.2.5 pKa determination 

�7�R���P�H�D�V�X�U�H���W�K�H���F�K�U�R�P�R�S�K�R�U�H���S�.�D���R�I���*���&�D�W�F�K�(�5�������W�K�H���S�U�R�W�H�L�Q�V���Z�H�U�H���S�U�H�S�D�U�H�G���L�Q���E�X�I�I�H�U�V��

���V�R�G�L�X�P���D�F�H�W�D�W�H���E�X�I�I�H�U���I�R�U���S�+�������������0�(�6���E�X�I�I�H�U���I�R�U���S�+�������������+�(�3�(�6���E�X�I�I�H�U���I�R�U���S�+�����������������7�5�,�6��

�E�X�I�I�H�U���I�R�U���S�+�����������������F�R�Y�H�U�L�Q�J���D���S�+���U�D�Q�J�H���I�U�R�P�������W�R�����������$�O�O���V�D�P�S�O�H�V���Z�H�U�H���L�Q�F�X�E�D�W�H�G���D�W�����ž�&��

�R�Y�H�U�Q�L�J�K�W�������W�K�H���I�R�O�O�R�Z�L�Q�J���G�D�\����the absorbance and fluorescence spectra were collected using a 

Shimadzu UV-1601 spectrophotometer and the Spectrofluorimeter. 

4.2.6 Stop flow kinetics for G-CatchER+ 

The kinetics of G-CatchER+ and G-CEPIA1er were determined using a SF-61 stopped flow 

spectrofluorometer (10-mm path length, 2.2 ms dead time at room temperature; Hi-Tech 

Scientific) at room temperature. For G-CatchER+, fluorescence intensity changes were recorded 

with a 510/530 nm band pass filter with excitation at 488 nm. In contrast, for G-CEPIA1er, a 530 

nm long pass filter with excitation at 498 nm was used. For association kinetics, G-CatchER+ and 

G-CEPIA1er in 0 Ca2+ buffers were mixed with the same buffer containing an increasing 

concentration of Ca2+. For disassociation kinetics, G-CatchER+ and G-CEPIA1er were examined 

in a buffer with a concentration of Ca2+ around Kd and were mixed with 5 mM EGTA. The raw 

data were fitted using either monoexponential for G-CatchER+ or biexponential equations for G-

CEPIA1er.  
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4.2.7 Fluorescence lifetime measurements 

G-CatchER+ in H2O was exchanged by D2O (95% D), and the final pH and pD were 

adjusted to 7.4 and 7.8, respectively. For neutral and anionic forms of G-CatchER+, a 372 nm laser 

was used to excite G-CatchER+, and emission at 440 nm and 510 nm were detected, accordingly. 

1024 data points were collected for the neutral form of G-CatchER+ in 5 ns. However, for the 

anionic form, 1024 data points were collected in 20 ns. All measurements were carried out at 25ºC. 

The time course of fluorescence decay was deconvoluted by the program FFIT developed and 

fitted using an exponential equation (154). 

4.3 Results and Discussion 

G-CatchER+ was designed by creating a single Ca2+ binding site with negatively charged 

residues directly onto EGFP like CatchER (168). To overcome folding limitations of CatchER for 

mammalian cell applications, we introduced mutations S30R, Y39N, and S175G individually and 

in combination to create G-CatchER+ (Figure 5.1) (169,170).  

4.3.1 Visual protocol of transformation and expression of G-CatchER+ 
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Figure 4.5- Transformation protocol of G-CatchER+ 
 

  

 

Figure 4.6- Small scale inoculation protocol of G-CatchER+ 
 
The bacterial competent cell were allowed to grow a 37°C overnight.  
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Figure 4.7- Large scale expression/inoculation and cell harvesting protocol of G-
CatchER+ 
 

4.3.2 Expression of G-CatchER+ and variant 

The expression conditions for the scaffold protein, EGFP along with G-CatchER+ and G-

CatchER+2 can be found in the schematic above and table below. 

 

Table 4.1- Expression and purification conditions of G-CatchER+ and variant 

Protein 
 

Compete
nt cell 

Express
ion 

media 

Expression
/ After 

induction 
temp. 

Extraction 
buffer  

Histag 
Buffer  

A 

Histag 
Buffer  

B 

Dialysis 
Buffer  

 
G-CatchER+ 

 

 
 
 
 

BL21 
(DE3) 

gold cells 

 
 
 
 

Luria 
Miller 
Broth 

 
 
 
 
 

37°C/ 25°C 

 
 
 
 

20 mM Tris, 
100 mM NaCl, 

and 0.1% 
Triton X-100, 

pH 8.0 

 
 
 

50 mM 
Tris-HCl, 
250 mM 
NaCl, 20 

mM 
Imidazole, 
pH 7.4-7.5 

 
 
 

50 mM 
Tris-HCl, 
250 mM 

NaCl, 500 
mM 

Imidazole, 
pH 7.4-7.5 

 
 
 
 
 

20 mM 
PIPES, 
pH 7.4 

 
G-CatchER+ 

E147D 
 

(G-
CatchER2) 

 
 

EGFP 
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Figure 4.8- Optical density of growth curve of bacterial culture to express G-
CatchER+.  
 
The samples were induced with 200 µL of 1 M IPTG at the arrow. 

 

 

Table 4.2- Optical density of G-CatchER+ at hourly intervals 
Time (h) G-CatchER+ 

Sample 1 
G-CatchER+ 

Sample 2 
G-CatchER+ 

Sample 3 
G-CatchER+ 

Sample 4 
0 0.061 0.059 0.060 0.060 

1 0.094 0.090 0.084 0.080 

2 0.425 0.371 0.450 0.279 

3 0.710 0.668 0.734 0.531 

24 2.382 2.498 2.270 2.422 
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Figure 4.9- Optical density of growth curve of bacterial culture to express G-
CatchER+2 E147D (G-CatchER+2).  

 
The samples were induced with 200 µL of 1 M IPTG at the arrow. 

 

Table 4.3- Optical density of G-CatchER+2 (G-CatchER+E147D) at hourly intervals 
Time (h) G-CatchER+2 

Sample 1 
G-CatchER+2 

Sample 2 
G-CatchER+2 

Sample 3 

0 0.045 0.046 0.046 

1 0.052 0.052 0.050 

2 0.116 0.103 0.092 

3 0.396 0.221 0.296 

3.5 0.797 0.511 0.656 

24 2.214 2.232 2.205 
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Figure 4.10- Optical density of EGFP expression in BL21 (DE3) gold cells 
The samples were induced with 200 µL of 1 M IPTG at the arrow. 

 

 

 
 

Table 4.4- Optical density of EGFP at hourly intervals 
Time (h) EGFP Sample 1 EGFP Sample 2 EGFP Sample 3 

0 0.083 0.050 0.070 

1 0.114 0.063 0.078 

2 0.281 0.207 0.174 

3 0.756 0.648 0.467 

3.5 - - 0.702 



153 
 

 

24 2.033 2.039 2.068 

 

 

 

Figure 4.11- G-CatchER+ purification and expression 
 
A �± Histag FPLC purification of the G-CatchER+ fractions 36-46 were collected and dialyzed.  
B �± Size exclusion desalting of the G-CatchER+ fractions from image A.  
C �± SDS-PAGE Coomassie blue gel of G-CatchER+.  
D �± Falcon tube containing approximately 22 mL of purified and dialyzed G-CatchER+ protein, a 
light green color is seen.  
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Figure 4.12-G-CatchER+2 (G-CatchER+ E147D) purification and expression 

 
A �± Histag FPLC purification of the G-CatchER+ E147D fractions 22-36 were collected and 
dialyzed.  
B �± SDS-PAGE Coomassie blue expression gel of G-CatchER+2 (G-CatchER+ E147D).  
C �± SDS-PAGE Coomassie blue purification gel of G-CatchER+2 (G-CatchER+ E147D).  D �± 
Falcon tube containing approximately 30 mL of purified and dialyzed G-CatchER+2 (G-
CatchER+ E147D). protein, a light green color is seen.  
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Figure 4.13- Enhanced green fluorescent protein (EGFP) purification and expression 

 
A �± Histag FPLC purification of the EGFP fractions 22-38 were collected and dialyzed.  
B �± SDS-PAGE Coomassie blue expression and purification gel of EGFP.  
C �± Falcon tube containing approximately 34 mL of purified and dialyzed EGFP protein, a light 
green color is seen.  
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Figure 4.14- Flow chart for measuring the concentration of G-CatchER+ and its variant 

4.3.3 Characteristics of G-CatchER+ and G-CatchER+2 

G-CatchER+ and its variant were bacterially expressed and purified, and its optical 

properties were determined using UV spectrophotometer and fluorescence spectroscopy. Excited 

at 488 nm, fluorescence intensity increases of G-CatchER+ with different concentrations of Ca2+ 

were well fitted to a 1:1 binding equation (Figure 4.16). Ca2+ binding assisted the chromophore 

formation of G-CatchER+, as shown by the apparent pKa of G-CatchER+ from 7.37 + 0.01 without 

Ca2+ and 6.80 + 0.01 with 10 mM Ca2+ (Figure 4.16). To ensure the capacity of G-CatchER2 to 

accurately monitor ER Ca2+ levels, we determined the Ca2+ binding affinity (1.39 ± 0.22 mM, N = 

14) in Hela cells with stepwise Ca2+ concentration (Figure 4.17). which is similar to that 

determined in vitro. Detailed biophysical properties are compared with other Ca2+ indicators in 

Table. 5.5. Upon application of a ryanodine receptor agonist, 4-cmc, we observed a drastic 

fluorescence decrease reflecting Ca2+ release from ER in C2C12 cells (�' F/F = 0.57 ± 0.02, N = 

10), using HILO microscopy (Figure 4.17). Thus, our data clearly support the proof-of-concept in 

the novelty of our strategy in designing Ca2+ indicators. 
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Figure 4.15- In vitro properties of G-CatchER+ 

 
A �± Absorbance spectra of 10 µM G-CatchER+ before Ca2+ titration with 10 µM EGTA (dashed 
line) and after with a saturating amount of Ca2+ (solid line).  
B �± Fluorescence spectra of G-CatchER+ in response to the addition of Ca2+ up to 10 mM Ca2+, 
excited at 488 nm with emission monitored at 510 nm. Inset: binding curves were fit with a 1:1 
binding equation to obtain the Kd.  
C�± Fluorescence spectra of G-CatchER+ in response to 0-10 mM Ca2+, Em: 500-600 nm. Inset: 
normalized fluorescence intensity.  
D �± Normalized fluorescence intensity data of G-CatchER+ at different pH in the absence and 
presence of 10 mM Ca2+. The calculated pKa was 7.37 + 0.01 without Ca2+ and 6.80 + 0.01 with 
10 mM Ca2+. Completed with Dr. Reddish, adopted from Reddish et al., 2021.  
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Figure 4.16- Computational scoring-function models, and the characterization of G-
CatchER2 (G-CatchER+2 E147D) 

 
A �± �7�K�H�� �H�O�H�F�W�U�R�V�W�D�W�L�F�� �H�I�I�H�F�W�� ���P�H�D�V�X�U�H�G�� �E�\�� �W�K�H�� �D�Y�H�U�D�J�H�� �³�D�U�P�� �O�H�Q�J�W�K�´�� �R�I�� �W�K�H�� �*�O�X�� �R�U���$�V�S�� �Q�H�D�U���W�K�H��
chromophore) as input.  
B, C�± The MD based model to predict the electrostatic effect on the protonation state of the 
chromophore. The high correlation between the experimental absorbance data and computational 
results of EGFP systems. Predictions of Ca2+-binding induced absorbance change by the models 
are highly correlated with experimental data tested on a series of EGFP systems. Blue dashed lines 
represent y=x. The green point in panel represents G-CatchER2 and is not included in the model 
parameterization.  
D �± Normalized absorbance spectra of G-CatchER2 compared to G-CatchER+ in the presence of 
0 mM and 10 mM Ca2+. Adopted from Reddish et al., 2021. 
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E  �± Normalized emission spectra of G-CatchER2 compared to G-CatchER+ in the presence 
of 0 mM and 10 mM Ca2+, excited at 488 nm.  
F, G �± Representative imaging curve and fitting curve of Ca2+ binding affinity of G -
CatchER2 in HeLa cells (N = 14) with stepwise Ca2+ concentrations.  
H �±  ER Ca2+ dynamics measured by G-CatchER2 in response to 1 mM 4-cmc in C2C12 cells 
(N = 10). 
 

4.3.4 Quantum yield and extinction coefficient characteristics of G-CatchER2 
 

�7�K�H���T�X�D�Q�W�X�P���\�L�H�O�G���L�V���D���P�H�D�V�X�U�H���R�I���W�K�H���U�D�W�L�R���R�I���S�K�R�W�R�Q�V���H�P�L�W�W�H�G���W�R���S�K�R�W�R�Q�V���D�E�V�R�U�E�H�G���W�K�D�W��

�W�H�O�O�V�� �W�K�H�� �H�I�I�L�F�L�H�Q�F�\�� �R�I�� �I�O�X�R�U�H�V�F�H�Q�F�H���� �,�Q�� �W�K�L�V�� �H�[�S�H�U�L�P�H�Q�W���� �S�U�R�W�H�L�Q�� �(�*�)�3�� �D�Q�G�� �*���&�D�W�F�K�(�5���� �Z�H�U�H��

�S�U�H�S�D�U�H�G���L�Q���W�U�L�S�O�L�F�D�W�H���L�Q���������P�0���7�U�L�V���S�+�����������Z�L�W�K�������—�0���(�*�7�$�����7�K�H���T�X�D�Q�W�X�P���\�L�H�O�G���Y�D�O�X�H�V���R�I���D�O�O���W�K�H��

�Y�D�U�L�D�Q�W�V�� �Z�H�U�H�� �G�H�W�H�U�P�L�Q�H�G�� �E�\�� �P�H�D�V�X�U�L�Q�J�� �W�K�H�� �H�P�L�W�W�H�G�� �I�O�X�R�U�H�V�F�H�Q�F�H�� �L�Q�W�H�Q�V�L�W�L�H�V�� �D�Q�G�� �D�E�V�R�U�E�D�Q�F�H��

�L�Q�W�H�Q�V�L�W�L�H�V���R�I���W�K�H���F�K�U�R�P�R�S�K�R�U�H���D�W���G�L�I�I�H�U�H�Q�W���S�U�R�W�H�L�Q���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V�����:�H���X�V�H�G���W�K�H���Z�L�O�G�W�\�S�H���S�U�R�W�H�L�Q��

�(�*�)�3���D�V���D���U�H�I�H�U�H�Q�F�H���W�R���F�D�O�F�X�O�D�W�H���T�X�D�Q�W�X�P���\�L�H�O�G�����7�K�H���E�U�L�J�K�W�Q�H�V�V���Z�D�V���F�D�O�F�X�O�D�W�H�G���E�\���P�X�O�W�L�S�O�\�L�Q�J���W�K�H��

