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 Preface 

 
The experimental work contained within this thesis was conducted in the Department of 

Endocrinology and Diabetes, Sir Charles Gairdner Hospital, Queen Elizabeth II Medical 

Centre under the supervision of Associate Professor Thomas Ratajczak and Dr Bryan 

Ward.  All experimental work presented in this thesis was performed by myself, with 

the exception of the yeast two-hybrid library screen and the isolation of 14-3-3 zeta as a 

CaR binding protein, which was performed by Dr Bryan Ward and Dr Aaron Magno, 

respectively. 
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Summary 
 

The calcium-sensing receptor (CaR), belonging to class C of G protein-coupled 

receptors (GPCRs), is highly expressed in tissues that govern the CaR’s primary role in 

regulating calcium homeostasis.  However, the CaR is expressed in many tissues 

outside those regulating calcium homeostasis thus reflecting the many different roles 

that this receptor is now known to play in cell biology, including cell proliferation and 

the regulation of actin cytoskeleton arrangement, which are regulated through a number 

of different cell signalling pathways.  In recent years, it has become clear that accessory 

proteins that bind to the CaR, particularly its intracellular tail, can influence the 

expression of the CaR and/or the activation of its cell signalling pathways.  Several 

accessory proteins that bind to the CaR tail have already been documented and it is 

hypothesised that there are likely to be more that could influence CaR biology. 

 

To this end, our laboratory performed a yeast two-hybrid (Y2H) screen of a 

haematopoietic cell line cDNA library using the CaR tail as bait.  This library was 

chosen as the CaR is known to be expressed in haematopoietic cells and offered the 

chance to detect novel interactions with the CaR not detectable in previously screened 

parathyroid and kidney libraries.  Over 100 potential interacting clones were recovered 

from this screen of which 41 were examined further in this thesis.  The primary aim was 

to confirm these interacting clones as ‘true positives’ and to establish their identity by 

sequence analysis.  Of the 41 clones, nine were confirmed as ‘true positives’ yielding a 

number of novel CaR tail interacting proteins namely AF4, leukotriene A4 hydrolase, 

MORC 2A, SON DNA binding protein, ubiquitin, UBC9, and two isoforms of the 

adapter protein 14-3-3 (14-3-3 theta and 14-3-3 zeta).  In addition, the structural protein 

filamin A, which has previously been shown by others to bind to the CaR tail, was also 

identified in the Y2H screen. 

 

Two of the interacting proteins, the two isoforms of 14-3-3, were studied in depth in this 

thesis.  14-3-3 proteins constitute a group of highly conserved proteins that play a role 

in a wide variety of cellular functions, acting as adapters or chaperone proteins.  In 

particular, they have been shown to modulate cell signalling pathways including the 

classic mitogen-activated protein kinase (MAPK) and Rho pathways, and to regulate the 

forward trafficking of membrane proteins from intracellular compartments to the cell 
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surface.  The proteins generally bind to phosphorylated partners but in some cases are 

capable of binding unphosphorylated ligands.  

 

Both 14-3-3 isoforms were found to bind to the membrane proximal domain of the CaR 

encompassing amino acids 865-922, a region which contains a putative 14-3-3 

consensus binding motif adjacent to a putative endoplasmic reticulum (ER) retention 

motif.  Essentially, the further aims of this thesis were to determine whether the 

CaR/14-3-3 interactions observed in yeast also occur in mammalian systems and if so, 

to determine what effect this interaction might have on CaR-mediated cell signalling 

events and ensuing function, and also what effect 14-3-3 interaction might have on 

trafficking of the CaR from the ER to the cell surface.  

 

Mammalian interaction was examined in COS-1 and/or human embryonic kidney-293 

(HEK-293) cells by co-immunoprecipitation experiments with co-expressed FLAG-

tagged CaR and enhanced green fluorescent protein (EGFP)-tagged 14-3-3.  Co-

localisation experiments were performed by confocal fluorescence microscopy using 

HEK-293 cells stably expressing wild-type (WT), full-length CaR (HEK-293/CaR) that 

were transiently transfected with EGFP-tagged 14-3-3.  Direct in vitro interaction 

studies were performed using glutathione-S-transferase (GST) pull-down experiments.   

 

Co-immunoprecipitation studies demonstrated interaction between the CaR and both 

isoforms of 14-3-3 in COS-1 and HEK-293 cells.  Additional co-immunoprecipitation 

experiments in conjunction with mutational analysis of the CaR’s putative 14-3-3 

consensus binding motif showed that this motif was not a requirement for CaR/14-3-3 

interaction.  Furthermore, similar co-immunoprecipitation experiments in conjunction 

with protein kinase C (PKC) inhibition or activation demonstrated that PKC 

phosphorylation of the CaR was not a requirement for its interaction with 14-3-3.  

Confocal microscopy studies demonstrated co-localisation of 14-3-3 and the CaR in the 

ER, confirmed using a specific ER marker, protein disulfide isomerase (PDI).  Using 

GST pull-down assays, direct interaction was shown for 14-3-3 theta and the CaR but 

could not be conclusively shown for 14-3-3 zeta and the CaR. 

  

The effect of 14-3-3 over-expression and/or transient short interfering ribonucleic acid 

(siRNA) knockdown of 14-3-3 on CaR-mediated extracellular signal-regulated kinase 

(ERK) 1/2 activation was examined in HEK-293/CaR cells using a Western blot-based 
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assay employing specific phospho-ERK1/2 antibodies for detection.  The effect of 14-3-

3 over-expression and/or knockdown on CaR-mediated serum response element (SRE) 

activity was examined in HEK-293/CaR cells by measuring Rho-dependent SRE 

transcriptional activity using a luciferase reporter assay.  The role of filamin in 14-3-3 

modulation of SRE activity was examined by transient co-expression of CaR-FLAG and 

14-3-3 in human melanoma cells which are devoid of filamin expression (M2), and 

determination of SRE activity as described above.  Activation was compared with that 

in M2 cells stably expressing filamin (A7).  The effect of mutating the putative ER 

retention motif in the CaR tail on CaR cell surface expression was examined using a cell 

surface biotinylation assay and by confocal microscopy.  The effect of 14-3-3 over-

expression and/or knockdown on CaR cell surface expression was examined using an 

enzyme-linked immunosorbent assay (ELISA)-based intact cell surface expression 

assay.  Finally, the effect of 14-3-3 over-expression and knockdown on CaR-mediated 

cellular morphological changes that relate to actin cytoskeleton organisation was 

assessed microscopically.  

 

Neither 14-3-3 theta or 14-3-3 zeta over-expression, or 14-3-3 zeta knockdown 

influenced CaR-mediated ERK1/2 activation.  In contrast, both 14-3-3 theta and 14-3-3 

zeta over-expression inhibited CaR-mediated SRE activity in HEK-293/CaR cells but 

knockdown of the zeta isoform did not have an effect.  Filamin did not appear to 

influence 14-3-3 protein modulation of CaR-mediated SRE activity since 14-3-3 over-

expression revealed no difference in CaR-mediated SRE activity in M2 cells whether 

they were devoid of filamin expression or stably expressing this protein.  A tandem 

alanine mutation of the putative ER retention motif on the CaR tail, in conjunction with 

biotinylation assays, showed that this motif was unimportant in the regulation of CaR 

cell surface expression, however appeared to influence the intracellular movement of 

the CaR out of the ER as demonstrated in confocal microscopy experiments.  Analysis 

by ELISA demonstrated that 14-3-3 theta over-expression did not modulate CaR cell 

surface expression but interestingly, both 14-3-3 zeta over-expression and knockdown 

appeared to reduce CaR cell surface expression.  Finally, 14-3-3 zeta knockdown 

influenced cell morphological changes relating to CaR-mediated actin cytoskeletal re-

arrangement in the presence of low levels of calcium. 

 

In conclusion, it has been demonstrated that the CaR can interact with a number of 

accessory proteins, including the adapter proteins, 14-3-3 theta and 14-3-3 zeta.  Both 
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14-3-3 isoforms interact with the CaR in yeast and mammalian systems.  The adapter 

proteins do not appear to modulate CaR-mediated ERK1/2 signalling but may have a 

role in regulating CaR-mediated Rho signalling.  Preliminary experiments support a 

strong influence of 14-3-3 on CaR-mediated changes to the actin cytoskeleton known to 

act through Rho signalling when the CaR is stimulated with low levels of calcium.  

Finally, 14-3-3 zeta may influence the maturation or trafficking of the CaR to the cell 

surface. 
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Chapter 1 - Introduction 

1.1 - The calcium-sensing receptor (CaR)  
1.1.1 - An introduction to the CaR  

The first piece of evidence to demonstrate the importance of calcium ions (Ca2+) in 

physiological function came from the work of Ringer, who unintentionally 

demonstrated that Ca2+ from tap water were responsible for causing frog heart 

contractions (Ringer, 1883).  This initial finding paved the way for experiments, which 

would later establish the importance of Ca2+ in the regulation of various functions 

including, but not limited to, muscular contraction, bone regulation, hormonal secretion, 

and cellular proliferation, differentiation and apoptosis (Brown, 1991; Brown, 2007; 

Brown and MacLeod, 2001).  Many of these actions of Ca2+ are mediated through a 

CaR.  On the path to the cloning of the CaR, one line of evidence to indicate the 

existence of a receptor came from the work of Raisz who demonstrated an inverse 

relationship between Ca2+ concentrations and parathyroid gland growth (Raisz, 1963).  

Subsequently, Sherwood and Care concurrently showed that the reciprocal relationship 

between plasma Ca2+ and peripheral plasma parathyroid hormone (PTH) concentrations 

was the result of PTH secretion from the parathyroid gland (Care et al., 1966; Sherwood 

et al., 1966).  Shoback and co-workers later demonstrated that increases in extracellular 

Ca2+ (Cao
2+)-stimulated PTH release resulted in changes to intracellular Ca2+ (Cai

2+) 

levels (Shoback et al., 1983).  Nemeth and Scarpa showed that, in addition to Cao
2+ or 

Mgo
2+, parathyroid cells responded to Sro

2+ and Bao
2+, by inducing transient increases in 

Cai
2+ from a non-mitochondrial source, predicted to be the ER (Nemeth and Scarpa, 

1987).  Several years later, Brown and co-workers became the first group to clone the 

CaR from bovine parathyroid (BoPCaR) after performing experiments measuring 

electrophysiological currents in which Cai
2+ stores were mobilised through the 

activation of phosphatidylinositol-specific phospholipase C (PLC), in response to Gdo
3+ 

stimulation.  Following a series of similar experiments in Xenopus laevis oocytes, the 

BoPCaR was shown to respond to Cao
2+, as well as Mgo

2+ and neomycin (Brown et al., 

1993).   

 

The bovine CaR’s complementary deoxyribonucleic acid (cDNA) is composed of 5275 

base pairs (bp) with a 3255 bp open reading frame encoding a protein of 1085 amino 

acids (Brown et al., 1993).   The receptor comprises three major structural features 

including a 613-amino acid extracellular amino-terminal domain (N-terminal domain); a 

250-amino acid seven-transmembrane (7-TM) domain; and a 222-amino acid 
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intracellular carboxy terminal tail (C-tail) (Brown et al., 1993).  Subsequent cloning of 

the human CaR revealed that the structural topology of the BoPCaR strongly 

overlapped that of the human CaR, and also exhibited a high degree of amino acid 

homology (Garrett et al., 1995).  In 1995, the same year that the rat CaR was cloned, a 

5.4 kb human CaR messenger ribonucleic acid (mRNA) transcript was cloned from the 

adenomatous parathyroid gland of a patient diagnosed with primary 

hyperparathyroidism (Garrett et al., 1995; Ruat et al., 1995).  This functional transcript, 

as determined by measuring oscillatory inward chloride currents, was similar in size 

when compared to a transcript isolated from a normal parathyroid gland.  Subsequent 

cloning of the human CaR cDNA revealed two separate clones of approximately 4 kb 

and 5.2 kb, which differed in their 5’ and 3’ ends.  Compared to the 4 kb clone, the 5.2 

kb clone had an extra 10 amino acids with no apparent functional consequences.  

Furthermore, each clone differed by two additional amino acids, which also had no 

functional consequences (Garrett et al., 1995).  Further characterisation of these two 

CaR transcripts revealed their origins from different exons.  The human CaR gene 

contains at least two promoter elements: The upstream promoter contains TATA and 

CAAT boxes, and the downstream promoter element is GC-rich and does not contain a 

TATA box (Chikatsu et al., 2000).  The 3234 bp coding region of the human CaR 

encodes a protein of 1078 amino acids in length which consists of a large extracellular 

N-terminal domain of 612 amino acids, a 7-TM domain spanning amino acids 613-862, 

and an intracellular C-tail spanning amino acids 863-1078 (Chikatsu et al., 2000; 

Garrett et al., 1995).  The human CaR contains 11 putative N-linked glycosylation sites 

in the extracellular N-terminal domain, and 5 putative PKC phosphorylation sites in the 

intracellular loops and C-tail (Figure 1.1).  Compared to the bovine homolog, the 

positions of 20 cysteines, in the extracellular and 7-TM domains of the human CaR, are 

relatively similar.  However, there is little homology between the C-tail of the two 

proteins (Garrett et al., 1995).  

 

1.1.2 - The CaR is a class C GPCR  

Upon cloning of the bovine CaR, homology analysis revealed the receptor’s similarity 

to the group of metabotropic glutamate receptors (mGluR) (Brown et al., 1993).  The 

mGluRs are class C GPCRs.  All GPCRs structurally share an extracellular N-terminal 

domain, a 7-TM domain and an intracellular C-tail (Pin et al., 2003).  Class C GPCRs, 

specifically, share an exceptionally long extracellular N-terminal domain and can be  
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Figure 1.1 – The human CaR.  The receptor contains 11 N-glycosylation sites in the 

extracellular N-terminal domain, and five PKC phosphorylation sites and two PKA 

phosphorylation sites in the intracellular loops and the C-tail.  The red and black shaded 

amino acids represent cysteine and other amino acids, respectively, that are conserved in 

all metabotropic glutamate receptors and the CaR.  Figure adapted from Bai, 2004.  
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further divided into three sub-groups of which the CaR belongs to sub-group II (Brown 

and MacLeod, 2001).  Other Class C receptors include the gamma-aminobutyric acid 

type B (GABAB), putative pheromone, taste and orphan family 3 receptors (Pin et al., 

2003).   

 

1.1.3 - The extracellular N-terminal domain  

The extracellular N-terminal domain of the human CaR is a relatively large sub-

structure composed of 612 amino acids and contains 11 putative N-linked glycosylation 

sites and a cysteine-rich domain (Garrett et al., 1995).  There is low overall conservation 

between human CaR and rat mGluR1, which is also a class C GPCR, however the most 

sequence conservation between the two receptors occurs in the N-terminal and the 7-

TM domains (Brown et al., 1993).  Consequently, the mGluR is used to structurally 

model the N-terminal domain of the CaR.  It has been well established that the N-

terminal domain of mGluR1a is homologous to bacterial periplasmic binding proteins 

(PBP) (O'Hara et al., 1993).  Bacterial PBPs are proteins which exist between the two 

outer lipid membranes of Gram-negative bacteria.  These proteins consist of two large 

polypeptide lobes, which, upon agonist binding, induce a conformational change which 

involves the twisting and coming together of their two lobes to securely hold the ligand 

in place assuming the formation of a Venus fly trap (VFT) (Felder et al., 1999).  By 

mapping the homology between the N-terminal domain of the CaR with Escherichia 

coli (E. coli) and Pseudomonas aeruginosa PBPs, a study identified important agonist-

binding amino acids for CaR function.  Using domain swapping techniques, a 

functionally active CaR/mGluR hybrid construct was used to demonstrate that 

mutations of Ser147 or Ser170 within the CaR’s own VFT were pertinent for Cao
2+ 

binding, with the Ser170 mutant failing to be activated even when the CaR was 

stimulated with 50 mM Cao
2+ (Brauner-Osborne et al., 1999).  Another study established 

that Ser170 of the CaR was important for the receptor’s interaction with phenylalanine 

as ligand and consequent functional activity.  Flanking Ser170, mutation of Ser169 and 

Ser171, further attenuated receptor activity (Zhang Z et al., 2002).  Furthermore, two 

independent studies established that the VFT domain, but not the cysteine-rich or 7-TM 

domains, was the most likely region of L-amino acid sensing.  Mutation of amino acids 

145 and 170 in this domain impaired L-amino acid sensing but had no effect on Cao
2+ 

sensing (Mun et al., 2005; Mun et al., 2004).   
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By aligning and comparing the amino acids of the human CaR with the rat mGluR1, 

Silve and co-workers identified a ‘calcium-binding pocket’ in the CaR’s VFT domain.  

A set of amino acids was identified to be essential for calcium binding, which included 

Ser170, Asp190, Gln193, Ser296 and Glu297, with Phe270, Tyr218 and Ser147 being 

required to “complete the coordination sphere of the cation” (Silve et al., 2005).  A 

more recent study, which used computational algorithms to predict calcium binding 

pockets on the CaR based on the sequence comparison of the extracellular domains of 

the human CaR with that of the mouse mGluR1, predicted three calcium binding sites 

based on their geometric properties and electrostatic potential.  These predicted sites 

included site 1 in lobe 2 of the CaR consisting of Glu224, Glu228, Glu229, Glu231 and 

Glu232; site 2 in lobe 1 consisting of Glu378, Glu379, Thr396, Asp398 and Glu399; 

and site 3 between the crevice of the two lobes consisting of Ser147, Ser179, Asp190, 

Tyr218 and Glu297 (Huang Y et al., 2007).  Some amino acids (Asp190, Glu297, 

Tyr218 and Ser147) identified by Huang and co-workers overlapped with those 

identified by Silve and co-workers to be important for Cao
2+ binding (Huang Y et al., 

2007; Silve et al., 2005).  Additionally, some amino acids predicted to contribute to 

calcium binding pockets identified by Huang and co-workers have been shown to 

naturally undergo mutation to other amino acids, for example, the Y218S mutation 

which causes familial hypocalciuric hypercalcemia (FHH) (Huang Y et al., 2007; 

Pearce et al., 1995).   

 

Another study comparing the CaR to E. coli PBP found four additional insertions 

(named loops I-IV) in the CaR which were not in E. coli PBP (Reyes-Cruz et al., 2001).  

By constructing deletion mutants of various amino acids within these four insertions, 

the group investigated the loops that were critical for CaR activation and expression.  

Loop I (comprising amino acids 39-67) had mutations in amino acids 50-59 or 48-59, 

which were found to not have an effect on CaR expression but reduced CaR function to 

at least 75% of WT CaR, indicating that these amino acids were not required for VFT 

formation but may be important for calcium binding and, therefore, receptor activity.  In 

contrast, deletion of amino acids 42-47 in loop I completely abolished CaR function and 

only a 130 kilo Dalton (kDa) band was expressed, indicating the importance of these 

amino acids for cell surface expression (refer to Section 1.1.3.2).  Deletion of all of loop 

II’s amino acids (amino acids 117-137) reduced phosphoinositide (PI) hydrolysis to 

14% of WT response and 130 and 118 kDa bands of CaR were expressed, indicating the 

importance of these amino acids for VFT formation, and receptor expression and 
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activity.  Loop III (the longest loop comprising amino acids 356-416) had amino acids 

365-385 and 371-385 deleted which produced CaR activity comparable to WT CaR and 

CaR expression identical to WT CaR.  Four separate mutations of loop IV (the shortest 

loop comprising amino acids 437-449) reduced CaR activity compared to WT and gave 

comparable CaR expression, indicating this loop’s requirement for receptor activation 

(Reyes-Cruz et al., 2001). 

 

1.1.3.1 - Ligands of the CaR 

Agonists that activate the CaR in a direct manner are known as calcimimetics.  

Calcimimetics can be divided into two groups: Type I calcimimetics, which are able to 

directly activate the receptor in the absence of Cao
2+, and type II calcimimetics (also 

known as positive allosteric modulators), which require the presence of Cao
2+ or a type I 

calcimimetic to activate the receptor.  In contrast, calcilytics decrease CaR activation 

(Hammerland et al., 1998; Hu, 2008).  The CaR is activated by several types of agonists 

which are able to stimulate the receptor in various tissues with varying potency (Bai, 

2004).  Some of these agonists are discussed below. 

 

Upon cloning of the bovine CaR, Brown and co-workers showed that the receptor 

responded to di- and trivalent cations including Cao
2+, Mgo

2+ and Gdo
3+ (Brown et al., 

1993).  Since then, several studies have shown that additional cations, including Bao
2+, 

Cdo
2+, Coo

2+, Feo
2+, Nio

2+ and Pbo
2+, are able to activate the CaR producing differing 

responses in different tissues (Chang et al., 1998; Garrett et al., 1995; Handlogten et al., 

2000; Lin et al., 1998; Riccardi et al., 1995).  The CaR can also be activated by 

polycations named polyamines.  The receptor effectively elicits inositol triphosphate 

(IP3) and Cai
2+ release thus inhibiting PTH secretion in the presence of 0.5 mM Cao

2+ or 

Mgo
2+, when stimulated with spermine in HEK-293/CaR cells (Quinn et al., 1997).  

Spermine can also induce a CaR-mediated increase in Cai
2+ in rat cardiac myocytes in 

the absence of Cao
2+ (Wang et al., 2003).  Spermidine stimulates Cai

2+ release upon 

stimulation of the CaR but not as effectively as spermine, whereas putrescine has little 

to no effect on CaR activation (Quinn et al., 1997).   

 

The CaR can be stimulated by amino acids in a stereoselective manner in the presence 

of other polycationic agonists at Cao
2+ concentrations between 1-2.5 mM Cao

2+.  L-

isomers are generally favoured over D-isomers.  The CaR, in the presence of 2.5 mM 

Cao
2+, can be activated in order of potency by L-stereoisomers of phenylalanine = 
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tryptophan = histidine ≥ alanine > serine = proline = glutamine ≥ aspartate but not 

lysine, arginine or leucine (Conigrave et al., 2000).  Stimulation of the CaR by different 

amino acids can produce agonist-specific outcomes: stimulation of the receptor with L-

phenylalanine produces transient Cai
2+ oscillations, whereas stimulation with Cao

2+ 

produces sinusoidal Cai
2+ oscillations.  Unlike Cao

2+ stimulation, the transient 

oscillations produced by L-phenylalanine occur via a PLC/IP3-independent pathway 

involving G12, filamin A, Rho GTPase and the actin cytoskeleton (Rey et al., 2005).  

  

The CaR can also be activated by aminoglycoside antibiotics including neomycin, 

gentamicin, tobramycin and kanamycin (Brown et al., 1993; McLarnon et al., 2002).  

The pH can also affect the CaR’s sensitivity to agonists as demonstrated by Quinn and 

co-workers who showed that a more acidic extracellular environment (< pH 6.5) made 

the CaR less responsive to Cao
2+ in HEK-293/CaR cells.  In contrast, an alkaline 

extracellular environment (> pH 7.5) increased Cai
2+ release (Quinn et al., 2004).  

 

The CaR can also be targeted by pharmacological compounds termed allosteric 

modulators which act on the 7-TM domain of the receptor (Hu, 2008).  These 

compounds, of which there are positive (type II calcimimetics) and negative (calcylitic) 

modulators act to increase or decrease, respectively, the receptor’s sensitivity to Cao
2+.  

One of the first studies to demonstrate the influence of allosteric modulators on the CaR 

came from the work of Hammerland and co-workers who showed that treatment of 

oocytes expressing bovine CaR with the phenylalkylamine positive allosteric 

modulators, NPS R-467 or NPS R-568, could increase the receptor’s sensitivity to Cao
2+ 

(Hammerland et al., 1998).  The same group also showed that both phenylalkylamine 

compounds could increase Cai
2+ in a dose-dependent manner but only in the presence of 

Cao
2+ in bovine parathyroid and HEK-293/CaR cells but not HEK-293 cells, which do 

not express the CaR.  The addition of either NPS R-467 or NPS R-568 in the presence 

of 2 mM Cao
2+ inhibited PTH secretion in bovine parathyroid cells (Nemeth et al., 1998).  

Homology modelling studies of the human CaR 7-TM domain based on the X-ray 

crystal structure of the bovine rhodopsin GPCR demonstrated that amino acids Phe668, 

Arg680, Phe684 and Glu837 were important for phenylalkylamine binding to the CaR 

(Miedlich et al., 2004).  Furthermore, point mutations of the four previously mentioned 

amino acids and subsequent experiments testing for mutant CaR functionality revealed 

that all four amino acids were important for binding of the calcilytic, NPS 2143, 

whereas identical experiments using the calcimimetic, NPS R-568, revealed that only 
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Phe668, Phe684 and Glu837 were required for NPS R-568 binding (Miedlich et al., 

2004). 

 

1.1.3.2 - N-linked glycosylation sites 

Transfected CaR protein in HEK-293 cells and bovine parathyroid CaR protein display 

similar expression patterns when assessed by Western blot analysis.  Monomeric CaR 

appears as two immunoreactive bands at 130-140 kDa and 150-160 kDa, whereas an 

oligomeric CaR appears as a >200 kDa band on a Western blot.  The 130-140 kDa 

bands have been identified as intracellularly-retained immature, high mannose forms of 

the CaR, whereas the 150-160 kDa bands are the mature forms, fully glycosylated with 

complex carbohydrates, representing a CaR which can be expressed at the cell surface 

(Bai et al., 1996; Fan et al., 1997).  Nine putative glycosylation sites exist in the 

extracellular domain of bovine CaR and 11 in the human CaR, with the bovine sites 

fully conserved in the human CaR (Brown et al., 1993; Garrett et al., 1995).  Bai and 

co-workers indirectly demonstrated that N-linked glycosylation sites could be important 

for proper biological function of the receptor (Bai et al., 1996).  In a subsequent study, 

tunicamycin, an inhibitor of N-linked glycosylation, was used to inhibit N-linked 

glycosylation sites on the CaR.  Tunicamycin treatment reduced CaR cell surface 

expression and disabled the receptor’s ability to hydrolyse PI upon Cao
2+ stimulation, 

suggesting that glycosylation was important for both CaR cell surface expression and 

signalling (Fan et al., 1997).  Ray and co-workers employed site-directed mutagenesis 

(SDM) techniques to mutate either single or a combination of N-linked glycosylation 

sites to reveal that of the 11 putative glycosylation sites on the human CaR, eight sites 

were glycosylated whereas the other three sites were not glycosylated unless either one 

of the eight glycosylated sites were disrupted.  At least three sites were required to be 

glycosylated for the CaR to be correctly processed and expressed at the cell surface, but 

glycosylation was not necessarily required for proper signal transduction (Ray et al., 

1998). 

 

1.1.3.3 - CaR dimerisation 

Dimerisation of the CaR occurs in the ER and is essential for CaR expression and 

function.  The CaR is able to form homodimers through both covalently-linked 

disulphide bonds and non-covalent bonds (Hu and Spiegel, 2003).  Full-length CaR is 

able to dimerise with a CaR that is devoid of its tail, indicating that the tail is not 

responsible for mediating receptor dimerisation (Bai et al., 1998a).  It has been 
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established that both Cys101 and Cys236 in the extracellular domain of the CaR 

mediate covalent dimerisation of the receptor (Pace et al., 1999).  Another study found 

that mutation of Cys129 and Cys131 together resulted in a CaR that was unable to 

dimerise, highlighting the importance of these two cysteines in receptor dimerisation 

(Ray et al., 1999).  Studies by Zhang and co-workers first revealed that the CaR was 

able to dimerise through non-covalent bonds (Zhang Z et al., 2001).  The same group 

later identified Leu112 and Leu156 in the extracellular domain of the CaR as key amino 

acids critical in non-covalent dimerisation of the receptor.  Interestingly, additional 

amino acids, namely Val158 and Leu159, have also been identified in mediating non-

covalent dimerisation of the CaR (Jiang et al., 2004).  Pidasheva and co-workers 

showed that a naturally occurring, inactivating, CaR mutant (N583X), that results in a 

receptor retaining all of its extracellular N-terminal domain and the majority of its 7-TM 

domain, was unable to dimerise.  Together, these results highlight the importance to 

dimerisation of a number of different amino acids in various receptor domains 

(Pidasheva et al., 2006). 