�H�[�W�L�Q�F�W�L�R�Q���F�R�H�I�I�L�F�L�H�Q�W���D�Q�G���W�K�H���T�X�D�Q�W�X�P���\�L�H�O�G���� 
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Figure 4.17- Absorbance and fluorescence spectra scaffold protein, EGFP 
 

A �± Absorbance spectra of various concentrations of EGFP.  
B �± Fluorescence spectra of various concentrations of EGFP. EGFP is not a calcium binding 
protein thus the absorbance and fluorescence spectra of the Apoform and Holoform of EGFP is 
not measured nor shown.  
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Figure 4.18- Absorbance and fluorescence spectra of the Apoform and Holoform of 
G-CatchER+2 (G-CatchER+ E147D) 

 
A �± Absorbance spectra of the Apoform at various concentrations of G-CatchER+2  
B �± Absorbance spectra of the Holoform at various concentrations of G-CatchER+2 with 10 mM 
Ca2+.   
C �± Fluorescence spectra of the Apoform at various concentrations of G-CatchER+2  
D �± Fluorescence spectra of the Holoform at various concentrations of G-CatchER+2 with 10 mM 
Ca2 



162 
 

 

 
Figure 4.19- Denatured absorbance spectra of EGFP and G-CatchER2 (G-

CatchER+ E147D) 
 
A �± Denatured absorbance spectra of EGFP treated with 0.1 M NaOH.  
B �±Denatured absorbance spectra of G-CatchER2 (G-CatchER+ E147D) treated with 0.1 M NaOH. 
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Figure 4.20- Quantum yield and extinction coefficient curves of EGFP and G-
CatchER2 

 
A �± Curves of fluorescence intensity over the absorbance intensity at different protein 
concentrations of EGFP.  B �± Curves of absorbance at 587 nm over  the absorbance intensity at 
the denatured form 455 nm at different protein concentrations of EGFP. C �± Curves of fluorescence 
intensity over the absorbance intensity at different protein concentrations of the apo form of G-
CatchER+2. D �± Curves of fluorescence intensity over the absorbance intensity at different protein 
concentrations of the holo form of G-CatchER+2. E �± Curves of absorbance at 587 nm over  the 
absorbance intensity at the denatured form 455 nm at different protein concentrations of the apo 
form of G-CatchER+2. F �± Curves of absorbance at 587 nm over  the absorbance intensity at the 
denatured form 455 nm at different protein concentrations of holo form of G-CatchER+2.  
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Table 4.5- Biophysical properties of green Ca2+ indicators 
 
 Dynamic 

range 
K d 

(uM)  
Hill 

coefficient 
K on K off pKa 

(apo) 
(M -1 
cm-1) 

pKa 
(holo) 
(M -1 
cm-1) 

�™ 
(apo) 
(104) 

�™ 
(holo) 
(104) 

�-  
(apo) 

�-  
(holo) 

G-
CatchER+ 

1.9 230 0.94 -
3.7x106 

~700 7.2 7.0 7 15 0.55 0.85 

G-
CatchER+2 

3.9 1140 1.01 - - 8.7 8.1 0.1 0.3 0.45 0.52 
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4.4 Conclusion 

We developed an improved Ca2+ indicators called G-CatchER+ based on CatchER and 

verified our successfully designed new green calcium indicator by bacterially expressing and 

purifying the indicator using established methods in section 4.2. We optimized G-CatchER+ 

expression and purification and obtained the binding affinity. Additional we created a more stable  

Ca2+ indicator that is bigger, with faster kinetics, and has a 1:1 binding affinity.  

We confirmed the large Ca2+-induced change by completing many biophysical studies. G-

CatchER+ was examined for its optical properties and calcium dynamics by performing calcium 

and gadolinium titrations, in addition to accessing it absorbance and fluorescence at two 

wavelengths. We also analyzed the biophysical properties of G-CatchER+ (mutations S30R, 

Y39N, and S175G) individually the variant, G-CatchER+2, that showed improved the brightness 

of the Ca2+ indicators at 37°C, and G-CatchER+2 displayed a bigger dynamic range (3.9) compared 

to the dynamic range of G-CatchER+ (1.9) (Table 5.5) 

The Ca2+ binding affinity of G-CatchER+ was determined using fluorescence spectroscopy. 

Creating the Ca2+ binding site decreased the absorbance at 488nm and increased the absorbance at 

395nm, while binding to Ca2+ resulted in a concurrent absorbance increase at 488 nm and decrease 

at 395 nm for G-CatchER+ (Figure 4.15). G-CatchER+ exhibited an increase in fluorescence 

intensity with a maximum peak at 510 nm upon addition of Ca2+ when excited at 488 nm. The data 

were fitted to a 1:1 binding equation with a determined Kd value for Ca2+ binding of 1.2 ± 0.2 mM. 

Additionally, G-CatchER+ showed small pH sensitivity with Ca2+ as determined by pKa values of 

7.37 �r 0.01 and 6.80 �r 0.01 with and without Ca2+, respectively (Figure 4.15). This work is the 

first to achieve a rational design of a class of sensitive GECIs with improved precision and 

efficiency in function by tuning of protein dynamics (171). Additionally, Ca2+ binding assisted the 
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chromophore formation of G-CatchER+, as shown by the apparent pKa of G-CatchER+ from 7.37 

+ 0.01 without Ca2+ and 6.80 + 0.01 with 10 mM Ca2+ (Figure 4.12). 

To ensure the capacity of G-CatchER2, a G-CatchER+ derivative, we determined its Ca2+ 

binding affinity (1.39 ± 0.22 mM, N = 14) in Hela cells with stepwise Ca2+ concentration (Figure 

5.16). This was completed to monitor the ER Ca2+ levels. Detailed biophysical properties were 

compared with other Ca2+ indicators seen in Table. 5.5. Upon application of a ryanodine receptor 

agonist, 4-cmc, we observed a drastic fluorescence decrease reflecting Ca2+ release from the ER 

in C2C12 cells (�' F/F = 0.57 ± 0.02, N = 10), using HILO microscopy (Figure 4.17). Thus, our 

data supports the proof-of-concept in designing Ca2+ indicators. Our work represents a 

demonstration of the fundamental importance of dynamics in protein design for modulating the 

photophysical properties of the fluorophore and how these principles can inform the development 

of next-generation Ca2+ indicators for multi-scale Ca2+ signaling and synthetic biology (172). 

Future works will be focused on ways to increase the Ca2+ binding affinity and fast kinetics of other 

green calcium indicators based on G-CatchER+. 
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5 RATIONAL DESIGN AND EVALUATION OF A NOVEL ULTRAFAST RED 

CALCIUM SENSOR  

5.1 Introduction  

Spatiotemporal Ca2+ signaling plays an essential role in many physiological processes, such 

as excitation-contraction (EC) coupling in the muscle and immune responses, spanning a timescale 

that ranges from a few milliseconds to minutes or even hours (150-152). The dysfunction of Ca2+ 

dynamics has been linked to numerous diseases, including neurodegenerative disorders and 

hyperparathyroidism (153,154). One primary method of analyzing pathological states relies on 

monitoring cytosolic Ca2+ dynamics coupled with multiple receptors, channels, pumps, and 

exchangers, leading to a convoluted interpretation. Thus, there is a pressing need to report Ca2+ 

dynamics with rapid kinetics and sufficient sensitivity to monsitor the intracellular mediate 

signling from specific membrane proteins/receptors. 

Great efforts have been devoted to developing GECIs to accurately monitor ER Ca2+ 

transients regarding kinetics. As briefly discussed in chapters one and four, the Yang lab designed 

green calcium sensors by introducing a calcium binding site on the surface of the chromophore of 

various fluorescent proteins. Here, we introduce a red calcium sensor called R-CatchER, designed 

by Deng et al. in 2021. R-CatchER showed superior kinetics in vitro and multiple cell types, 

enabled the first report of ER Ca2+ oscillations mediated by the calcium sensing receptor and 

revealed ER Ca2+ -based functional cooperativity of CaSR. This chapter discuss in detail the design 

of this novel red Ca2+ sensor in addition to the expression and purification of the bacterially 

expressed sensor. Optimization of the hemispherical geometry was based on the previously 

developed algorithm for CatchER and G-CatchER+ with similar coordination properties by a 

combination of negatively charged residues (173). Using those optimizations, R-CatchER, 
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scaffold protein mApple, with mutations A145E, E147, D196, K198D, R216D and E218), and 

MCD1 and scaffold protein, mCherry with mutations A145E, S147E, N196D, K198D, R216E and 

E218) were created (100,101,174). This led to the discovery of mApple MCD1 

A145E/K198D/R216D (R-CatchER). 

Biophysical and optical studies using multiple bacterially expressed mApple fluorescent 

protein with mutations were studied to assess which variant displayed the best metal binding 

properties and kinetics, and therefore functions as a good  Ca2+ sensor.  Lastly, cell studies using 

HEK-293 cells stably co-transfected with CaSR and R-CatchER, measured the rapid Ca2+ 

responses at the ER. Ultimately, these studies provide insights in visualizing Ca2+ dynamics 

subcellularly and enhance our understanding of molecular basis for CaSR-related diseases to 

facilitate the discovery of new therapeutics.  

5.2 Design of mApple Based Ca2+ Binding Proteins as Calcium Sensors 

First, we expanded our class of Ca2+ indicators by successfully developing a Ca2+ indicator 

called R-CatchER based on the red fluorescent protein, mApple. The successful expression of 

various mApple and mApple MCD1 mutations in a bacterial expression system led to the 

discovery of mApple MCD1 A145E/K198D/R216D (R-CatchER). We also specifically 

emphasized the application of R-CatchER on one key intracellular organelle, the ER, to reveal ER 

Ca2+ dynamics. R-CatchER�¶�V���D�E�L�O�L�W�\���W�R��target to the ER is valuable when analyzing Ca2+ function, 

mobility, and trafficking inside the cell. It also demonstrated faster kinetics in vitro, and in multiple 

cell types. R-CatchER enabled the first report of ER Ca2+ oscillations mediated by CaSR and 

revealed the ER Ca2+ based functional cooperativity of CaSR. Biophysical methods were used to 

determine R-�&�D�W�F�K�(�5�¶�V�� �V�W�R�L�F�K�L�R�P�H�W�U�\�� �G�X�U�L�Q�J��Ca2+ binding. Quantum yield and extinction 

coefficient studies were also conducted to quantify the brightness of this novel red Ca2+ indicator. 
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This strategy represents a milestone for protein design and opens a new avenue in visualizing Ca2+ 

dynamics and drug discovery. 

5.2.1 Hypotheses in designing Ca2+ indicators 

CatchER was created by directly engineering a Ca2+-binding site on the surface of 

enhanced green fluorescent protein (EGFP)(153). The binding site was made of residues 147, 149, 

202, 204, 223, and 225 to form a hemispherical shape preferring Ca2+ binding. By site-directed 

mutagenesis of these residues to be either Glu or Asp, absorbance intensity ratio of anionic state 

(569 nm) over neutral state (455 nm) of the EGFP chromophore and fluorescence dynamic range 

after Ca2+ binding increased, with an increasing number of negatively charged residues of the 

binding site. In contrast, the Ca2+ binding affinity decreased. CatchER, with 5 negatively charged 

residues (S147E, S202D, Q204E, F223E, and T225E), exhibits highest the fluorescence dynamic 

range (�' F/F= 1.89 �r 0.03) than other variants. Reversely, such ratio of anionic state over neutral 

state decreased when CatchER mixed with 10 mM Ca2+, suggesting that binding to Ca2+ favors the 

anionic form of the chromophore. 

Additionally, creating the Ca2+ binding site shifted the population between protonated and 

deprotonated states of the chromophore, and Ca2+ binding recovered such alteration. Thus, we 

proposed several hypotheses to generally create Ca2+ indicators: 1) The equilibrium between the 

protonated and deprotonated forms of chromophore would be affected by introducing negatively 

charged residues, the more negatively charged residues, the more protonated form of chromophore 

over deprotonated. 2) Ca2+ binding to the protein would perturb the equilibrium, by stabilizing the 

deprotonated form of the chromophore. 3) Ca2+ binding to the protein would also rigidify the 

chromophore by increasing both quantum yield and extinction coefficient. 4) The apparent pKa of 
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the chromophore decreased as introducing more negative charged residues. Whereas Ca2+ binding 

to the protein decreasing the pKa.  

5.3 Objectives and Overview of This Chapter 

This chapter talks about the efforts have been devoted in developing GECIs to accurately 

monitor ER Ca2+ transients. Here, we expanded our class of Ca2+ indicators by successfully 

developing a Ca2+ indicator/sensor called R-CatchER based on the red fluorescent protein, 

mApple. The successful expression of an mApple MCD1 mutation in a bacterial expression system 

led to the discovery of mApple MCD1 A145E/K198D/R216D (R-CatchER). We also specifically 

emphasized the application of R-CatchER on the ER, to reveal ER Ca2+ dynamics. Additionally, 

we compared R-CatchER to other readily available GECIs to test ER Ca2+ transients, such as their 

kinetics, sensitivity, and Ca2+ dynamics. Also, we used R-CatchER to detect the first seen ER Ca2+ 

oscillation mediated by CaSR. Moreover, it is our hope that R-CatchER will extend the 

understanding of the cooperativity of CaSR activation orchestrated by extracellular stimuli. 

5.4 Methods 

5.4.1 Chemicals and Reagents for mApple and variants  

The E. coli. �V�W�U�D�L�Q�� �'�+���.�� �D�Q�G�� �W�K�H�� �S�O�D�V�P�L�G�� �Y�H�F�W�R�U�� �S�&�'�1�$�������������� �Z�H�U�H�� �S�X�U�F�K�D�V�H�G�� �I�U�R�P��

Invitrogen. Restriction enzymes, T4 DNA ligase, and T4 polynucleotide kinase (PNK) were 

purchased from New England Biolabs.   Pfu DNA polymerase was purchased from G-Biosciences. 

The plasmid pRSETb was obtained from Dr. Roger Tsien from the University of California at San 

Diego. DNA sequencing for all clones was carried out by GENEWIZ Inc. The plasmid extraction 

was carried out using the QIAGEN mini-prep and maxi-prep kits. The Rosetta gami DE3 was 

obtained from Novagen for protein expression. The FPLC system (AKTA prime and AKTA 

FPLC), and the Ni-chelating Hi-Trap column were purchased from GE Healthcare. C2C12, Cos-
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7, HEK293, and HeLa cells were purchased from American Type Culture Collection (ATCC). (S)-

3,5-DHPG and thapsigargin were obtained from Tocris. 4-cmc, histamine, and ATP were 

purchased from Sigma-Aldrich. ER-Tracker Green and ProLong gold antifade mountant with 

DAPI were obtained from Invitrogen. pCMV-G-CEPIA1er and pCMV-R-CEPIA1er were a gift 

from Dr. Yubin Zhou at Texas A&M University. The jGCaMP7s gene in an adeno-associated virus 

2 transfer vector with the human synapsin 1 promoter was purchased (Addgene 104487, Douglas 

Kim). 