 

1.1.4 - The 7-TM domain 

Bovine CaR’s transmembrane domain comprises seven highly hydrophobic membrane-

spanning helices characteristic of all GPCRs (Brown et al., 1993).  Similarly, cloning of 

the human homolog of the receptor revealed seven regions spanning amino acids 613-

862 (Garrett et al., 1995).  Homology analysis shows that the 7-TM domain contains the 

highest level of conservation between species when compared to the extracellular N-

terminal domain or C-tail (Ruat et al., 1995). 

 

1.1.4.1 - The extracellular loops 

Upon cloning of the bovine CaR, Brown and co-workers identified regions in the 

receptor that contain a high density of acidic amino acids which they proposed as 

potential regions for cation agonist binding.  These regions existed mainly in the 

extracellular N-terminal domain, however the motif, ELEDE (spanning amino acids 

755-759) within the second extracellular loop, was also identified (Brown et al., 1993).  

As outlined below, these regions, as well as other regions within the extracellular loops 

containing a large number of acidic amino acids, became the focus of many studies that 

aimed to identify critical amino acids involved in regulating CaR function. 
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A CaR that is devoid of its extracellular N-terminal domain, the region thought to be 

mainly responsible for agonist binding, is able to respond to Cao
2+ (Hauache et al., 

2000).  In light of these findings, Hu and co-workers used a WT CaR and a CaR mutant 

to delineate amino acids within the extracellular loops of the receptor critical for its 

activation.  The CaR mutant (Rho-C-hCaR) used was mostly devoid of an N-terminal 

domain instead it contained 20 amino acids of the N-terminal domain of the bovine 

rhodopsin receptor, various point mutations and was truncated at amino acid 903 (Hu et 

al., 2002).  Confirming the work of Hauache and co-workers, Hu and co-workers found 

that, compared to WT CaR, the Rho-C-hCaR mutant responded to Cao
2+ stimulation 

minimally, with the response being enhanced in the presence of the positive allosteric 

modulator, NPS R-568.  They found that mutations D758A, E759A and E767A in the 

second extracellular loop of WT CaR exhibited increased sensitivity to Cao
2+, 

suggestive of a role for these amino acids in constraining CaR activation.  In the context 

of the Rho-C-hCaR, the E767A mutant displayed a greater increase in response to Cao
2+ 

relative to the other two mutants and with the addition of NPS R-568, E767A displayed 

an even greater relative activation.  Together these results suggested that amino acids 

758, 759 and 767 helped maintain the 7-TM domain in an inactive conformation.  

Additionally, an E837A mutant in the third extracellular loop of the CaR, did not 

appreciably alter the sensitivity of the full-length CaR to Cao
2+ stimulation, however this 

mutation drastically reduced the sensitivity to NPS R-568 in both the full-length CaR 

and Rho-C-hCaR indicating the importance of Glu837 in the allosteric activation of the 

receptor (Hu et al., 2002).  Interestingly, the substitution of Glu837 with aspartic acid 

produced a receptor that became sensitive to the actions of both positive (NPS R-568) 

and negative (NPS 2143) allosteric modulators, but the substitution of a lysine rendered 

the CaR unresponsive (Hu et al., 2005). 

 

Cysteine 677 in the first extracellular loop of the CaR’s 7-TM domain is a crucial amino 

acid for receptor activity and cell surface expression, as mutation of the cysteine to an 

alanine does not elicit a Cao
2+-mediated PI response due to intracellular retention of the 

mutant CaR (Ray et al., 2004).  Similarly, mutation of Cys765 in the second 

extracellular loop fails to elicit CaR activity and is unable to be expressed on the cell 

surface.  It was suggested that these two cysteines within the extracellular loops formed 

disulfide bonds but whether they form bonds together or with other cysteines within the 

extracellular N-terminal domain has not been established.  As for the findings of Hu and 

co-workers, Ray and co-workers observed that alanine substitution at Glu767 in the 
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second extracellular loop enhanced CaR sensitivity to Cao
2+ and reduced the EC50 of 

Cao
2+ by 50% without increases in cell surface receptor expression.  Similarly, mutation 

of Lys831 in the third extracellular loop to an alanine elicited increased Cao
2+ sensitivity 

whilst maintaining receptor cell surface expression levels (Ray et al., 2004). 

 

The region between transmembrane 6 and 7 (amino acids 819-837) has been identified 

as a “hot spot” for naturally occurring activating mutations causing autosomal dominant 

hypocalcaemia (ADH) (Hu and Spiegel, 2007).  In 2005, Hu and co-workers identified 

critical amino acids within this region which could influence CaR activity and 

expression (Hu et al., 2005).  They found that alanine substitution of Ile819, Ile822, 

Tyr825, Gly830 or Lys831 increased mutant CaR sensitivity to Cao
2+, whereas alanine 

substitution of Glu837 did not have an effect but lysine or aspartic acid substitution at 

this amino acid increased CaR sensitivity to Cao
2+ (Hu et al., 2005).  The same group 

previously demonstrated that Glu837 was required for the action of NPS R-568 (Hu et 

al., 2002).  Another interesting finding was that both alanine and glycine substitution of 

Pro823 decreased CaR sensitivity but had no affect on cell surface expression (Hu et al., 

2005).   

 

1.1.4.2 - The transmembrane domain 

Alanine 843 in the seventh transmembrane domain is conserved in human, bovine, rat 

and chicken (Zhao et al., 1999).  An A843E constitutively activated mutation, the first 

of its kind to be identified in the CaR, was demonstrated in a patient with ADH.  The 

mutation is able to hydrolyse PI even in the absence of Cao
2+.  Compared to WT CaR, 

the mutant exhibits relatively low cell surface expression and has a maximal PI response 

that is 60% that of WT CaR even at high Cao
2+ concentrations.  Lysine or valine 

substitution of the alanine (instead of the glutamate) does not lead to its constitutive 

action.  The N-terminal domain of the CaR is shown not to be involved in this response 

but the authors propose that the 7-TM domain of the mutant CaR can possibly assume a 

formation which favours G protein coupling (Zhao et al., 1999).  

 

1.1.4.3 - The intracellular loops 

In an effort to delineate critical amino acids for CaR function, Chang and co-workers 

mutated amino acids in the second and third intracellular loops of the bovine CaR 

(Chang et al., 2000).  By doing so they identified key amino acids influencing CaR 

activation and cell surface expression.  Phenylalanine 707 in the second intracellular 
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loop was shown to be critical for CaR-mediated PLC activation in both transiently and 

stably transfected HEK-293 cells.  An alanine mutation at this amino acid abolished the 

total IP response, even though both total and cell surface CaR expression levels were 

comparable to that of WT CaR.  Similarly, in the third intracellular loop, Leu798 and 

Phe802 were identified as being essential for PLC activation even though alanine 

mutation of these amino acids afforded receptors with cell surface expression 

comparable to WT CaR.  In addition, mutation of Glu804 failed to activate PLC but this 

was due to intracellular retention of the mutant CaR, indicating the importance of this 

amino acid in the cell surface expression of the receptor (Chang et al., 2000). 

 

1.1.5 - The intracellular C-tail 

The tail of the CaR has been established as a relatively long hydrophilic sequence that 

shares the least homology between species compared to the extracellular and the 7-TM 

domains (Brown et al., 1993; Garrett et al., 1995; Ruat et al., 1995).  Like the human 

CaR, the CaR in Mossambique tilapia (Oreochromis mossambicus) is made up of a 

large extracellular N-terminal domain and a 7-TM domain, however its tail is naturally 

truncated to just under 100 amino acids.  Despite missing over half the number of tail 

amino acids compared to the tail of mammalian CaRs, the tilapia CaR is still able to 

stimulate total IP accumulation in a dose-dependent manner, as well as activate ERK1/2 

phosphorylation comparable to that of bovine CaR in CaR-transfected HEK-293 cells 

(Loretz et al., 2004).  Although these studies may suggest that the CaR tail is 

unimportant for the overall function of the receptor, it is in fact, a critical component, 

being able to relay signals from the extracellular environment to the intracellular milieu 

(Ward DT, 2004).   

 

The region between amino acids 874 and 888 of the CaR tail contains residues critical 

for efficient cell surface expression and signal transduction of the CaR (Ray et al., 1997).  

This has been demonstrated by truncation of the receptor to amino acid 874 which 

reduced CaR cell surface expression and inhibited the ability of the receptor to 

hydrolyse PI compared to WT CaR.  In contrast, a receptor truncated at amino acid 888 

displayed cell surface expression comparable to WT CaR and was able to hydrolyse PI 

with the same affinity as WT CaR (Ray et al., 1997).  These results were corroborated 

in another study which revealed that the region of the CaR comprising amino acids 868-

886 was critical for the receptor’s function and desensitisation.  Truncation of the tail to 

amino acid 868 exhibited decreased Cao
2+-mediated activation compared to WT 
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receptor (Gama and Breitwieser, 1998).  Studies by Chang and co-workers subsequently 

showed that a bovine CaR truncated at amino acid 895 was able to activate PLC in 

HEK-293 cells stably expressing the truncated mutant, eliciting a response 40% of that 

of WT CaR, whereas CaR truncated at amino acid 866 failed to activate the PLC 

pathway (Chang et al., 2001).  These differences in mutant CaR signalling were not due 

to reduced cell surface expression.  Further delineation of the region encompassing 

amino acids 866-895 identified two critical amino acids required for efficient CaR 

functioning and cell surface expression:  mutation of His880 and Phe882 on the tail 

produced a Cao
2+-stimulated PLC response that was 30-50% of that of WT CaR as well 

as being retained intracellularly.  Furthermore, amino acids 877-891 (comprising critical 

amino acids 880 and 882) were shown to adopt an alpha-helical secondary structure 

which potentially contributed to efficient CaR function and cell surface expression.  

However, it is possible that there are additional modulatory domains beyond amino acid 

895 that are involved in regulating receptor function (Chang et al., 2001).   

 

1.1.5.1 - Phosphorylation sites 

The human CaR contains five putative PKC sites - two (Thr646 and Ser794) in the 

intracellular loops and three (Thr888, Ser895 and Ser915) in the receptor’s tail (Garrett 

et al., 1995).   

 

Using pre-treatment with the PKC activator, phorbol 12-myristate 13-acetate (PMA), to 

measure Cao
2+-elicited Cai

2+ increases in HEK-293 cells, Bai and co-workers 

demonstrated a reduced cumulative maximal Cao
2+ response, 41% of that elicited by 

cells treated with vehicle.  Likewise, the use of two other PKC activators (mezerein or 

indolactam V) evoked similar responses (Bai et al., 1998b).  Bai and co-workers then 

went on to mutate the putative PKC sites to determine which amino acids were involved 

in mediating PKC-mediated CaR regulation.  Of the five putative PKC sites in the CaR, 

a T888V mutant had the greatest influence on the EC50 [Cao
2+] for Cao

2+-stimulated 

Cai
2+ release.  Double mutants of either T888V/S895A or T888V/S915A evoked 

responses  similar to that of T888V alone, however triple (T888V/S895A/S915A) and 

quintuple (T646V/S794A/T888V/S895A/S915A) mutations containing T888V evoked 

EC50[Cao
2+] responses which were reduced compared to T888V alone.  Furthermore, 

Bai and co-workers went on to show that the effects seen by the PKC activators and an 

inhibitor (staruasporine) were mostly mediated by Thr888.  They proposed a 

mechanism whereby phosphorylation of Thr888 could uncouple the CaR from Gαq-
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mediated down-regulation of the Cao
2+-stimulated Cai

2+ response (Bai et al., 1998b).  

The same group later demonstrated that a CaR containing a Thr888Stop behaved in a 

manner similar to WT CaR that had been phosphorylated, giving weight to the 

previously proposed hypothesis (Jiang et al., 2002).   

 

In addition to the PKC sites, two putative protein kinase A (PKA) sites exist at amino 

acids 899 and 900 on the receptor’s tail, however the function of these putative protein 

kinase A sites remains to be established (Garrett et al., 1995). 

 

1.1.6 - CaR signalling 

1.1.6.1 - The CaR and MAPK signalling  

1.1.6.1.1 - ERK1/2  

Cao
2+ or Gdo

3+-stimulation of the CaR in Rat-1 fibroblasts induces cell proliferation 

(McNeil et al., 1998).  This response is thought to be mediated by both increased c-SRC 

kinase and ERK1 activity, as chemical inhibitors of c-SRC or ERK1 abolish the cell 

proliferative effects.  This cell proliferative response is also abrogated in cells over-

expressing the non-functional CaR mutant, R796W, which further provides 

confirmation of the role of CaR in mediating cell proliferation via the ERK1/2 

signalling pathway (McNeil et al., 1998).  By using Western blot analysis and the 

selective inhibitor of ERK1/2, PD98059, Yamaguchi and co-workers demonstrated that 

the CaR was able to activate ERK1/2 when stimulated with high concentrations of Cao
2+ 

in the mouse osteoblastic cell line, MC3T3-E1.  CaR activation of ERK1/2 produces 

mitogenic effects in these cells suggesting that the CaR is involved in replacing 

osteoblastic cells at sites of bone resorption (Yamaguchi et al., 2000).  Furthermore, 

high Cao
2+ and NPS R-467 stimulation can phosphorylate ERK1/2 in a dose-dependent 

manner in both bovine parathyroid cells and HEK-293/CaR cells by Gαq-mediated 

coupling of the CaR to PLC and subsequent activation of PKC (Kifor et al., 2001).   

 

CaR-mediated activation of the classic MAPK pathway (i.e. ERK1/2 phosphorylation) 

has been localised to amino acids 860/861-880 on the CaR tail (Zhang M and 

Breitwieser, 2005).  Mutants of the CaR which are truncated at amino acids 868 or 880 

display significantly lower ERK1/2 activity compared to WT CaR (Zhang M and 

Breitwieser, 2005).  Filamin has been shown to be necessary for CaR-mediated ERK1/2 

activation, as M2 cells which lack filamin expression, compared to A7 cells (M2 cells 

which stably express filamin), when transiently transfected with CaR and stimulated 
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with Cao
2+, do not activate ERK1/2 (Awata et al., 2001).  Additionally, filamin has been 

shown to be required for optimal CaR-mediated ERK1/2 activation in other studies 

(Hjalm et al., 2001; Huang C et al., 2006; Zhang and Breitwieser, 2005).   

 

An alternative mechanism of ERK1/2 activation occurs through CaR-mediated 

transactivation of the epidermal growth factor receptor (EGFR) (El Hiani et al., 2009; 

MacLeod et al., 2004; Tfelt-Hansen et al., 2005b) (Figure 1.2).  This mode of activation 

is termed “triple-membrane-spanning signalling” due to signalling events crossing the 

cell membrane three times.  The triple-membrane-spanning signalling works by GPCR-

mediated-activation of matrix metalloproteinases and subsequent cleavage of HB-

epidermal growth factor (EGF) which leads to EGFR activation, and ERK1/2 

phosphorylation (Wetzker and Bohmer, 2003).  MacLeod and co-workers and Yano and 

co-workers, used HEK-293/CaR cells and PC-3 prostate cancer cells, respectively, and a 

consecutive step-by-step method utilising various inhibitors and neutralising antibodies 

of the molecules involved in triple-membrane-spanning signalling, to determine that 

CaR activation of the EGFR required activation of both matrix metalloproteases and 

heparin-binding EGF leading to ERK1/2 phosphorylation (MacLeod et al., 2004; Yano 

et al., 2004).  A similar mechanism of ERK1/2 activation also occurs in H-500 Leydig 

tumour cells as shown by Tfelt-Hansen and co-workers.  This group  demonstrated 

attenuation of high Cao
2+-induced phosphorylation of ERK1/2 and cell proliferation 

using the metalloproteinase inhibitor, GM6001, and the EGFR kinase inhibitor, 

AG1478 (Tfelt-Hansen et al., 2005).  Similar findings have recently been evinced in 

MCF-7 human breast cancer cells (El Hiani et al., 2009). 

 

1.1.6.1.2 - c-Jun N-terminal kinase  

The first evidence for the involvement of CaR in the activation of c-Jun N-terminal 

kinase (JNK) came from a study examining the function of a CaR containing a naturally 

occurring activating mutation resulting in a threonine to methionine substitution 

mutation at amino acid 151 (Hoff et al., 1999).  In comparison to WT CaR, the T151M 

mutant CaR elicited greater JNK activation upon Cao
2+ stimulation when stably 

expressed in NIH/3T3 cells.  These results were corroborated when a CaR-mediated cell 

proliferation assay was performed upon co-expression of a dominant negative MEKK1, 

(a molecule upstream of the JNK signalling pathway) and the T151M mutant CaR.  The 

number of colonies produced in the assay, indicative of JNK activation, was 

significantly reduced in the presence of the dominant negative upstream kinase,  
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Figure 1.2 – Schematic overview of CaR signalling.  The CaR regulates an array of 

downstream cell signalling pathways including the activation of MAPK ERK, JNK and 

p38; Gi-mediated inhibition of adenylate cyclase; Gq-mediated activation of PLC 

leading to the production of DAG and IP3; activation of Rho kinase.  Adapted from 

(Magno et al., 2011).  

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 1 – Introduction 
 

 18 

confirming the role of JNK in mutant CaR-mediated cell proliferation (Hoff et al., 1999).  

Additionally, upon Cao
2+ or Gdo

3+ stimulation, the CaR couples to Gαi to stimulate JNK 

in Madin-Darby canine kidney cells in a time-dependent manner, with activation 

occurring only in the basal but not apical surface of these cells (Arthur et al., 2000).  As 

demonstrated in the CaR-mediated ERK1/2 signalling pathway, filamin A expression is 

also critical for CaR-mediated JNK activation, as knockdown of filamin A results in a 

significant decrease in CaR-mediated phosphorylation of JNK in HEK-293/CaR cells 

(Huang C et al., 2006). 

 

1.1.6.1.3 - p38 

Involvement of the CaR in the activation of p38 MAPK was first demonstrated by 

Yamaguchi and co-workers who showed using Western blot analysis and the selective 

inhibitor of the p38 MAPK, SB203580, that CaR activates p38 upon stimulation with 

Cao
2+, Gdo

3+, neomycin or spermine in the mouse osteoblastic cell line, MC3T3-E1.  

This group also showed that CaR activation of p38 produced mitogenic effects in these 

cells suggesting that activation of the CaR was involved in replacing osteoblastic cells 

at sites of bone resorption (Yamaguchi et al., 2000).  Using similar methods of selective 

inhibition, Tfelt-Hansen and co-workers demonstrated that the CaR could activate and 

signal through p38, in common with other members of the MAPK family, to regulate 

levels of parathyroid hormone-related protein (pTHrP) release in H-500 Leydig cells, a 

cell model for humoral hypercalcaemia of malignancy (Tfelt-Hansen et al., 2003).  This 

same group demonstrated that CaR-stimulated cell proliferation of H-500 Leydig, as 

well as CaR-mediated regulation of K+ channels in U87 astrocytoma cells, involved p38 

but not ERK1/2 activation (Chianping et al., 2004; Tfelt-Hansen et al., 2004). 

 

1.1.6.2 -The CaR and cyclic adenosine monophosphate signalling 

Before the cloning of the CaR, Brown and co-workers showed inhibition of cyclic 

adenosine monophosphate (cAMP) accumulation in bovine parathyroid cells following 

calcium stimulation (Brown et al., 1984).  Several years later, agonist-stimulation 

(namely by Cao
2+, Mgo

2+, Bao
2+, Sro

2+) of bovine parathyroid cells was shown to inhibit 

cAMP accumulation via a mechanism likely involving an extracellular Ca2+ receptor 

coupling to Gi, as this effect was reversed by pertussis toxin treatment (Chen et al., 

1989).  After the CaR was cloned, pertussis toxin insensitive activation of the CaR was 

shown to inhibit cAMP synthesis and stimulate cAMP hydrolysis, both mediated by the 

PLC pathway (Ferreira et al., 1998).  The CaR has also been demonstrated to inhibit 
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cAMP production in HEK-293/CaR cells, but not COS-7 cells or oocytes, in response to 

stimulation by Cao
2+, Mgo

2+, Gdo
2+ or NPS R-467, as well as decrease chloride 

resorption by inhibiting cAMP (Chang et al., 1998; Ferreira and Bailly, 1998). 

 

1.1.6.3 - The CaR and phospholipase signalling 

The bovine CaR is able to activate PLC upon agonist stimulation, subsequently 

mobilising Ca2+ from intracellular stores in Xenopus laevis oocytes (Brown et al., 1993).  

Furthermore, the CaR is also able to activate phospholipase D (PLD) and cytosolic 

phospholipase A2 (PLA2) (Kifor et al., 1997) (Figure 1.2).  By using the formation of 

phosphatidylbutanol as a marker of PLD activation, Kifor and co-workers demonstrated 

that both high and low Cao
2+ stimulation elicited a rapid, dose-dependent PKC-mediated 

activation of PLD in bovine parathyroid and HEK-293/CaR cells.  Similarly, high Cao
2+ 

was shown to activate PLA2 in a dose-dependent manner in both bovine parathyroid and 

HEK-293/CaR cells, as measured by free arachidonic acid release.  Further evidence of 

high Cao
2+-stimulated PLA2 activation has been demonstrated with the use of the 

selective PLA2 inhibitors, AACOCF3 and mepacrine.  Treatment of bovine parathyroid 

cells with these inhibitors attenuated high Cao
2+-stimulated PLA2 activation but not low 

Cao
2+-stimulated activation.  PLA2 activity is mediated by PKC in bovine parathyroid 

cells.  High Cao
2+-stimulated PLC, PLD and PLA2 activation in 4-day old cultured 

bovine parathyroid cells reduced phospholipase activity, which is due to the reduction 

of CaR mRNA and protein levels, providing further evidence of the role of CaR in 

phospholipase signalling (Kifor et al., 1997).  Several other studies later corroborated 

the findings of Kifor and co-workers.  The CaR has been shown to activate PLC, as 

measured by inositol phosphate accumulation, in both COS-7 cells and HEK-293/CaR  

cells in response to stimulation by Cao
2+, Mgo

2+ and to a lesser extent by Gdo
3+ (Chang 

et al., 1998).  Handlogten and co-workers further confirmed a role for the CaR in 

receptor-mediated PLA2 signalling by demonstrating that CaR-mediated PLA2 

activation, as measured by arachidonic acid release, was PLC-dependent involving Gαq, 

but not Gαi, coupling to the CaR (Handlogten et al., 2001).  This activation partially 

involves PKC, as the treatment of cells with a PKC inhibitor, calphostin, and the 

overnight treatment of cells with PMA, reduced CaR-mediated PLA2 activation by 

approximately 50%.  Furthermore, CaR-mediated PLA2 activation is independent of the 

ERK signalling pathway, however calcium, calmodulin and calmodulin-dependent 

protein kinases are deemed essential to PLA2 activity, as treatment of cells with the 

calmodulin and the calmodulin-dependent protein kinase antagonists, W-7 and KN-93, 
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respectively, reduce CaR-mediated PLA2 activity by approximately 90% (Handlogten et 

al., 2001).  Finally, Huang and co-workers showed that the CaR was able to couple to 

Gα12/13, but not Gαi or Gαq, to activate PLD via the Rho signalling pathway in Madin-

Darby canine kidney cells over-expressing the CaR (Huang C et al., 2004). 

 

1.1.6.4 - The CaR and Rho signalling 

The Ras superfamily of GTPases comprises the Rab, Ras, Arf, Ran and Rho family of 

GTPases, with the latter comprising over 20 different sub-families including Cdc42, 

Rac and Rho (Etienne-Manneville and Hall, 2002).  Cdc42 and Rac are involved in 

filopodia and lamellipodia regulation, respectively, whereas Rho plays a role in stress 

fibre and focal adhesion assembly.  The Rho sub-family of GTPases consists of Rho 

isoforms A, B and C.  GTPases have been described as “molecular switches” and so 

named for their ability to switch between two conformational states: a GTP-bound 

active state and a GDP-bound inactive state.  The cycling between the two states is 

regulated by three classes of proteins namely the guanine nucleotide exchange factors 

(GEFs), GTPase-activating proteins (GAPs) and the guanine nucleotide dissociation 

inhibitors (GDIs).  Rho proteins are inactivated by the improperly named GAPs, which 

in turn are activated by the GEFs.  The GDI proteins maintain Rho in an inactive state 

(GDP-bound) and also prevent the molecule from moving to the cell membrane 

(Etienne-Manneville and Hall, 2002). 

 

Several studies have established the importance of CaR-mediated Rho signalling 

(Davies et al., 2006; Huang C et al., 2004; Pi et al., 2002; Rey et al., 2005).  By 

coupling to Gαq, the CaR has been shown to activate SRE-mediated gene transcription 

via the Rho signalling pathway as measured by luciferase activity in HEK-293/CaR 

cells (Pi et al., 2002).  This interaction is mediated specifically by the CaR tail, as a 

mutant CaR truncated at amino acid 876 failed to stimulate luciferase activity.  As 

shown with some other CaR-mediated signalling pathways, activation of the Rho 

signalling pathway requires filamin, in addition to a number of other regulatory 

molecules, namely Gαq, RhoA and RhoGEF Lbc (Pi et al., 2002).  In contrast to other 

signalling pathways, the CaR couples to Gα12/13, not Gαi or Gαq, to activate the Rho 

signalling and subsequent PLD activation in Madin-Darby canine kidney cells over-

expressing the CaR (Huang C et al., 2004) (Figure 1.2).  Amino acid stimulation of the 

CaR, namely through L-phenylalanine, mediates transient Cai
2+ oscillations requiring 

actin  
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cytoskeleton organisation involving RhoA, Gα12/13, the CaR tail and filamin A (Rey et 

al., 2005).  In addition, CaR-mediated Rho signalling activates actin stress fibre 

assembly and alters cell morphology in HEK-293/CaR cells in response to Cao
2+, Mgo

2+ 

and NPS R-467, but not to the aromatic amino acids L-phenylalanine or L-tryptophan 

(Davies et al., 2006).   

 

1.1.7 - Diseases of the CaR  

In an effort to identify candidate genes responsible for elevated serum calcium and low 

urinary calcium excretion, the disorder more commonly known as FHH, Chou and co-

workers used linkage analysis studies and mapped the FHH locus to chromosome 3q 

(Chou et al., 1992).  Results from screening of FHH-affected individuals from three 

separate families suggested that the locus for FHH and neonatal severe primary 

hyperparathyroidism (NSPHT) were on the same chromosome as the CaR gene.  

Further analysis of the affected individuals’ CaR protein revealed that these naturally 

occurring mutations within the receptor were responsible for the diseases, FHH and 

NSPHT (Pollak et al., 1993).  The same group subsequently identified an activating 

mutation in the CaR to be the cause of ADH (Pollak et al., 1994).  These studies, which 

shortly followed the cloning of the CaR, were the first of a few to highlight the 

receptor’s importance in diseases of altered calcium homeostasis (Brown et al., 1993).  

The pathological importance of the CaR is further illustrated in experiments where the 

CaR gene is knocked out (Ho et al., 1995).  The dramatic effects of knocking out the 

CaR in mice are evident postnatally after 2 days.  Compared to normal mice, the 

resulting phenotype of the CaR homozygous knockout mouse mimics the symptoms of 

NSPHT.  These mice display slow growth, significantly elevated serum calcium and 

PTH levels, moderately elevated magnesium levels, parathyroid gland hyperplasia, a 

decrease in bone density and the inability to feed and be weaned, the combined effects 

leading to premature death of the mice between 3-30 days (Ho et al., 1995).  For a 

comprehensive review of mutations in the CaR and CaR-associated diseases, refer to 

Hendy et al., 2010 (Hendy et al., 2010). 

 

1.1.8 - The physiological roles and tissue distribution of the CaR  

As indicated by the name, the CaR’s most recognised key role in the body is to detect 

and maintain serum calcium levels within the tight physiological range of 1.1-1.3 mM 

(Brown, 2007).  In the parathyroid gland, this crucial task carried out by the receptor 

involves a highly orchestrated interplay between the CaR and PTH.  When serum 
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calcium concentrations are high or low, the production and secretion of PTH is inhibited 

or induced, respectively, to re-establish normal serum calcium levels.  The CaR also has 

a role in calcium homeostasis via the kidney, gastrointestinal tract and bone which are 

target tissues for hormones regulating serum calcium concentrations (Brown, 2007).  In 

addition to its role in calcium homeostasis, the CaR is present in tissues that are not 

involved in maintaining serum calcium levels.  The tissue distribution of the CaR and 

the various roles of the receptor are discussed below. 