5.4.2 Chemicals and Reagents for R-CEPIA1er and G-CEPIA1er 

The E. coli. �V�W�U�D�L�Q�� �'�+���.�� �D�Q�G�� �W�K�H�� �S�O�D�V�P�L�G�� �Y�H�F�W�R�U�� �S�&�'�1�$�������������� �Z�H�U�H�� �S�X�U�F�K�D�V�H�G�� �I�U�R�P��

Invitrogen. Restriction enzymes, T4 DNA ligase, and T4 polynucleotide kinase (PNK) were 

purchased from New England Biolabs.   Pfu DNA polymerase was purchased from G-Biosciences. 

The plasmid pRSETb was obtained from Dr. Roger Tsien from the University of California at San 

Diego. DNA sequencing for all clones was carried out by GENEWIZ Inc. The plasmid extraction 

was carried out using the QIAGEN mini-prep and maxi-prep kits. The Rosetta gami DE3 was 

obtained from Novagen for protein expression. The FPLC system (AKTA prime and AKTA 

FPLC), and the Ni-chelating Hi-Trap column were purchased from GE Healthcare. C2C12, Cos-

7, HEK293, and HeLa cells were purchased from American Type Culture Collection (ATCC). (S)-

3,5-DHPG and thapsigargin were obtained from Tocris. 4-cmc, histamine, and ATP were 

purchased from Sigma-Aldrich. ER-Tracker Green and ProLong gold antifade mountant with 

DAPI were obtained from Invitrogen. pCMV-G-CEPIA1er and pCMV-R-CEPIA1er were a gift 

from Dr. Yubin Zhou at Texas A&M University. The jGCaMP7s gene in an adeno-associated virus 

2 transfer vector with the human synapsin 1 promoter was purchased (Addgene 104487, Douglas 

Kim). 
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5.4.3 Cloning, protein expression and purification 

mApple variants were created by site-specific mutagenesis from parental scaffold mApple 

using Pfu DNA polymerase. All the DNAs for in vitro protein expression were subcloned into 

pRSETb with the BamH1 and EcoR1 restriction sites. To target the proteins in the ER lumen for 

cell imaging, the DNAs were subcloned into pCDNA3.1(+) vector by the same enzymes BamHI 

and EcoRI. ER retention sequence KDEL was fused to the C-terminal before the stop codon, and 

ER targeting sequence of calreticulin MLLSVPLLLGLLGLAAAD was inserted into the N-

terminal. Proteins were expressed by Rosetta gami(DE3). Variants were expressed at 25°C 

following the addition of 0.2 mM IPTG in Luria Bertani Miller  (LB) broth with 50 mg/mL 

ampicillin. After centrifugation, cell pellets were re-suspended in 30 mL of lysis buffer containing 

20 mM Tris, 100 mM NaCl, and 0.1% Triton X-100, pH 8.0, and sonicated. The resulting lysate 

containing the protein of interest was centrifuged, and the supernatant was filtered using a 0.45 

µM filter  and applied to a 5 mL Ni2+-NTA HiTrapTM HP chelating column (GE Healthcare) for 

HisTag purification using an imidazole gradient. R-CEPIA1er and G-CEPIA1er were subcloned 

from pCMV into pRSETb. The same expression procedures were used for R-CEPIA1er and G-

CEPIA1er in BL21 (DE3) cells. To ensure protein purity and complete removal of imidazole, pure 

protein fractions were dialyzed using Spectra Por 2 Dialysis Membranes with a 3,000 Dalton pore 

size. The buffer exchange was completed using 10 mM Tris pH 7.4 overnight for up to 16 hours. 

R-CEPIA1er and G-CEPIA1er were subcloned from pCMV into pRSETb. The same 

expression and purification procedures were used for R-CEPIA1er and G-CEPIA1er in BL21 

(DE3) cells, similar to the expression and purification procedure of mApple and its variants. To 

ensure protein purity and complete removal of imidazole, pure protein fractions were concentrated 
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to 1 mL, and buffer exchanged on a Superdex 200 gel filtration column (GE Healthcare) using 10 

mM Tris pH 7.4 at 1 mL/min. 

5.4.4 Plasmid extraction 

�$�Q�W�L�E�L�R�W�L�F�V�� �S�R�V�L�W�L�Y�H�� �D�J�D�U�R�V�H�� �S�O�D�W�H�V�� �Z�H�U�H�� �V�W�U�H�D�N�H�G�� �Z�L�W�K�� �,�Q�Y�L�W�U�R�J�H�Q�Œ�� �0�$�;�� �(�I�I�L�F�L�H�Q�F�\�Œ��

�'�+���.�� �F�R�P�S�H�W�H�Q�W�� �F�H�O�O�V�� �Z�L�W�K�� �G�L�I�I�H�U�H�Q�W���P�X�W�D�Q�W�V���� �� �7�K�H�V�H�� �S�O�D�W�H�V�� �Z�H�U�H�� �L�Q�F�X�E�D�W�H�G�� �R�Y�H�U�Q�L�J�K�W���D�W�� �����ƒ�&������

�7�K�H�Q���W�X�E�H�V���R�I���������P�/���)�L�V�K�H�U���%�L�R�5�H�D�J�H�Q�W�V�Œ���/�%���0�L�O�O�H�U���E�U�R�W�K���Z�L�W�K���D�Q�W�L�E�L�R�W�L�F�V���Z�H�U�H���Lnoculated with 

one colony each and put into a shaker overnight at 220 rpm and 37°C.  The samples were 

centrifuged, and DNA extracted per QIAprep spin miniprep kit protocol.   

5.4.5 Polymerase chain reaction (PCR) 

PCR site directed mutagenesis was performed using either G-Biosciences Pfu DNA 

polymerase or Sigma-�$�O�G�U�L�F�K�� �.�2�'�� �'�1�$�� �S�R�O�\�P�H�U�D�V�H�� �D�F�F�R�U�G�L�Q�J�� �W�R�� �W�K�H�� �P�D�Q�X�I�D�F�W�X�U�H�U�¶�V��

instructions.  Briefly, a pair of complementary primers were designed for generating each mutant 

with the mutation placed at the middle of the primers.  The template DNA was amplified using 

these primers for 30 cycles in a polymerase chain reaction instrument (Techne).  After digestion 

of the template DNA with New England Biolabs Dpn1, the amplified mutant DNA was 

transformed and amplified using Agilent XL10-Gold ultracompetent cells.  All the DNA sequences 

were verified by Genewiz. 

5.4.6 Agarose gel electrophoresis 

�7�K�H���D�J�D�U�R�V�H���J�H�O���I�R�U���W�K�H���3�&�5���S�U�R�G�X�F�W���Z�D�V���P�D�G�H���X�V�L�Q�J���������P�/���R�I���7�K�H�U�P�R���6�F�L�H�Q�W�L�I�L�F�Œ���7�$�(��

Buffer (Tris-acetate-EDTA) at 1x concentration with 0.8% agarose.  This mixture was heated for 

90 seconds until boiled and fully dissolved.  The mixture was then allowed to cool until warm to 

the touch. Then a 1:10,000 ratio of SYBR Safe DNA Gel Stain (10,000 x DMSO) could be added 

to the mixture and poured into the UV transparent gel tray and left in the dark until solidified.  The 
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samples were run on agarose gel using gel electrophoresis at 80-120 V and imaged using UV light. 

PCR segments were extracted from the gels then were ligated with the template. 

5.4.7 pKa determination 

�7�R���P�H�D�V�X�U�H���W�K�H���F�K�U�R�P�R�S�K�R�U�H���S�.�D���R�I���D�O�O���W�K�H���P�$�S�S�O�H���Y�D�U�L�D�Q�W�V�����W�K�H���S�U�R�W�H�L�Q�V���Z�H�U�H���S�U�H�S�D�U�H�G��

�L�Q���E�X�I�I�H�U�V�����V�R�G�L�X�P���D�F�H�W�D�W�H���E�X�I�I�H�U���I�R�U���S�+�������������0�(�6���E�X�I�I�H�U���I�R�U���S�+�������������+�(�3�(�6���E�X�I�I�H�U���I�R�U���S�+����������������

�7�5�,�6���E�X�I�I�H�U���I�R�U���S�+�����������������F�R�Y�H�U�L�Q�J���D���S�+���U�D�Q�J�H���I�U�R�P�������W�R�����������$�O�O���V�D�P�S�O�H�V���Z�H�U�H���,�Q�F�X�E�D�W�H�G���D�W�����ž�&��

�R�Y�H�U�Q�L�J�K�W�����7�K�H���Q�H�[�W���G�D�\��the absorbance and fluorescence spectra were collected using a Shimadzu 

UV-1601 spectrophotometer and fluorescence spectrophotometer (Photon Technology 

International, Canada) with the Felix32 fluorescence analysis software. The pH of each sample 

was measured and recorded before beginning the analysis (pH of apo-form). Samples were 

analyzed using the spectrofluorimeter without Ca2+ and with the addition of 5 mM Ca2+ . Once the 

experiment was completed, the pH of each sample was recorded again (pH of holo-form). The 

fluorescence intensity was then normalized and plotted vs. pH to obtain the pKa via curve fit in 

KaleidaGraph. The proposed reaction scheme below and derivation of the pKa equation was used 

to fit the normalized data.  

 

�+�3���<���+���������3                                                                                                   Equation 4.1  

pH = pKa + log [P] / [HP]                                                                                Equation 4.2 

f = (F �± Fmin) / (Fmax �± Fmin)                                                                       Equation 4.3 

Fmin = [P]Tc1                                                                                                  Equation 4.4 

Fmax = [P]Tc2                                                                                                 Equation 4.5 

F = ([P]T - [P])c1 + [P]c2                                                                                Equation 4.6 

f = ([P]Tc1 - [P]c1 + [P]c2 - [P]Tc1) / ([P]Tc2 - [P]Tc1) = [P] / [P]T            Equation 4.7 
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[P] / [HP] = (1) / (1/(f �± 1))                                                                              Equation 4.8 

f = (1) / (1 + exp( pKa - pH c ))                                                                       Equation 4.9 

H+ is the proton. P is the protein. �I�� �L�V�� �W�K�H�� �Q�R�U�P�D�O�L�]�H�G�� �û�)�� �F�K�D�Q�J�H. [P]T is the total protein 

concentration. c1 or c2 is the extinction coefficient of HP or P fluorescence, respectively. F is the 

real-time fluorescence intensity. Fmin is the fluorescence at the lowest pH. Fmax is the 

fluorescence at the highest pH and c is a constant for adjustment. The value theoretically equals 

log e. 

5.4.8 In vitro Kd of CatchER variants via Fluorescence Spectroscopy 

Samples of 10 µM of protein (red sensor(s)) containing 5 µM ethylene glycol tetra acetic 

acid (EGTA) were prepared in triplicate in 1 mL volumes of 10 mM Tris, pH 7.4. The samples 

were placed in quartz fluorescence cuvettes, and 0.01-10 mM Ca2+ and 0.01-25 mM Mg2+ were 

added to each sample using 0.01 M, 0.1 M and 1 M Ca2+ stocks solutions and Mg2+ solutions, 

respectively. The fluorescence response of the red sensor(s) to increasing Ca2+ and Mg2+ 

concentrations were monitored using a fluorescence spectrophotometer (Photon Technology 

International, Canada) with the Felix32 fluorescence analysis software. Slit widths were set at 0.6 

mm for excitation and 1.2 nm for emission. The samples were excited at 569 nm with emission 

collected from 550-700 nm. The maximum fluorescence excitation was recorded between 590-595 

nm. The absorbance spectrum before and after titration was obtained using a Shimadzu UV-1601 

spectrophotometer. Fluorescence and absorbance traces were plotted using KaleidaGraph. The 

data was normalized to show the relative change in relation to the basal fluorescence using the 

following equations.  

y = (F - Fmin) / (Fmax - Fmin)                                                                      Equation 4.10 
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F is the fluorescence intensity at any point, Fmin is minimum fluorescence intensity, and Fmax is 

the maximum fluorescence intensity. The normalized data was then plotted and fitted in 

KaleidaGraph to obtain the dissociation constant (Kd) using the following equation for 1:1 binding,  

[PM] / [PT] = [MT] / (Kd + [MT])                                                                   Equation 4.11 

[PM] is the concentration of protein-metal complex, [PT] is the total protein concentration, [MT] 

is the total metal concentration, and Kd is the dissociation constant. [PM]/[PT] represents the 

change in complex formation.  

5.4.9 R-CatchER stoichiometry via Job Plot 

The method of continuous variations (Job Plot) was used to confirm the 1:1 binding of R-

CatchER to Ca2+. Triplicate samples of 5, 15, 25, 35, and 45 µM R-CatchER were prepared in 10 

mM Tris pH 7.4. The absorbance and fluorescence spectra of each sample was recorded before 

and after adding 45, 35, 25, 15, and 5 µM of Ca2+ respectively to keep the total amount of R-

CatchER and Ca2+ equal to 50 µM. The relative amount of Ca2+ bound CatchER was calculated 

using the following derived equation.                   
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Cb is the amount of R-CatchER bound to Ca2+, F Ca2+ bound/F Ca2+ free is the ratio of the 

fluorescence intensity with and without Ca2+, C is the concentration of R-CatchER, and a is a 

constant of the difference between the quantum yields of the bound and free forms of R-CatchER 

divided by the quantum yield of the free form. Sf and Sb are the coefficients of the Ca2+free and 

Ca2+ bound R-CatchER, respectively, and Cf and Cb are the concentrations of Ca2+ free and Ca2+ 

bound R-CatchER, respectively. CT is the total concentration. 

5.4.10 Quantum yield, extinction coefficient, and brightness determination 

�7�K�H���T�X�D�Q�W�X�P���\�L�H�O�G���L�V���D���P�H�D�V�X�U�H���R�I���W�K�H���U�D�W�L�R���R�I���S�K�R�W�R�Q�V���H�P�L�W�W�H�G���W�R���S�K�R�W�R�Q�V���D�E�V�R�U�E�H�G���W�K�D�W��

�W�H�O�O�V���W�K�H���H�I�I�L�F�L�H�Q�F�\���R�I���I�O�X�R�U�H�V�F�H�Q�F�H�����,�Q���W�K�L�V���H�[�S�H�U�L�P�H�Q�W�����S�U�R�W�H�L�Q���Y�D�U�L�D�Q�W���V�D�P�S�O�H�V���Z�H�U�H���S�U�H�S�D�U�H�G���L�Q��

�W�U�L�S�O�L�F�D�W�H���L�Q���G�L�I�I�H�U�H�Q�W���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V�����Z�L�W�K�L�Q���W�K�H���V�H�Q�V�L�W�L�Y�H���U�D�Q�J�H���I�R�U���D�E�V�R�U�E�D�Q�F�H���U�H�D�G�L�Q�J�V�����L�Q���������P�0��

�7�U�L�V���S�+�����������Z�L�W�K�������—�0���(�*�7�$�����7�K�H���T�X�D�Q�W�X�P���\�L�H�O�G���Y�D�O�X�H�V���R�I���D�O�O���W�K�H���Y�D�U�L�D�Q�W�V���Z�H�U�H���G�H�W�H�U�P�L�Q�H�G���E�\��

�P�H�D�V�X�U�L�Q�J���W�K�H���H�P�L�W�W�H�G���I�O�X�R�U�H�V�F�H�Q�F�H���L�Q�W�H�Q�V�L�W�L�H�V���D�Q�G���D�E�V�R�U�E�D�Q�F�H���L�Q�W�H�Q�V�L�W�L�H�V���R�I���W�K�H���F�K�U�R�P�R�S�K�R�U�H���D�W��

�G�L�I�I�H�U�H�Q�W���S�U�R�W�H�L�Q���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V�����:�H���X�V�H�G���W�K�H���Z�L�O�G�W�\�S�H���S�U�R�W�H�L�Q�����P�$�S�S�O�H�����D�V���D���U�H�I�H�U�H�Q�F�H���W�R���F�D�O�F�X�O�D�W�H��

�T�X�D�Q�W�X�P���\�L�H�O�G�����%�U�L�J�K�W�Q�H�V�V���Z�D�V���G�H�I�L�Q�H�G���D�V���D���Y�L�V�X�D�O���S�H�U�F�H�S�W�L�R�Q���L�Q���Z�K�L�F�K���D���V�R�X�U�F�H���D�S�S�H�D�U�V���W�R���H�P�L�W���R�U��

�U�H�I�O�H�F�W���D���J�L�Y�H�Q���D�P�R�X�Q�W���R�I���O�L�J�K�W�����Z�K�L�F�K���Z�D�V���R�E�W�D�L�Q�H�G���E�\���P�X�O�W�L�S�O�\�L�Q�J���W�K�H���H�[�W�L�Q�F�W�L�R�Q���F�R�H�I�I�L�F�L�H�Q�W���D�Q�G��

�W�K�H���T�X�D�Q�W�X�P���\�L�H�O�G���� 

�)�O�X�R�U�H�V�F�H�Q�F�H���D�Q�G���D�E�V�R�U�E�D�Q�F�H���R�I���H�D�F�K���V�D�P�S�O�H���Z�D�V���W�D�N�H�Q���Z�L�W�K���D�Q�G���Z�L�W�K�R�X�W���������P�0���&�D���������6�O�L�W��

�Z�L�G�W�K�V���I�R�U���W�K�H���I�O�X�R�U�H�V�F�H�Q�F�H���P�H�D�V�X�U�H�P�H�Q�W�V���Z�H�U�H���D�G�M�X�V�W�H�G���E�D�V�H�G���R�Q���W�K�H���P�R�V�W���F�R�Q�F�H�Q�W�U�D�W�H�G���V�D�P�S�O�H��

�D�Q�G���Z�H�U�H�������������P�P���D�Q�G�������������P�P���I�R�U���H�[�F�L�W�D�W�L�R�Q���D�Q�G���H�P�L�V�V�L�R�Q�����U�H�V�S�H�F�W�L�Y�H�O�\�����7�K�H���I�O�X�R�U�H�V�F�H�Q�F�H���D�Q�G��

�D�E�V�R�U�E�D�Q�F�H���Y�D�O�X�H�V���I�U�R�P���H�D�F�K���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���S�R�L�Q�W���D�W���H�D�F�K���U�H�V�S�H�F�W�L�Y�H���H�[�F�L�W�D�W�L�R�Q���Z�D�Y�H�O�H�Q�J�W�K���Z�H�U�H��

�W�K�H�Q���S�O�R�W�W�H�G���D�J�D�L�Q�V�W���H�D�F�K���R�W�K�H�U�����I�O�X�R�U�H�V�F�H�Q�F�H���Y�V�����D�E�V�R�U�E�D�Q�F�H�����L�Q���.�D�O�H�L�G�D�*�U�D�S�K���D�Q�G���I�L�W���X�V�L�Q�J���D���O�L�Q�H�D�U��

�H�T�X�D�W�L�R�Q�� �I�R�U�� �E�R�W�K�� �D�S�R�� �D�Q�G�� �K�R�O�R���I�R�U�P���� �7�K�H�� �V�O�R�S�H�� �R�I�� �W�K�H�� �O�L�Q�H�� �I�R�U�� �W�K�H�� �Y�D�U�L�D�Q�W�����P�$�S�S�O�H�� �0�&�'����
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�$�������(���.�������'���5�������' �������5���&�D�W�F�K�(�5�����D�Q�G���I�R�U���P�$�S�S�O�H���Z�H�U�H���X�V�H�G���L�Q���W�K�H���I�L�Q�D�O���F�D�O�F�X�O�D�W�L�R�Q���X�V�L�Q�J���W�K�H��

�I�R�O�O�R�Z�L�Q�J���I�R�U�P�X�O�D���� 

�������������������������������������������������������������������������������������������-��� ���¥�U�����)�S�»�$�S���������)�U�»�$�U�� 

�)�S���$�S���L�V���W�K�H���V�O�R�S�H���R�I���W�K�H���O�L�Q�H���I�R�U���W�K�H���Y�D�U�L�D�Q�W�����)�U���$�U���L�V���W�K�H���V�O�R�S�H���R�I���W�K�H���O�L�Q�H���I�R�U���P�$�S�S�O�H�����D�Q�G��

�n�U���L�V���W�K�H���T�X�D�Q�W�X�P���\�L�H�O�G���R�I���W�K�H���L�Q�W�H�U�Q�D�O���V�W�D�Q�G�D�U�G���Z�K�L�F�K���L�V�����������I�R�U���P�$�S�S�O�H�� 

�7�K�H�� �H�[�W�L�Q�F�W�L�R�Q�� �F�R�H�I�I�L�F�L�H�Q�W�� �L�V�� �D�� �P�H�D�V�X�U�H�� �R�I�� �K�R�Z�� �V�W�U�R�Q�J�O�\�� �D�� �F�R�P�S�R�X�Q�G�� �D�E�V�R�U�E�V�� �O�L�J�K�W�� �D�W�� �D�� �J�L�Y�H�Q��

�Z�D�Y�H�O�H�Q�J�W�K�� �D�V�� �D�� �I�X�Q�F�W�L�R�Q�� �R�I�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �D�Q�G�� �F�H�O�O�� �S�D�W�K�� �O�H�Q�J�W�K���� �,�W�� �L�V�� �F�R�Q�V�W�D�Q�W�� �D�W�� �D�� �V�S�H�F�L�I�L�F��

�Z�D�Y�H�O�H�Q�J�W�K�����7�K�H���H�[�W�L�Q�F�W�L�R�Q���F�R�H�I�I�L�F�L�H�Q�W���Z�D�V���P�H�D�V�X�U�H�G���E�\���D�E�V�R�U�E�D�Q�F�H���X�V�L�Q�J���W�K�H���D�O�N�D�O�L���G�H�Q�D�W�X�U�D�W�L�R�Q��

�D�V�V�D�\���Z�K�L�F�K���L�V���D���V�W�D�Q�G�D�U�G���D�V�V�D�\���I�R�U���I�O�X�R�U�H�V�F�H�Q�W���S�U�R�W�H�L�Q�V�����7�K�L�V���H�[�S�H�U�L�P�H�Q�W���V�K�R�X�O�G���E�H���F�R�P�S�O�H�W�H�G���W�K�H��

�V�D�P�H���G�D�\���D�V���W�K�H���T�X�D�Q�W�X�P���\�L�H�O�G���H�[�S�H�U�L�P�H�Q�W�����7�R���G�H�Q�D�W�X�U�H���W�K�H���V�D�P�S�O�H�V�����������—�/���R�I�������0���1�D�2�+���Z�D�V��

�D�G�G�H�G���W�R���H�D�F�K���V�D�P�S�O�H���D�Q�G���W�K�H�\���Z�H�U�H���P�L�[�H�G���E�\���L�Q�Y�H�U�V�L�R�Q�����7�K�H���D�E�V�R�U�E�D�Q�F�H���R�I���H�D�F�K���G�H�Q�D�W�X�U�H�G���V�D�P�S�O�H��

�Z�D�V���W�D�N�H�Q���D�W���W�K�H���Q�H�Z���D�E�V�R�U�E�D�Q�F�H���S�H�D�N���Z�K�L�F�K���L�V���a���������Q�P���I�R�U���I�O�X�R�U�H�V�F�H�Q�W���S�U�R�W�H�L�Q�V���W�K�D�W���K�D�Y�H���E�H�H�Q��

�G�H�Q�D�W�X�U�H�G���E�\���W�K�L�V���V�W�D�Q�G�D�U�G���P�H�W�K�R�G�����7�K�H���D�E�V�R�U�E�D�Q�F�H���R�I���Q�D�W�L�Y�H���W�R���G�H�Q�D�W�X�U�H�G���S�U�R�W�H�L�Q���Z�D�V���S�O�R�W�W�H�G���L�Q��

�.�D�O�H�L�G�D�*�U�D�S�K���D�Q�G���I�L�W���X�V�L�Q�J���D���O�L�Q�H�D�U���H�T�X�D�W�L�R�Q�����7�K�H���V�O�R�S�H���R�I���W�K�H���O�L�Q�H���Z�D�V���X�V�H�G���L�Q���W�K�H���I�L�Q�D�O���F�D�O�F�X�O�D�W�L�R�Q����

�7�K�H���S�H�U�F�H�L�Y�H�G���E�U�L�J�K�W�Q�H�V�V���Z�D�V���G�H�W�H�U�P�L�Q�H�G���E�\���P�X�O�W�L�S�O�\�L�Q�J���W�K�H���H�[�W�L�Q�F�W�L�R�Q���F�R�H�I�I�L�F�L�H�Q�W���D�Q�G���T�X�D�Q�W�X�P��

�\�L�H�O�G�����7�K�H���I�R�O�O�R�Z�L�Q�J���I�R�U�P�X�O�D���Z�D�V���X�V�H�G���W�R���F�D�O�F�X�O�D�W�H���W�K�H���H�[�W�L�Q�F�W�L�R�Q���F�R�H�I�I�L�F�L�H�Q�W�� 

 

5.4.11 In vitro  kinetics by stopped flow spectrofluorometer   

The kinetics were determined by a Hi-Tech SF-61 stopped-flow spectrofluorometer 

equipped with the mercury-Xe lamp (10 mm path length, dead time of 2.2 ms) at 20 °C. For R-

CatchER and its variant or R-CEPIA1er, excitation was at 569 nm and a long-pass 590 nm filter 

was used. For G-CatchER+ and G-CEPIA1er, we set a 530 nm long-pass filter with excitation at 
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498 nm, while for MCD1, excitation at 587 nm, and a long-pass 600 nm filter was applied. For 

association kinetics, R-CatchER, R-CatchER variant, MCD1, R-CEPIA1er, and G-CEPIA1er 

were mixed with the same buffer containing an increasing concentration of Ca2+. For disassociation 

kinetics, R-CatchER, R-CatchER variant, MCD1, R-CEPIA1er, and G-CEPIA1er in buffers with 

a concentration of Ca2+ at Kd, were mixed with 5 mM EGTA or buffer. The raw data were fitted 

using either single exponential for R-CatchER, R-CatchER variant, and MCD1, or double 

exponential equations for R-CEPIA1er and G-CEPIA1er.  

5.5 Results and Discussion 

To verify our hypotheses, from section 5.2.1 we chose the red fluorescent protein, mApple 

to create a red color ER GECI. For mApple, residues 145, 147, 196, 198, 216, and 218 were used 

for the Ca2+ binding site. Similar in position as the CatchER, residues 145,147, 196, 198, 216 and 

218 were used for the Ca2+ binding site. First, we expressed a multitude of  mApple and mApple 

MCD1 mutations in a bacterial expression system. Through optimization of forming a 

hemispherical geometry based on our previously developed algorithm and similar coordination 

properties by a combination of negatively charged residues(173). R-CatchER (mApple A145E, 

E147, D196, K198D, R216D and E218), and MCD1 (mCherry A145E, S147E, N196D, K198D, 

R216E and E218) were created(100,101,174). This led to the discovery of mApple MCD1 

A145E/K198D/R216D (R-CatchER). R-CatchER showed a significant shift of the conformational 

ensemble upon creating the Ca2+ binding site that was revealed through MD simulation and 

associated principal component analysis (162). As a result, the dynamics of the chromophore 

residing on the central �D helix was tuned, and a conformational substate of the chromophore 

deviating from the wild type was more often sampled in R-CatchER.  
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Our experiments confirmed that the addition of a Ca2+ binding site largely altered 

conformational states of the chromophore in R-CatchER resulting in drastic changes in their 

optical properties, and in their absorbance, spectra compared to the wildtypes: decreases in the 

anionic state (569 nm and 488 nm, respectively) and inecreases in the neutral state (455 nm and 

395 nm, respectively)(162). In contrast, MCD1 exhibited little changes in the protonation state of 

the chromophore (Figure 4.2), with no obvious central �D helix motion and significant H-bonding 

changes. Additionally biophysical methods were explored to determine R-�&�D�W�F�K�(�5�¶�V��

stoichiometry during Ca2+ binding. Quantum yield and extinction coefficient studies were also 

conducted to quantify the brightness of this novel red Ca2+ indicator. 
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5.5.1 Design of mApple variants   

 

Figure 5.1- Design of ER calcium sensor based on the red fluorescent protein by 
introducing more negatively charged residues in the chromophore.  
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Figure 5.2- Design of mApple variants with a modulating calcium domain based on 
the wildtype protein, mApple.  