 

1.1.8.1 - The parathyroid gland 

As mentioned previously, the CaR was originally cloned and characterised from the 

bovine parathyroid gland, and subsequently from human parathyroid tissue.  In both 

species, the CaR mobilises Cai
2+ in response to agonist stimulation thus carrying out an 

most important role in regulating PTH secretion (Brown et al., 1993; Garrett et al., 

1995).  In bovine parathyroid, the CaR localises in caveolae (cell membrane organelles 

containing a high concentration of signalling molecules) with caveolin 1 - a protein 

which makes up a large component of caveolae (Anderson, 1998).  This localisation 

mediates activation of tyrosine kinase phosphorylation of caveolin-1 by Cao
2+ in a dose-

dependent manner (Kifor et al., 1998).  Caveolin-1 expression has been demonstrated to 

be important for PTH secretion in parathyroid cell caveolae as human parathyroid cells 

from adenomas lacking or expressing low levels of caveolin-1 have a reduced response 

to low Cao
2+-stimulated PTH secretion (Kifor et al., 2003).  The CaR in bovine 

parathyroid cells, has been implicated in the activation of ERK1/2 phosphorylation 

upon stimulation with Cao
2+ and NPS R-467 (Kifor et al., 2001), and activation of the 

receptor has been shown to result in its degradation through association with calcium-

dependent m-calpain (Kifor et al., 2003).   

 

1.1.8.2 - The gastrointestinal tract 

1.1.8.2.1 - Esophagus 

By using reverse-transcriptase polymerase chain reaction (RT-PCR) and 

immunocytochemistry experiments, a recent study has established that the CaR protein 

is expressed on the basal cells in the human esophagus and in HET-1, a human 

esophageal cell line.  Stimulation of the receptor in HET-1 results in ERK1/2 

phosphorylation, intracellular calcium mobilisation and secretion of the interleukin-8 

cytokine with their effects diminished using a siRNA directed against the CaR 

(Justinich et al., 2008). 
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1.1.8.2.2 - Stomach 

Cheng and co-workers demonstrated, using immunohistochemistry techniques, that the 

CaR protein was expressed in both the mucosae and muscularis of rat stomach.  By 

focusing only on the mucosae, this group also established that the CaR protein was 

expressed in various epithelial cell populations in the surface epithelium and along the 

gastric glands suggesting a role for the receptor in regulating stomach mucosal secretion 

and cell motility (Cheng I et al., 1999).  In the same year, another group using a 

combination of immunohistochemistry, confocal fluorescence microscopy and Western 

blotting techniques, was able to corroborate the results of Cheng and co-workers using 

human tissue.  They demonstrated up to 2 mM Cao
2+ stimulation elicited a dose-

dependent increase of Cai
2+, which was found to be mediated by a PLC-dependent 

pathway (Rutten et al., 1999). 

 

1.1.8.2.3 - Small intestine 

CaR protein is present in the basal regions of villi and epithelial cells of crypts of the 

small intestine which suggests a role for the receptor in the crypt-to-villus 

differentiation.  The CaR is also present in the Brunner’s glands which indicate a role 

for the receptor in the control of alkaline secretion.  Additionally, the CaR is found in 

the Meissner’s plexus of the submucosa and the serosa of the duodenum inferring that 

CaR expression in the duodenum may play a role in absorption.  The jejunum and ileum 

have immunostaining patterns for CaR similar to that of the duodenum (Chattopadhyay 

et al., 1998a).     

 

1.1.8.2.4 - Colon 

Chattopadhyay and co-workers first showed in the rat colon that the CaR protein was 

present in the apical plasma membrane and the basal surface of crypt cells, underlying 

cytoplasm, the submucosa, nerve fibres extending out from the submucosa to the 

Auerbach’s myenteric plexus and the serosa (Chattopadhyay et al., 1998a).  Cheng and 

co-workers later demonstrated that CaR expression was localised to the apical and 

basolateral regions of both surface and crypt cells of the proximal and distal colon in the 

human and rat.  Intestinal fluid movement of forskolin-treated colonic epithelial cells 

was investigated to determine the role for the CaR in modulating diarrhoeal states.  

They found that CaR activation reversed forskolin-mediated net fluid secretion to net 

absorption which was thought to occur through CaR-mediated reductions in 

intracellular cAMP accumulation (Cheng SX et al., 2002). 
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1.1.8.3 - The kidney 

The CaR was cloned and characterised from rat and human kidney in the same year 

(Aida et al., 1995; Riccardi et al., 1995).  In situ hybridisation and RT-PCR experiments 

reveal CaR mRNA localisation to the glomeruli, proximal convoluted tubule, proximal 

straight tubule, cortical thick ascending limb, distal convoluted tubule, cortical 

collecting duct, medullary thick ascending limb, and the outer and inner medullary 

collecting ducts of the rat nephron (Riccardi et al., 1996).  Stimulation of the rat CaR in 

the kidney with common CaR agonists (including Cao
2+, Gdo

3+, Mgo
2+ and neomycin) 

activates chloride currents indicative of mobilisation of intracellular Cai
2+ stores and 

activation of PLC (Riccardi et al., 1995).  In Madin-Darby canine kidney cells, the CaR 

couples to Gα12/13 proteins to activate Rho signalling and subsequently stimulate PLD 

(Huang C et al., 2004).  In cortical thick ascending limb cells of rat kidney, the CaR 

arrests calcium-inhibitable cAMP type 6 in a dose-dependent manner by different 

mechanisms involving both pertussis toxin-sensitive and insensitive G proteins (Ferreira 

et al., 1998).   

 

1.1.8.4 - The prostate 

CaR protein is expressed in rat prostate cancer cell lines, AT-3, as well as human 

prostate cancer cell lines, PC-3, LNCaP and C4-2B (Liao et al., 2006; Sanders et al., 

2001).  In rat prostate carcinoma-derived AT-3 cells, Cao
2+ stimulation of the CaR plays 

a role in abolishing Sindbis virus-mediated apoptosis (Lin et al., 1998).  In PC-3 and 

LNCaP, Cao
2+ stimulation of the CaR activates the secretion of PTHrP in a dose-

dependent manner.  The mechanism by which this occurs involves transforming growth 

factor beta-1, which is thought to upregulate CaR expression, subsequently leading to 

the secretion of PTHrP (Sanders et al., 2001).  Alternatively, in PC-3 cells, CaR 

stimulation phosphorylates ERK1/2 through the EGFR leading to the secretion of 

PTHrP (Yano et al., 2004).  Furthermore, upon agonist stimulation, the CaR has been 

shown to enhance cell proliferation in PC-3 and C4-2B but not LNCaP cells, and also to 

increase cell attachment via the AKT signalling pathway (Liao et al., 2006).  Findings 

from the above studies have implications for CaR involvement in prostate cancer 

metastasising to bone and creating a feedback loop leading to perpetual bone resorption 

(Liao et al., 2006; Sanders et al., 2001; Yano et al., 2004).   
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1.1.8.5 - The nervous system 

The first instance of the CaR being cloned from tissue not involved in calcium 

homeostasis was the cloning of the receptor from the rat nervous system (Ruat et al., 

1995).  Since then, several studies have mapped and studied the expression of CaR 

transcripts and protein in the nervous system, including the brain, of both the 

developing and adult rat.  

 

Low level CaR mRNA and protein expression is seen in the hippocampus of rats 0-10 

days old (Chattopadhyay et al., 1997).  In 1-day post-natal rats, CaR mRNA and protein 

have been detected in the cytoplasm and the cell surface of oligodendrocyte cells.  

Extracellular calcium or neomycin stimulation of the receptor in these cells elicits a 

dose-dependent increase in oligodendrocyte proliferation when assessed by thymidine 

incorporation.  Furthermore, stimulation of the receptor by the aforementioned agonists 

elicits positive outward K+ currents in these cells that are likely to be mediated by the 

CaR (Chattopadhyay et al., 1998b).  A more recent study found that the CaR was able to 

regulate neurite growth in late fetal superior cervical ganglion neurons and the iris of 1-

day post-natal mice highlighting the significance of the receptor in establishing 

sympathetic innervation in the late foetus (Vizard et al., 2008).  In the hippocampus, 

there is a 3-5-fold increase in the level of CaR mRNA and protein expression from the 

immediate post-natal period to 10-30 day old rats, which is followed by a 3-fold 

decrease in expression to levels similar to that in the hippocampus of adult rats (3 

months and over) (Chattopadhyay et al., 1997).  A wide distribution of CaR mRNA is 

seen in the rat brain post-natally from day 4 to 2 months (Sandrine et al., 2000).  The 

CaR is also implicated in Cao
2+-stimulated Cai

2+ increases in a mixed population of 15-

17 day old mouse glial cells, predominantly containing astrocytes, a response that is 

PLC-dependent and from IP3-sensitive stores (Stephen, 1997).    

 

In the adult rat, multiple mRNA transcripts of the receptor exist in the brain and 

peripheral tissues, which are thought to be the result of either variable 5’ start sites, 3’ 

polyadenylylation sites or splice variants of the protein.  Immunocytochemical analysis 

of CaR protein distribution in adult rat brain reveal expression all throughout the brain 

with particularly high levels of expression in regions including the hippocampus, 

cerebellum, olfactory bulb, cerebral arteries and lateral habenula.  At high 

magnifications, CaR expression is seen in the nerve fibres and terminals as revealed by 

punctate staining patterns (Ruat et al., 1995).   
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CaR protein is also expressed in the Meissner’s plexus of the submucosa and the serosa 

of the rat small intestine.  In the rat colon, CaR protein is present in nerve fibres 

extending out from the submucosa to the Auerbach’s myenteric plexus (Chattopadhyay 

et al., 1998a).   

 

Beta amyloid presentation in plaques is a hallmark of Alzheimer’s disease.  In HEK-

293/CaR cells, the CaR activates non-selective cation channels upon stimulation with 

amyloid beta proteins, an effect not seen in HEK-293 cells where the CaR is absent.  

This activation has also been demonstrated in mouse and rat neurons indicating the 

potential involvement of the CaR in Alzheimer’s disease and possibly other in 

neurodegenerative diseases (Chianping et al., 1997).   

 

1.1.8.6 - Bone 

1.1.8.6.1 - Osteoclasts 

Rat CaR protein, which has greater than 92.3% sequence homology with human and 

bovine CaR, was first identified in osteoclast cells in the long bone of rats using 

immunohistochemical techniques (Kameda et al., 1998).  Cao
2+-stimulation of mature 

rat osteoclasts inhibits bone resorption suggesting a role for the receptor in reducing 

osteoclastic activity.  The CaR is also implicated in calcium-induced apoptosis of 

mature rabbit osteoclasts.  CaR-induced apoptosis increases with increasing levels of 

Cao
2+ stimulation and signals through PLC- and IP3-dependent pathways, as determined 

in experiments using pharmacological inhibitors (Mentaverri et al., 2006).  In contrast, 

the same group recently showed that CaR-induced apoptosis of mature rabbit 

osteoclasts, when stimulated with Sro
2+, signalled through a PKC-dependent but IP3-

independent pathway (Hurtel-Lemaire et al., 2009). 

 

1.1.8.6.2 - Osteoblasts 

There appears to be disagreement between the identities of the CaR protein in 

osteoblasts in the groups studying the receptor.  Whilst one side believes that the classic 

studied CaR is responsible for mediating responses in osteoblasts, the other side argues 

the existence of an osteoblast-specific CaR.  Quarles and co-workers identified an 

osteoblast-specific CaR in the mouse osteoblast cell line, MC3T3-E1, which they 

described as a receptor that was “functionally similar to but molecularly distinct from 

the CaR”.  The osteoblastic-specific CaR was activated by agonists including Cao
2+, 

Gdo
3+ and neomycin but not Mgo

2+, which is a well-established CaR agonist (Brown et 
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al., 1993; Garrett et al., 1995; Quarles et al., 1997).  Interestingly, the group isolated and 

determined a partial DNA and protein sequence of the mouse CaR which was seen to be 

highly homologous to the osteoblast-specific CaR from rat, human and bovine 

osteoblasts.  In contrast, Yamaguchi and co-workers detected traditional CaR protein 

expression in rat and human osteoblast-like cells, UMR-106 and SaOS-2, respectively, 

using immunocytochemical and Western blotting techniques (Yamaguchi et al., 1998).   

 

1.1.8.7 - The breast 

RT-PCR and Northern blotting analysis, and immunohistochemical techniques have 

demonstrated CaR mRNA and protein expression, respectively, in normal, fibrocystic 

and malignant breast tissues (Cheng I et al., 1998).  Additionally, similar techniques 

have identified CaR mRNA and protein expression in the breast cancer cell lines, MCF-

7 and MDA-MB-231.  The CaR agonists, Cao
2+, neomycin and spermine, elicit PTHrP 

increases in a dose-dependent manner in MCF-7 and MDA-MB-231 cells, which is 

thought to be mediated by the CaR (Sanders et al., 2000).  The findings of Sanders and 

co-workers implicate the CaR in bone osteolysis whereby breast cancer cells, which 

commonly metastasise to the bone, can induce CaR-mediated PTHrP-induced bone 

osteolysis (Guise, 1997; Sanders et al., 2000).  In contrast, VanHouten and co-workers 

demonstrate CaR-mediated suppression of PTHrP secretion, in normal mammary 

epithelial cells.  Additionally, their findings in in vivo experiments of low levels of 

serum calcium causing CaR-mediated increases in PTHrP production in lactating mice 

led them to propose a homeostatic mechanism in lactating mammary gland whereby the 

CaR participates in the control of milk secretion (VanHouten et al., 2004).  Mamillapalli 

and co-workers demonstrate the discrepancy between CaR-mediated PTHrP secretion 

between normal versus malignant breast is caused by different signalling mechanisms, 

namely the CaR coupling to Gαs in malignant breast and Gαi in normal breast 

(Mamillapalli et al., 2008). 

 

1.1.8.8 - Haematopoietic cells 

House and co-workers used a combination of Northern blot analysis, in situ 

hybridisation and immunocytochemistry with both human and mouse tissue in an 

attempt to determine whether haematopoietic cells (cells of the bone marrow) express 

the CaR (House et al., 1997).  They found mouse bone marrow cells including 

megakaryotes and erythroid precursors had substantial CaR immunoreactivity, whereas 

myeloid precursor cells exhibited much lower levels of CaR immunoreactivity.  Mature 
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erythrocytes in human and mouse peripheral blood did not express the CaR, whereas 

platelets had abundant CaR immunoreactivity (House et al., 1997).  More recently, 

another study found that haematopoietic stem cells from a CaR knockout mouse (CaR-/-) 

were unable to carry out successful erythropoiesis switching (Adams et al., 2006).  The 

study showed that at time of birth, CaR-/- haematopoietic stem cells were unable to 

adhere to the bone microenviroment (namely to endosteal osteoblasts, stromal stem 

cells and collagen I) and thus engage in normal proliferation and maturation (Adams et 

al., 2006).  

 

1.1.8.9 - CaR distribution in other tissues  

In addition to the tissues described above, the CaR has also been identified in rat 

fibroblasts; rat anterior pituitary, rat and human parafollicular cells of the thyroid, rat 

adrenal medulla, pancreas, lung, retina, mice and rat taste buds, and human oocytes 

(Dell'Aquila et al., 2006; Garrett et al., 1995; Lin et al., 1998; Mitsuma et al., 1999; San 

Gabriel et al., 2009). 

 

1.1.9 - The regulation of CaR trafficking and cell surface expression  

After translation and assembly of the CaR in the ribosomes, the polypeptide, which at 

this stage is termed a pre-CaR protein, enters the lumen of the rough ER (Bouschet et al., 

2008).  This movement into the ER is aided by a 19-amino acid signal peptide sequence 

at the start site of the CaR’s extracellular N-terminus (Bouschet et al., 2008; Brown et 

al., 1993; Pidasheva et al., 2005).  The signal peptide sequence is required for the 

receptor’s ability to be translocated into the ER, undergo glycosylation and express 

itself efficiently on the cell surface (Pidasheva et al., 2005).  Upon entering the ER, the 

receptor anchors itself into the ER membrane with the CaR’s extracellular N-terminal 

domain facing into the ER lumen and its C-tail extending into the cytosol allowing 

interacting proteins to bind to it.  The immature CaR then undergoes maturation and 

becomes fully glycosylated when it moves from the ER to the Golgi apparatus 

(Bouschet et al., 2008).  The receptor is then trafficked to the cell surface where it exists 

predominantly as a homodimer, similar to other GPCRs (Bai et al., 1998a; Bouschet et 

al., 2008; Dupré and Hébert, 2006; Pidasheva et al., 2006).  The trafficking of CaR from 

the ER to the cell surface is a highly regulated process which can be influenced by many 

factors.  Some of these factors are discussed below. 
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1.1.9.1 - Receptor-activity-modifying proteins 

A receptor-activity-modifying protein (RAMP) is a transmembrane protein that can 

influence the trafficking, terminal glycosylation and phenotype of interacting receptor 

partners.  Three RAMP isoforms have been identified to date: RAMP1, 2 and 3 (Sexton 

et al., 2001).  Using a combination of co-immunoprecipitation, confocal fluorescence 

microscopy and immunocytochemical techniques, the CaR has been demonstrated to 

interact with RAMP1 and RAMP3, but not RAMP2 in COS-7 cells.  Although cell 

surface biotinylation studies show that both these RAMP isoforms play a role in the 

forward trafficking of the CaR, RAMP3 is more efficient at cell surface delivery of the 

CaR compared to RAMP1.  RAMP3 co-expression with the CaR reveals strong co-

localisation of the two proteins at the cell surface and in the Golgi apparatus where the 

CaR is terminally glycosylated.  In contrast, when the CaR is expressed without 

RAMP3, the receptor is thought to localise in the ER in COS-7 cells.  These studies 

were the first to show RAMP interaction with family C GPCRs (Bouschet et al., 2005). 

 

1.1.9.2 - Specific amino acids 

Whilst both Cys129 and Cys131 in the CaR’s extracellular N-terminal domain have 

been implicated in receptor dimerisation, mutation of these two amino acids 

individually does not significantly affect the ability of the receptor to traffick to the cell 

surface compared to WT CaR.  In contrast, mutations of Cys101 or Cys236, which have 

also been implicated in CaR dimerisation, almost abolish receptor trafficking (Fan et al., 

1998).   

 

Mutation of both Phe707 and Phe802 in the second and third intracellular loops of the 

CaR, respectively, is able to significantly reduce CaR cell surface expression compared 

to WT CaR (Ray et al., 1997).  Additionally, in the third intracellular loop of the CaR, 

mutation of Glu804 to an alanine abolishes CaR-mediated PLC activity upon 

stimulation of the receptor with 0.5-5 mM Cao
2+, which is attributed to increased 

intracellular retention of the mutant receptor (Chang et al., 2000).     

 

Truncation at amino acids 865 and 874 in the CaR’s intracellular tail can reduce cell 

surface expression, whereas truncation at amino acid 888 yields a receptor with cell 

surface expression comparable to that of WT CaR.  Interestingly, a truncation at amino 

acid 903, closer to the distal end of the CaR tail, increases cell surface expression by as 

much as 75% compared to that of WT receptor.  These results indicate that the 7-TM 
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domain and the C-tail, up to amino acid 874, are required for cell surface expression of 

the receptor (Ray et al., 1997).  A later study using bovine parathyroid CaR deletion 

mutants proposed that amino acids between 877-891 adopted an alpha-helical secondary 

structure, which was required for the proper functioning of the receptor to activate PLC 

(Chang et al., 2001).  More specifically, amino acids His880 and Phe882 within this 

alpha-helical structure were found to be critical for cell surface expression as mutations 

of these amino acids reduced the ability of the CaR to couple to PLC by 30-50% of WT 

CaR, which the authors proposed to be a result of increased intracellular retention or 

increased degradation of the mutated proteins (Chang et al., 2001). 

 

Using mutational analysis, other amino acids in the CaR have also been shown to be 

important for CaR cell surface expression, including Cys677 in the first extracellular 

loop and Cys765 in the second extracellular loop (Ray et al., 2004)  

  

1.1.9.3 - Glycosylation 

CaR cell surface expression is also influenced by glycosylation as mutation of three or 

more glycosylation sites reduces CaR cell surface expression to approximately 50% of 

the response elicited by WT CaR and mutation of additional glycosylation sites 

progressively reducing CaR cell surface expression (Ray et al., 1998).  Furthermore, a 

CaR mutant having its first five glycosylation sites mutated is unable to traffick to the 

cell surface and is retained intracellularly.  Interestingly, the consecutive loss of 

glycosylation sites closer to the N-terminus of the extracellular domain of the CaR is 

more detrimental to cell surface expression than consecutive glycosylation mutants 

closer to the 7-TM domain (Ray et al., 1998). 

 

1.1.9.4 - Heterodimerisation with other family C GPCRs 

The GABAB receptor trafficks to the cell surface and functions as an assembled 

heterodimer of the GABAB receptor 1 and receptor 2 subunits.  On its own, the GABAB 

receptor 1 is unable to traffick to the cell surface.  The mechanism responsible for the 

trafficking of the GABAB heterodimer to the cell surface is thought to occur through a 

masking of an ER retention motif in the GABAB receptor 1 by GABAB receptor 2, 

allowing forward trafficking of the heterodimer receptor complex (Margeta-Mitrovic et 

al., 2000).  Interestingly, CaR cell surface expression is affected by its 

heterodimerisation with other family C GPCRs (Chang et al., 2007; Gama et al., 2001).  

Heterodimerisation of transfected CaR with GABAB receptor 1 reduces CaR cell surface 
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expression by as much as 70%, whereas co-expression with the GABAB receptor 2, in 

contrast, increases CaR cell surface expression.  In this thesis, a mechanism of masking 

similar to the heterodimerised GABAB receptor has been proposed for the CaR as there 

is a putative RKR ER retention motif in the CaR tail (Chang et al., 2007).  Additionally, 

the CaR, which has been shown to heterodimerise with mGluR1-alpha in vitro and in 

vivo, trafficks to the cell surface more readily in the presence of the mGluR1-alpha-

binding protein, Homer (Brakeman et al., 1997; Gama et al., 2001).  Homer also 

stabilises the CaR:mGluR heterodimer (Gama et al., 2001). 

 

1.1.9.5 - Filamin  

Human filamin is a 280 kDa non-muscle actin-binding protein which plays a role in cell 

signalling by acting as a scaffold to bring molecules together as well as anchoring 

membrane receptors to the cytoskeleton (Gorlin et al., 1990; Popowicz et al., 2006).  

Using the CaR tail as bait in a Y2H screen, Awata and co-workers and Hjalm and co-

workers concurrently demonstrated the CaR-filamin association (Awata et al., 2001; 

Hjalm et al., 2001).  Human CaR and filamin interacting domains were mapped to 

amino acids 907-997 and 1566-1875, respectively, and bovine CaR and filamin 

interaction domains to amino acids 972-1031 and 1534-1719.  Furthermore, both studies 

showed the requirement of filamin expression for CaR-mediated activation of ERK1/2 

signalling (Awata et al., 2001; Hjalm et al., 2001).  ERK1/2 activity is abrogated in M2 

cells, which lack filamin, but activity is restored in M2 cells stably expressing filamin 

(A7 cells) (Awata et al., 2001).  The transient silencing of filamin further demonstrates 

the requirement of this protein in CaR-mediated ERK1/2 activation (Huang C et al., 

2006).  Additionally, the high affinity interaction of filamin A and the CaR facilitates 

CaR signalling by protecting the receptor against degradation (Zhang and Breitwieser, 

2005).  Finally, filamin A can affect the cell surface expression of CaR as measured by 

a cell surface biotinylation assay in HEK-293 and M2 cells and this is thought to occur 

by filamin A decreasing the CaR degradation rate thus protecting the receptor as it 

trafficks to the cell surface (Zhang and Breitwieser, 2005). 

 

1.2 - A general introduction to 14-3-3 proteins  
Results from this thesis demonstrate a novel interaction between the CaR and the 

adapter protein, 14-3-3, and the effect that this interaction has on CaR signalling and 

expression.  14-3-3 proteins are a group of ubiquitously-expressed, acidic proteins that 

were first purified from the bovine brain in 1967 (Fu et al., 2000).  The proteins were 
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later found to constitute at least 1% of total soluble brain proteins (Boston et al., 1982b).  

14-3-3 proteins are named according to their fraction number (14th fraction) in diethyl 

aminoethyl-cellulose chromatography experiments as well as their migration distance 

(fraction 3.3) in starch gel electrophoresis experiments (Fu et al., 2000).  The human 

homolog of the protein was purified and cloned from the human brain two decades later 

and found to be analogous to the bovine form when assessed by electrophoretic mobility 

and subunit composition (Boston et al., 1982a).  In mammals, there are seven isoforms 

of the protein named beta, epsilon, gamma, eta, sigma, theta (also know as tau) and zeta. 

They are named after their elution positions in high performance liquid chromatography 

experiments (Fu et al., 2000; Ichimura et al., 1988).  Alpha and delta isoforms of 14-3-3 

proteins, which are phosphorylated versions of the beta and zeta isoforms, respectively, 

also exist (Aitken et al., 1995).  14-3-3 protein isoforms, which vary in molecular 

weight between 29–32 kDa, share a high degree of sequence conservation even between 

species, yet each isoform is encoded by a unique gene (Ichimura et al., 1988; Wilker et 

al., 2005).   

 

14-3-3 proteins were ascribed their first functional role as activators of tryptophan 5-

monooxygenase and tyrosine 3-monooxygenase in the presence of Ca2+ and calmodulin-

dependent proteins kinase II leading to the regulation of serotonin and noradrenaline 

biosynthesis in the brain (Ichimura et al., 1987).  Since then the proteins have emerged 

as ubiquitous, well-known adapters/chaperones which facilitate partner protein 

interactions to enhance cellular functions (Tzivion et al., 2001).  To date, the functional 

roles for 14-3-3 proteins continues to grow as does the number of interacting protein 

partners, which now number over 300.  Ascribed roles include the inhibition of protein 

kinase C, inhibition of apoptosis, activation of Raf-1 and interaction with Cdc25 to 

regulate cell cycle control (Coblitz et al., 2006; Fantl et al., 1994; Martijn et al., 2001; 

Thorson et al., 1998; Toker et al., 1992; Tzivion et al., 1998; Xing et al., 2000). 

 

1.2.1 - 14-3-3 protein structure and dimerisation 

By resolving the crystal structure of the 14-3-3 mammalian isoforms theta, zeta and 

sigma, three independent studies established that the proteins were composed of nine 

non-parallel alpha helices with mostly short loops in between each helix (Benzinger et 

al., 2005; Liu D et al., 1995; Xiao et al., 1995).  Helices 1, 3, 5, 7, and 9 are highly 

conserved whereas helices 2, 4, 6, and 8 share less conservation.  The extreme ends of 

the protein display the most variability, in particular the stretch of amino acids in the C-
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terminus (Wang W and Shakes, 1996; Wilker et al., 2005).  14-3-3 proteins are able to 

form homo- or heterodimers (Jones DH et al., 1995).  Generally, the N-terminal domain 

of the protein is thought to mediate 14-3-3 homo- or heterodimerisation whereas ligand 

binding is mediated by the C-terminal domain (Ichimura et al., 1997).  Whilst one study 

reports that helix 1 from one monomer and helices 3 and 4 from the other monomer 

make up the interface of the dimer, two other studies report that the first four helices are 

implicated in dimer formation (Benzinger et al., 2005; Jones et al., 1995; Liu D et al., 

1995).  Buried within the dimer interface are three salt bridges which span amino acids 

Arg18-Glu89, Glu5-Lys74 and Asp21-Lys85, and several hydrophobic and polar amino 

acids: Leu12, Ala16, Ser58, Val62, Ile65 and Tyr82 (Liu D et al., 1995).  When 

dimerised, 14-3-3 proteins form a horse-shoe-shaped dimer (Figure 1.3).  The inner 

surface of the dimer forms an amphipathic groove which is the ligand binding region 

made up of helices 3, 5, 7 and 9.  The less conserved helices (2, 4, 6, and 8) form the 

outer surfaces of the dimer (Wang W and Shakes, 1996).  A study examining the 

dimeric versus monomeric status of 14-3-3 zeta has established that phosphorylation of 

Ser58 alone can regulate dimerisation of the protein with phosphorylation of Ser58 of a 

pre-formed 14-3-3 dimer capable of disrupting the dimer in vitro and in vivo 

(Woodcock et al., 2003).  Ser58 is conserved in all the mammalian isoforms of 14-3-3 

proteins except theta and sigma (Wilker et al., 2005).    

 

1.2.2 - 14-3-3 proteins and phosphorylation 

Most 14-3-3 protein interactions occur with phosphorylated partner proteins, notably via 

phosphorylated serines or threonines (Muslin et al., 1996).  One such example is the 

interaction between 14-3-3 zeta and cofilin.  Gohla and co-workers demonstrated the 

interactions between 14-3-3 zeta and phosphorylated cofilin in vivo and in vitro, 

however treatment of cells with the serine/threonine phosphatases, PP1 and PP2A, 

abrogated these interactions (Gohla and Bokoch, 2002).  Alternatively, 14-3-3 proteins 

are capable of interacting with unphosphorylated ligands, for example, an R18 peptide 

derived from phage display, and the ADP-ribosyltransferase Exoenzyme S from 

Pseudomonas aeruginosa.  These interactions, formed between 14-3-3 proteins and 

unphosphorylated ligands, are believed to be of the same affinity as interactions with 

phosphorylated ones and are thought to occur via the protein’s amphipathic groove 

(Masters et al., 1999; Petosa et al., 1998).   
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Figure 1.3 – Crystal structure of a 14-3-3 zeta dimer.  Each 14-3-3 monomer 

(coloured red or green) is composed of nine alpha-helices arranged in an anti-parallel 

fashion.  14-3-3 proteins dimerise via their N-terminal domains, and bind to partner 

proteins via their C-terminal domains.  Structural data was obtained from the Research 

Collaboratory for Structural Bioinformatics protein data bank (www.rcsb.org) (PDB ID 

code 1A4O) and the image created using ViewerLite 5.0. 
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Moreover, phosphorylation alone has been shown to abolish the interaction between an 

associated 14-3-3 protein and its unphosphorylated ligand, as demonstrated in the 

interaction between 14-3-3 zeta and the p53 tumour suppressor protein (Waterman et al., 

1998). 

  

1.2.3 - 14-3-3 protein consensus binding motifs on target proteins 

Several consensus binding motifs have been identified for 14-3-3 protein interaction.  

Muslin and co-workers were the first to observe that 14-3-3 proteins could interact with 

partner proteins with the consensus binding motif, RSXpSXP (mode I), where ‘X’ 

represents any amino acid and ‘pS’ represents a phosphorylated serine (Muslin et al., 

1996).  Following the work of Muslin and co-workers, other 14-3-3 consensus binding 

motifs have been identified, notably the RXXXpSXP motif (mode II) (Yaffe et al., 

1997).  Additionally, 14-3-3 proteins, which have been shown to associate with partner 

proteins using either phosphoserine or phosphothreonine-containing consensus motifs, 

utilise for binding 14-3-3 amino acids Lys49, Arg56, Arg127 and Tyr128, which are 

basic conserved amino acids in all 14-3-3 isoforms (Rittinger et al., 1999).  Another 

putative 14-3-3 consensus binding motif, RX1-2SX2-3S was identified from studies of the 

interaction between Cbl and 14-3-3 theta and 14-3-3 zeta (Liu Y et al., 1997).  

Incidentally this motif exists within the tail of the human CaR and is fully conserved in 

the bovine and canine CaR, which suggests a conserved binding function. 

 

1.2.4 - The 14-3-3 interaction site  

The region encompassing amino acids 171-213 in the C-terminal domain of 14-3-3 

proteins has been identified as the region crucial for 14-3-3 partner interaction.  This 

region named box-1, lies between helices 7 and 8, and comprises several highly 

conserved amino acids between mammalian and yeast homologs of 14-3-3 proteins.  

Mutants of 14-3-3 which do not contain the box-1 motif do not interact with partner 

proteins (Ichimura et al., 1997).  Furthermore, the last 15 amino acids of C-terminus of 

the 14-3-3 proteins have been shown to regulate partner protein interaction (Truong et 

al., 2002).  Deletion of this extreme C-terminus in 14-3-3 zeta (amino acids 

DTQGDEAEAGEGGEN), which comprises several conserved (bolded font), highly 

acid amino acids, increases the binding affinity to ligands including Bad, Raf-1, 

phosphorylated Raf-259 peptide and non-phosphorylated R18 peptide, compared to full-

length 14-3-3 zeta.  Together these results suggest that the last 15 amino acids on 14-3-3 
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zeta can regulate partner protein interaction by preventing inappropriate partner protein 

interactions from occurring (Truong et al., 2002). 

 

1.2.4.1 - 14-3-3 protein interaction with GPCRs 

GPCRs that have previously been shown to interact with 14-3-3 proteins include the 

human follicle stimulating hormone receptor, parathyroid hormone receptor (PTHR), 

the alpha-2 adrenergic receptor and the GABAB receptor, a class C GPCR (Cohen et al., 

2004; Couve et al., 2001; Prezeau et al., 1999; Tazawa et al., 2003). 

 

The follicle stimulating hormone receptor was shown to interact with 14-3-3 theta using 

a yeast-based interaction trap assay and co-immunoprecipitation studies.  The 

interaction between 14-3-3 theta and the follicle stimulating hormone receptor was 

found to be ligand-dependent and the authors identified that over-expression of 14-3-3 

theta resulted in a decrease in follicle stimulating hormone receptor-mediated cAMP 

accumulation at the highest dose of follitropin (Cohen et al., 2004).   

 

Using GST pull-down assays and confocal fluorescence microscopy techniques, the 

PTHR was shown to interact with 14-3-3 proteins (Tazawa et al., 2003).  The authors 

proposed that 14-3-3 proteins acted as adapters by recruiting other signalling proteins to 

bind to the receptor.  This conclusion was formed after confocal fluorescence 

microscopy experiments revealed altered 14-3-3 localisation when expressed with 

PTHR, compared to 14-3-3 expression alone.  Furthermore, the authors proposed that 

14-3-3 proteins could play a role in the physiology of PTH and PTHrP by regulating 

calcium homeostasis, bone building and embryonic development.  However, the 

functional significance of the PTHR/14-3-3 interaction remains inconclusive (Tazawa et 

al., 2003).   

 

The alpha-2 adrenergic receptor was the first GPCR shown to interact with 14-3-3 

proteins.  Using a gel overlay assay, Prezeau and co-workers demonstrated 14-3-3 zeta 

interaction with the third intracellular loop of the alpha-2 adrenergic receptor subtypes 

A, B and C.  Subsequent gel overlay competition assays showed that phosphorylated 

Raf, but not unphosphorylated Raf, could out-compete alpha-2 adrenergic receptor 

(subtypes 2B and 2C) for 14-3-3 zeta interaction suggesting a role for 14-3-3 zeta in 

alpha-2 adrenergic receptor-mediated Raf/Ras signalling (Prezeau et al., 1999). 
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14-3-3 proteins have been shown to interact with the GABAB receptor.  Of the two 

receptor sub-isoforms of the GABAB (receptor 1 and receptor 2), the tail of the receptor 

1 was used as bait in a Y2H screen and 14-3-3 isoforms zeta and eta were identified as 

binding partners.  Both in vivo and in vitro interactions were confirmed using co-

immunoprecipitation and pull-down assays, respectively (Couve et al., 2001).  The 

GABAB receptor 2 is able to homodimerise and subsequently translocate to the cell 

surface, whereas the GABAB receptor 1 requires heterodimerisation with receptor 2 for 

this translocation (Couve et al., 2001; Kaupmann et al., 1998).  14-3-3 proteins 

abolished GABAB heterodimer formation in a dose-dependent manner affecting the 

forward trafficking of the receptor complex to the cell surface.  Consequently, 14-3-3 

proteins were thought to play a functional role in regulating GABAB heterodimer 

stability at the cell surface providing new binding surfaces for receptor-associated 

molecules.  Additionally, 14-3-3 proteins were proposed to play a role in regulating 

aspects of neurotransmitter release and membrane hyperpolarisation in pre- and post-

synaptic neurons, respectively (Couve et al., 2001). 

 

1.2.4.2 - 14-3-3 protein interaction with filamin 

14-3-3 proteins, the gamma isoform specifically, have been showed to interact with the 

cytoskeletal scaffold protein, filamin, in HEK-293 cells (Jin et al., 2004).  Nurmi and 

co-workers demonstrated the interaction of both 14-3-3 and filamin with the αLβ2 

integrin in both resting and activated T cells and proposed a role for the proteins in T 

cells as adapter proteins binding alpha-L-beta-2 integrin and filamin and thus creating a 

link between the cell membrane and the cytoskeleton (Nurmi et al., 2006). 

 

1.2.5 - 14-3-3 proteins in apoptosis and cell signalling 

1.2.5.1 - 14-3-3 proteins and apoptosis 

14-3-3 proteins are involved in programmed cell death through interaction with the pro-

apoptotic molecule, BAD, in a non-14-3-3-isoform-specific manner.  The BAD/14-3-3 

interaction prevents BAD interacting with the anti-apoptotic molecule Bcl-XL, which 

would otherwise elicit BAD-induced cell death.  Interaction of BAD with 14-3-3 is 

phosphorylation-dependent and is mediated by 14-3-3 consensus binding motifs with 

Ser112 and Ser136 of BAD being phosphorylated (Zha et al., 1996).  A subsequent 

study, which corroborated a role for 14-3-3 proteins in inhibiting BAD-induced 

apoptosis, also confirmed that the interaction between the two proteins occurred in a 

non-isoform-specific manner in vitro and in vivo (Subramanian et al., 2001).   



Chapter 1 – Introduction 
 

 38 

1.2.5.2 - 14-3-3 proteins and ERK1/2 signalling 

Raf proteins, serine/threonine kinases involved in cellular proliferation, transformation, 

differentiation and apoptosis, are upstream effectors of the ERK1/2 signalling pathway.  

It has been well established that Ras binding to Raf-1 (also known as C-Raf-1) elicits 

both the activation and translocation of Raf-1 from the nucleus to the cell membrane 

(Kolch, 2000).  14-3-3 proteins have been shown to interact with Raf-1 and increase 

Raf-1 activity, however conflicting evidence exists for the role of these proteins in 

Ras/Raf-1 cell signalling with 14-3-3 proteins displaying either a positive, negative or 

an insignificant role (Clark et al., 1997; Fantl et al., 1994; Fischer et al., 2009; Freed et 

al., 1994; Luo et al., 1995; Michaud et al., 1995; Thorson et al., 1998; Tzivion et al., 

1998).   

 

Fantl and co-workers showed that 14-3-3 zeta and 14-3-3 beta interacted with Raf-1 in 

vivo in the yeast and oocyte systems, and increased Raf-1 activity leading to the 

maturation of oocytes (Fantl et al., 1994).  In the same year, Fu and co-workers showed 

14-3-3 protein interaction with Raf-1 at multiple sites in insect cells and Freed and co-

workers, using yeast, demonstrated that 14-3-3 zeta and 14-3-3 beta interacted with Raf-

1 in vitro and in vivo at a site different from the Ras-binding domain (Fu et al., 1994).  

The latter group also showed that 14-3-3 proteins alone were able to elicit Raf-1 activity 

at the same level that Ras was able to elicit this activity in the yeast system, however 

they inferred that it may be a combination of Ras and 14-3-3 proteins together that were 

required to induce Raf-1 kinase activity (Freed et al., 1994).  Tzivion and co-workers 

used synthetic phosphopeptides based on amino acid sequences surrounding important 

Raf-1 phosphorylation sites to displace Raf-1 from 14-3-3.  This subsequent 

displacement significantly attenuated Raf-1 kinase activity.  The re-addition of a strictly 

dimeric form of 14-3-3 resulted in the restoration of Raf-1 kinase activity.  Tzivion and 

co-workers proposed a novel model for 14-3-3/Raf-1 interaction whereby a 14-3-3 

protein dimer maintained Raf-1 in an inactive state by binding to two phosphorylation 

sites (Ser259 and Ser621).  Displacement of half of the 14-3-3 dimer from the Ser259 

site allowed Raf-1 to bind to Ras whilst 14-3-3 maintained its binding using the Ser621 

site.  This allowed a stably active form of Raf-1 to exist in vivo (Tzivion et al., 1998).  A 

third 14-3-3 binding site at Ser233 on Raf-1 was identified when mutation of Ser233 to 

an alanine reduced 14-3-3 association compared to WT Raf-1 (Dumaz and Marais, 

2003).  Interaction of 14-3-3 proteins at the two Raf-1 binding sites (Ser259 and Ser621) 

has been shown to occur in a non-isoform-specific manner (Subramanian et al., 2001).  
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The non-isoform-specific interaction is further supported by a recent and more 

extensive study which found that Raf-1 was able to interact with all seven isoforms of 

14-3-3 proteins either as homo- or heterodimers in vitro and in vivo (Fischer et al., 

2009).  Furthermore, this work corroborated the work of Tzivion and co-workers by 

showing that both 14-3-3 binding sites of Raf-1 were dependent on each other for Raf-1 

activation (Tzivion et al., 1998).   

 

In contrast, Clark and co-workers found that although 14-3-3 bound directly to the Raf-

1 cysteine-rich domain, the loss of this interaction enhanced Raf-1 transforming 

potential, which was measured using Raf-1 mutants.  These results were interpreted as 

14-3-3 being a negative regulator of Raf-1 function (Clark et al., 1997).  In another 

study, Fu and co-workers demonstrated the interaction of 14-3-3 proteins with Raf-1 in 

insect cells, and showed that one of their five purified 14-3-3 zeta clones was unable to 

increase Raf-1 activity (Fu et al., 1994). 

 

Finally, by measuring in vitro catalytic activity of immunoprecipitated Raf-1, Michaud 

and co-workers demonstrated that Raf-1 catalytic activity remained unchanged in the 

presence or absence of 14-3-3 proteins.  Further addition of 14-3-3 did not activate Raf-

1 catalytic activity.  Michaud and co-workers proposed a role for 14-3-3 in either 

stabilising Raf-1 confirmation or mediating Raf-1 interaction with other proteins, but 

established that 14-3-3 was not required for Raf-1 activity (Michaud et al., 1995).   

 

1.2.5.3 - 14-3-3 proteins and Rho signalling  

1.2.5.3.1 - The influence of 14-3-3 proteins on cytoskeletal re-organisation 

Several independent studies including large scale proteomic studies have shown 14-3-3 

protein involvement in regulating cytoskeletal re-organisation and cell adhesion both 

directly and indirectly (Angrand et al., 2006; Jin et al., 2004; Pauly et al., 2007; Pozuelo 

Rubio et al., 2004).  Through the slingshot protein, a 14-3-3 theta/zeta heterodimer 

regulates actin cytoskeleton re-organisation in keratinocytes (Kligys et al., 2009).  

Additionally, yeast isoforms of 14-3-3, BMH1 and BMH2, have been identified as 

regulators of cytoskeletal rearrangement via the beta-2 integrin receptor (Fagerholm et 

al., 2005).  In two independent studies, 14-3-3 zeta was shown to interact with cofilin – 

a protein which regulates cell motility through actin-binding (Birkenfeld et al., 2003; 

Gohla and Bokoch, 2002; Huang TY et al., 2006).  A study by Gohla and co-workers 

demonstrated that 14-3-3 zeta protein expression alone promoted the formation of 
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membrane protrusions and elicited actin aggregation in BHK-21 cells, however 14-3-3 

zeta acted synergistically with LIM kinase to display F-actin accumulation and 

clumping (Gohla and Bokoch, 2002).  

   

1.2.5.3.2 - The influence of 14-3-3 proteins on cytoskeletal re-organisation involving the 

Rho GTPase family of proteins 

14-3-3 zeta has been shown to regulate integrin-induced cytoskeletal re-organisation by 

activation of Rac and Cdc42 Rho GTPases in CHO cells.  Over-expression of GP Ib-IX 

adhesion receptor in these cells inhibited cytoskeletal re-organisation by sequestering 

away endogenous 14-3-3 zeta but when 14-3-3 zeta was over-expressed, Rac and Cdc42 

were activated (Bialkowska et al., 2003).  Deleted in liver cancer 1 (DLC1) is a Rho-

GTPase-activating protein which interacts with all isoforms of 14-3-3, except 14-3-3 

sigma, in a phosphorylation-dependent manner.  A study by Scholz and co-workers 

demonstrated that association of DLC1 with 14-3-3 inhibited the DLC1 GTPase activity 

thus activating downstream cellular responses including activation of Rho and 

subsequent activation of the serum response factor.  The interaction was also 

responsible for inhibiting nuclear-cytoplasmic shuttling of DLC1 most likely due to 14-

3-3 masking a nuclear localisation signal on the protein (Scholz et al., 2009).  Deakin 

and co-workers demonstrated an interaction between 14-3-3 zeta and the alpha-4 

integrin mediated by phosphorylation at Ser978 using fluorescence resonance energy 

transfer technology.  Furthermore, the association of the alpha-4 integrin and 14-3-3 

zeta was strengthened by their interaction with paxillin.  All three proteins were 

demonstrated to act together in a ternary complex to regulate Rho GTPase activity of 

the integrin.  Disruption of the 14-3-3 binding motif on the cytoplasmic domain of the 

integrin resulted in an increase in localised Cdc42 activity affecting cell migration but 

had no effect on Rac1 activity.  In contrast, mutation of the paxillin-binding domain on 

the integrin only affected Rac1 activity (Deakin et al., 2009). 

 

1.2.5.3.3 - 14-3-3 interaction with RhoGEFs  

A study by Zhai and co-workers identified a direct interaction between the C-terminal 

domain of p190RhoGEF and 14-3-3 protein isoforms beta, eta, epsilon and gamma but 

not theta and zeta (Zhai et al., 2001).  Further investigation of the p190RhoGEF/14-3-3 

interaction implicated 14-3-3 in the regulation of p190RhoGEF-mediated apoptosis and 

nucleocytoplasmic movement in a neuroblastoma cell line (Wu et al., 2003).  In the 

same year, two independent studies revealed that the AKAP-Lbc RhoGEF interacted 
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with 14-3-3 protein isoforms beta, epsilon and zeta (Diviani et al., 2004; Jin et al., 2004).  

Diviani and co-workers further established that an increase in cAMP concentration 

resulted in PKA-mediated phosphorylation of AKAP-Lbc and that this phosphorylation 

allowed interaction with 14-3-3 leading to the inhibition of AKAP-Lbc RhoGEF 

activity.  This suggested that 14-3-3 was able to maintain AKAP-Lbc in an inactive 

state, which was mediated by PKA phosphorylation (Diviani et al., 2004).  Zenke and 

co-workers demonstrated that 14-3-3 epsilon and 14-3-3 zeta were recruited to 

RhoGEF-H1 (also known as Lfc), upon phosphorylation by PAK1, resulting in the 

recruitment of RhoGEF-H1 to microtubules and subsequent inhibition of RhoGEF-H1 

activity.  Thus the interaction of PAK and 14-3-3 negatively regulates RhoGEF-H1 

activity (Glaven et al., 1996; Zenke et al., 2004).  Furthermore, PKA-dependent 

phosphorylation of beta-1PIX RhoGEF on Ser516 and Thr526 was shown to mediate 

14-3-3 beta interaction with a homodimer of beta-1PIX RhoGEF resulting in the 

inhibition of beta-1PIX RhoGEF activity.  This interaction inhibited Rac1 activity and 

subsequent cytoskeletal re-organisation (Chahdi and Sorokin, 2008).  More recently, 14-

3-3 eta was found to suppress RhoGEF Lfc activity in a phosphorylation-dependent 

manner.  Upon cAMP-dependent phosphorylation of Lfc, 14-3-3 interacts with the 

protein suppressing its GEF activity and consequently Lfc-mediated Rho activation.  

Additionally, the phosphorylation-dependent and mutually exclusive interaction of 14-

3-3 eta and Tctex-1 with Lfc further regulates Lfc RhoGEF activity (Meiri et al., 2009). 

 

1.2.6 - The regulation of 14-3-3 proteins in the forward transport of membrane 

proteins to the cell surface 

A protein to be expressed on the cell surface undergoes a highly regulated “quality 

control” process in the ER and Golgi apparatus prior to reaching the cell membrane 

(Ellgaard and Helenius, 2003).  This quality control process includes the assembly, 

maturation and folding of the protein, as well as post-translational modifications.  

Unless the correct assembly and folding of the protein has taken place, the protein will 

not be efficiently trafficked from the ER for subsequent expression on the cell surface.  

The release of a protein from the ER prior to being trafficked to the cell membrane can 

be regulated by a number of factors (Ellgaard and Helenius, 2003).  It was recently 

suggested that 14-3-3 proteins could regulate the forward transport of partner proteins to 

the cell surface using one of three proposed interaction mechanisms, namely scaffolding, 

clamping and masking, as illustrated in Figure 1.4 (Ellgaard and Helenius, 2003; 

Mrowiec and Schwappach, 2006; Shikano et al., 2006).  For a comprehensive review of  
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Figure 1.4 – Possible mechanisms of 14-3-3 protein regulation in the forward 

transport of partner proteins to be expressed on the cell surface.  (A) Scaffolding:  

Each monomer of a 14-3-3 dimer interacts separately with its own partner protein, 

bridging together the protein to be trafficked to the cell surface with forward trafficking 

machineries.  (B) Masking:  The 14-3-3 dimer sterically “masks” an ER localisation 

signal on the protein to be trafficked to the cell surface or alternatively binds to a 

phosphorylated site which in-turn masks a nearby ER localisation signal on the protein.  

(C)  Clamping:  the 14-3-3 dimer clamps two or more proteins together producing a 

conformation that reduces the accessibility of ER localisation machineries.  Figure 

adapted from (Shikano et al., 2006). 
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these three mechanisms, refer to Shikano and co-workers (2006) and Mrowiec and 

Schwapach (2006). 

 

ER retention motifs such as KDEL and KKXX have been identified in the cytoplasmic 

C-tails of channel proteins, and also transmembrane proteins (Ellgaard and Helenius, 

2003).  Of particular interest to this thesis is the ER retention sequence identified in the 

octomeric ATP-sensitive K+ channel (KATP) protein – a channel protein which is 

composed of four subunits of Kir6.1/2 and four subunits of SUR1 (Zerangue et al., 

1999).  Zerangue and co-workers demonstrated expression of Kir6.1/2 required the co-

expression of SUR1, and vice versa.  Furthermore, they showed that a three-amino acid 

ER retention sequence, RKR, in the Kir6.1/2 and SUR1 subunits of the KATP complex 

was able to regulate its release from the ER to the cell membrane.  Mutation of the RKR 

sequence resulted in enhanced expression of KATP at the cell surface.  Unlike previously 

identified ER retention signals, including KDEL or KKXX, the RKR signal in KATP 

potassium channel does not require close proximity to the N- or C-termini (Teasdale 

and Jackson, 1996; Zerangue et al., 1999).  Interestingly, the RKR motif, when 

transferred to the C-terminal domain of the beta-2 adrenergic receptor displays 

significantly reduced cell surface expression (Zerangue et al., 1999).  Both 14-3-3 

epsilon and zeta isoforms have been shown to bind and mask the RKR motif in the 

Kir6.2 subunits of the KATP complex via a 14-3-3 canonical binding groove in a 

phosphorylation-independent manner (Yuan H et al., 2003).  Heusser and co-workers 

demonstrated that 14-3-3 was recruited to and interacted with last 10 amino acids of the 

Kir6.2 subunit.  This interaction lead to the steric masking of the RKR motif on the 

SUR1 subunit by 14-3-3 proteins confirming a role for the adapter proteins in 

monitoring the correct assembly of the KATP complex in vivo prior to the trafficking to 

the cell surface (Heusser et al., 2006).   

 

14-3-3 proteins can regulate forward trafficking of membrane proteins from the ER by 

competitively binding with the cytosolic coat protein, COPI.  COPI is multi-protein 

complex made of coat proteins subunits, and is involved in regulating the trafficking of 

proteins to be expressed on the cell surface (Kreis et al., 1995).  Both 14-3-3 and COPI 

compete for the RKR binding site on the Kir6.2 subunit to regulate cell surface 

movement of the KATP complex (Yuan H et al., 2003).  Additionally, the mutually 

exclusive binding of 14-3-3 and COPI regulates the movement of the KCNK3 

potassium channel.  Unlike the KATP potassium channel, which does not require 
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phosphorylation for 14-3-3 binding, phosphorylation of KCNK3 is required to recruit 

14-3-3 and subsequently permit the release of the potassium channel from the ER.  In 

contrast, an unphosphorylated KCNK3 recruits COPI resulting in the retrograde 

movement of KCNK3 back to the ER (O'Kelly et al., 2002; Yuan H et al., 2003).   

  

The GABAB receptor trafficks to the cell surface and functions as an assembled 

heterodimer of the GABAB receptor 1 and 2 subunits (Jones KA et al., 1998; Margeta-

Mitrovic et al., 2000).  The GABAB receptor 1 is unable to traffick to the cell surface on 

its own, whereas the GABAB receptor 2 has an independent trafficking ability.  Through 

a coiled-coiled interaction between GABAB receptor 1 and 2, the fully assembled 

GABAB heterodimer is able to traffick to the cell surface by GABAB receptor 2 masking 

the ER retention motif, RSRR, at amino acids 922-925 in the GABAB receptor 1 

(Margeta-Mitrovic et al., 2000).  14-3-3 zeta interacts at amino acids 905-928 in the C-

terminal domain of GABAB receptor 1 (a region which overlaps the RSRR ER retention 

motif) and COPI also binds to the C-terminal domain of GABAB receptor 1 (Couve et 

al., 2001; Margeta-Mitrovic et al., 2000).  However, competition between 14-3-3 and 

COPI does not regulate trafficking of the GABAB receptor to the cell surface, rather 

COPI alone regulates the receptor’s trafficking ability (Brock et al., 2005). 

 

The RGRSWTY motif, which is commonly called SWTY, is another motif recognised 

as being important in the intracellular transport of proteins to the cell surface (Shikano 

et al., 2005).  The SWTY motif is able to override an RKR ER localisation signal when 

fused to the Kir2.1 inward rectifier potassium channel as well as the type 1 monomeric 

membrane protein, CD4.  Furthermore, the SWTY motif requires 14-3-3 proteins as part 

of its protein machinery to aid the Kir2.1 channel to traffick to the cell surface.  Other 

proteins that have a SWTY-like motifs in their C termini are the KCNK3 potassium 

channel and the GPCR, GPR15.  These two proteins are also thought to require 14-3-3 

for cell surface expression (Shikano et al., 2005). 

 

1.2.7 - 14-3-3 proteins in disease 

Alterations in 14-3-3 protein expression have been associated with various diseases.  As 

a result 14-3-3 proteins have emerged as biomarkers for diseases such as cancer and 

nervous system disorders.  The first evidence for a physiological role of 14-3-3 proteins 

in disease came from the detection of the proteins in the cerebrospinal fluid of patients 

with various neurological disorders including epilepsy, motor neurone disease, multiple 



Chapter 1 – Introduction 
 

 45 

sclerosis, dementia and Parkinson’s disease (Boston et al., 1982b).  A later study 

confirmed 14-3-3 proteins in the neurofibrillary tangles in the hippocampus of 

Alzheimer’s disease patients tested using immunolocalisation experiments (Layfield et 

al., 1996).  Additionally, immunohistochemical studies confirmed 14-3-3 proteins in the 

Lewy bodies of subjects with Parkinson’s disease (Kawamoto et al., 2002).  The first 

study to identify the adapter proteins as biomarkers for Creutzfeldt-Jakob disease found 

that the cerebrospinal fluid from 96% of patients tested expressed 14-3-3 proteins.  The 

proteins were also found in other human neurological illnesses including acute viral 

encephalitis and Rett’s syndrome, as well as non-human illnesses including scrapie in 

sheep and cattle (Hsich et al., 1996).  14-3-3 theta has been demonstrated to be a useful 

pre-diagnostic biomarker for human lung cancer.  The sera of subjects diagnosed with 

lung adenocarcinoma and assessed for the presence of 14-3-3 theta autoantibodies were 

found to elicit high reactivity against the 14-3-3 theta isoform and 14-3-3 theta 

autoantibody reactivity was also detected in subjects as early as 10 months prior to 

diagnosis of adenocarcinoma (Pereira-Faca et al., 2007; Qiu et al., 2008).  14-3-3 zeta 

could also be a useful diagnostic biomarker for cancer.  Neal and co-workers 

demonstrated strong immunohistochemical staining of 14-3-3 zeta in 42% of subjects 

with invasive breast cancer.  This association was observed at both the protein level and 

mRNA level.  Additionally, knockdown of 14-3-3 zeta induced a delay in the onset of 

the breast tumours as well as reducing tumour growth (Neal et al., 2009).  Fan and co-

workers demonstrated the use of 14-3-3 zeta as a biomarker in non-small cell lung 

cancer.  Significant over-expression of 14-3-3 zeta was found in 79% of non-small cell 

lung cancers namely adenocarcinomas, squamous cell carcinomas and large cell 

carcinomas.  14-3-3 zeta over-expression was also associated with the stage and grade 

of non-small cell lung cancers (Fan T et al., 2007). 