 

5.5.2 Visual protocol of transformation and expression of mApple and mApple variants 

 

 

Figure 5.3- Transformation protocol of mApple and mApple variants 
 



183 
 

 

 

 

Figure 5.4- Small scale inoculation protocol of mApple and mApple variants 
 

 

 

Figure 5.5- Large scale expression/inoculation and cell harvesting protocol of 
mApple and mApple variants 
 
General protocol for the expression and purification of the bacterially expressed mApple 
and variants created by Dr. Deng. To overexpress our modified mApple and variants, the 
plasmid DNA is transformed Rosetta gami cells. The transformed cells are plated onto 
ampicillin resistant LB agar and allowed to grow overnight at 37°C. The next afternoon, a 
colony from the dish is selected and inoculated into LB, with the appropriate amount and 
type of antibiotic, and allowed to shake overnight at 37°C. The next day, the inoculate is 
poured into 1 L of LB and allowed to shake at 28°C while monitoring the O.D every hour. 
Once the O.D reaches 0.6, IPTG is added to the flask and the temperature is reduced to 25°C. 
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The next day, the content of the flask is centrifuged at 7,000 rpm to collect the cell pellet for 
purification. Centrifugation after sonication is completed at 11,000 rpm for 30 minutes. 

 

5.5.3 Expression of mApple and variants   

Table 5.1- Expression and purification conditions of mApple and variants 
Protein 

 
Compete

nt cell 
Expression 

media 
Expression

/ After 
induction 

temp. 

Extraction 
buffer  

Histag 
Buffer  

A 

Histag 
Buffer  

 B 

Dialysis 
Buffer  

mApple  
 
 
 
 
 

 
 

Rosetta 
Gami 

 
 
 
 
 
 

 
 

Luria 
Miller 
Broth 

 
 
 
 
 

 
 
 

28°C/ 
25°C 

 
 
 
 

 
 

20 mM 
Tris, 100 

mM NaCl, 
and 0.1% 
Triton X-
100 , pH 

8.0 

 
 
 

 
 

50 mM 
Tris-
HCl, 
250 
mM 

NaCl, 
20 mM 
Imidaz
ole, pH 
7.4-7.5 

 
 
 

 
50 mM 
Tris-
HCl, 
250 
mM 

NaCl, 
500 
mM 

Imidaz
ole, pH 
7.4-7.5 

 
 
 
 

 
 

 
10 mM 

Tris-HCl, 
pH 7.4 

R- 
CatchER 
MCD1 
K163L 

144 EEE 

145144 
Bac 
144 

EEEE 
MCD1 
E145D 
MCD1 
K198D 
MCD1 
K198D 
R216E 
mApple 
R220E 

 



185 
 

 

 

Figure 5.6- Optical density growth curve of bacterial culture for mApple and 
variants expression 
 

Time 
(h) 

mApple MCD1 
E216D 

MCD1 
K163L 

144 
EEE 

145144 
Bac 

144 
EEEE 

MCD1 
E145D 

mApple 
K198D 

mApple 
K198D 
R216E 

mApple 
R220E 

0 0.014 0.022 0.019 0.015 0.012 0.016 0.014 0.011 0.033 0.009 

1 0.018 0.029 0.027 0.029 0.020 0.030 0.146 0.017 0.049 0.028 

2 0.040 0.047 0.042 0.038 0.032 0.045 0.260 0.025 0.109 0.089 

5 0.350 0.453 0.223 0.207 0.254 0.225 0.385 0.171 0.205 0.251 

6 0.509 0.496 0.380 0.351 0.392 0.370 0.521 0.322 0.437 0.350 

7 0.634 0.596 0.574 0.557 0.613 0.547 0.658 0.425 0.527 0.417 

24 1.494 1.197 1.428 1.245 1.200 1.380 1.509 1.094 1.135 1.019 

 
 

Table 5.2- Optical density of mApple and variants at hourly intervals 
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Figure 5.7- mApple purification and expression 
 
A �± Histag FPLC purification of mApple.  
B �± SDS-PAGE Coomassie blue gel of before and after induction of mApple.  
C �± SDS-PAGE Coomassie blue gel of the purification fractions from the chromogram seen in A.  
D �± Falcon tube containing approximately 29 mL of purified and dialyzed mApple protein, a bright 
pink color is seen.  
 

 

 



187 
 

 

 

Figure 5.8- mApple MCD1 A145E/K198D/R216D (R-CatchER) purification and 
expression 
 
A �± Histag FPLC purification of mApple MCD1 A145E/K198D/R216D.  
B �± SDS-PAGE Coomassie blue gel of before and after induction of mApple MCD1 
A145E/K198D/R216D.  
C �± SDS-PAGE Coomassie blue gel of the purification fractions from the chromogram seen in A.  
D �± Falcon tube containing approximately 18 mL of purified and dialyzed mApple MCD1 
A145E/K198D/R216D protein, a light pink color is seen.  
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5.5.3.1 Expression of other genetically encoded calcium indicators  

Table 5.3- Expression and purification conditions of genetically encoded calcium 
indicators (GECIs) 

Protein 
 

Compe
tent 
cell 

Expressio
n media 

Expressio
n/ After 

induction 
temp 

Extraction 
buffer  

Histag 
Buffer A  

Histag 
Buffer B 

Dialysis 
Buffer  

 
 

R-
CEPIA1er 

 

 
 
 

BL21 
(DE3) 
cells 

 
 
 

Luria 
Miller 
Broth 

 
 
 

28°C/ 
25°C 

 
 

20 mM Tris, 
100 mM NaCl, 

and 0.1% 
Triton X-100, 

pH 8.0 

 
50 mM 

Tris-HCl, 
250 mM 
NaCl, 20 

mM 
Imidazole
, pH 7.4-

7.5 

 
50 mM 

Tris-HCl, 
250 mM 

NaCl, 500 
mM 

Imidazole
, pH 7.4-

7.5 

 
 
 

10 mM 
Tris-

HCl, pH 
7.4 

 
 

G-
CEPIA1er 

 

 

Figure 5.9- Optical density of GECIs expression in BL21 (DE3) cells completed in 
triplicate  
 
The samples were induced with 1 mM IPTG at 6.5 hours of cell growth.  
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Table 5.4- Optical density of GECIs at hourly intervals 
Time (h) R-CEPIA1er G-CEPIA1er 

 Sample 1 Sample 2 Sample 3 Sample 1 Sample 2 Sample 3 

0 0.015 0.013 0.014 0.013 0.012 0.014 

1 0.019 0.017 0.018 0.019 0.017 0.016 

2 0.039 0.047 0.041 0.050 0.042 0.033 

3 0.074 0.059 0.063 0.079 0.069 0.050 

4 0.180 0.141 0.164 0.201 0.182 0.115 

5 0.298 0.286 0.334 0.370 0.335 0.237 

5.5 0.358 0.428 0.435 0.441 0.403 0.381 

6 0.390 0.474 0.492 0.502 0.459 0.438 

6.5 0.465 0.564 0.575 0.596 0.538 0.526 

24 1.396 1.376 1.397 1.409 1.453 1.432 
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Figure 5.10- R-CEPIA1er purification and expression 
 
A �± Histag FPLC purification of the GECI, R-CEPIA1er. Fractions 26-31 were collected and 
dialyzed.  
B �± SDS-PAGE Coomassie blue gel of before and after induction of R-CEPIA1er. The purification 
fractions from the chromogram were not verified using an SDS-PAGE Coomassie blue gel.  
C �± Falcon tube containing approximately 12 mL of purified and dialyzed R-CEPIA1er protein, a 
light pink color is seen.  
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Figure 5.11- Figure 4.10- G-CEPIA1er purification and expression 
 
A �± Histag FPLC purification of the GECI, G-CEPIA1er. Fractions 11-17 and 18-24 were 
collected and dialyzed.  
B �± SDS-PAGE Coomassie blue gel of before and after induction of G-CEPIA1er. The purification 
fractions from the chromogram were not verified using an SDS-PAGE Coomassie blue gel.  
C �± Falcon tubes containing approximately 14 mL of purified and dialyzed G-CEPIA1er protein 
from fractions 11-17 and 14 mL of purified and dialyzed G-CEPIA1er protein from fractions 18-
24, a light yellow-green color is seen.  

 

All proteins were expressed as outlined in tables 5.2 and 5.4. However, only the expression 

and purification conditions of mApple, mApple MCD1 A145E/K198D/R216D (R-CatchER), R-

CEPIA1er and G-CEPIA1er were shown (Figures 5.7-5.8 and 5.10-5.11).  
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Part A of figures 5.7-5.8 and 5.10-5.11 shows the chromatograms from the Histag purification 

affinity chromatography. The largest last peak on the chromatograms is where the GECIs: mApple, 

mApple MCD1 A145E/K198D/R216D (R-CatchER) and R-CEPIA1er eluted. The green 

genetically encoded calcium indicator, G-CEPIA1er eluted in one peak semi-partitioned (Figure 

5.11). Thus, fractions 11-17 and 18-24 were collected and dialyzed separately for this protein. 

Similar to its parent protein CatchER, R-CatchER known as mApple MCD1 

A145E/K198D/R216D contains the calreticulin signal peptide at the N terminus and the KDEL 

ER/SR retention sequence at the C-terminus. Thus, causing the molecular weight of mApple 

MCD1 A145E/K198D/R216D, mApple and other variants to be approximately 31 kDa. 

Additionally, the GECIs R-CEPIA1er and G-CEPIA1er weight approximately >30 kDa. The 

expression bands for these proteins can be seen in part B of figures 5.7-5.8 and 5.10-5.11 around 

the targeted molecular weight >30 kDa. 

Next, we will observe the dynamics of the Ca2+-binding site on R-CatchER compared to 

other GECIs. Then we will examine and compare its kinetics by tuning rapid protein dynamics to 

modulate the chromophore conformational ensemble. Lastly, we will measure the quantum yield 

and extinction coefficient of R-CatchER and other mApple variants to quantify the brightness of 

this novel red Ca2+ indicator, R-CatchER and it competitors.  
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5.5.4 Development of ER Ca2+ indicator based on red fluorescent protein, mApple  

 

Figure 5.12- Rational design of GECIs by creating a single Ca2+ binding site 
 

Residues on the surface of mApple to be used to design a single Ca2+ binding site.  
A-C Correlation of Ca2+ induced dynamic range, the ratio of the anionic state over neutral state of 
the chromophore, and Ca2+ binding affinity with the number of the negatively charged residues of 
mApple. Completed by Dr. Deng, adopted from �'�U�����'�H�Q�J�¶�V���G�L�V�V�H�U�W�D�W�L�R�Q�� 
 

Significantly, 6 negatively charged (A145E, E147, D196, K198D, R216E, and E218), R-

CatchER, shows a larger fluorescence dynamic range (�' F/F= 4.22 �r 0.04) than other variants. 

Mixed with 10 mM Ca2+, a dramatic shift towards the anionic state of the chromophore was also 

observed (Figure 4.18). R-CatchER was bacterial expressed and purified, and its optical properties 

were determined using UV spectrophotometer and fluorescence spectroscopy. Excited at 569 nm, 

fluorescence intensity increases of R-CatchER with different concentrations of Ca2+ were well 

fitted to a 1:1 binding equation. Kd value for Ca2+ binding is 0.35 ± 0.03 mM (Figures 4.14B and 

4.15B).  Figures 4.13 shows the absorbance spectrums of the Apoform and Holoform of mApple 

and variants without Ca2+ and with 10 mM Ca2+, respectively. Figures 4.14 and 4.15 illustrate the 

Ca2+ binding fluorescence spectroscopy and normalized fluorescence intensity quantified at 595 

nm of mApple and variants including R-CatchER.  
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5.5.5 Absorbance spectra of red fluorescent proteins based on mApple  

 

 
 
Figure 5.13- Absorbance spectra of Apoform and Holoform of mApple and variants 
 

A �± Absorbance spectra of apo and holo form of mApple.  
B �± Absorbance spectra of apo and holo form of mApple MCD1.  
C �± Absorbance spectra of apo and holo form of mApple MCD1 A145E/K198D/R216D (R-
CatchER).  
D �± Absorbance spectra of apo and holo form of one of the mApple variants for comparison, 
mApple MCD1 R216E R220E. *Completed in conjunction with Dr. Deng 
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5.5.6 Fluorescence spectra of red fluorescent proteins based on mApple  

 

 

Figure 5.14- Fluorescence spectra of the Apoform and Holoform of mApple and 
variants 

 
A �± Fluorescence spectra of apo and holo form of mApple.  
B �± Fluorescence spectra of apo and holo form of mApple MCD1.  
C �± Fluorescence spectra of apo and holo form of mApple MCD1 A145E/K198D/R216D (R-
CatchER).  
D �± Fluorescence spectra of apo and holo form of one of the mApple variants for comparison, 
mApple MCD1 R216E R220E. *Completed in conjunction with Dr. Deng 
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5.5.7 Normalized fluorescence intensity of red fluorescent proteins based on mApple  

 

 

Figure 5.15- Normalized fluorescence intensity of red fluorescent proteins based on 
mApple 

 
A �± The normalized fluorescence intensity curve for mApple could not be quantified due to the 
lack of calcium binding site and ultimately the lack of the calcium binding ability of this protein.  
B �± Normalized fluorescence intensity curve of mApple MCD1 in the presence of 10 mM Ca2+.  
C �± Normalized fluorescence intensity curve of mApple MCD1 A145E/K198D/R216D (R-
CatchER) in the presence of 10 mM Ca2+.  
D �± Normalized fluorescence intensity curve of one of the mApple variants for comparison, 
mApple MCD1 R216E R220E in the presence of 10 mM Ca2+. *Completed in conjunction with 
Dr. Deng 
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5.5.8 Fluorescence spectra and normalized fluorescence intensity of R-CEPIA1er and G-
CEPIA1er 
 

 

Figure 5.16- Fluorescence spectra and fluorescence intensity curve of R-CEPIA1er 
 

A �± Calcium titration fluorescence spectra of 10 µM R-CEPIA1er.  
B �± Corresponding normalized intensity curve based on calcium titration fluorescence spectra of 
R-CEPIA1er. *Completed in conjunction with Dr. Deng 
 
 

 
 

Figure 5.17- Fluorescence spectra and fluorescence intensity curve of G-CEPIA1er 
 

A �± Calcium titration fluorescence spectra of 10 µM G-CEPIA1er.  
B �± Corresponding normalized intensity curve based on calcium titration fluorescence spectra of 
G-CEPIA1er. *Completed in conjunction with Dr. Deng 
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5.5.9 Characteristics of R-CatchER, mApple MCD1 A145E/K198D/R216D 

R-CatchER was bacterially expressed and purified, and its optical properties were 

determined using UV spectrophotometer and fluorescence spectroscopy. Excited at 569 nm, 

fluorescence intensity increases of R-CatchER with different concentrations of Ca2+ were well 

fitted to a 1:1 binding equation. Kd value for Ca2+ binding is 0.35 ± 0.03 mM. 1:1 stoichiometry of 

R-CatchER to Ca2+ was further validated using Job Plot (Figure 5.18). Additionally, Ca2+ induced 

fluorescence changes were insensitive to the addition of 1 mM Mg2+, 150 mM KCl, and 150 mM 

NaCl, suggesting that R-CatchER has preferential Ca2+ metal selectivity over other ions (Figure 

5.18).  