 

1.3 - Introduction to the thesis 
The role of accessory proteins that bind to the CaR in the regulation of CaR signalling 

events and expression is poorly understood and only a limited number have to date been 

identified (Huang C and Miller, 2007).  The core hypothesis governing this research 

endeavour is that additional accessory proteins exist which bind to the CaR intracellular 

tail and influence CaR cell signalling, expression and/or other biological processes.  To 

this end, our laboratory performed a Y2H screen of a haematopoietic cell line library 

using the CaR intracellular tail as bait.  This library was chosen because it had been 

used successfully in other screens and since the CaR is known to be expressed in 
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haematopoietic cells, offered the chance to identify novel partner binding proteins that 

might have been missed in previously screened parathyroid and kidney libraries.  This 

screen which was performed by Dr Bryan Ward yielded over 100 potential interacting 

clones.  The core aim of this thesis was to verify potential interacting clones as “true 

positives” and to identify them by sequence analysis.  A number of novel CaR-tail 

interacting proteins were identified and they are discussed in Chapter 3.  One of the 

binding partners, the adapter protein 14-3-3, was examined in greater detail in Chapters 

4 and 5. 

 

The secondary hypothesis is that the 14-3-3/CaR interaction observed in yeast also 

occurs in the mammalian system and that 14-3-3 influences either CaR-mediated 

signalling events, CaR expression or both in mammalian cells. 

The secondary aims were: 

(1) To examine the sites on the CaR that mediate interaction with 14-3-3 using Y2H 

mapping.  This is discussed in Chapter 3. 

(2) To determine whether CaR and 14-3-3 interact in mammalian cells and whether 

they co-localise within the cell, and also to determine whether there is a direct in 

vitro interaction.  This is discussed in Chapter 4. 

(3) To determine the nature of the interaction, in particular, the requirement of a 

putative 14-3-3 consensus binding motif in the CaR tail and/or the requirement 

for the CaR to be phosphorylated in mediating CaR/14-3-3 interaction.  This is 

discussed in Chapter 4. 

(4) To determine the effect of 14-3-3 on CaR-mediated cell signalling, in particular, 

ERK1/2 and Rho signalling, using both 14-3-3 knockdown and over-expression 

approaches, and possible functional translation of any signalling outcomes.  This 

is discussed in Chapter 5. 

(5) To determine the effect of 14-3-3 on cell surface expression of the CaR.  This is 

discussed in Chapter 5. 
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Chapter 2 - Materials and Methods 
2.1 - Antibodies
 
Primary antibody (source) Supplier 
14-3-3 theta (C-17) antibody (rabbit) Santa Cruz Biotechnology Inc, USA 
14-3-3 zeta (C-16) antibody (rabbit) Santa Cruz Biotechnology Inc, USA 
Alpha-tubulin antibody (mouse) Sigma-Aldrich, USA 
CaR-ADD antibody (mouse) Affinity Bioreagents, USA 
ERK1/2 antibody (rabbit) Promega, USA 
Filamin 1 monoclonal antibody (mouse) Santa Cruz Biotechnology Inc, USA 
FLAG M2 monoclonal antibody (mouse) Sigma-Aldrich, USA 
GFP antibody (rabbit) Santa Cruz Biotechnology Inc, USA 
PDI antibody (rabbit) Stressgen Bioreagents, USA 
Phospho-ERK1/2 antibody (rabbit) Cell Signalling Technology, USA 
  
Secondary antibody Supplier 
Alexa Fluor 488 antibody (goat anti-
rabbit) 

Invitrogen, USA 

Alexa Fluor 546 antibody (goat anti-
mouse) 

Invitrogen, USA 

Alexa Fluor 647 antibody (goat anti-
rabbit) 

Invitrogen, USA 

HRP antibody (goat anti-mouse) Sigma-Aldrich, USA 
HRP antibody (goat anti-rabbit) Promega, USA 
Rat anti-mouse IgG Sigma-Aldrich, USA 
 
 
2.2 - Bacteria, yeast and mammalian cells 
 
Cells Supplier 
E. coli BL21 (codon +) School of Pharmacology and Medicine, 

University of Western Australia 
E. coli HB101 Dr B Chang, University of Western 

Australia 
E. coli XL1 Blue Department of Endocrinology and 

Diabetes, Sir Charles Gairdner Hospital, 
Western Australia 

Yeast strain L40 Provided by Dr Schickwann Tsai, Fred 
Hutchison Cancer Research Centre, USA 

A7  American Type Culture Collection, USA 
COS-1 American Type Culture Collection, USA 
HEK-293 Professor Karin Eidne, University of   

Western Australia 
HEK-293/CaR  Professor Arthur Conigrave, University of 

Sydney, Australia 
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M2 Provided by Professor Fumihiko 
Nakamura, Brigham Women's Hospital, 
USA 

 
 
2.3 - Commercial kits 
 
Item Supplier 
BCA protein assay kit Pierce, USA 
Bio-Rad protein assay Bio-Rad, Australia 
Expand High Fidelity PCR system Roche Diagnostics, USA 
GoTaq Flexi DNA polymerase Promega, USA 
Luciferase assay system Promega, USA 
Maxi prep kit QIAGEN, Australia 
PCR cloning kit QIAGEN, Australia 
QIAEXII gel extraction kit  QIAGEN, Australia 
QIAquick PCR purification kit QIAGEN, Australia 
QuikChange SDM kit Stratagene, USA 
Sensiscript RT-PCR kit QIAGEN, Australia 
Western Lightning              
Chemiluminescence Reagent Plus 

PerkinElmer Life Sciences, USA 

Wizard Plus SV miniprep DNA      
purification kit 

Promega, USA 

 
 
2.4 - Enzymes 
 
Enzyme Supplier 
BamH1 Promega, USA 
EcoRI Promega, USA 
EcoRV Promega, USA 
HaeIII Promega, USA 
HindIII Promega, USA 
KpnI Promega, USA 
NcoI Promega, USA 
NdeI Promega, USA 
Not1 New England Biolabs, USA 
SalI Promega, USA 
SmaI Promega, USA 
T4 DNA ligase Promega, USA 
Taq DNA polymerase Promega, USA 
XbaI Promega, USA 
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2.5 - Instruments and consumables 
 
Item Supplier 
25 gauge needle Terumo Corporation, Japan 
96-well white plates for luciferase assays PerkinElmer Life sciences, USA 
BioCoat fibronectin-coated coverslips,     
(size #1, 22 x 22 mm) 

BD Biosciences, Australia 

Cell scrapers, 25 cm Sarstedt, USA 
Cellophane Bio-Rad, Australia 
Centricon YM-30 centrifugal devices,  
30,000 MW cut-off 

Millipore, USA 

Chromatography paper, 3 mm Chr Whatman, UK 
Confocal fluorescence microscope,         
MRC 100 

Bio-Rad, Australia 

DNA electrophoresis mini-sub DNA cell 
tank 

Bio-Rad, Australia 

DNA thermocycler PerkinElmer Life sciences, USA 
Fibre pads for Western blotting Bio-Rad, Australia 
Glass coverslips  (size #1, 22 x 22 mm) ProSciTech, Australia 
Glass slides (76 x 26 mm) Objekttrager, Germany 
Hybond-C super nitrocellulose membrane Amersham Biosciences, UK 
Hyperfilm Amersham Biosciences, UK 
Latex-free syringes (1, 10, 20 and 50 ml) Becton Dickinson, USA 
Microcentrifuge Micromax Model 
220/240 

IEC, USA 

Microscope, IMT-2 Olympus, Japan 
MILLEX GP syringe driven filter unit       
(0.22 and 0.45 μm) 

Millipore, USA 

Mini Trans-blot Electrophoretic Transfer 
Cell 

Bio-Rad, Australia 

Mini-PROTEAN II Dual Slab Cell Bio-Rad, Australia 
Multi-well tissue culture plates                      
(6 and 24-well) 

Becton Dickinson, USA 

Neubauer chamber Unknown source 
Optiplate (white, 96-well plate, pinch bar 
design) 

PerkinElmer Life sciences, USA 

Petri dishes (sterile, 9 x 1.4 cm) Sarstedt, USA 
POLARstar Optima microplate reader 
(luminometer) 

BMG Labtechnologies, Australia 

Polystrene, canted neck, PE vented cap,    
non-pyrogenic tissue culture flasks             
(25 cm2 and 75 cm2) 

Sarstedt, USA 

Power pack 1000/500 Bio-Rad, Australia 
Quartz cuvette, semi-micro, 10 mm path 
length 

Precision Optical Cells, Australia 
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Roller mixer Ratek Instruments, Australia 
Scanner, ScanJet 6200C Hewlett Packard 
Sonifier cell disruptor B15 Branson, USA 
Spectrophotometer series 634, model 
6345 

Varian Technologies, Australia 

Ultracentrifuge, RC-90                        
(Kontron 65.13 rotor) 

Sorval, USA 

UV transilluminator, UVT 100 International Biotechnologies, USA 
Whatman paper (#1 and #5) Whatman, UK 
X-ray cassettes Kodak, USA 
X-Ray processor, CP1000 AGFA-GEVAERT, Germany 
 
 
2.6 - Plasmids 
 
Plasmid Supplier 
pREP4 (filamin A) Professor John Hartwig, Brigham and 

Women's Hospital, Harvard University, 
USA 

pBTM116 (ArlE1) Associate Professor Evan Ingley, 
WAIMR, Australia 

pBTM116 (CaR tail 865-898) Dr Aaron Magno, University of Western 
Australia  

pBTM116 (CaR tail 865-922) Dr Bryan Ward, Sir Charles Gairdner 
Hospital, Australia 

pBTM116 (CaR tail 899-922) Dr Aaron Magno, University of Western 
Australia  

pBTM116 (CaR tail 923-1078) Dr Aaron Magno, University of Western 
Australia  

pBTM116 (CaR tail 936-1078) Dr Bryan Ward, Sir Charles Gairdner 
Hospital, Australia 

pBTM116 (CaR tail 948-1078) Dr Bryan Ward, Sir Charles Gairdner 
Hospital, Australia 

pBTM116 (CaR tail 965-1078) Dr Bryan Ward, Sir Charles Gairdner 
Hospital, Australia 

pBTM116 (CaR tail 980-1078) Dr Bryan Ward, Sir Charles Gairdner 
Hospital, Australia 

pBTM116 (CaR tail 987-1078) Dr Bryan Ward, Sir Charles Gairdner 
Hospital, Australia 

pBTM116 (CyP40) Dr Amerigo Carello, Sir Charles 
Gairdner Hospital, Australia 

pBTM116 (full-length CaR tail) Dr Bryan Ward, Sir Charles Gairdner 
Hospital, Australia 

pcDNA1 (CaR-FLAG) Dr Aaron Magno, University of Western 
Australia  
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pcDNA3 Invitrogen, USA 
pcDNA3.1 (+) Invitrogen, USA 
pcDNA3.1 (+) (CaR-FLAG-RKR/AAA) Ms Ajanthy Arulpragasam,                            

University of Western Australia 
pcDNA3.1 (+) (CaR-FLAG ∆RRSNVS) Ms Ajanthy Arulpragasam,                            

University of Western Australia 
pcDNA3.1 (+) (CaR-FLAG-S895A) Ms Ajanthy Arulpragasam,                            

University of Western Australia 
pcDNA3.1 (+) (human CaR-FLAG) Dr Aaron Magno, University of Western 

Australia and Dr Bryan Ward, Sir 
Charles Gairdner Hospital (Ward et al., 
2004) 

pcDNA3.1 (+) (FLAG-CaR) Professor Arthur Conigrave/Ms Sarah 
Brennan, University of Sydney, Australia 

pcDNA3.1 (14-3-3 theta) Ms Ajanthy Arulpragasam,                            
University of Western Australia 

pcDNA3.1 (14-3-3 zeta) Ms Ajanthy Arulpragasam,                            
University of Western Australia 

pcDNA3-EGFP (N) (v.1) (14-3-3 theta) Ms Ajanthy Arulpragasam,                            
University of Western Australia 

pcDNA3-EGFP (N) (v.1) (14-3-3 zeta) Ms Ajanthy Arulpragasam,                            
University of Western Australia 

pcDNA3-EGFP (N) version 1 Dr Karin Kroeger, WAIMR, Australia 
pcDNA3-myc (14-3-3 theta) Ms Ajanthy Arulpragasam,                            

University of Western Australia 
pcDNA3-myc (14-3-3 zeta) Ms Ajanthy Arulpragasam,                            

University of Western Australia 
pcDNA3-myc Upstate Cell Signalling Solutions, USA 
pDRIVE cloning vector QIAGEN, Australia 
pET-28a (CaR tail) Ms Nuella Cattalini, Sir Charles Gairdner 

Hospital, Australia 
pGEX-4T-1 Amersham Biosciences, UK 
pGEX-4T-1 (14-3-3 theta) Ms Ajanthy Arulpragasam,                            

University of Western Australia 
pSRE-Luc Professor JE Pessin, NY, USA 
pVP16 Dr Schickwann Tsai, Fred Hutchison 

Cancer Research Centre, USA 
pVP16 (Hsp90) Dr Amerigo Carello, Sir Charles 

Gairdner Hospital, Australia 
pVP16 (14-3-3 theta) Ms Ajanthy Arulpragasam,                            

University of Western Australia 
pVP16 (14-3-3 zeta) Ms Ajanthy Arulpragasam,                            

University of Western Australia 
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2.7 - Oligonucleotide primers 
 
Oligonucleotide primer Sequence (5'->3') 
M13 reverse  gtt gta aaa cga cgg cca gt 
VP16-2 forward gag ttt gag cag atg ttt acc g 
M13(-20) forward gta aaa cga cgg cca gt 
M13 reverse aac agc tat gac cat g 
14-3-3Sal1EcoRVF ggt cga ctc gat atc atg gag aag act gag ctg atc 
14-3-3Not1R cgc ggc cgc tta gtt ttc agc c 
14-3-3zetaSalEcoF ggt cga ctc gat atc atg gat aaa aat gag ctg gtt c 
14-3-3zetaNotR cgc ggc cgc tta att ttc ccc tcc ttc tc 
CaRS895AF cgc agc aac gtc gcc cgc aag cgg tcc 
CaRS895AR gga ccg ctt gcg ggc gac gtt gct gcg 
Zeta329F  cac aag cag aga gca 
Zeta434R  gac tga tcg aca atc cc 
CaR consensus F gct gcc cgg gcc acg ctg cgc aag cgg tcc agc 

agc c 
CaR consensus R ggc tgc tgg acc gct tgc gca gcg tgg ccc ggg 

cag c 
CaSR 2303F gct ccc tca tgg ccc tgg gct tcc 
CaSR 836F gtc tct gcc gta gag gtg att gcc atc ctg g 
6D Fwd cag aag gtc atc ttt ggc agc ggc a 
CaR RKR/AAA F1 cgc agc aac gtc tcc gcc gcg gcg tcc agc agc 
CaR RKR/AAA R1 gct gct gga cgc cgc ggc gga gac gtt gct gcg 
14-3-3 zeta knockdown gga ggg tcg tct caa gta t 
14-3-3 theta BamF cgg atc ccc atg gag aag act gag ctg atc 
14-3-3 zeta BamF cgg atc ccc atg gat aaa aat gag ctg gtt c 
 
 
2.8 - Reagents 
 
Reagent Supplier 
4-(2-hydroxyethyl)-1-piperazine-
ethanesulfonic acid (HEPES) 

Sigma-Aldrich, USA 

5-bromo 4-chloro-3 indolyl beta-D-
galactopyranoside (X-gal) 

Sigma-Aldrich, USA 

Acetic acid Ajax Finechem, Australia 
Acrylamide/bis solution (30%) (29:1) Bio-Rad Laboratories, USA 
Adenine hemisulphate  Sigma-Aldrich, USA 
Agar  Becton, Dickinson and Company, USA 
Agarose Promega, USA 
Ammonium acetate May & Baker Ltd, UK 
Ammonium chloride APS Finechem, Australia 
Ammonium persulfate (APS) Sigma-Aldrich, USA 
Ammonium sulphate BDH Chemicals, Australia 
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Ampicillin Sigma-Aldrich, USA 
Anti-pain Sigma-Aldrich, USA 
Aprotinin Sigma-Aldrich, USA 
Avidin HRP Bio-Rad Laboratories, USA 
Bacto agar Becton Dickinson, USA 
Bacto peptone Becton Dickinson, USA 
Bacto tryptone Becton Dickinson, USA 
Bacto yeast extract Becton Dickinson, USA 
Benzamidine Sigma-Aldrich, USA 
Beta-glycerophosphate Sigma-Aldrich, USA 
Beta-mercaptoethanol Sigma-Aldrich, USA 
Big dye termination ready mix, version 
3.1 

Perkin-Elmer Life Sciences, USA 

Biotin, EZ-linked sulfo-NHS Pierce, USA 
Bovine serum albumin (BSA), 10 mg/ml Promega, USA 
Bromophenol blue Sigma-Aldrich, USA 
BSA (30%) (for tissue culture) Sigma-Aldrich, USA 
BSA powder Boehringer Mannheim, Germany 
Calcium chloride BDH Chemicals, Australia 
Chlorobutanol Sigma-Aldrich, USA 
Chloroform BDH Chemicals, Australia 
Coomassie Brilliant Blue G-250 Sigma-Aldrich, USA 
Coomassie Brilliant Blue R-250 Sigma-Aldrich, USA 
Deoxynucleotide triphosphates (dNTPs) Promega, USA 
Dimethyl sulphoxide (DMSO) BDH Chemicals, Australia 
Dimethylformamide (DMFO) Sigma-Aldrich, USA 
Di-sodium hydrogen orthophosphate BDH Chemicals, Australia 
Dithiothreitol (DTT) Sigma-Aldrich, USA 
Dulbecco’s modified eagle medium                    
(DMEM) 

Invitrogen, USA 

DMEM, calcium free Invitrogen, USA 
DNA ladder (1 Kb) Invitrogen, USA 
Ethanol, absolute Biolab, Australia 
Ethidium bromide Calbiochem, USA 
Ethylene glycol tetraacetic acid (EGTA) Sigma-Aldrich, USA 
Ethylenediaminetetra-acetic acid 
(EDTA) 

AnalaR, Australia 

Fetal calf serum (FCS) Invitrogen, USA 
G418, disulphate salt powder, cell 
culture tested 

Sigma-Aldrich, USA 

GFX109203X Calbiochem, USA 
Glacial acetic acid BDH Laboratory Supplies, UK 
Glass beads, acid-washed Sigma-Aldrich, USA 
Glucose [D-(+)] Sigma-Aldrich, USA 
Glutathione Sepharose 4B Amersham Biosciences, UK 
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Glutathione, reduced Sigma-Aldrich, USA 
Glycerol Ajax Finechem, Australia 
Glycine, electrophoresis grade ICN Biomedicals, USA 
Goat serum Sigma-Aldrich, USA 
Hoeschst 33342 nuclear stain Calbiochem, USA 
Imidazole Sigma-Aldrich, USA 
Iodoacetamide Sigma-Aldrich, USA 
Isoamyl alcohol British Drug Houses Ltd, UK 
Isopropanol Rowe Scientific, Australia 
Isopropyl beta-thiogalactopyranoside            
(IPTG) 

Promega, USA 

Kanamycin sulphate Sigma-Aldrich, USA 
-Leu/-Trp/-Ura drop-out supplement Clontech, USA 
Leupeptin Sigma-Aldrich, USA 
Lipofectamine 2000 Invitrogen, USA 
Lithium acetate Sigma-Aldrich, USA 
Lysozyme Sigma-Aldrich, USA 
Magnesium chloride Sigma-Aldrich, USA 
Magnesium sulphate Sigma-Aldrich, USA 
Magnesium sulphate, heptahydrate Merck, Australia 
MetaPhor agarose BioWhittaker Molecular Applications, 

USA 
Methanol Ajax Finechem, Australia 
Minimum essential medium  Invitrogen, USA 
Newborn calf serum Invitrogen, USA 
Ni-NTA QIAGEN, Australia 
OPTIMEM Invitrogen, USA 
Penicillin/Streptomycin, cell culture 
tested 

Sigma-Aldrich, USA 

Pepstatin A Sigma-Aldrich, USA 
Phenol GibcoBRL Life Technologies Inc, USA 
Phenol Red BDH Chemicals, Australia 
Phenyl methyl sulphonyl fluoride 
(PMSF) 

Roche Diagnostics, USA 

Phosphoric acid, 85% Rowe Scientific, Australia 
PMA Sigma-Aldrich, USA 
Polyethylene glycol (PEG) BDH Chemicals, Australia 
Poly-L-lysine (PLL) hydrobromide,          
MW 75-150,000 

ICN Biomedicals, USA 

Polyvinyl alcohol, low molecular weight, 
cold water soluble 

Sigma-Aldrich, USA 

Ponceau S Microscopical Stains and Reagents, UK 
Potassium chloride  Merck, Australia 
Potassium phosphate BDH Chemicals, Australia 
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Precision Plus Protein dual colour               
standards 

Bio-Rad Laboratories, USA 

Proline Sigma-Aldrich, USA 
Protease inhibitor cocktail, complete 
mini, EDTA-free 

Roche Diagnostics, USA 

Protein G sepharose beads Amersham Biosciences, UK 
Protein low molecular weight marker Amersham Biosciences, UK 
Protein reagent Bio-Rad Laboratories, USA 
Salmon sperm DNA Sigma-Aldrich, USA 
Skim milk powder Diploma Instant, USA 
Sodium bicarbonate Ajax Finechem, Australia 
Sodium borate deca-hydrate Sigma-Aldrich, USA 
Sodium chloride Sigma-Aldrich, USA 
Sodium dihydrogen phosphate dihydrate Merck, Australia 
Sodium dodecyl sulphate (SDS) MP Biomedicals, USA 
Sodium fluoride JT Baker Chemical Co, USA 
Sodium hydroxide Sigma-Aldrich, USA 
Sodium orthovanadate  Sigma-Aldrich, USA 
Sodium phosphate Sigma-Aldrich, USA 
Succinic acid Sigma-Aldrich, USA 
Tetramethylbenzidine (TMB)  Sigma-Aldrich, USA 
Tetramethylethylenediamine (TEMED) Sigma-Aldrich, USA 
Thiamine hydrochloride Sigma-Aldrich, USA 
Thrombin Sigma-Aldrich, USA 
Tris base Sigma-Aldrich, USA 
Triton X-100 Roche Diagnostics, USA 
Trypsin (gamma irradiated) with EDTA, 
glucose 

JRH Biosciences, USA 

Tryptone Becton, Dickinson and Company, USA 
Tryptophan Sigma-Aldrich, USA 
Tween 20 Sigma-Aldrich, USA 
Uracil Sigma-Aldrich, USA 
Urea Sigma-Aldrich, USA 
Xylene cyanol FF Sigma-Aldrich, USA 
Yeast extract Becton, Dickinson and Company, USA 
Yeast nitrogen base without amino acids Difco, USA 
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2.9 - Buffers and solutions 
 
(The asterisk (*) indicates reagents that are defined separately in this section) 
 
 

Final concentration 
 
0.2% adenine hemisulphate 
0.2 g adenine hemisulphate      0.2% w/v 
 
Made up to 100 ml with double distilled water (DDW), filter-sterilised using a 0.22 μM 
filter and stored at 4˚C. 
 
 
1% w/v agarose gel 
1 g agarose        1% w/v 
100 ml 1x Tris-EDTA (TE) buffer 
4 μl 10 mg/ml ethidium bromide     0.4 μg/ml 
 
  
5x agarose gel loading buffer  
25 mg xylene cyanol FF      0.25% w/v 
25 mg bromophenol blue      0.25% w/v 
3 ml glycerol        30% v/v 
7 ml DDW        69.5% v/v 
 
 
10 M ammonium acetate  
77 g ammonium acetate      10 M 
 
Made up to 100 ml with DDW. 
 
 
10% w/v APS 
0.5 g APS        10% w/v 
 
Made up to 5 ml with DDW and stored at -20˚C. 
 
 
50 mg/ml ampicillin 
2.5 g ampicillin       50 mg/ml 
 
Made up to 50 ml with chilled DDW, filter-sterilised using a 0.45 μM filter and stored 
in 1 ml aliquots at -20˚C. 
 
 
0.5 M benzamidine 
78.3 mg benzamidine       0.5 M 
  
Made up to 1 ml with chilled DDW and made fresh before each use. 
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Bradford reagent 
100 mg Coomassie Brilliant Blue G-250    0.01% w/v 
50 ml 95% ethanol       4.75% v/v 
100 ml 85% phosphoric acid (orthophosphoric)   8.5% v/v 
 
Dissolved Coomassie in ethanol, added phosphoric acid and made up to 1 L with DDW.  
Filtered through Whatman number 1 filter paper and stored at 4˚C. 
 
 
0.1%w/v bromophenol blue 
10 mg bromophenol blue      0.1% w/v 
 
Made up to 10 ml with chilled DDW and stored at 4˚C. 
 
 
BT buffer (pH 9.3) 
0.953 g sodium borate decahydrate     0.05 M 
100 μl tween 20       0.2% 
 
Made up to a final volume of 50 ml with DDW after a pH of 9.3 was attained. 
 
 
Cell lysis buffer  
10 ml 1 M Tris-hydrochloric acid (HCl) (pH 6.8)    20 mM 
4.38 g sodium chloride      150 mM 
1.86 g EDTA         10 mM 
0.19 g EGTA        1 mM 
5 ml triton X (TX)-100       1% v/v 
 
Made up to 500 ml with DDW and stored at 4˚C. 
 
 
Cell lysis buffer with iodoacetamide and protease inhibitors 
Iodoacetamide        100 mM 
PMSF*        1 mM 
Aprotinin         0.01 mg/ml 
Anti-pain         0.01 mg/ml 
Leupeptin         0.01 mg/ml 
Pepstatin A*        0.1 mg/ml 
Sodium orthovanadate       1 mM 
Beta-glycerophosphate      10 mM 
Cell lysis buffer* 
 
The above ingredients were added to cell lysis buffer and the buffer made fresh for each 
use. 
 
 
Complete tissue culture media for tissue the maintenance of mammalian cells 
DMEM 
FCS         10% 
100 units/ml penicillin/streptomycin 
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Coomassie destain 
200 ml methanol       20% v/v 
50 ml glacial acetic acid      5% v/v 
750 ml DDW        75% v/v 
 
 
Coomassie stain 
1 g Coomassie Brilliant Blue R-250     0.5% w/v 
20 ml glacial acetic acid      10% v/v 
60 ml isopropanol       30% v/v 
120 ml DDW        59.5% v/v 
 
Filtered using Whatman number 1 filter paper. 
 
 
Denaturation buffer 
3.5 ml 0.5 M imidazole      25 mM 
13.7 μl beta-mercaptoethanol (added fresh)    2.5 mM 
33.6 g urea        8 M 
140 μl TX-100        0.2 % 
700 μl 100 mM sodium orthovanadate (added fresh)   1 mM 
1.4 ml 500 mM beta-glycerophosphate (added fresh)  10 mM 
 
Made up to 70 ml with phosphate-buffered saline (PBS) (pH 7.4). 
 
 
DMEM 
2 packets of DMEM powder 
7.4 g sodium bicarbonate      44 mM 
9.53 g HEPES        20 mM 
 
Made up to 1.7 L with DDW and adjusted to pH 7.4.  Made up to 2 L with DDW, filter-
sterilised with a 0.2 μM filter under sterile conditions and stored at 4˚C. 
 
 
1 M DTT 
1.543 g DTT        1 M 
  
Made up in 10 ml chilled DDW and stored at -20˚C in 1 ml aliquots. 
 
 
10 mg/ml ethidium bromide 
10 mg ethidium bromide      10 mg/ml 
 
Made up in 1 ml DDW. 
 
 
40% glucose 
80 g glucose [D-(+)]       40% w/v 
  
Made up to 200 ml with DDW, heat-dissolved, filter-sterilised using a 0.22 μM filter 
and stored at 4˚C. 
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10 mM free glutathione 
15.35 mg reduced glutathione      10 mM 
5 ml 50 mM Tris-HCl (pH 8.0)     50 mM 
 
Made fresh and kept chilled. 
 
 
GST wash buffer 
7.5 ml 1 M sodium chloride      150 mM 
42.5 ml 50 mM Tris-HCl (pH 7.5)     42.5 mM 
 
 
1 M HEPES 
11.9 g HEPES        1 M 
 
Made up to 50 ml with DDW. 
 
 
His-tag elution buffer 
5 ml 0.5 M sodium phosphate (pH 7.6)    50 mM 
0.88 g sodium chloride      300 mM 
0.85 g imidazole       250 mM 
 
Made up to 50 ml with DDW, adjusted to pH 8.0 at 4˚C and kept chilled. 
 
 
0.5 M IPTG 
1.19 g IPTG        0.5 M 
 
Made up to 10 ml with chilled DDW and filter-sterilised using a 0.22 μM filter. 
Aliquotted into 1 ml aliquots and stored at -20˚C. 
 
 
50 mg/ml kanamycin sulphate 
2.5 g kanamycin sulphate      50 mg/ml 
 
Made up to 50 ml with chilled DDW and filter-sterilised using a 0.45 μM filter.  
Aliquotted into 1 ml aliquots and stored at -20˚C. 
 
 
Luria Bertani (LB) medium 
10 g bacto tryptone       1% w/v 
5 g bacto yeast extract       0.5% w/v 
10 g sodium chloride       171 mM 
  
Made up to 1 L with DDW and sterilised by autoclaving. 
 
 
10x lithium acetate (pH 7.5) 
10.2 g lithium acetate       1 M 
 
Made up to 100 ml with DDW and sterilised by autoclaving. 
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Low fade mounting media 
20 g polyvinyl alcohol, low molecular weight, cold water soluble 
5 ml Tris-phosphate buffer 
2-3 drops of 1% phenol red solution 
30 ml glycerol 
100 mg chlorobutanol 
 
Added 75 ml DDW to Tris-phosphate buffer in a conical flask and then added phenol 
red.  Added polyvinyl alcohol and inverted a beaker over the neck of the flask and 
placed at 60˚C.  Mixed regularly over 2-3 hr to dissolve.  Slowly added glycerol and 
then added chlorobutanol.  Achieved a pH of 8.2 using Tris-phosphate buffer.  Stored 
working aliquots in syringes at 4˚C or long-term at -20˚C.  Avoid the formation of 
bubbles when mixing. 
 
 
-Leu/-Trp/-Ura drop-out plates (pH 5.8) 
5 g succinic acid       84.6 mM 
3 g sodium hydroxide       150 mM 
0.31 g -Leu/-Trp/-Ura drop-out supplement 
50 mg adenine hemisulphate      543 nM  
 
Dissolved succinic acid and sodium hydroxide in 400 ml DDW.  Added –Leu/-Trp/-Ura 
drop-out supplement and adenine hemisulphate.  Adjusted to pH 5.8 and then made up 
to 425 ml with DDW and added 10 g agar.  Autoclaved, cooled and added 50 ml of 10 x 
YNB/(NH4)2SO4* and 25 ml 40% glucose.  Poured plates and stored at 4˚C  after 
solidifying. 
 
 
-Leu/-Ura drop-out plates 
Procedure as for -Leu/-Trp/-Ura except 50 mg tryptophan was added with -Leu/-Trp/-
Ura drop-out supplement. 
 
 
Luciferase lysis buffer (pH 7.8) 
0.363 g Tris         30 mM 
400 μl 0.5 M EDTA (pH 8.0)      2 mM 
10 ml glycerol        10% v/v 
100 μl TX-100        0.1% v/v 
x μl 1 M DTT (added fresh)      2 mM 
 
Made up to 100 ml with DDW and stored at 4˚C.   
 
 
10 mg/ml lysozyme 
10 mg lysozyme       10 mg/ml 
1 ml sterile mouse-tonicity PBS (MTPBS) buffer* 
 
Made fresh before each use.  Added lysozyme to MTPBS buffer and kept on ice.   
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M9 agar with ampicillin 
Procedure as for M9 medium except 7.5 g agar was added to the 490 ml of ingredients 
to be autoclaved.  After autoclaving, cooled to 50˚C and a dded glucose, proline, 
thiamine hydrochloride and 50 mg/ml ampicillin.  Poured plates and stored at 4̊C  after 
solidifying. 
 
 
M9 medium 
247 mg magnesium sulphate heptahydrate    2 mM 
7.4 mg calcium chloride      100 nM 
310 mg -Leu/-Trp/-Ura drop-out supplement  
50 mg tryptophan       490 nM 
50 mg uracil        892 nM 
5 ml 40% glucose*        
2 ml 10 mg/ml proline      20 mg 
0.5 ml 1 M thiamine hydrochloride     1 mM 
 
Dissolved ingredients in 390 ml DDW and added 100 ml 5x M9 salts.  Sterilised by 
autoclaving and cooled to room temperature before adding glucose, proline and 
thiamine hydrochloride. 
 
 
5 x M9 salts 
33.9 g disodium hydrogen orthophosphate    238 mM  
15 g potassium phosphate, monobasic    110 mM 
2.5 g sodium chloride       42.7 mM 
5 g ammonium chloride      93.4 mM 
 
Made up to 1 L with DDW and sterilised by autoclaving. 
 
 
MAPK buffer 
4.38 g sodium chloride      150 mM 
0.52 g sodium fluoride      24.7 mM 
0.372 g EDTA        2 mM 
5.4 g beta-glycerophosphate      50 mM 
10 ml 1 M Tris (pH 7.4)      20 mM 
5 ml TX-100        1% v/v 
50 ml glycerol        10% v/v 
 
Made up to 445 ml with DDW, added TX-100 and glycerol.   
 
 
MAPK lysis buffer 
10 ml MAPK buffer 
10 μl 1 M DTT       1 mM 
20 μl 1 M sodium orthovanadate     2 mM 
1 protease inhibitor cocktail tablet 
 
 
MTPBS buffer (pH 7.3) 
8.77 g sodium chloride      150 mM 
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2.13 g disodium hydrogen orthophosphate    15 mM 
0.62 g sodium dihydrogen phosphate dihydrate   4 mM 
 
Made up to 1 L with DDW, sterilised by autoclaving and stored at 4˚C. 
 
 
50% PEG 
50 g PEG        50% w/v 
 
Made up to 100 ml with DDW and filter-sterilised using a 0.45 μM filter. 
 
 
40% PEG/1x TE/1x lithium acetate 
1 ml 10x TE*        1x 
1 ml 10x lithium acetate*      1x 
8 ml 50% PEG*       40% v/v 
 
 
PBS 
8 g sodium chloride       137 mM  
0.2 g potassium chloride      2.7 mM 
1.42 g disodium hydrogen orthophosphate    10 mM 
0.245 g potassium phosphate, monobasic    1.8 mM 
 
Dissolved in 900 ml DDW, adjusted to pH 7.4 and made up to 1 L. 
 
 
1 mg/ml pepstatin A  
Pepstatin A        1 mg/ml 
Acetic acid        10% 
Methanol         90% 
 
Stored at -20˚C. 
 
 
Phenol chloroform/isoamyl alcohol 
To 20 ml of equilibrated phenol, added 20 ml of chloroform/isoamyl alcohol (24 parts 
chloroform to 1 part isoamyl alcohol).  Mixed well and stored at 4˚C.  Left to settle to 
allow aqueous layer to come to surface.  Avoid using this layer. 
 
 
100 mM PMSF 
Dissolved in ethanol and stored at -20˚C. 
 
 
Ponceau stain 
0.2 g Ponceau S 
100 ml 2% v/v trichloroacetic acid     
 
 
Physiological saline solution (PSS) 
2.92 g sodium chloride      125 mM 
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0.12 g potassium chloride      4 mM 
1.9 g HEPES        20 mM 
0.4 g glucose        5.5 mM 
0.05 g sodium dihydrogen phosphate dihydrate   0.8 μM   
82 μl 4.9 M magnesium chloride     1 mM 
 
Dissolved the ingredients in 360 ml DDW, adjusted pH to 7.45, made up to 400 ml and 
filter-sterilised using a 0.22 μM filter.  Stored at -20˚C. 
 
 
Renaturation buffer 
10 ml 0.5 M imidazole      25 mM 
400 μl TX-100        0.2% v/v 
35 μl beta-mercaptoethanol      2.5 mM 
1.8 ml 100 mM sodium orthovanadate    1 mM 
3.6 ml beta-glycerophosphate (added fresh)    10 mM 
 
Made up to 200 ml with PBS (pH 7.4). 
 
 
2x SDS-polyacrylamide gel electrophoresis (PAGE) loading buffer 
255 μl 2x SDS-PAGE sample buffer* 
12.6 μl beta-mercaptoethanol      600 nM 
45 μl 0.1% bromophenol blue *       
    
Stored at 4˚C. 
 
 
5x SDS-PAGE running buffer 
15.1 g Tris        125 mM 
5 g SDS        0.5% w/v 
72.1 g glycine        0.96 M 
 
Made up to 1 L with DDW. 
 
 
2x SDS-PAGE sample buffer (pH 6.8) 
0.121 g Tris        10 mM 
0.037 g EDTA        1 mM 
1 g SDS        1% w/v 
20 ml glycerol        25% v/v 
Made up to 80 ml with DDW and added glycerol.   
 
 
4x SDS-PAGE separating buffer 
45.38 g Tris         1.5 M 
1 g SDS        0.4% w/v 
 
Made up to 250 ml with DDW, adjusted pH to 8.8 and stored at 4˚C. 
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4x SDS-PAGE stacking buffer 
6.05 g Tris        0.5 M 
0.4 g SDS        0.4% w/v 
 
Made up to 100 ml with DDW, adjusted pH to 6.8 and stored at 4˚C. 
 
 
2x SOB 
2 g bacto tryptone 
0.5 g yeast extract 
1 ml 1 M sodium chloride      20 mM 
0.25 ml 1 M potassium chloride     5 mM 
 
Made up to 50 ml with DDW and sterilised by autoclaving. 
 
 
SOC medium 
10 ml 2x SOB        1x 
9.2 ml DDW 
400 μl sterile 1 M glucose*      20 mM 
200 μl sterile 1 M magnesium chloride    10 mM 
200 μl sterile 1 M magnesium sulphate    10 mM 
 
 
1 M sodium dihydrogen phosphate dihydrate  
15.6 g sodium dihydrogen phosphate dihydrate   1 M 
 
Made up to 100 ml with DDW. 
 
 
Stripping buffer 
31.25 ml 1 M Tris-HCl (pH 6.8)     62.5 mM 
10 g SDS        2% w/v 
Beta-mercaptoethanol (added fresh)     100 mM 
     
Made up to 500 ml with DDW.  
 
 
Tris-buffered saline (TBS) 
2.42 g Tris        20 mM 
29.22 g sodium chloride      0.5 M 
 
Added 0.9 L DDW, adjusted to pH 7.5 and made up to 1 L. 
 
 
0.2% TBS-tween (TBS-T)  
 
Procedure as for TBS with the addition of 2 ml tween 20 per 1 L TBS. 
 
 
10x TE buffer (pH 7.5) 
12.12 g Tris        100 mM 
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3.72 g EDTA        10 mM 
 
Made up to 1 L with DDW and sterilised by autoclaving. 
 
 
1x TE/1x lithium acetate 
5 ml 10x TE        1x 
5 ml 10x lithium acetate      1x 
40 ml DDW 
 
 
Thiamine hydrochloride 
3.37 g thiamine hydrochloride     1 M 
 
Made up to 10 ml with DDW, filter-sterilised with a 0.22 μM filter and stored at -20˚C. 
 
 
Thrombin cleavage buffer 
7.5 ml 1 M sodium chloride      150 mM 
1.25 ml 100 mM calcium chloride     2.5 mM 
41.25 ml 50 mM Tris-HCl (pH 7.5)     41.25 mM 
 
 
Transfer buffer 
3 g Tris        24.7 mM 
14.4 g glycine        190 mM 
100 ml methanol 
 
Made up to 1 L with DDW. 
 
 
Tris-phosphate buffer (for low fade mounting medium) 
12.1 g Tris        1 M 
 
Made up to 100 ml and titrated to pH 9.0 with 1 M sodium dihydrogen phosphate 
dihydrate*. 
 
 
-Trp/-Ura drop-out plates 
Procedure as for -Leu/-Trp/-Ura except 50 mg leucine was added with -Leu/-Trp/-Ura 
drop-out supplement. 
 
 
Working Z-buffer 
24 ml Z buffer base 
654 μl beta-mercaptoethanol 
160 μl X-gal 
 
 
Yeast lysis buffer 
5.85 g sodium chloride      100 mM 
100 ml 10% SDS       1% v/v 
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100 ml 100 mM Tris (pH 8.0)      10 mM 
2 ml 0.5 M EDTA (pH 8.0)      1 mM 
20 ml TX-100        2% v/v 
 
Made up to 980 ml with DDW and added TX-100. 
 
 
10x YNB/(NH4)2SO4 
3.4 g yeast nitrogen base 
10 g ammonium sulphate       378 mM 
 
Made up to 200 ml with DDW, filter-sterilised using a 0.45 μM filter and stored at 4˚C. 
 
 
Yeast extract, peptone, dextrose agar (YPDA) 
Made up as YPDA medium, added 10 g agar and sterilised by autoclaving.  After 
cooling, added 25 ml glucose.  Poured plates and stored at 4˚C after solidifying. 
 
 
YPDA medium 
10 g bactopeptone 
5 g yeast extract 
50 mg adenine hemisulphate 
475 ml DDW  
 
Autoclaved and added 25 ml 40% glucose when cooled.  
 
 
X-gal 
50 mg X-gal         
 
Dissolved X-gal in 1 ml DMFO in a glass bottle shielded from light and stored at -20˚C. 
 
 
Z-buffer base 
4.26 g disodium hydrogen orthophosphate    60 mM 
3.12 g sodium dihydrogen phosphate dihydrate   40 mM   
0.375 g potassium chloride      10 mM 
0.123 g magnesium sulphate heptahydrate    1 mM 
 
Made up to 450 ml with DDW and adjusted to pH 7.0.  Made up to a final volume of 
500 ml and sterilised by autoclaving. 
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2.10 - Bacterial methods 
2.10.1 - Frozen storage of bacterial cells 

Bacterial cultures were inoculated from a single, isolated colony streaked out onto 2x 

yeast tryptone (2x YT) or LB plates.  Selection antibiotics included ampicillin or 

kanamycin, at a final concentration of 100 μg/ml.  Cultures were typically incubated for 

12-16 hr with vigorous shaking at 220 revolutions per minute (rpm).  Bacterial stocks 

were stored long term at -80˚C in a mixture that included 80% bacterial culture and 20% 

glycerol.  

 

2.10.2 - Transformation of competent bacterial cells 

Bacterial transformations were performed using the heat-shock technique.  Competent 

bacterial cells (50-100 µl), which had been thawed on ice, were mixed with 1-5 μl of 

plasmid DNA.  This mixture was allowed to sit on ice for 30 min.  Following this 

incubation, the DNA/competent cell mixture was heat-shocked at 42˚C for 90 sec and 

then placed back on ice for 2 min.  The mixture was made up to 500 μl with 2x YT 

medium and incubated at 37˚C for 1 hr with mixing.  Following incubation, the mixture 

was spread onto a plate containing the appropriate selection antibiotic.  The plate was 

allowed to dry and then incubated at 37˚C for 12-16 hr. 

 

2.11 - DNA methods 
2.11.1 - DNA plasmid extraction 

Mini- and maxi-preparations of DNA were performed with commercially available kits 

using the alkaline lysis method.  Mini-preparations of DNA were performed using a 

Wizard Plus SV miniprep DNA purification kit.  A single, isolated colony was picked 

from a freshly streaked antibiotic selection plate and incubated in 5 ml of bacterial 

culture medium containing the appropriate selection antibiotic.  The culture was grown 

for 12-16 hr with vigorous shaking at 220 rpm.  Bacterial culture (2 ml) was transferred 

to an Eppendorf tube and bacterial cells were pelleted by centrifugation at 13,000 rpm 

for 2 min.  Pelleted bacterial cells were then processed according to the manufacturer’s 

instructions.  Purified DNA was eluted in 50 μl DDW. 

 

Maxi-preparations of DNA which were required for mammalian cell transfections were 

performed using a QIAGEN maxi prep kit.  A single, isolated colony was picked from a 

freshly streaked antibiotic selection plate and inoculated into 5 ml of bacterial culture 

medium for 8 hr with vigorous shaking at 220 rpm.  After 8 hr, the bacterial starter 
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culture was diluted 1/100 into 300 ml of fresh bacterial culture medium containing the 

appropriate selection antibiotic.  The culture was grown for 12-16 hr with vigorous 

shaking, then pelleted and the pellet processed according to the manufacturer’s 

instructions.  Purified DNA pellet was resuspended in 500 μl DDW. 

 

2.11.2 - DNA quantitation 

All DNA was quantitated by spectrophotometric analysis.  DNA diluted in DDW was 

measured at the ultraviolet absorbance wavelengths of 260 nm and 280 nm in quartz 

cuvettes.  The purity of the DNA was assessed using the A260/A280 ratio.  DNA was 

considered of good quality if the ratio achieved was between 1.8-2.0. 

 

2.11.3 - DNA restriction enzyme digestion 

Restriction enzyme digests were performed in 20 μl reaction volumes containing 1x 

reaction buffer, 1-2 μg DNA, 10-20 units of restriction enzyme, 1x BSA (if required) 

and made up to the final volume with DDW.  Reactions were incubated for 4-18 hr at 

either 37˚C or 25˚C according to the requirements of the restriction enzyme.  Digests 

requiring two different restriction enzymes were performed in a reaction buffer 

compatible with both enzymes.   

 

2.11.4 - DNA ligations 

DNA ligations were performed in 10 μl reaction volumes containing 1x reaction buffer, 

3 units of T4 DNA ligase, a vector:insert molar ratio of 1:3 and made up to the final 

volume with DDW.  Control ligation reactions were performed similarly however the 

insert DNA was excluded from the reaction.  All ligation reactions were incubated 

overnight at room temperature and transformed into competent bacterial cells the 

following day. 

 

2.11.5 - Agarose gel electrophoresis 

DNA was run on agarose gels made with 1x TE buffer containing 0.4 μg/ml ethidium 

bromide.  A 5x agarose gel loading buffer was added to each DNA sample to allow 

visualisation during loading.  A 1 Kb DNA ladder was run alongside the DNA samples.  

Agarose gels were electrophoresed in a DNA electrophoresis mini-sub DNA cell tank in 

1x TE buffer at 100 V.  DNA bands were visualised using an ultraviolet transilluminator. 
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2.11.6 - Dideoxy chain termination DNA sequencing 

DNA sequencing reactions were performed in a reaction containing 2 μl BigDye 

Terminator mix (version 3.1), approximately 200 ng DNA, 25 ng forward and reverse 

oligonucleotide primers and made up to 10 μl with sterile DDW.  PCR reactions 

involved an initial denaturation of 95˚C for 5 min then 50 cycles of denaturation at 95˚C 

for 30 sec, annealing at 50˚C for 10 sec, extension at 60̊C for 4  min followed by a 

cooling at 4˚C.  DNA was precipitated using EDTA and ethanol:  one quarter of the 

reaction volume (2.5 µl) of 125 mM EDTA and 3 reaction volumes (30 µl) of absolute 

ethanol was added to each 10 μl sequencing reaction and mixed by inversion four times.  

The reactions were left to stand at room temperature for 15 min then centrifuged at 

5,200 rpm for 30 min.  The supernatant was removed and 70 μl of 70% ethanol was 

used to wash the pellet.  The reaction was centrifuged at 5,200 rpm for 30 min.  After 

centrifugation, the supernatant was removed and the pellet allowed to dry.  Samples 

were processed by the Department of Clinical Immunology, Royal Perth Hospital using 

an ABI Prism 3730 48 Capillary Sequencer.  

 

2.12 - Mammalian cell culture methods 
2.12.1 - Passaging mammalian cells 

To passage cells, medium was aspirated and cells were washed twice in PBS then 

incubated in trypsin/EDTA (0.5 ml for a 25 cm2 flask and 1 ml for a 75 cm2 flask) at 

37˚C for 5 min.  Once the cells were dislodged, fresh complete medium (see Section 

2.12.4 or 2.12.5) (4.5 ml for a 25 cm2 flask and 9 ml for a 75 cm2 flask) was added to 

deactivate the trypsin and cells were seeded into a new flask. 

 

2.12.2 - Counting mammalian cells 

Mammalian cells were counted using a Neubauer chamber.  Once the cells were 

trypsinised, they were resuspended in 10 ml complete cell culture medium and 

resuspended vigorously to achieve a single cell suspension.  Resuspended cells were 

counted using a Neubauer chamber to determine the number of cells per ml.  

 

2.12.3 - Freezing down and resuscitation of mammalian cells 

Following trypsinisation of a confluent monolayer of cells in a 75 cm2 flask, cells were 

resuspended in complete medium and centrifuged at 1,000 rpm for 2 min.  Pelleted cells 

were uniformly resuspended in a volume of freezing medium containing 10% DMSO, 

25% FCS and 65% DMEM.  Cells were aliquotted as 1 ml aliquots into cryovials and 
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frozen overnight in a polystyrene rack at -80˚C.  The following day, cells were 

transferred to liquid nitrogen. 

 

Cells were resuscitated from liquid nitrogen by rapidly thawing the cryovial of cells at 

37˚C in a water bath.  Cells were quickly transferred drop-wise into complete medium, 

mixed, and pelleted by centrifugation at 1,000 rpm for 2 min.  The supernatant was 

discarded, fresh medium added and the cells were vigorously pipetted to achieve a 

single cell resuspension.  Cells were seeded into a 25cm2 flask. 

 

2.12.4 - Cell culture of COS-1, HEK-293 and M2 cells 

COS-1, HEK-293 and M2 cells were maintained in DMEM supplemented with 10% 

(v/v) FCS and 100 units/ml penicillin/streptomycin at 37̊C in 5% CO 2.  Medium was 

replaced every 3-4 days and cells passaged every 4 days as required. 

 

2.12.5 - Cell culture of stable HEK-293/CaR and A7 cells 

Stable HEK-293/CaR and A7 cells were maintained in DMEM supplemented with 10% 

(v/v) FCS and 100 units/ml penicillin/streptomycin at 37̊ C in 5% CO2.  Additionally, 

100μg/ml and 500 μg/ml of G418 selection antibiotic were used for HEK-293/CaR and 

A7 cells, respectively.  Medium was replaced every 3-4 days and cells were passaged 

every 4 days as required. 

 

2.12.6 - Transient transfection of mammalian cells 

On day 1, cells were plated out to achieve a cell confluency of 40-60% at the time of 

transfection.  Early on day 2, transfection reactions were prepared by mixing 1) DNA 

and OPTI-MEM1 and 2) Lipofectamine 2000 and OPTI-MEM1.  The amount of 

Lipofectamine 2000 used was twice the volume of the total amount of DNA used in the 

transfection.  The Lipofectamine/OPTI-MEM1 2000 mix was incubated at room 

temperature for 5 min and then added to the DNA/OPTI-MEM1 mix and incubated at 

room temperature for 20 min.  The transfection reaction was then added to cells in 

DMEM containing 10% FCS (for plasmid DNA) or OPTI-MEM1 (for siRNA 

oligonucleotide primer) and the transfection reaction was allowed to proceed in a tissue 

culture incubator for 4 hr at 37˚C in 5% CO2.  Following this, the medium was replaced 

with DMEM containing 10% FCS and 100 units/ml penicillin/streptomycin.  If the cells 

were a stably transfected cell line, the selection antibiotic was omitted at this stage.  The 

medium on the cells was changed with DMEM containing 10% FCS and 100 units/ml 
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penicillin/streptomycin 24 hr post-transfection if the cells were to be lysed 48 hr post-

transfection.  Selection antibiotics were added at this stage if required. 

 

2.12.7 - Poly-L-lysine coating 

Multi-well plates were coated with filter-sterilised 0.1 mg/ml PLL made up in DDW.  

The PLL was added to the well ensuring that the entire well surface was covered and 

allowed to sit under sterile conditions for at least 30 min at room temperature.  

Following this, the PLL was removed and the well was rinsed twice with PBS prior to 

cell seeding. 

 

2.12.8 - Confocal microscopy 

Cells in 25 cm2 flasks were plated out on day 1 and transfected on day 2 with the 

appropriate expression plasmid(s) as described in Section 2.12.6.  On day 3, cells were 

seeded onto PLL-coated coverslips in a 6-well plate and allowed to settle overnight.  On 

day 4, cells were washed three times with PBS and fixed with 4% paraformaldehyde for 

20 min at room temperature.  Cells were washed three times for 5 min in PBS and then 

permeabilised with 0.2% TX-100 in PBS for 30 min at room temperature.  Cells were 

washed three times for 5 min in PBS with agitation and then blocked for 1 hr at room 

temperature in 10% goat serum and 1% BSA in PBS.  Cells were incubated for 1 hr 

with primary antibody at room temperature.  Cells were then washed three times with 

PBS for 5 min each with agitation followed by secondary antibody incubation for 45 

min at room temperature, and finally three 5 min washes with PBS with gentle agitation.  

Cells were mounted onto glass slides using low fade mounting media.  Confocal images 

were captured on a Bio-Rad MRC 100 confocal fluorescence microscope using 

excitation wavelengths of 488 nm, 543 nm or 633 nm.  Imaging was carried out at the 

Centre for Microscopy, Characterisation and Analysis, University of Western Australia. 

 

2.13 - Protein methods 
2.13.1 - BCA protein assay 

Protein standards with a final volume of 50 μl were prepared by serially diluting 2 

mg/ml BSA standard (provided with the BCA kit) with DDW to 1000 μg/ml, 500 μg/ml, 

250 μg/ml, 125 μg/ml, 62.5 μg/ml, 32.25 μg/ml and 15.6 μg/ml.  Blanks constituted 50 

μl of DDW.  Samples were made up with 48 μl DDW and 2 μl of protein lysate.  All 

standards, blanks and samples to be tested had a final volume of 50 μl.  The BCA 

working reagent was prepared by mixing reagent A with reagent B (at a ratio of 1:50), 
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and 1 ml of working reagent was aliquotted into each standard, blank and test sample.  

All samples were incubated at 37˚C for 30 min and then allowed to cool to room 

temperature.  Absorbance was read on a spectrophotometer at 562 nm. 

 

2.13.2 - Bio-Rad protein plate assay 

Proteins standards with a final volume of 50 μl were prepared by serially diluting 10 

mg/ml BSA reagent (Promega) with DDW to 5 mg/ml, 2.5 mg/ml, 1.25 mg/ml, 0.625 

mg/ml, 0.3125 mg/ml and 0.1512 mg/ml in duplicate.  Test samples were made up in 

duplicate with 40 μl DDW and 10 μl of protein lysate.  Bio-Rad reagent (200 μl), which 

had been filter-sterilised using Whatman paper number 1 and diluted 1 in 4 in DDW, 

was added to the standards and test samples in a 96-well plate.  Absorbance was 

measured immediately at 590 nm using the POLARstar Optima luminometer.   