Ca2+ binding assisted the chromophore formation of R-CatchER, as shown by the apparent 

pKa of R-CatchER from 8.58 ± 0.11 at 0 mM Ca2+ to 7.11 ± 0.10 with 10 mM Ca2+ (Figure 5.18). 

Interestingly, R-CatchER showed the highest pKa shift among other variants, suggesting the 

important roles of chromophore population shift resulting in Ca2+ fluorescence increase (Table. 

5.5). After binding to Ca2+, fluorescence quantum yield and brightness of R-CatchER increased, 

which are comparable to its scaffold protein mApple, suggesting a suitable imaging capacity of R-

CatchER (Table. 5.5 and Figures 5.22-5.23). Taken together, these results suggest R-CatchER 

binding to Ca2+ is involved with a concomitant recovery of fluorescence. 
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Figure 5.18- Optical properties and characteristics of R-CatchER 
 

A �± Normalized absorbance spectra of R-CatchER compared to mApple.  
B �±  Normalized emission spectra of R-CatchER with and without 10 mM Ca2+.  
C �± Apparent Kd of R-CatchER to Ca2+.  
D �± �-�R�E�¶�V���3�O�R�W���R�I���5-CatchER to Ca2+.  
E �± Fluorescence responses of R-CatchER to various physiological molecules.  
F �±Normalized fluorescence intensity of R-CatchER in the presence of 5 �PM EGTA and with 10 
mM Ca2+ under different pH. *Completed in conjunction with Dr. Deng, Deng et al., 2021. 
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5.5.10 Quantum yield and extinction coefficient characteristics of mApple and R-CatchER, 
mApple MCD1 A145E/K198D/R216D  

 

�7�K�H���T�X�D�Q�W�X�P���\�L�H�O�G���L�V���D���P�H�D�V�X�U�H���R�I���W�K�H���U�D�W�L�R���R�I���S�K�R�W�R�Q�V���H�P�L�W�W�H�G���W�R���S�K�R�W�R�Q�V���D�E�V�R�U�E�H�G���W�K�D�W��

�W�H�O�O�V�� �W�K�H�� �H�I�I�L�F�L�H�Q�F�\�� �R�I�� �I�O�X�R�U�H�V�F�H�Q�F�H���� �,�Q�� �W�K�L�V�� �H�[�S�H�U�L�P�H�Q�W���� �S�U�R�W�H�L�Q���P�$�S�S�O�H�� �D�Q�G���P�$�S�S�O�H�� �0�&�'����

�$�������(���.�������'���5�������' ���Z�H�U�H���S�U�H�S�D�U�H�G���L�Q���W�U�L�S�O�L�F�D�W�H���L�Q���������P�0���7�U�L�V���S�+�����������Z�L�W�K�������—�0���(�*�7�$�����7�K�H��

�T�X�D�Q�W�X�P���\�L�H�O�G���Y�D�O�X�H�V���R�I���D�O�O���W�K�H���Y�D�U�L�D�Q�W�V���Z�H�U�H���G�H�W�H�U�P�L�Q�H�G���E�\���P�H�D�V�X�U�L�Q�J���W�K�H���H�P�L�W�W�H�G���I�O�X�R�U�H�V�F�H�Q�F�H��

�L�Q�W�H�Q�V�L�W�L�H�V���D�Q�G���D�E�V�R�U�E�D�Q�F�H���L�Q�W�H�Q�V�L�W�L�H�V���R�I���W�K�H���F�K�U�R�P�R�S�K�R�U�H���D�W���G�L�I�I�H�U�H�Q�W���S�U�R�W�H�L�Q���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V�����:�H��

�X�V�H�G���W�K�H���Z�L�O�G�W�\�S�H���S�U�R�W�H�L�Q���P�$�S�S�O�H���D�V���D���U�H�I�H�U�H�Q�F�H���W�R���F�D�O�F�X�O�D�W�H���T�X�D�Q�W�X�P���\�L�H�O�G�����7�K�H���E�U�L�J�K�W�Q�H�V�V���Z�D�V��

�F�D�O�F�X�O�D�W�H�G���E�\���P�X�O�W�L�S�O�\�L�Q�J���W�K�H���H�[�W�L�Q�F�W�L�R�Q���F�R�H�I�I�L�F�L�H�Q�W���D�Q�G���W�K�H���T�X�D�Q�W�X�P���\�L�H�O�G���� 

 

 

Figure 5.19- Absorbance and fluorescence spectra of mApple  
 

A �± Absorbance spectra of various concentrations of mApple.  
B �± Fluorescence spectra of various concentrations of mApple. mApple is not a calcium binding 
protein thus the absorbance and fluorescence spectra of the Apoform and Holoform of mApple is 
not measured nor shown. *Completed in conjunction with Dr. Deng 
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Figure 5.20- Absorbance and fluorescence spectra of the Apoform and Holoform of 
mApple MCD1 A145E/K198D/R216D, R-CatchER 

 
A �± Absorbance spectra of the Apoform at various concentrations of mApple MCD1 
A145E/K198D/R216D.  
B �± Absorbance spectra of the Holoform at various concentrations of mApple MCD1 
A145E/K198D/R216D with 10 mM Ca2+.   
C �± Fluorescence spectra of the Apoform at various concentrations of mApple MCD1 
A145E/K198D/R216D.  
D �± Fluorescence spectra of the Holoform at various concentrations of mApple MCD1 
A145E/K198D/R216D with 10 mM Ca2+. *Completed in conjunction with Dr. Deng 
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Figure 5.21- Denatured absorbance spectra of mApple and mApple MCD1 
A145E/K198D/R216D, R-CatchER 

 
A �± Denatured absorbance spectra of mApple treated with 0.1 M NaOH.  
B �± Denatured absorbance spectra of mApple MCD1 A145E/K198D/R216D treated with 0.1 M 
NaOH. *Completed in conjunction with Dr. Deng 
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Figure 5.22- Quantum yield and extinction coefficient curves of mApple MCD1 
A145E/K198D/R216D (R-CatchER) 

 
Curves of the absorbance intensity versus the fluorescence intensity at different protein 
concentrations of the Apoform of R-CatchER (A) and Holo form of R-CatchER (B) that dictates 
the quantum yield. Curves of absorbance of the denatured form  at 455 nm versus the absorbance 
intensity at 569 nm at different protein concentrations of the Apoform of R-CatchER (C), and Holo 
form of R-CatchER (D). *Completed in conjunction with Dr. Deng 
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Figure 5.23- Quantum yield and extinction coefficient curves of mApple  
 

A �± Curves of the absorbance intensity versus the fluorescence intensity at different protein 
concentrations of mApple that dictates the quantum yield.  
B �± Curves of absorbance of the denatured form at 455 nm versus the absorbance intensity at 569 
nm at different protein concentrations of mApple. *Completed in conjunction with Dr. Deng 

 

Table 5.5- In vitro properties of mApple variants 
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5.5.11 Ultrafast kinetics of R-CatchER 

We next determined the Ca2+ binding kinetics of R-CatchER, MCD1 and other GECIs using 

stopped-flow spectrofluorometry Stopped-flow spectrofluorometry defined the time-courses for 

Ca2+ association and dissociation from R-CatchER in addition to other GECIs  as a comparison.  

First, we established a baseline that correspond to R-CatchER mixed with Ca2+ free buffer. We 

complete the experimentation as seen in section 5.3.4.  

 

 

Figure 5.24- Calcium association and disassociation kinetics (part 1) 
 
A �± Normalized stopped-flow fluorescence of Ca2+ disassociation kinetics of R-CatchER.  
B �±  Normalized fluorescence intensity of Ca2+ disassociation kinetics of G-CEPIA1er.  
C �±  Normalized fluorescence intensity of Ca2+ disassociation kinetics of R-CEPIA1er.  
D �± Comparison of Ca2+ disassociation kinetics of R-CatchER with G-CEPIA1er and R-
CEPIA1er.  
E �± Normalized stopped-flow fluorescence of Ca2+ association kinetics of R-CatchER. 
F �± Normalized fluorescence intensity of Ca2+ association kinetics of G-CEPIA1er. 
*Completed in conjunction with Dr. Deng. Deng et al., 2022 
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Figure 5.25- Calcium association and disassociation kinetics (part 2) 
 
G �± Normalized fluorescence intensity of Ca2+ association kinetics of R-CEPIA1er.  
H-I  �± Ca2+ association kinetics data of R-CEPIA1er were fitted by a double exponential equation.  
J �± Comparison of Ca2+ association kinetics of R-CatchER with both G-CEPIA1er and R-
CEPIA1er at 1 mM Ca2+.  
K-L �±  Normalized fluorescence intensity of Ca2+ association and disassociation kinetics of R-
CatchER E145D E147D (Kd= 1.52 ± 0.11 mM, �' F/F= 3.23 �r 0.01). It maintains ultrafast kinetics 
(kon �t1.3x106 M-1s-1, koff �t 1.9x103 s-1). *Completed in conjunction with Dr. Deng. Deng et al., 
2022 
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5.5.12 Detection of drug mediated ER Ca2+ dynamics with rapid responses 

 

 

Figure 5.26- In situ characterization of R-CatchER 
 

A �± Confocal imaging of R-CatchER with ER-�W�U�D�F�N�H�U���J�U�H�H�Q���L�Q���+�H�O�D���F�H�O�O�V�����3�H�D�U�V�R�Q�¶�V���&�R�H�I�I�L�F�L�H�Q�W��
of 0.83).  
B �± R-CatchER can detect resting ER Ca2+ concentration in HEK293 cells and Hela cells with 0.68 
± 0.22 and 0.59 ± 0.16 mM, respectively.  
C �±  ER Ca2+ dynamics measured by R-CatchER in response to 500 �PM and 1 mM 4-cmc in 
C2C12 cells.  
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D-E �± Comparison of blocking ER Ca2+ refilling measured by R-CEPIA1er, G-CEPIA1er, and R-
CatchER in response to 0 mM Ca2+ with 3 �PM Tg in Hela cells.  
F �± Fluorescence photobleaching experiments of R-CatchER in C2C12 cells.  
G-H �± Representative imaging curve and fitting curve of Ca2+ binding affinity of R-CatchER in 
HeLa cells (0.31 ± 0.05 mM, N = 9) with stepwise Ca2+ concentrations. Scale bar is 20 �Pm. Deng 
et al., 2022 
 

 

Figure 5.27. In situ rapid response of R-CatchER, compared with R-CEPIA1er and 

G-CEPIA1er. 

A �± Comparison of ER Ca2+ oscillation kinetics measured by R-CatchER and R-CEPIA1er in 
response to 100 �PM histamine in Hela cells. Both half rise time and half decay time of the first 
peak are compared.  
B �± ER Ca2+ oscillation kinetics measured by G-CEPIA1er in response to 100 �PM histamine in 
Hela cells.  
C �±  ER Ca2+ dynamics measured by R-CatchER in response to 100 �PM ATP in HEK293 cells.  
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D �± ER Ca2+ dynamics comparison measured by R-CatchER in response to either 100 �PM ATP or 
30 �PM ATP in HEK293 cells.  
E �±  Dual color imaging using both R-CatchER and Fluo-4 to monitor ER and cytosolic Ca2+ 
dynamics in response to 100 �PM histamine in Hela cells. A representative dual color imaging is 
shown.  Scale bar is 20 �Pm.  Deng et al., 2022 
 

R-CatchER, which contains the calreticulin signal peptide and ER retention signal peptide 

KDEL can target to the ER by co-immunostaining of R-CatchER in Hela cells with an ER-specific 

marker, ER-tracker green (Figure 5.26) (162). To ensure a quantifiable capacity of R-CatchER to 

accurately monitor ER Ca2+ levels, we determined the Ca2+ binding affinity (0.31 ± 0.05 mM, n = 

9) in HeLa cells with stepwise Ca2+ concentration (Figure 5.26), which is similar to the binding 

affinity determined in vitro. Using an established method to saturate the ER, we determined that 

the Ca2+ concentration of resting ER Ca2+ levels in HEK293 and HeLa cells are 0.68 ± 0.22 and 

0.59 ± 0.16 mM, respectively (Figure 5.26) (86). R-CatchER was able to detect the dose dependent 

RyR mediated ER Ca2+ release, following by an addition of 0.5 mM 4-cmc (-0.36 ± 0.01, n=9) and 

1 mM 4-cmc (-0.47 ± 0.02, n=15), respectively (Figure 5.26). Thapsigargin (Tg), which is 

commonly used as an irreversible SERCA pump inhibitor, was used here to define the capacity of 

ER Ca2+ indicators (86,89,165). R-CatchER, G-CEPIA1er and R-CEPIA1er report the same 

degree of ER Ca2+ leakage (-0.69 ± 0.07 (n=9), -0.64 ± 0.03 (n=10), -0.66 ± 0.04 (n=10), 

respectively) upon application of 3 �PM Tg in Ca2+ free buffer in Hela cells (Figure 5.26).  

Histamine is known to activate the histamine receptor (H1R) and leads to an intracellular 

Ca2+ oscillation in HeLa cells reported by Ca2+ dye (175). Figure 5.27 shows the addition of 100 

�PM Histamine, also results in ER Ca2+ oscillation, with a half-time rise of the first peak of ER Ca2+ 

oscillation by R-CatchER was 7.3 ± 0.1 s and a half-time decay of the first peak, 1.8 ± 0.1 s. 

Although R-CEPIA1er was also able to detect ER Ca2+ oscillation, it was at a significantly slower 

rate for both half-time rise of the first peak being 43.1 ± 0.7 s and a half-time decay of the first 
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peak being 8.1 ± 0.2 s. The fast cellular responses of R-CatchER in capturing ER Ca2+ oscillation 

is likely a combination of its unprecedented on and off rates (Figure 5.27) and lack of interference 

of modulations by CaM that is known to interact with IP3Rs and SERCAs (176,177).  R-CatchER 

also reports the ER Ca2+ oscillation in HEK293 cells triggered by 100 �PM ATP treatment via IP3Rs 

(Figure 5.27). Interestingly, R-CatchER performed differently with two different concentrations 

of ATP. Adding 30 �PM ATP triggered less fluorescence change but a higher frequency of ER Ca2+ 

oscillation compared to adding 100 �PM ATP (Figure 5.27). We also performed dual color imaging 

on HeLa cells using HILO. After applying 100 �PM histamine, R-CatchER showed mirror-like Ca2+ 

dynamics with Fluo-4, which monitored cytosolic Ca2+ dynamics. Significantly, we found that R-

CatchER recovers faster than Fluo-4 to the baseline at the first peak, again demonstrating the 

capacity of R-CatchER to monitor fast Ca2+ dynamics.  

These results demonstrate the unique capacity of R-CatchER in quantitation and rapid 

capture of various ER Ca2+ dynamics tailored to specific signaling and pathways. 