 

2.13.3 - Bradford protein assay 

Protein standards with a final volume of 10 μl were prepared by serial dilution at 1000 

μg/ml, 500 μg/ml, 250 μg/ml, 125 μg/ml, 62.5 μg/ml and 31.25 μg/ml using BSA 

powder diluted in cell lysis buffer.  Blanks constituted 10 μl of cell lysis buffer.  Filtered 

Bradford reagent (1 ml) at room temperature was added to 10 μl of standard, blank or 

protein sample.  All tubes were allowed to sit at room temperature for 5 min prior to the 

measurement of absorbance at 595 nm. 

 

2.13.4 - SDS-PAGE gel preparation 

PAGE gels were prepared using the Mini-PROTEAN II Dual Slab Cell.  The separating 

gel was prepared with 1x SDS-PAGE separating buffer (from a 4x SDS-PAGE 

separating buffer stock) containing 7.5 or 10% acrylamide/bis solution, 0.03% APS, 

0.1% TEMED and made up to a final volume of 7.5 ml with DDW.  Following the 

addition of the APS and TEMED, the gel was poured immediately into the gel cast.  A 

layer of isopropanol was added to the top of the separating gel to avoid it drying out.  

Once the separating gel was set and just before preparation of the stacking gel, the layer 

of isopropanol from the separating gel was washed off with DDW.  The stacking gel 

was prepared with 1x SDS-PAGE stacking buffer (from a 4x SDS-PAGE stacking 

buffer stock) containing 4% acrylamide, 0.1% APS and 0.1% TEMED and made up to a 

final volume of 3.3 ml with DDW.  Following the addition of the APS and TEMED, the 

gel was poured immediately into the gel cast over-laying the separating gel and a comb 

was inserted.  Following loading of the samples, SDS-PAGE gels were electrophoresed 
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in 1x SDS-PAGE running buffer (made from a 5x SDS-PAGE running buffer stock) at 

180 V. 

 

2.13.5 - Protein transfer 

Proteins were transferred from an SDS-PAGE gel to a nitrocellulose membrane using a 

Mini Trans-blot Electrophoretic Transfer Cell.  The SDS-PAGE gel containing the 

proteins of interest and the nitrocellulose membrane were sandwiched together between 

layers of Whatman chromatography paper and fibre pads on either side.  The cassetted 

gel and membrane was electrophoresed with transfer buffer at 30 V overnight at 4˚C.   

 

2.13.6 - Immunodetection 

Following transfer, the membrane was soaked in Ponceau S stain for 10 min at room 

temperature with gentle agitation.  The stain was removed and the membrane was gently 

rinsed with DDW to visualise protein bands and to ensure efficient and even transfer of 

protein.  The membrane was blocked in 10 ml blocking solution followed by incubation 

with 5 ml primary antibody.  The membrane was rinsed, incubated with 5 ml secondary 

antibody and then rinsed once again.  Detailed descriptions of antibody concentrations 

and incubation times, and washing reagents are described in subsequent chapters.  

Immunodetection was followed by chemiluminescence development where the 

membrane was exposed to Hyperfilm film for varying times and the film developed in 

an X-Ray processor.   

 

Membranes that required re-probing were stripped of old antibody and incubated in 

stripping buffer (see Section 2.9) at 50˚C for 30 min with regular agitation.  Membranes 

were then rinsed with DDW and immunodetection was continued from the blocking 

step. 
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Chapter 3 - Proteins which Interact with the CaR Intracellular Tail 

3.1 - Introduction 
The intracellular tails of GPCRs have been described as “magic fish hooks” and have 

been used in a number of protein interaction studies to identify novel protein targets 

leading to an enhanced understanding of the signalling properties and functions of these 

receptors (Bockaert et al., 2003; Couve et al., 2001; Tazawa et al., 2003).  Techniques 

that have been employed in studies of GPCR-protein interaction include the Y2H 

system, protein affinity chromatography, cross-linking techniques, immunoprecipitation, 

gel overlay assays and other proteomic  approaches (Bockaert et al., 2003; Phizicky and 

Fields, 1995; Prezeau et al., 1999).  For example, the third intracellular loop of the 

alpha-2 adrenergic receptor has been used to identify 14-3-3 zeta as an interacting 

protein using the gel overlay assay (Prezeau et al., 1999). 

 

The Y2H technique is commonly used to identify associated proteins, as demonstrated 

in studies which have used the intracellular tails of the GABAB and the PTHR (Couve et 

al., 2001; Tazawa et al., 2003).  The technique relies on exposing a protein of interest to 

a library containing an assortment of potentially interacting peptides or proteins.  

Proteins which are found to associate are confirmed based on the reconstitution of a 

hybrid transcription factor.  The hybrid transcription factor contains two modular 

domains: a DNA binding domain and a transcription activation domain, which can be 

functionally reconstituted through the interaction of the two domains to create a 

functioning transcription factor.  The DNA binding domain is fused to the protein of 

interest (also known as the bait) and the transcription activation domain is fused to the 

library proteins including those eventually found to interact with the bait protein, known 

as the prey.  The association of the two fused proteins automatically leads to the 

association of the two domains - the union of which leads to the reconstituted 

transcription factor binding to an upstream activation sequence, which allows activation 

of a reporter gene.  In this study, the LexA-based system which uses the E. coli LexA 

DNA binding domain and a herpes simplex virus VP16 activation domain was utilised.  

The association of the two domains is able to activate two reporters encoded by a yeast 

HIS3 gene and a bacterial LacZ gene in a strain of yeast L40 (Fields and Sternglanz, 

1994). 

 

Several groups studying the CaR have adopted Y2H analysis for the identification of 

CaR tail interacting partner proteins that have the potential to modulate CaR function 
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and/or receptor-mediated signalling (Awata et al., 2001; Herrera-Vigenor et al., 2006; 

Hjalm et al., 2001; Huang C et al., 2007; Huang Y et al., 2006).  As a result, a handful 

of interacting proteins have been isolated and shown to be involved in various aspects 

of CaR biological function.  The first protein to be isolated using this technique was the 

actin binding protein, filamin, which was identified concurrently by two groups (Awata 

et al., 2001; Hjalm et al., 2001).  Other proteins that have been isolated include Kir4.1 

and Kir4.2 potassium channels, associated molecule with SH3 domain of signal 

transducing adapter molecule (STAM) (AMSH) and the E3 ubiquitin ligase, dorfin 

(Herrera-Vigenor et al., 2006; Huang C et al., 2007; Huang Y et al., 2006). 

 

In this Chapter, it is demonstrated by Y2H, that the CaR tail associates with filamin, as 

described previously; the AF4 transcription factor; leukotriene A4 hydrolase, a protein 

which cleaves the hydrolysis of leukotriene A4 to leukotriene B4; MORC 2A, a nuclear 

protein expressed in male germ cells; SON DNA binding protein, a protein shown to 

associate with focal adhesion proteins; ubiquitin B, also known as ubiquitin, which is 

involved in the degradation of mis-folded proteins; Ubc9, a protein involved in the 

sumoylation of proteins; and the 14-3-3 theta and 14-3-3 zeta adapter proteins.  The 

regions of interaction of the above-mentioned proteins with the CaR tail are 

demonstrated and the significance of these interactions is speculated in this Chapter. 

 

3.2 - Methods 
3.2.1 - Y2H library screen 

The Y2H library screen employed the LexA system in which the DNA-binding (LexA) 

and activation domains of a transcription factor, when bound ahead of His and LacZ 

promoters, allows transcription of histidine and beta-galactosidase reporter genes.  The 

CaR intracellular tail (amino acids 865-1078) was cloned into the bait vector pBTM116 

[pBTM116 (CaR 865-1078)] and used to screen a mouse pluripotent haematopoietic 

cell line (EMLC.1) cDNA library which was cloned into the prey vector, pVP16, by 

Not1 linkering of cDNA fragments.  The pBTM116 vector contains the TRP1 gene 

encoding tryptophan while the pVP16 vector contains the Leu gene encoding leucine.  

The screen was performed using the lithium acetate method by sequential 

transformation of library plasmid into yeast L40 previously transformed with the bait 

[pBTM116 (CaR 865-1078)].  Yeast were plated on to YC-plates deficient in 

tryptophan, histidine and leucine.  Co-transformants exhibiting CaR tail dependent 

transactivation of the His reporter gene were streaked on to plates deficient in 
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tryptophan and leucine, and confirmed as positive interactors by examining LacZ 

reporter gene activity using a beta-galactosidase colony lift assay (see Section 3.2.2.5).  

A total of 129 colonies were deemed as potentially interacting proteins on this basis.  

This work was performed by Dr Bryan Ward. 

 

3.2.2 - Confirmation of positive interactors from the Y2H library screen 

3.2.2.1 - DNA plasmid extraction from colonies strongly positive for beta-galactosidase 

Of the 129 yeast clones identified as positive interactors of the CaR tail, this thesis 

involved testing whether 41 of these were true positives.  Yeast clones were stored as 

glycerol stocks at -80˚C until further confirmation was required.  Each clone was 

streaked onto a -Leu/-Trp/-Ura drop-out selection plate and grown for three days at 

30˚C.  Three individual yeast colonies were picked off each plate and resuspended into 

4 ml medium containing 5% glucose and 1x YNB/(NH4)2SO4 in -Leu/-Ura base 

medium.  Cultures were incubated overnight at 30̊C with shaking at 240 rpm.  The 

following day, 3 ml of each culture was centrifuged at 10,000 rpm for 30 sec.  The 

supernatant was discarded and the pellet was resuspended in 200 μl yeast lysis buffer 

(see Section 2.9).  Approximately 0.3 g of acid washed glass beads were added to the 

suspension followed by 200 μl of phenol:chloroform:isoamyl alcohol under a fume 

hood.  The suspension was vortexed vigorously for at least 2 min and then centrifuged 

at 13,000 rpm for 10 min at room temperature.  Under a fume hood, the aqueous phase 

of the supernatant (approximately 130 µl) was transferred to a fresh tube to which 8 μl 

of 10 M ammonium acetate and 300 µl of cold absolute ethanol were added.  The 

suspension was stored overnight at -70˚C then centrifuged the following day at 13,000 

rpm for 30 min at 4̊C.  After discarding the supernatant, the pellet was washed in 500 

μl of cold 75% ethanol and centrifuged at 7,500 rpm for 10 min at 4˚C.  The supernatant 

was discarded and the pellet containing plasmid DNA was allowed to dry for 

approximately 30 min then re-hydrated in 50 μl sterile DDW. 

 

3.2.2.2 - PCR amplification of library inserts from extracted plasmid DNA 

Library inserts were amplified using the VP16-2 forward and M13 reverse 

oligonucleotide primers.  Multiple reactions of 50 ul were prepared by combining 5 μl 

of plasmid DNA as prepared in Section 3.2.2.1 with 1x magnesium-free PCR buffer, 2 

mM magnesium chloride, 300 μM dNTPs, approximately 400 nM of forward and 

reverse oligonucleotide primer and 2.5 units of Taq polymerase.  PCR reactions 

involved an initial denaturation at 94˚C for 2 min, followed by 35 cycles of denaturation 
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at 94˚C for 15 sec, annealing at 55˚C for 20 sec, and extension at 72̊ C for 2 min .  PCR 

products were resolved on a 2% agarose gel and grouped according to fragment size.  

Fragments were compared to those from previously isolated clones and similar-sized 

fragments were characterised by restriction enzyme profiling, using HaeIII, a frequent 

cutting restriction enzyme.  PCR products of 10 μl were digested overnight using HaeIII 

at 37̊ C.  The following day, digests were resolved on a 3% MetaPhor high resolution 

agarose gel.  Profiling patterns were assigned to each clone and used to compare future 

clones to avoid duplication of isolated interacting partners. 

 

3.2.2.3 - Plasmid rescue of unique clones 

Plasmids from the previous step that had been allocated unique profiles were rescued by 

transforming E. coli HB101 competent cells with plasmid DNA.  Plasmid DNA (7.5 µl) 

was added to 200 μl of HB101 competent cells and left on ice for 30 min.  The cells 

were heat-shocked at 42̊ C for 90 sec and incubated on ice for 2 min.  SOC medium 

(800 µl) was added to the heat-shocked cells and after incubation at 37˚C for 1 hr  with 

shaking at 220 rpm, cells were washed three times by resuspension in 750 μl of M9 

medium and centrifuged.  After the last wash, the pellet was resuspended in 150 μl of 

M9 medium and plated onto M9 plates, which were deficient in leucine.  The E. coli 

HB101 competent cells have a defect in their LeuB gene which can be complemented by 

the Leu2 gene in pVP16.  The plates were incubated at 37̊C for 2 -3 days.  Colonies 

were then grown overnight at 37˚C in LB medium containing ampicillin.  Plasmids 

were purified using the Wizard Plus SV miniprep DNA purification system according to 

the manufacturer’s instructions.  Plasmid DNA was digested with Not1 and the presence 

of insert confirmed by agarose gel electrophoresis prior to verification of the interaction 

between the bait and the rescued library insert (see below). 

 

3.2.2.4 - Yeast co-transformation of bait and library plasmids 

Four to five days before the yeast co-transformation, yeast L40 cells were streaked onto 

a YPDA plate and incubated at 30̊C.  The day before the yeast co -transformation, a 

single colony of L40 was selected and resuspended in YPDA medium containing 2% 

glucose.  The culture was incubated overnight at 30̊C with shaking at 180 rp m.  The 

following day, the overnight yeast culture was diluted in 50 ml YPDA medium 

containing glucose until an optical density (OD)600 nm reading of 0.4 was achieved.  This 

culture was then incubated at 30̊C until an OD 600 nm reading of 0.5-0.6 was achieved.  

Following incubation, the culture was centrifuged at 2,500 rpm for 5 min.  The pellet 
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was resuspended in 40 ml sterile 1x TE buffer and centrifuged again at 2,500 rpm for 5 

min.  The pellet was resuspended in 2 ml 1x TE/1x lithium acetate and allowed to sit at 

room temperature for 10 min.  Meanwhile, 10 mg/ml salmon sperm DNA was 

denatured by boiling for 15 min and then mixed well and plunged into ice.  For each 

transformation or co-transformation (Table 3.1), 1 μl of plasmid DNA and 10 μl 

denatured salmon sperm DNA was added to 75 μl of competent yeast cells after which 

750 μl of 40% PEG/1x TE/1x lithium acetate was added and the cells vortexed well and 

incubated at 30˚C for 40 min with shaking at 200 rpm.  After incubation, 88 μl DMSO 

was added to the cells and mixed by inversion.  Cells were heat-shocked at 42̊ C for 7 

min then cooled immediately on ice for less than 1 min, followed by centrifugation at 

13,000 rpm for 1 min.  The resulting cell pellet was resuspended in 1 ml 1x TE buffer 

and centrifuged again.  The pellet was finally resuspended in 100 μl 1x TE buffer and 

plated out onto appropriate drop-out selection plates (Table 3.1).  Plates were incubated 

at 30˚C for 2-4 days. 

 

3.2.2.5 - Verification of interaction between the bait and rescued library insert using a 

beta-galactosidase colony lift assay 

For the colony lift assay, circular 9 cm diameter pieces of Whatman paper (number 5) 

were placed into both the lid and base of a standard Petri dish.  Z-buffer of 2 ml 

containing freshly added 0.27% (v/v) beta-mercaptoethanol and 8 mg/ml X-gal was 

added to the Whatman paper in the base of the Petri dish.  The second filter paper was 

layered gently over colonies on the plates from the yeast co-transformation ensuring 

bubbles were not trapped underneath.  Once the piece of the filter paper had made 

contact with all the colonies on the agar, it was removed using forceps and transferred 

face-up onto the surface of liquid nitrogen (in an esky) for approximately 10 sec.  The 

filter paper was then fully submerged into the liquid nitrogen for another 10 sec then 

placed into the lid of the Petri dish to thaw at room temperature.  The defrosted filter 

paper was then placed colony-side-up onto the filter paper pre-soaked with Z-buffer 

ensuring the space between the two filter papers was free of bubbles.  The filter discs 

were left at room temperature, noted for the time of appearance of blue colonies and 

compared with both the positive and negative controls.  Positive and negative controls 

were utilised for this assay to verify true interactors (Table 3.1).  Yeast L40 transformed 

independently with pVP16 (clone X) or pBTM116 (CaR tail) ensured that neither 

construct autonomously activated the LacZ gene producing beta-galactosidase.  

pBTM116 (ArlE1) served as a negative control (Carrello et al., 1999).   
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Negative controls Selection plate used
pVP16 (clone X) -Leu/-Ura
pBTM116 (ArlE1) + pVP16 (Hsp90) -Leu/-Trp/-Ura
pBTM116 (ArlE1) + pVP16 (clone X) -Leu/-Trp/-Ura
pBTM116 (full-length CaR tail) -Trp/-Ura

Positive control
pBTM116 (CyP40) + pVP16 (Hsp90) -Leu/-Trp/-Ura

Test
pBTM116 (full-length CaR tail) + pVP16 (clone X) -Leu/-Trp/-Ura

Table 3.1 - Plasmids and drop-out selection plates used in yeast co-transformations
to confirm the interaction between proteins from isolated clones and the CaR tail.
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The combination of pBTM116 (CyP40) and pVP16 (Hsp90) served as a positive control 

(Carrello et al., 1999). 

 

Once a clone had been confirmed as a true interactor with the CaR tail, it was subjected 

to DNA sequence analysis using 2.5 μM of the VP16-2 forward oligonucleotide primer, 

following the method described in Section 2.11.6.  The sequenced clones were then 

identified by a BLAST search (Table 3.2). 

 

3.2.3 - Mapping of 14-3-3 theta and 14-3-3 zeta interaction on the CaR tail 

3.2.3.1 - Cloning of full-length human 14-3-3 theta and 14-3-3 zeta into pVP16 

Human forms of full-length 14-3-3 theta and 14-3-3 zeta were amplified by PCR using 

templates of pcDNA3.1 (14-3-3 theta) and pcDNA3.1 (14-3-3 zeta), respectively, as 

prepared in Section 5.2.1.1.  14-3-3 theta was amplified using BamF forward and 14-3-

3Not1R reverse oligonucleotide primers, whereas 14-3-3 zeta was amplified using 

BamF forward and 14-3-3zetaNotR reverse oligonucleotide primers.  Both 14-3-3 

isoforms were amplified in a reaction containing 1x colourless GoTaq Flexi buffer, 250 

μM dNTPs, 2 mM magnesium chloride, 0.5 μM forward and reverse oligonucleotide 

primers, 1.25 units GoTaq DNA polymerase and 50 ng plasmid template.  PCR 

reactions involved 30 cycles of denaturation at 94̊C for 1 min, annealing at 68˚C for 1 

min, and extension at 72̊ C for 1  min, followed by a final extension at 72̊ C for 10 min.  

Following PCR, the products were separated by agarose gel electrophoresis and gel 

extracted using the QIAEX II gel extraction kit.  PCR products were ligated into the 

pDRIVE T/A cloning vector, transformed into E. coli XL1 Blue competent cells and the 

recombinant plasmids purified using the Wizard Plus SV miniprep DNA purification 

system according to the manufacturer’s instructions.  Sequence fidelity was verified by 

DNA sequence analysis as described in Section 2.11.6.  This was achieved using the 

M13(-20) forward and M13 reverse oligonucleotide primers situated either side of the 

pDRIVE multi-cloning site.  After digestion of pDRIVE (14-3-3 theta) and pDRIVE 

(14-3-3 zeta) with BamH1 and Not1, DNA fragments were purified by agarose gel 

electrophoresis, gel extracted and ligated into BamH1/Not1-digested pVP16 plasmid 

using T4 DNA ligase as described in Section 2.11.4.  Following transformation into E. 

coli XL1 Blue competent cells and plasmid preparation, the construct was checked for 

the presence of insert by restriction enzyme digestion as described in Section 2.11.3.   
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3.2.3.2 - Mapping of 14-3-3 theta and 14-3-3 zeta interaction on the CaR tail 

Both the mouse and human 14-3-3 theta and 14-3-3 zeta interaction on the CaR tail 

were mapped following methods outlined in Sections 3.2.2.4 and 3.2.2.5.  CaR tail 

deletion mutant constructs, that were made by Dr Bryan Ward and Dr Aaron Magno, 

were employed to delineate the regions of 14-3-3 theta or 14-3-3 zeta interaction on the 

CaR tail.  Table 3.3 summarises the positive and negative controls and their respective 

drop-out selection plates used for the assay. 

 

3.3 - Results 
3.3.1 - Verification of CaR tail positive interactors using the beta-galactosidase 

colony lift assay 

As mentioned earlier, the CaR tail was used as bait to screen a mouse pluripotent 

haematopoietic EMLC.1 cDNA library in the Y2H system to identify proteins which 

could potentially influence CaR cell signalling and expression.  Of the large numbers of 

transformants that were identified by Dr Bryan Ward, 129 clones were verified as 

potential positive interacting clones using a preliminary beta-galactosidase colony lift 

assay.  These positives clones were stored as yeast glycerol stocks at -80˚C until further 

confirmation was required.  The initial part of my PhD was to confirm whether 41 of the 

129 clones were true interacting partners of the CaR tail.  Each clone was streaked onto 

a -Leu/-Trp/-Ura drop-out selection plate and three colonies were picked for each of the 

41 clones.  Yeast DNA was isolated from each colony and inserts were amplified using 

PCR.  The PCR products were resolved on an agarose gel and grouped according to 

fragment size.  Fragments were compared to those from clones previously confirmed by 

Dr Bryan Ward and Dr Aaron Magno and if necessary, were then screened further by 

profiling with HaeIII digestion.  Profiling patterns were assigned to each clone and used 

to compare future prospective clones to avoid duplication.  As three colonies were 

selected for screening from each of the 41 clones tested, a total of 123 clones were 

verified by myself for true interaction with the CaR tail.  For each clone, library DNA 

was rescued, co-transformed with CaR tail bait plasmid into yeast L40 and the 

interaction verified using a beta-galactosidase colony lift assay.  Of the 41 clones tested 

in triplicate, 8 true positive interactors were isolated which included 14-3-3 zeta, AF4, 

filamin A, leukotriene A4 hydrolase, ubiquitin, SON, MORC 2A and Ubc9 (Table 3.2).  

Further experimental work was continued only with 14-3-3 theta previously isolated by 

Dr Aaron Magno, and 14-3-3 zeta. 
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Negative controls Selection plates used 
pBTM116 (ArlE1) + pVP16 (Hsp90) -Leu/-Trp/-Ura
pVP16 (14-3-3 isoform X) -Leu/-Ura
pBTM116 (ArlE1) + pVP16 (14-3-3 isoform X) -Leu/-Trp/-Ura
pBTM116 (full-length CaR tail) -Trp/-Ura
pBTM116 (CaR tail 865-922) -Trp/-Ura
pBTM116 (CaR tail 865-898) -Trp/-Ura
pBTM116 (CaR tail 899-922) -Trp/-Ura
pBTM116 (CaR tail 923-1078) -Trp/-Ura
pBTM116 (full-length CaR tail) + pVP16 (Hsp90) -Leu/-Trp/-Ura
pBTM116 (CaR tail 865-922) + pVP16 (Hsp90) -Leu/-Trp/-Ura
pBTM116 (CaR tail 865-898) + pVP16 (Hsp90) -Leu/-Trp/-Ura
pBTM116 (CaR tail 899-922) + pVP16 (Hsp90) -Leu/-Trp/-Ura
pBTM116 (CaR tail 923-1078) + pVP16 (Hsp90) -Leu/-Trp/-Ura

Positive control
pBTM116 (CyP40) + pVP16 (Hsp90) -Leu/-Trp/-Ura

Tests
pBTM116 (full-length CaR tail) + pVP16 (14-3-3 isoform X) -Leu/-Trp/-Ura
pBTM116 (CaR tail 865-922) + pVP16 (14-3-3 isoform X) -Leu/-Trp/-Ura
pBTM116 (CaR tail 865-898) + pVP16 (14-3-3 isoform X) -Leu/-Trp/-Ura
pBTM116 (CaR tail 899-922) + pVP16 (14-3-3 isoform X) -Leu/-Trp/-Ura
pBTM116 (CaR tail 923-1078) + pVP16 (14-3-3 isoform X) -Leu/-Trp/-Ura

Table 3.3 - Plasmids and drop-out selection plates used in yeast co-transformations
experiments designed to delineate the region on the CaR tail to which full-length
human 14-3-3 isoforms theta or 14-3-3 zeta bind.  
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3.3.2 - Delineation of full-length human 14-3-3 theta and 14-3-3 zeta interaction 

regions on the CaR   

The 14-3-3 theta clone from the mouse library was found to be full length (245 amino 

acids), whereas the 14-3-3 zeta clone was found to be truncated at the C-terminus by 48 

amino acids and therefore corresponded to amino acids 1-197 of the full-length 14-3-3 

zeta isoform, which is also 245 amino acids in length.  Once verified, the complete 

mouse sequences were compared to the GenBank sequence for human 14-3-3 theta 

(accession number X56468) and human 14-3-3 zeta (accession number NM_003406).  

Comparison of the full-length mouse and human 14-3-3 theta revealed a single amino 

acid difference:  a glutamic acid to aspartic acid conserved change from mouse to 

human at amino acid 143.  Comparison of the full-length mouse and human 14-3-3 zeta 

also revealed a single amino acid difference: a proline to alanine non-conserved amino 

acid change from mouse to human at amino acid 112. 

 

As the 14-3-3 zeta clone obtained in the Y2H screen did not correspond to a full-length 

sequence, the interaction between the CaR tail and full-length human 14-3-3 zeta was 

assessed.  To characterise the interaction domain(s) within the CaR tail required for 

interaction with full-length human 14-3-3 theta and 14-3-3 zeta isoforms, four deletion 

constructs of the CaR tail were tested in the Y2H system.  Full-length CaR tail (amino 

acids 865-1078) was used as a positive control.  Figure 3.1 summarises the results and 

shows that the region of positive interaction for 14-3-3 theta and 14-3-3 zeta on the CaR 

tail encompasses amino acids 865-922.  Interestingly the two fragments, 865-898 and 

899-922, which make up the total length of the 865-922 fragment, do not independently 

interact with 14-3-3 theta or 14-3-3 zeta.  Furthermore, the 865-922 fragment contains a 

proposed 14-3-3 consensus binding motif, RX1-2SX2-3S which is completely conserved 

in the human, bovine and canine CaR, and where Ser895 corresponds to a putative PKC 

phosphorylation site in the CaR tail.  The validity of this proposed binding motif is 

tested in Chapter 4. 

 

3.3.3 - Delineation of the truncated mouse 14-3-3 zeta interaction region on the 

CaR 

To characterise the CaR tail amino acids required for the interaction of the truncated 

mouse 14-3-3 zeta that was isolated, the same four deletion constructs of the CaR tail 

that were used in Section 3.3.2 were tested in the Y2H system using a beta-

galactosidase colony lift assay.  Unlike the result observed for full-length human 14-3-3  
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Figure 3.1 - Delineation of full-length human 14-3-3 theta and 14-3-3 zeta binding 

sites on the CaR tail using Y2H deletion mapping studies.  CaR tail deletion 

constructs and full-length human 14-3-3 theta or 14-3-3 zeta plasmid DNA were co-

transfected into yeast L40, plated on to -Leu/-Trp drop-out selection plates and 

transformant colonies were screened for protein interaction using a beta-galactosidase 

colony lift assay.  The strength of the CaR tail deletion constructs’ interactions with 14-

3-3 theta or 14-3-3 zeta, as judged by time of first evidence of colour development 

compared to full length CaR tail (+++), is shown at the far right of each deletion 

construct fragment.  The results presented in this figure are representative of three 

separate experiments. 
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zeta, the truncated mouse 14-3-3 zeta interacted strongly with fragment 923-1078.  This 

region was delineated further by employing additional CaR tail mutants (Table 3.4).  

The region of interaction for the truncated mouse 14-3-3 zeta was found to encompass 

amino acids 965-980 on the CaR (Figure 3.2) 

 

3.4 - Discussion 
Our laboratory used the CaR tail as bait to screen a mouse haematopoietic EMLC.1 

cDNA library in the Y2H system.  This particular library was chosen as the CaR is 

known to be expressed in haematopoietic cells and so represented a novel library as 

previous Y2H screens, using the CaR tail as bait, have focused on parathyroid and 

kidney libraries.  In the Y2H screen, our laboratory isolated over 100 potential 

interacting clones.  Of the 41 clones that were examined further in this thesis, seven 

clones were established as ‘unique true positives’ namely AF4, leukotriene A4 

hydrolase, MORC 2A, SON DNA binding protein, ubiquitin, UBC9, and 14-3-3 zeta.  