5.5.13 Direct observation of family C GPCRs mediated ER Ca2+ oscillations via extracellular 
stimuli by R-CatchER 
 

The mechanism at which CaSR and other GPCRs responds to extracellular Ca2+ and other stimuli 

to trigger ER-mediated cytosolic Ca2+ oscillations/mobilizations and their roles in diseases remain 

unclear. Intracellular Ca2+ oscillation/mobilization through G�Dq signaling mediated by CaSR and 

mGluRs regulates numerous biological functions. However, the quantification of intracellular Ca2+ 

dynamics via IP3R, which induced ER Ca2+ release, relies on indirect and convoluted intracellular 

Ca2+ responses by Ca2+ dyes. Here we report the direct measurement of ER Ca2+ releases and Ca2+ 

oscillation by R-CatchER.  
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R-CatchER is a novel Ca2+ dye that enables the first observation of the ER Ca2+ oscillation 

mediated by CaSR (tagged with GFP) synchronized with cytosolic Ca2+ oscillation measured by 

Fura-2 in HEK293 cells (Figure 5.28). An increase of extracellular Ca2+ concentration also largely 

increases the frequency of the ER Ca2+ oscillation that mirrors intracellular Ca2+ oscillation 

(Figure 5.28). The determined EC50 for extracellular Ca2+ activation of CaSR by R-CatchER (3.71 

± 0.08 mM, n=43) is in a great agreement with the reported method using intracellular Ca2+ 

responses (113). Both cytosolic and ER Ca2+ oscillations were eliminated by various 

pharmacological interventions, including a SERCA blocker, Tg (3 µM), an IP3R blocker, 2-

Aminoethoxydiphenyl borate (2-APB; 100 µM), and saturation of ER Ca2+ by a Ca2+ ionophore, 

ionomycin (20 µM), in the presence of 10 mM Ca2+ (Figure 5.28). In addition, using R-CatchER, 

L-Phe cooperatively potentiated ER Ca2+ mobilization by extracellular Ca2+, resulting in an EC50 

of 2.70 ± 0.10 mM (N = 21) (Figure 5.28).   
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Figure 5.28- Figure 4.10. R-CatchER monitors ER Ca2+ dynamics mediated by CaSR 
 

A �± CaSR transient transfected HEK293 cells. Synchronized ER and cytosolic Ca2+ oscillation 
mediated by CaSR in the presence of a stepwise concentration of Ca2+.  
B �± ER Ca2+ oscillation frequency using R-CatchER in the presence of a stepwise concentration 
of extracellular Ca2+.  
E �± ER oscillation was altered by applying 10 mM Ca2+ with 20 �PM Ionomycin (C) 3 �PM Tg (D), 
and 100 �PM 2-APB (E).  
F �±  Synchronized ER Ca2+ oscillation with cytosolic Ca2+ oscillation mediated by CaSR in the 
presence of 50 nM Cinacalcet with a stepwise concentration of Ca2+.  
G �± Synchronized ER and cytosolic Ca2+ oscillation mediated by CaSR in the presence of 5 mM 
L-Phe with a stepwise concentration of Ca2+.  
H �± EC50 of CaSR to extracellular Ca2+ in the presence or absence of L-Phe to CaSR, measured 
by R-CatchER. Deng et al., 2022
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Table 5.6- Biophysical properties of purified representative Ca2+ indicators 
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5.6 Conclusion  

Tremendous efforts have been devoted in developing GECIs to accurately monitor ER Ca2+ 

transients, regarding kinetics, amplitude, and sensitivity. The successful expression of various 

mApple and mApple MCD1fluorescent protein and mutations in a bacterial expression system led 

to the discovery of mApple MCD1 A145E/K198D/R216D (R-CatchER). We also specifically 

emphasized the application of R-CatchER on one key intracellular organelle, the ER, to reveal ER 

Ca2+ dynamics. 

Stopped-flow kinetics studies suggested that the biphasic dissociation rates of CaM based 

GECIs result from the two domains of CaM with different binding affinities(84,178). Although 

mutations on CaM binding peptide, RS20, weaken the interaction between Ca2+-loaded CaM and 

RS20, it was reported to have improved kinetics in vitro. Additionally, this Ca2+ exhibited a weak 

sensitivity to low Ca2+ dynamics and a significantly reduced dynamic range (167). Moreover, it 

was hypothesized that the overexpression of CaM may trigger the buffering effect, cytotoxicity, 

abnormal neuronal activity, and high nuclear accumulation (179).  

Also, some researchers reported that in order to reduce the Hill coefficient to be close to 1, 

a novel troponin C-based GECIs with reduced Ca2+ binding sites was expressed. Single and double 

EF-hand based GECIs, Twitch series, were created by random mutagenesis and only remaining 

either the EF-hand-III and/or EF-hand-IV site were used for in vivo Ca2+ imaging. However, the 

fluorescence dynamic range was small, and they displayed relatively slow kinetics (164,180). 

Although ER Ca2+ oscillation in HeLa cells under 10 �PM Histamine was reported by G-CEPIA1er 

(89), the slow recovery phase of G-CEPIA1er under 100 �PM Histamine is likely due to a 

combination of slow kinetics and interference of modulation by CaM, which interacts with IP3Rs 

and SERCA pumps (176,177).   
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R-CatchER enables the first observation of the ER Ca2+ oscillation mediated by CaSR. 

Moreover, the origin and contribution of cytosolic Ca2+ oscillations through CaSR have not been 

directly reported due to a lack of sensitive ER-based Ca2+ indicators. It was suggested that aromatic 

amino acids, such as L-Phe, in the presence of Ca2+ activates CaSR and induces activation of the 

heterotrimeric GTP binding proteins G12/13, leading to RhoA activation and Ca2+ 

influx(117,181). It still remains unclear that how much ER Ca2+ release contributes to the cytosolic 

Ca2+ oscillation, compared to Ca2+ influx from extracellular fluid. Our CaSR results may suggest 

a new mechanism that the cooperative effect of Ca2+ with L-Phe. At low extracellular Ca2+ (< 3 

mM) condition, the increase of cytosolic Ca2+ oscillation frequency by L-Phe is contributed from 

both ER and extracellular fluid; But such frequency increase by L-Phe only results from ER. 

R-CatchER has unprecedented kinetics over other CaM-based GECIs, and it enables the first 

observation of the ER Ca2+ oscillation mediated by CaSR under various positive and negative 

allosteric modulators, targeted to both the ECD of CaSR its 7-transmembrane domain (7TM). 

Moreover, it is our hope that R-CatchER will extend the understanding of the cooperativity of 

CaSR activation orchestrated by extracellular stimuli based on recent crystal structures. 

Furthermore, R-CatchER will be helpful in providing an additional mode of molecular mechanism 

that integrates Ca2+ signaling. In addition, R-CatchER can be used to elucidate the molecular basis 

of CaSR-related clinical disorders in various organs, and lead to an exciting new era for the 

development of novel receptor-based therapeutics for CaSR and other cGPCRs.   
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6 MAJOR FINDINGS AND SIGNIFICANCE  

This thesis addressed the key gaps in our understanding of extracellular signaling and the 

CaSR structure. Comprehensive results and efforts to integrate Ca2+ signaling by designing a novel 

class of GECIs with a single Ca2+ binding site and fast kinetics and understanding the molecular 

mechanism of allosteric modulation of CaSR ECD is also explored. In addition, we utilized the 

structure-based drug design of TNCA as our lead compound to find potential agonists or 

antagonists for CaSR; and we developed effective functional assays by monitoring intracellular 

calcium responses for drug discovery.   

Chapter two discusses the recently determined crystal structure of the CaSR ECD and its 

metal binding sites, which revealed new key insights into the regulation and molecular basis of 

diseases and potential mechanisms for drug development. Inactivating and activating mutations 

are largely distributed around the hinge region and dimer interface of the ECD. Thus, 

understanding key determinants for regulating extracellular signaling provided important insights 

into the molecular bases of clinical disorders associated with this receptor. Also, our discovered 

Trp derivative TNCA as a co-agonist and allosteric modulator significantly improved �&�D�6�5�¶�V��

activation. TNCA binds at the hinge pocket adjacent to a Ca2+ binding site, where it is believed to 

act as a cooperative regulator. Conversely, AMG-416, a peptide drug recently approved by the 

FDA, is believed to bind at the dimer interface, exhibiting a different regulatory effect. Hence, 

further studies of these binding sites will  open new avenues in drug design that binds to either the 

hinge region or dimer interface of the ECD.  

Chapter three explored the structure-activity relationship of TNCA derivatives that can 

function as allosteric modulators for CaSR. The unexpected discovery of TNCA opened a new 

avenue for the structure-based design of CaSR allosteric modulators for CaSR. The functional 
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analysis of the cellular response of CaSR studies illustrated how using standard Dulbecco's 

Modified Eagle Medium contained amino acids that are endogenous ligands for CaSR, that 

competed with the binding of TNCA derivatives reducing the effects of CaSR agonists antagonists. 

Thus, we utilized DMEM cell media without amino acids to enhance the CaSR response in the 

presence of an acrylic-TNCA derivative, a Fluoro-TNCA derivative, and an iodo-TNCA derivative 

and in the presence of the novel allosteric modulator TNCA. When determining the intracellular 

calcium change upon response of extracellular calcium and TNCA, the indirectly determined EC50 

= 0.15 ± 0.10 µM. The measurement of intracellular calcium change upon response of extracellular 

calcium and an acrylic-TNCA derivative had an increased EC50 (EC50= 14.6 µM). Using 

extracellular magnesium and an acrylic-TNCA derivative, the EC50 increased 10-fold (EC50= 47.1 

µM) (section 3.5.5). This compound seems to have a mixed agonist/antagonist response; 

concentrations >10 µM behaves as an agonist, while concentrations <10 µM behaves as an 

antagonist (Figure 3.18-3.19).   (182).  

The measurement of intracellular calcium change upon response of extracellular calcium and 

a Fluoro-TNCA derivative EC50= 6.09 µM. The addition of fluorine with a methyl ester to TNCA 

as a function of extracellular magnesium decreased the EC50 by increasing in the sensitivity/ 

detection window (EC50= 4.71 µM), although cooperativity is lost. This compound functions as an 

agonist-antagonist or mixed agonist/antagonist are used to referred to compounds that under some 

conditions or concentrations (>100 µM) behaves as an agonist, while under other conditions (<10 

µM), behaves as an antagonist (182) (Figure 3.12).  

Measuring intracellular calcium change upon response of extracellular calcium and 

magnesium using a Iodo-TNCA derivative suggests that the EC50 < 10 µM. Consequently, the 
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addition of iodine with a methyl ester to TNCA functions as an agonist to CaSR with various 

degrees of intrinsic efficacy (Figure 3.15-3.16). 

Overall, these studies provided essential results for a novel avenue in the development of 

CaSR specific agonists and antagonists for the treatment of various CaSR associated human 

diseases. Also, the development of a CaSR PET imaging agents based on the functional activity 

of these compounds will enable us to map CaSR distribution and expression in vivo and be used 

as companion diagnostic for drug development. 

Chapter four shows an newly improved Ca2+ indicators called G-CatchER+ based on 

CatchER. It was bacterially expressed and purified and we confirmed the large Ca2+-induced 

change by completing many biophysical studies. G-CatchER+ was examined for its optical 

properties and calcium dynamics by performing metal-binding titrations. We also analyzed the 

biophysical properties of G-CatchER+ and G-CatchER+2, a newly developed green sensor variant. 

We found that the variant showed improved the brightness and displayed a bigger dynamic range 

(3.9 to 1.9, respectively) compared to G-CatchER+ (Table 5.5) when also expressed at 37 °C.  

For G-CatchER+, creating the Ca2+ binding site and introducing a triple point mutation with 

negatively charges residues decreesed the absorbance at 488nm and increased the absorbance at 

395nm, while binding to Ca2+ resulted in a concurrent absorbance increase at 488 nm and decrease 

at 395 nm for G-CatchER+ (Figure 4.15). G-CatchER+ exhibited an increase in fluorescence 

intensity with a maximum peak at 510 nm upon addition of Ca2+ when excited at 488 nm. The data 

were fitted to a 1:1 binding equation with a determined Kd value for Ca2+ binding of 1.2 ± 0.2 mM. 

Additionally, G-CatchER+ showed small pH sensitivity with Ca2+ as determined by pKa values of 

7.37 �r 0.01 and 6.80 �r 0.01 with and without Ca2+, respectively (Figure 4.15). This work is the 

first to achieve a rational design of a class of sensitive GECIs with improved precision and 
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efficiency in function by tuning of protein dynamics (171). Additionally, Ca2+ binding assisted the 

chromophore formation of G-CatchER+, as shown by the apparent pKa of G-CatchER+ from 7.37 

+ 0.01 without Ca2+ and 6.80 + 0.01 with 10 mM Ca2+ (Figure 4.12). 

To ensure the capacity of G-CatchER+2, to monitor the ER calcium release, we determined its Ca2+ 

binding affinity (1.39 ± 0.22 mM, N = 14) in Hela cells with stepwise Ca2+ concentration (Figure 

5.16). Upon application of a ryanodine receptor agonist, 4-cmc, we observed a drastic fluorescence 

decrease (�' F/F = 0.57 ± 0.02, N = 10) (Figure 5.17). Thus, our data supports the proof-of-concept 

in designing Ca2+ indicators. Our work represents the design for modulating the photophysical 

properties of the fluorophore in Ca2+ indicators. These principles can be used to develop future 

indicator for multi-scale Ca2+ signaling in various cell types. Also, the sensitivity of G-CatchER+ 

will provide researchers the ability to monitor minute changes in ER-Ca2+ flux in disease processes 

both in vitro and in vivo and will enhance our understanding of the role of regional dysfunctional 

ER-Ca2+ in neurological disease states. Future works will focused on developing additional multi-

scale Ca2+ indicators using the currently available novel indicators in the Yang lab with better Ca2+ 

binding affinity and fast kinetics.  

Chapter five talked about the efforts to expand the class of Ca2+ indicators by successfully 

developing a Ca2+ indicator/sensor called R-CatchER based on the red fluorescent protein, 

mApple. The successful expression of an mApple MCD1 mutations in a bacterial expression 

system led to the discovery of mApple MCD1 A145E/K198D/R216D (R-CatchER). We also 

specifically emphasized the application of R-CatchER on the ER, to reveal ER Ca2+ dynamics. 

Additionally, we compared R-CatchER to other readily available GECIs to test the ER Ca2+ 

transients. Using R-CatchER, we reported the first direct observation of ER Ca2+ oscillation, which 

is directly linked between the extracellular, cytosolic, and ER compartments, mediated by CaSR. 
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We are further able to detect that extracellular Ca2+ and agonists, such as L-Phe and TNCA, 

cooperatively tune ER Ca2+ oscillations mediated by CaSR. Importantly, we showed how disease 

mutations largely alter ER Ca2+ responses, oscillation frequency, and cooperativity. R-CatchER is 

likely to greatly extend our capability in visualizing Ca2+ dynamics at various subcellular 

compartments and can be applied to drug discovery for diseases related to ER dysfunction and 

Ca2+ mishandling. Ultimately, the development of red GECIs and other GECIs will expand the 

accessibility of assays for Ca2+ dyes for both in vitro and in vivo studies and will play a significant 

role in GPCR drug discovery. 
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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. 
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APPENDIX B: Functional Analysis of The Cellular Response of CaSR 

Summary of EC50 in the presence of [Ca2+]o and [Mg2+]o TNCA and TNCA derivatives for [Ca2+] i 

signaling.  

Results  

Cell population using L-TNCA 

 

Cell population of fixed 0.1 mM L-TNCA with calcium 

A �± Raw data of Ca2+ addition to WT hCaSR with 0.1 mM L-TNCA using Fura-2. B �± 
The ratio of 340/380 nm of A. C �± Example of EC50 plot of normalized fluorescence 
intensity ratio versus the increase in Ca2+ to WT hCaSR. EC50= 3.75 + 0.68 mM.  
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Cell population of fixed 0.2 mM L-TNCA with calcium 

A �± Raw data of Ca2+ addition to WT hCaSR with 0.2 mM L-TNCA using Fura-2. B �± 
The ratio of 340/380 nm of A. C �± Example of EC50 plot of normalized fluorescence 
intensity ratio versus the increase in Ca2+ to WT hCaSR. EC50= 2.26 + 0.07 mM. 
 
 

 
 
Cell population of fixed 0.3 mM L-TNCA with calcium 

A �± Raw data of Ca2+ addition to WT hCaSR with 0.3 mM L-TNCA using Fura-2. B �± The 
ratio of 340/380 nm of A. C �± Example of EC50 plot of normalized fluorescence intensity 
ratio versus the increase in Ca2+ to WT hCaSR. EC50= 2.61 + 0.04 mM. 
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Cell population of fixed 0.4 mM L-TNCA with calcium 

A �± Raw data of Ca2+ addition to WT hCaSR with 0.4 mM L-TNCA using Fura-2. B �± 
The ratio of 340/380 nm of A. C �± Example of EC50 plot of normalized fluorescence 
intensity ratio versus the increase in Ca2+ to WT hCaSR. EC50= 3.63 + 0.10 mM.  

 

 

Cell population of fixed 0.5 mM L-TNCA with calcium 

A �± Raw data of Ca2+ addition to WT hCaSR with 0.5 mM L-TNCA using Fura-2. B �± 
The ratio of 340/380 nm of A. C �± Example of EC50 plot of normalized fluorescence 
intensity ratio versus the increase in Ca2+ to WT hCaSR. EC50= 2.62 + 0.08 mM.  
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Cell population using a Fluoro-TNCA compound with calcium 

 

Fixed 0.01 µM 5-fluoro-dimethyl TNCA methyl ester with calcium 

A �± Raw data of Ca2+ addition to WT hCaSR with 0.01 µM 5-fluoro-dimethyl TNCA methyl 
ester using Fura-2. B �± The ratio of 340/380 nm of A. C �± EC50 plot of normalized fluorescence 
intensity ratio versus the increase in Ca2+ to WT hCaSR. EC50= 3.48 + 0.02 mM, n=6. 
 

 

Fixed 0.1 µM 5-fluoro-dimethyl TNCA methyl ester with calcium 

A �± Raw data of Ca2+ addition to WT hCaSR with 0.1 µM 5-fluoro-dimethyl TNCA methyl 
ester using Fura-2. B �± The ratio of 340/380 nm of A. C �± EC50 plot of normalized fluorescence 
intensity ratio versus the increase in Ca2+ to WT hCaSR. EC50= 3.42 + 0.05 mM, n=6. 
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Fixed 1.0 µM 5-fluoro-dimethyl TNCA methyl ester with calcium 

A �± Raw data of Ca2+ addition to WT hCaSR with 1.0 µM 5-fluoro-dimethyl TNCA methyl 
ester using Fura-2. B �± The ratio of 340/380 nm of A. C �± EC50 plot of normalized fluorescence 
intensity ratio versus the increase in Ca2+ to WT hCaSR. EC50= 3.81 + 0.06 mM, n=7.  
 

 
Fixed 10 µM 5-fluoro-dimethyl TNCA methyl ester with calcium 

A �± Raw data of Ca2+ addition to WT hCaSR with 10 µM 5-fluoro-dimethyl TNCA methyl 
ester using Fura-2. B �± The ratio of 340/380 nm of A. C �± EC50 plot of normalized fluorescence 
intensity ratio versus the increase in Ca2+ to WT hCaSR. EC50= 3.99 + 0.07 mM, n=3. 
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Fixed 100 µM 5-fluoro-dimethyl TNCA methyl ester with calcium 

A �± Raw data of Ca2+ addition to WT hCaSR with 100 µM 5-fluoro-dimethyl TNCA methyl 
ester using Fura-2. B �± The ratio of 340/380 nm of A. C �± EC50 plot of normalized fluorescence 
intensity ratio versus the increase in Ca2+ to WT hCaSR. EC50= 3.24 + 0.04 mM, n=3. 

 

 

Fixed 300 µM 5-fluoro-dimethyl TNCA methyl ester with calcium 

A �± Raw data of Ca2+ addition to WT hCaSR with 300 µM 5-fluoro-dimethyl TNCA methyl 
ester using Fura-2. B �± The ratio of 340/380 nm of A. C �± EC50 plot of normalized fluorescence 
intensity ratio versus the increase in Ca2+ to WT hCaSR. EC50= 2.90 + 0.06 mM, n=3. 
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Fixed 500 µM 5-fluoro-dimethyl TNCA methyl ester with calcium 

A �± Raw data of Ca2+ addition to WT hCaSR with 500 µM 5-fluoro-dimethyl TNCA methyl 
ester using Fura-2. B �± The ratio of 340/380 nm of A. C �± EC50 plot of normalized fluorescence 
intensity ratio versus the increase in Ca2+ to WT hCaSR. EC50= 2.87 + 0.04 mM, n=3. 

 

Cell population using a Fluoro-TNCA compound with magnesium 

 

Fixed 0.1 µM 5-fluoro-dimethyl TNCA methyl ester with magnesium 

A �± Raw data of Mg2+ addition to WT hCaSR with 0.1 µM 5-fluoro-dimethyl TNCA methyl 
ester using Fura-2. B �± The ratio of 340/380 nm of A. C �± EC50 plot of normalized fluorescence 
intensity ratio versus the increase in Mg2+ to WT hCaSR. EC50= 6.48 + 0.2 mM, n=2. 
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Fixed 1.0 µM 5-fluoro-dimethyl TNCA methyl ester with magnesium 

A �± Raw data of Mg2+ addition to WT hCaSR with 1.0 µM 5-fluoro-dimethyl TNCA methyl 
ester using Fura-2. B �± The ratio of 340/380 nm of A. C �± EC50 plot of normalized fluorescence 
intensity ratio versus the increase in Mg2+ to WT hCaSR. EC50= 5.61 + 0.3 mM, n=2.  
 
 

 

Fixed 10 µM 5-fluoro-dimethyl TNCA methyl ester with magnesium 

A �± Raw data of Mg2+ addition to WT hCaSR with 10 µM 5-fluoro-dimethyl TNCA methyl 
ester using Fura-2. B �± The ratio of 340/380 nm of A. C �± EC50 plot of normalized fluorescence 
intensity ratio versus the increase in Mg2+ to WT hCaSR. EC50= 5.61 + 0.3 mM, n=5. 
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Cell population using a Iodo-TNCA compound with calcium 

 

Fixed 0.1 µM 5-iodo-dimethyl TNCA methyl ester with calcium 

A �± Raw data of Ca2+ addition to WT hCaSR with 0.1 µM 5-iodo-dimethyl TNCA methyl 
ester using Fura-2. B �± The ratio of 340/380 nm of A. C �± EC50 plot of normalized fluorescence 
intensity ratio versus the increase in Ca2+ to WT hCaSR. EC50= 3.90 + 0.03 mM, n=3. 

 

Fixed 1.0 µM 5-iodo-dimethyl TNCA methyl ester with calcium 

A �± Raw data of Ca2+ addition to WT hCaSR with 0.1 µM 5-iodo-dimethyl TNCA methyl 
ester using Fura-2. B �± The ratio of 340/380 nm of A. C �± EC50 plot of normalized fluorescence 
intensity ratio versus the increase in Ca2+ to WT hCaSR. EC50= 3.66 + 0.02 mM, n=3. 
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Fixed 10 µM 5-iodo-dimethyl TNCA methyl ester with calcium 

A �± Raw data of Ca2+ addition to WT hCaSR with 0.1 µM 5-iodo-dimethyl TNCA methyl 
ester using Fura-2. B �± The ratio of 340/380 nm of A. C �± EC50 plot of normalized fluorescence 
intensity ratio versus the increase in Ca2+ to WT hCaSR. EC50= 3.64 + 0.04 mM, n=3. 
 

Cell population using Iodo-TNCA compound with magnesium 

 

Fixed 0.1 µM 5-iodo-dimethyl TNCA methyl ester with magnesium 

A �± Raw data of Mg2+ addition to WT hCaSR with 0.1 µM 5-iodo-dimethyl TNCA methyl 
ester using Fura-2. B �± The ratio of 340/380 nm of A. C �± EC50 plot of normalized 
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fluorescence intensity ratio versus the increase in Mg2+ to WT hCaSR. EC50= 6.90 + 0.34 
mM, n=3. 

 

Fixed 1.0 µM 5-iodo-dimethyl TNCA methyl ester with magnesium 

A �± Raw data of Mg2+ addition to WT hCaSR with 1.0 µM 5-iodo-dimethyl TNCA methyl 
ester using Fura-2. B �± The ratio of 340/380 nm of A. C �± EC50 plot of normalized fluorescence 
intensity ratio versus the increase in Mg2+ to WT hCaSR. EC50= 6.76 + 0.32 mM, n=3. 
 

 

Fixed 10 µM 5-iodo-dimethyl TNCA methyl ester with magnesium 

A �± Raw data of Mg2+ addition to WT hCaSR with 10 µM 5-iodo-dimethyl TNCA methyl 
ester using Fura-2. B �± The ratio of 340/380 nm of A. C �± EC50 plot of normalized fluorescence 
intensity ratio versus the increase in Ca2+ to WT hCaSR. EC50= 5.72 + 0.35 mM, n=3. 
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Fixed 0.01 µM 5-iodo-dimethyl TNCA free acid with calcium 

A �± Raw data of Mg2+ addition to WT hCaSR with 0.01 µM 5-iodo-dimethyl TNCA free acid 
using Fura-2. B �± The ratio of 340/380 nm of A. C �± EC50 plot of normalized fluorescence 
intensity ratio versus the increase in Ca2+ to WT hCaSR. EC50= 3.98 + 0.06 mM, n=2. 

 

Fixed 0.1 µM 5-iodo-dimethyl TNCA free acid with calcium 

A �± Raw data of Mg2+ addition to WT hCaSR with 0.1 µM 5-iodo-dimethyl TNCA free acid 
using Fura-2. B �± The ratio of 340/380 nm of A. C �± EC50 plot of normalized fluorescence 
intensity ratio versus the increase in Ca2+ to WT hCaSR. EC50= 4.16 + 0.06 mM, n=2. 
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Fixed 0.5 µM 5-iodo-dimethyl TNCA free acid with calcium 

A �± Raw data of Mg2+ addition to WT hCaSR with 0.5 µM 5-iodo-dimethyl TNCA free acid 
using Fura-2. B �± The ratio of 340/380 nm of A. C �± EC50 plot of normalized fluorescence 
intensity ratio versus the increase in Ca2+ to WT hCaSR. EC50= 4.11 + 0.09 mM, n=2. 
 
 

 
 
Fixed 1.0 µM 5-iodo-dimethyl TNCA free acid with calcium 

A �± Raw data of Mg2+ addition to WT hCaSR with 1.0 µM 5-iodo-dimethyl TNCA free acid 
using Fura-2. B �± The ratio of 340/380 nm of A. C �± EC50 plot of normalized fluorescence 
intensity ratio versus the increase in Ca2+ to WT hCaSR. EC50= 4.39 + 0.07 mM, n=2. 
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Fixed 3.0 µM 5-iodo-dimethyl TNCA free acid with calcium 

A �± Raw data of Mg2+ addition to WT hCaSR with 3.0 µM 5-iodo-dimethyl TNCA free acid 
using Fura-2. B �± The ratio of 340/380 nm of A. C �± EC50 plot of normalized fluorescence 
intensity ratio versus the increase in Ca2+ to WT hCaSR. EC50= 4.32 + 0.06 mM, n=2. 

 

 

Fixed 5.0 µM 5-iodo-dimethyl TNCA free acid with calcium 

A �± Raw data of Mg2+ addition to WT hCaSR with 5.0 µM 5-iodo-dimethyl TNCA free acid 
using Fura-2. B �± The ratio of 340/380 nm of A. C �± EC50 plot of normalized fluorescence 
intensity ratio versus the increase in Ca2+ to WT hCaSR. EC50= 4.43 + 0.08 mM, n=2. 
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7.0 µM 5-iodo-dimethyl TNCA free acid with calcium 

A �± Raw data of Mg2+ addition to WT hCaSR with 7.0 µM 5-iodo-dimethyl TNCA free acid 
using Fura-2. B �± The ratio of 340/380 nm of A. C �± EC50 plot of normalized fluorescence 
intensity ratio versus the increase in Ca2+ to WT hCaSR. EC50= 4.47 + 0.12 mM, n=2. 
 

 
 

Fixed 10 µM 5-iodo-dimethyl TNCA free acid with calcium 

A �± Raw data of Mg2+ addition to WT hCaSR with 10 µM 5-iodo-dimethyl TNCA free acid 
using Fura-2. B �± The ratio of 340/380 nm of A. C �± EC50 plot of normalized fluorescence 
intensity ratio versus the increase in Ca2+ to WT hCaSR. EC50= 5.17 + 0.10 mM, n=2. 
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Fixed 100 µM 5-iodo-dimethyl TNCA free acid with calcium 

A �± Raw data of Mg2+ addition to WT hCaSR with 100 µM 5-iodo-dimethyl TNCA free acid 
using Fura-2. B �± The ratio of 340/380 nm of A. C �± EC50 plot of normalized fluorescence 
intensity ratio versus the increase in Ca2+ to WT hCaSR. EC50= 5.94 + 0.03 mM, n=2. 
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1H-NMR of the Fluoro-TNCA derivative  
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1H-NMR of the Iodo-TNCA derivative  

 