Additionally, filamin A, a previously identified CaR tail interacting protein, was also 

isolated in this screen.  Further work was continued with the above eight proteins and 

with 14-3-3 theta, which was previously established as a CaR tail interacting protein by 

Dr Aaron Magno (Dr Aaron Magno, PhD thesis, 2008).  The potential role(s) for these 

nine proteins in CaR biology is discussed below. 

 
3.4.1 - AF4 

The region of AF4 that was found to bind to the CaR tail encompassed amino acids 

627-905, which includes a proline-rich domain and two nuclear targeting motifs (Figure 

3.3A).  The AF4 gene corresponds to acute lymphoblastic leukemia-1-fused gene from 

chromosome 4 (Nakamura et al., 1993).  AF4, a commonly occurring gene fusion 

created from the translocation between the AF4 and AAL-1 genes from chromosome 4 

and 11, respectively, can lead to human leukaemia, including acute lymphoid leukaemia 

and acute myeloid leukaemia (Domer et al., 1993; Ziemin-van der Poel et al., 1991).  

AF4 gene characterisation identified a proline and serine-rich transcript which contained 

a nuclear localisation sequence suggesting a role in transcriptional regulation (Morrissey 

et al., 1993).  This functional role is supported by the identification of a strong 

transcriptional activation domain (Prasad et al., 1995).  Studies by Baskaran and co-

workers, examining the expression and functional domains of the mouse homolog of 

AF4, have further confirmed a role in transcriptional regulation and suggested a role for 

the gene in the development of the haematopoietic, cardiovascular, skeletal and central  
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Negative controls Selection plate 
used 

pBTM116 (ArlE1) + pVP16 (Hsp90) -Leu/-Trp/-Ura
pVP16 (truncated mouse 14-3-3 zeta) -Leu/-Ura
pBTM116 (ArlE1) + pVP16 (truncated mouse 14-3-3 zeta) -Leu/-Trp/-Ura
pBTM116 (full-length CaR tail) -Trp/-Ura
pBTM116 (CaR tail 865-922) -Trp/-Ura
pBTM116 (CaR tail 923-1078) -Trp/-Ura
pBTM116 (CaR tail 965-1078) -Trp/-Ura
pBTM116 (CaR tail 980-1078) -Trp/-Ura
pBTM116 (full-length CaR tail) + pVP16 (Hsp90) -Leu/-Trp/-Ura
pBTM116 (CaR tail 865-922) + pVP16 (Hsp90) -Leu/-Trp/-Ura
pBTM116 (CaR tail 923-1078) + pVP16 (Hsp90) -Leu/-Trp/-Ura
pBTM116 (CaR tail 965-1078) + pVP16 (Hsp90) -Leu/-Trp/-Ura
pBTM116 (CaR tail 980-1078) + pVP16 (Hsp90) -Leu/-Trp/-Ura

Positive control
pBTM116 (CyP40) + pVP16 (Hsp90) -Leu/-Trp/-Ura

Test
pBTM116 (full-length CaR tail) + pVP16 (truncated mouse 14-3-3 zeta) -Leu/-Trp/-Ura
pBTM116 (CaR tail 865-922) + pVP16 (truncated mouse 14-3-3 zeta) -Leu/-Trp/-Ura
pBTM116 (CaR tail 923-1078) + pVP16 (truncated mouse 14-3-3 zeta) -Leu/-Trp/-Ura
pBTM116 (CaR tail 965-1078) + pVP16 (truncated mouse 14-3-3 zeta) -Leu/-Trp/-Ura
pBTM116 (CaR tail 980-1078) + pVP16 (truncated mouse 14-3-3 zeta) -Leu/-Trp/-Ura

Table 3.4 - Plasmids and drop-out selection plates used in yeast co-transformations
to delineate truncated mouse 14-3-3 zeta interaction on the CaR tail.
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Figure 3.2 - Delineation of truncated mouse 14-3-3 zeta binding sites on the CaR 

tail using Y2H deletion mapping studies.  CaR tail deletion mutant constructs and a 

truncated mouse 14-3-3 zeta plasmid DNA were co-transfected into yeast L40, plated 

on to -Leu/-Trp drop-out selection plates and transformant colonies were screened for 

protein interaction using a beta-galactosidase colony lift assay.  The strength of the CaR 

tail deletion constructs’ interaction with truncated 14-3-3 zeta, as judged by time of first 

evidence of colour development compared to full-length CaR tail (+++), is shown at the 

far right of each deletion construct fragment.  The results presented in this figure are 

representative of three separate experiments. 
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Figure 3.3 - Delineation by sequence analysis of the amino acids of AF4 and filamin 

which bind to the CaR tail.  (A) Amino acids 627-905 of mouse AF4 (clone 12C-1) 

interact with the CaR tail.  This region comprises a proline-rich region spanning amino 

acids 641-685, and two nuclear targeting motifs spanning amino acids 812-816 and 885-

889.  (B) Amino acids 1193-1312 and 2065-2221 of mouse filamin A clones 70A-1 and 

19A-1, respectively, were found to interact with the CaR tail.  Two independent studies 

have previously demonstrated filamin A interaction with the CaR:  Hjalm and co-

workers showed bovine amino acids 1534-1719 (equivalent mouse amino acids) of 

filamin A bound to the CaR tail, whereas Awata and co-workers showed human amino 

acids 1566-1875 (which align with a region encompassing mouse amino acids 1566-

1867) of filamin A bound to the CaR tail (Awata et al., 2001 and Hjalm et al., 2001). 
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nervous systems (Baskaran et al., 1997).  In 2003, mutational studies of the AF4 gene 

subsequently led to the creation of a new robotic mutant mouse model to investigate 

cerebellar ataxia.  Phenotypically, the mutant mouse displays purkinje cell loss in the 

cerebellum, has an ataxic gait and is prone to developing cataracts (Isaacs et al., 2003).  

The CaR has been implicated in ataxia telangiectasia, a hereditary disorder which 

affects the nervous system.  Normal fibroblasts and ataxia telangiectasia mutated (ATM) 

protein kinase fibroblasts expressing endogenous CaR, were examined for their ability 

to release Cai
2+, activate calmodulin-dependent protein kinase II and activate ERK1/2 

phosphorylation.  In response to low Cao
2+ levels, normal fibroblasts responded by 

eliciting a low response whereas ATM fibroblasts achieved a high response in all three 

assays.  The opposite was true when cells were exposed to high levels of Cao
2+.  

Collectively these data indicate that the CaR signalling events are deregulated in ATM 

fibroblasts in comparison to normal fibroblasts (Famulski et al., 2003).  Given the role 

of the CaR in ataxia telangiectasia, it is possible that the CaR and AF4 associate to 

regulate cell signalling in the nervous system.    

 

3.4.2 - Filamin A 

As mentioned briefly in Chapter 1, filamin A is a non-muscle actin-binding protein 

(Popowicz et al., 2006).  The actin-binding site is at the protein’s N-terminus and allows 

cross-linking of filamentous actin into networks.  Filamin is able to form homodimers 

using its C-terminal domain, which enhances its cross-linking function.  Human filamin 

which encodes a 280 kDa protein is composed of 24 repeat sequences, which are 

approximately 96 amino acids long.  There are also two hinge regions of which the 

second hinge region is thought to enhance and regulate the dimerisation of the protein 

(Himmel et al., 2002; van der Flier and Sonnenberg, 2001).  Filamin A was the first 

CaR interacting partner protein to be identified with separate studies mapping CaR 

interaction to over-lapping regions in bovine filamin A (amino acids 1534-1719) and 

human filamin A (amino acids 1566-1875) (Awata et al., 2001; Hjalm et al., 2001).  

These regions correspond to regions of mouse filamin A, amino acids 1534-1719 and 

1566-1867, respectively (Figure 3.3B).  The filamin A fragments identified in this study 

as CaR tail interactors corresponded to distinct and novel binding regions of the filamin 

A protein – amino acids 1193-1312 (clone 70A-1) and 2065-2221 (clone 19A-1).  Both 

regions differed from the overlapping CaR tail interacting domains previously identified 

(Awata et al., 2001; Hjalm et al., 2001).  This most likely reflects the structure of 

filamin A, which is composed of tandem repeat sequences. 
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3.4.3 - Leukotriene A4 hydrolase  

Leukotriene A4 hydrolase was originally isolated as a monomeric protein from human 

leukocytes (Radmark et al., 1984).  The protein is also found in other human tissues 

including the lung, placenta, intestine, spleen and kidney (Funk et al., 1987; 

Haeggstrom, 2000).  Structurally, the leukotriene A4 hydrolase contains three zinc-

binding sites at His295, His299 and Glu318, which are important for the protein’s 

catalytic activity, however the region of leukotriene A4 hydrolase that was found to 

associate with the CaR (amino acids 2-136) does not include these zinc-binding sites 

(Figure 3.3C).  As demonstrated in both human and mice, mutation of all three zinc-

binding sites in the human and mouse homologs abrogated the enzyme activity of the 

protein.  These mutations, however, did not have an affect on the protein’s tertiary 

structure (Medina et al., 1991).  Leukotriene A4 hydrolase is an enzyme involved in the 

hydrolysis of leukotriene A4 to the pro-inflammatory molecule, leukotriene B4 

(Radmark et al., 1984).  A 1997 study identified leukotriene B4 as a ligand binding to a 

cell surface receptor displaying GPCR-like properties (Yokomizo et al., 1997).  The 

receptor was predicted to contain a 7-TM-spanning domain with 35.8% and 33.1% 

homology with the rat and human somatostatin receptor type 3, respectively.  When 

stimulated with leukotriene B4, the receptor inhibited forksolin-induced adenylyl 

cyclase activity, which was inhibited by pre-treatment with pertussis toxin.  

Additionally, receptor stimulation increased Cai
2+ concentrations and IP3 accumulation.  

It was also suggested that the receptor could couple to both pertussis-toxin insensitive as 

well as pertussis-toxin sensitive G proteins.  In light of these results, it is possible that 

leukotriene A4 hydrolase is implicated in CaR cell signalling, however the time taken 

for development of colour by this protein in the beta-galactosidase colony lift assay was 

the longest for all proteins identified (130 min), suggesting a relatively weak interaction.   

 

3.4.4 - MORC 2A  

The MORC protein is a 108 kDa nuclear protein which is specifically expressed in male 

germ cells (Inoue et al., 1999).  MORC null male mice, in comparison to +/- and +/+ 

mice, have smaller testes and display germ cell apoptosis on entry into meiosis resulting 

in the arrest of spermatogenesis.  Female mice are not affected by the knockout (Watson 

et al., 1998).  The CaR increases inducible nitric oxide synthase (iNOS) mRNA and 

protein production in a dose-dependent manner in H-500, rat Leydig cancer cells, and 

iNOS mRNA and protein are expressed in spermatogenic cells during various stages of 

normal rat testis development (O'Bryan et al., 2000; Tfelt-Hansen et al., 2005a).  The  
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Figure 3.3 continued - Delineation by sequence analysis of the amino acids of the 

various interacting proteins which bind to the CaR tail.  (C) Amino acids 2-136 of 

mouse leukotriene A4 hydrolase interact with the CaR tail. (D) Amino acids 652-768 of 

mouse MORC 2A interact with the CaR tail.  (E) Amino acids 375-554 of mouse SON 

interact with the CaR tail.  (F) Amino acids 1-42, 46-118, 122-194 and 198-228 of 

mouse ubiquitin B interact with the CaR tail.  
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combination of these two findings suggest a role for MORC and the CaR in 

spermatogenesis.  MORC 2A, specifically, is also known as CW-type zinc finger 

protein 2A and belongs to family 1 of the CW-domain-containing-family of proteins, 

indicating a conserved cysteine and tryptophan-rich domain (Perry and Zhao, 2003).  

Using the Jpred website for secondary protein structure prediction 

(www.compbio.dundee.ac.uk/www-jpred), the sequence (amino acids 652-768) (Figure 

3.3D) interacting with the CaR tail was found to adopt two alpha-helices, however this 

region was not unique in being able to adopt predicted alpha-helical structures.   

 

3.4.5 - SON DNA binding protein 

The SON DNA binding protein is a ubiquitously expressed DNA binding protein which 

displays a high degree of sequence conservation between mouse and human forms 

(Khan et al., 1994; Wynn et al., 2000).  Examination of a normal mouse variant of the 

SON protein reveals three major domains which are identified by their peptide repeats.  

Son-c contains 31 repeats of a consensus motif which is repeated every 12 amino acids 

and is directly adjacent to the son-b domain, which is thought to adopt an alpha-helical 

structure and consists of a 10-amino acid consensus motif repeated 16 times.  Finally, 

downstream from son-b is the son-a domain which consists of 15 repeats of a partially 

conserved consensus motif.  The C-terminal domain of the protein contains numerous 

alternating serine and arginine residues which share homology to pre-mRNA splicing 

accessory factor proteins.  This basic region corresponds to the DNA binding domain 

(Khan et al., 1994).  Immunofluorescence studies have shown strong nuclear 

localisation of the SON protein confirming a role in mRNA processing (Wynn et al., 

2000).  In the Y2H screen, the F variant of the mouse SON protein was isolated (Figure 

3.3E).  All three major domains, as well as the serine/arginine repeats in the C-terminal 

domain are highly conserved, with both the F and the normal mouse variant displaying 

82% identity and 87% conservation.  The SON protein has been shown to associate with 

the focal adhesion protein, zyxin, and strongly associates with another member of the 

zyxin family, TRIP6 (Yi et al., 2002).  In the laboratory’s Y2H screen, Dr Aaron Magno, 

identified testin as a CaR tail interacting partner (personal communication).  Testin is a 

focal adhesion protein, which was originally identified as a tumour suppressor gene 

(Coutts et al., 2003).  Testin associates with zyxin and requires zyxin for its recruitment 

to focal adhesions (Coutts et al., 2003; Garvalov et al., 2003).  Dr Aaron Magno, during 

his PhD, demonstrated that testin interaction with the CaR was able to increase CaR-

mediated Rho signalling (personal communication).  These findings, taken together, 
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could suggest a role for the SON DNA binding protein at focal adhesions in CaR-

mediated regulation of the cell cytoskeleton involving testin and/or zyxin. 

 

3.4.6 - Ubiquitin B 

Ubiquitin B encodes the highly conserved ubiquitin protein with a well-recognised role 

in the selective degradation of improperly-folded and non-functional proteins (Hirsch et 

al., 2009; Hochstrasser, 2009).  When abnormal proteins are recognised by the cellular 

machinery, they can be targeted by the ubiquitin system for degradation by the 

proteasome (Hirsch et al., 2009).  The ubiquitination of a protein involves a cascade of 

three enzymes: an ubiquitin activating enzyme (E1) to activate ubiquitin; an ubiquitin 

conjugating enzyme (E2 or Ubc) to pick up ubiquitin by transthiolation from E1; and 

finally an ubiquitin ligating enzyme (E3) which ligates the ubiquitin to the protein to be 

degraded.  Currently, there is only one known E1 protein enzyme but several E2 and E3 

proteins exist in mammals (Hershko and Ciechanover, 1998; Hochstrasser, 2009).  It is 

thought that the ubiquitination of GPCRs require their own specific E3 proteins 

(Hanyaloglu and von Zastrow, 2008).  Using the Y2H method, Huang and co-workers 

demonstrated the association of amino acids 880-900 of the CaR tail with dorfin, an E3 

ubiquitin ligating enzyme that mediates the ubiquitination of cellular proteins (Huang Y 

et al., 2006).  Furthermore, CaR ubiquitination was shown to be mediated by dorfin, 

leading to degradation of the receptor by the proteasome via the endoplasmic reticulum-

associated degradation pathway (Huang Y et al., 2006).  The CaR also interacts with 

AMSH-1, an endosome-associated ubiquitin isopeptidase.  Functional studies with the 

CaR have found that AMSH-1 over-expression reduces the levels of CaR and the PI 

hydrolysis of the receptor, which suggests that AMSH-1 could act by preventing the 

CaR from reaching the cell surface (Herrera-Vigenor et al., 2006).  In the Y2H screen, 

ubiquitin was identified as a CaR-interacting protein (Figure 3.3F) and the time taken 

for colour development in the beta-galactosidase colony lift assay indicates a moderate 

interaction (Table 3.2).  The finding of the CaR interaction with ubiquitin reinforces the 

role of the ubiquitination system in the degradation of the CaR.  The laboratory’s Y2H 

library screen also showed that the CaR interacted with OS-9, which is thought to have 

a role in the recognition of mis-folded proteins and the targeting of them for degradation 

through the endoplasmic reticulum-associated degradation pathway (Christianson et al., 

2008). 
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3.4.7 - UBC9  

Human ubiquitin-conjugating enzyme (Ubc) 9, also known as E2 in the ubiquitin 

system, was first isolated and identified in a Y2H screen when the protein was found to 

interact with the human papilloma virus E1 protein required for the initiation of viral 

DNA replication (Yasugi and Howley, 1996).  Despite Ubc9 being homologous to Ubc 

proteins, Ubc9 is unable to conjugate with ubiquitin via a thioester bond, even in the 

presence of an ubiquitin activating enzyme.  Ubc9 is, however, able to conjugate via a 

thioester bond with the ubiquitin-like protein, small ubiquitin-related modifier (SUMO) 

(Desterro et al., 1997).  Although SUMO and ubiquitin share a similar crystal structure 

and similarities in the conjugation pathways with respect to ubiquitin activating and 

conjugating enzymes, the two proteins have a low overall sequence identity 

(approximately 18%) (Dohmen, 2004).  In the Y2H screen, full-length mouse Ubc9 

(158 amino acids in length) was isolated as a CaR tail-interacting partner protein and 

the time taken for colour development in the beta-galactosidase colony lift assay 

indicated a very strong interaction (Table 3.2).  Furthermore, Dr Aaron Magno in our 

laboratory also identified Ubc9 as a CaR tail-interacting protein.  Although it is unclear 

whether ubiquitination and sumoylation are mutually exclusive, Desterro and co-

workers showed that a pool of I-kappa-B-alpha that is sumoylated is resistant to 

ubiquitination and subsequent degradation by the proteasome.  Therefore it appears that 

the interplay between sumoylation and ubiquitination is able to regulate the pool of 

cellular proteins (Desterro et al., 1998).  It is possible that the CaR is also able to 

undergo selective sumoylation or ubiquitination. 

 

3.4.8 - 14-3-3 isoforms theta and zeta 

The Y2H mapping studies showed that both full-length human forms of 14-3-3 theta 

and 14-3-3 zeta bound to the CaR tail at amino acids 865-922.  Further inspection of the 

CaR tail revealed several important structural features, which may provide insight into 

the mechanisms by which 14-3-3 theta and 14-3-3 zeta interact with the CaR.  These 

structural features are discussed below.   

 

14-3-3 proteins are generally thought to interact with partner proteins using consensus 

binding motifs (Muslin et al., 1996).  Several 14-3-3 consensus binding motifs have 

been identified for the proteins including RX1-2SX2-3S, which was identified from 

studies of the interaction between Cbl and 14-3-3 theta and 14-3-3 zeta (Liu Y et al., 

1997).  This motif, which is fully conserved in bovine and canine CaRs, exists in the 
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CaR tail at amino acids 890-895 and is contained within the 14-3-3 theta and 14-3-3 

zeta binding region on the CaR tail (Figure 3.4).  The requirement of this putative 14-3-

3 consensus binding motif for CaR interaction is investigated in Chapter 4.  

 

A high affinity filamin interaction domain on the CaR consisting of two putative beta 

strands has been identified between amino acids 962-981 of the human CaR tail (Zhang 

M and Breitwieser, 2005).  Interaction between filamin and the CaR at this high affinity 

site increases the total and cell surface expression levels of the CaR by decreasing the 

rate of CaR degradation.  In contrast, the region of the CaR implicated in CaR-mediated 

ERK1/2 activation, which also requires filamin, is localised to the membrane proximal 

region (amino acids 860/861-886) of the human CaR (Zhang M and Breitwieser, 2005).  

This region overlaps with a predicted alpha-helix between amino acids 877-891 in 

bovine CaR (equivalent to amino acids 876-890 in human) (Chang et al., 2001).  

Despite the deletion of the high affinity filamin interaction domain, CaR-mediated 

ERK1/2 activation is still elicited, suggesting the existence of at least two filamin 

interaction regions – one being a high affinity site and the other, a low affinity site (in 

the membrane proximal region) (Zhang M and Breitwieser, 2005).  As shown in Figure 

3.1, both 14-3-3 theta and 14-3-3 zeta interact with the CaR between amino acids 865-

922.  This region overlaps both the putative low affinity filamin interacting region 

(amino acids 860/861-886 in human CaR) as well as the predicted alpha-helical 

structure proposed by Chang and co-workers (Figure 3.4).  It is tempting to speculate 

that this region, which is able to adopt an alpha-helical conformation, may be a region 

of importance for 14-3-3 theta and 14-3-3 zeta binding on the CaR and possibly be 

implicated in filamin-dependent CaR-mediated signalling, for example, through the 

ERK1/2 signalling pathway.   

 

The CaR activates SRE-mediated gene transcription via the Rho signalling pathway (Pi 

et al., 2002).  This activation is thought to require filamin in addition to a number of 

other regulatory molecules, namely Gαq, RhoA and RhoGEF Lbc.  The region of rat 

CaR tail involved in this activation has been delineated to amino acids 906-980 

(equivalent to human amino acids 906-979), which overlaps the 14-3-3 theta and 14-3-3 

zeta binding region on the CaR tail (Figure 3.4).  An upstream region (amino acids 861-

905) of the CaR tail has been shown to have no affect on CaR-mediated SRE activation 

(Pi et al., 2002).  Taken together, these findings suggest that 14-3-3 proteins could play 

a role in CaR-mediated SRE activation via the Rho signalling pathway, involving  
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Figure 3.4 – Delineation of the various regions on the human CaR tail that overlap 

with the binding regions of 14-3-3 theta and 14-3-3 zeta.  Full-length human 14-3-3 

theta and 14-3-3 zeta bind to amino acids 865-922 on the CaR tail.  This region 

encompasses a putative low affinity filamin binding region at amino acids 860/861-886 

(Zhang and Breitwieser, 2005), a predicted alpha-helical region at amino acids 876-890 

(equivalent to bovine amino acids 877-891) (Chang et al., 2001) and the region of the 

tail involved in CaR-mediated SRE activation encompasses amino acids 906-979 

(equivalent to rat amino acids 906-980) (Pi et al., 2002).  The 14-3-3 binding region 

also contains putative PKC and PKA phosphorylation sites. 
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filamin.  The possible role of 14-3-3 proteins in CaR-mediated ERK1/2 and Rho 

signalling is investigated in Chapter 5. 

 

Moreover, the 14-3-3 theta and 14-3-3 zeta interaction region on the CaR tail could 

potentially be close to amino acids 898 or 899.  It is demonstrated that 14-3-3 theta and 

14-3-3 zeta strongly associate with fragment 865-922 on the CaR tail, however neither 

isoform interacts with the 865-899 or the 899-922 fragment (Figure 3.1).  These striking 

results indicate that the CaR/14-3-3 interaction requires the structural integrity of the 

whole 865-922 fragment for binding and may be potentially regulated by the two PKA 

sites located at amino acids 899 and 900, at the junction of the two fragments.   

 

As mentioned previously, a full-length mouse 14-3-3 theta clone and a truncated mouse 

14-3-3 zeta clone were isolated as CaR tail interacting partner proteins in the Y2H 

library screen.  Cloning of a full-length human 14-3-3 zeta and subsequent comparison 

of the interaction regions of both 14-3-3 zeta forms on the CaR tail revealed differences 

in binding for full-length and truncated 14-3-3 zeta (Figures 3.1 and 3.2, respectively).  

These differences could be due to the additional C-terminal amino acids in full-length 

14-3-3 zeta changing the specificity of the interaction.  Truong and co-workers showed 

that the last 15 amino acids in the C-terminus of 14-3-3 proteins 

(DTQGDEAEAGEGGEN for 14-3-3 zeta) could regulate partner protein interactions by 

preventing inappropriate interactions from occurring (Truong et al., 2002).  This could 

account for the differences seen between the full-length and truncated forms of 14-3-3 

zeta binding on the CaR tail. 
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Chapter 4 - Interaction of 14-3-3 Theta and 14-3-3 Zeta with the CaR 

4.1 - Introduction 
Watanabe and co-workers were the first to name and clone 14-3-3 theta from the brain 

of the rat after identifying a 14-3-3 subtype that was unlike any of the previously 

identified 14-3-3 isoforms (Watanabe et al., 1994).  14-3-3 theta was then cloned from 

mouse testis a few years later (Perego and Berruti, 1997).  Chaudhary and Skinner 

(2000) later identified a sub-isoform of 14-3-3 theta, named 14-3-3 theta 1, which was 

the first sub-isoform of any 14-3-3 protein isoform to be identified.  This protein, cloned 

from Sertoli cells of rat testis, was truncated at the 3’ untranslated region (UTR) by 234 

bp in comparison to the rat brain transcript (Chaudhary and Skinner, 2000).  Several 

studies have shown 14-3-3 theta to be predominantly expressed in the testes conferring 

a role for the protein in spermatogenesis (Berruti, 2000; Wong et al., 2009).  The initial 

cloning and identification of the zeta isoform of 14-3-3 proteins remained ambiguous 

until the early to mid 1990s.  The first study to highlight the differences between 14-3-3 

proteins, which included the zeta isoform, identified a group of proteins which 

resembled 14-3-3 proteins (Toker et al., 1992).  Since then several studies describe the 

proteins collectively, however according to the literature, the zeta isoform itself was 

only cloned in 1994 from both rat and sheep tissue (Roseboom et al., 1994; Watanabe et 

al., 1994).   

 

Several studies have isolated various 14-3-3 isoforms as interactors of GPCRs (Cohen 

et al., 2004; Couve et al., 2001; Prezeau et al., 1999; Tazawa et al., 2003).  Following 

the initial identification of a 14-3-3 protein isoform association with a GPCR, further 

confirmatory tests are required to corroborate the association in mammalian systems 

(Tanowitz and von Zastrow, 2004).  For example, the follicle stimulating hormone 

receptor was initially shown to interact with 14-3-3 theta in a yeast-based interaction 

trap assay and its interaction was later confirmed using co-immunoprecipitation studies 

in HEK-293 cells (Cohen et al., 2004).  The PTHR was shown to interact with the 14-3-

3 eta isoform using GST pull-down assays and the cellular co-localisation of the two 

proteins in COS-7 cells was confirmed by confocal fluorescence microscopy 

experiments (Tazawa et al., 2003).  Both 14-3-3 zeta and eta have also been shown to 

associate in vivo and in vitro with the GABAB receptor 1 using co-immunoprecipitation 

and pull-down assays, respectively (Couve et al., 2001).   

 



Chapter 4 – Interaction of 14-3-3 Theta and 14-3-3 Zeta with the CaR 
 

 106 

14-3-3 partner protein binding is primarily phosphorylation-dependent (Muslin et al., 

1996).  Additionally, the identification of 14-3-3 consensus binding motifs has aided the 

identification of target partners.  Muslin and co-workers first identified a novel 14-3-3 

consensus binding motif in Raf-1 (RSXpSXP) (Muslin et al., 1996).  Other consensus 

binding motifs have been identified including RXXXpSXP and RX1-2SX2-3S (Liu Y et 

al., 1997; Yaffe et al., 1997).  Incidentally, the RX1-2SX2-3S is contained within the CaR 

tail at amino acids 890-895, and the requirement for this motif in mediating CaR/14-3-3 

interaction is investigated in this chapter. 

 

In this study, after demonstrating their initial interaction in the yeast system, co-

immunoprecipitation studies and confocal fluorescence microscopy were employed to 

confirm interaction and co-association of the CaR with 14-3-3 proteins in mammalian 

cells.  Co-immunoprecipitation experiments are routinely used to confirm interaction of 

proteins by using endogenous proteins or over-expressing the proteins of interest.  

Confocal fluorescence microscopy is utilised to provide evidence of the cellular co-

localisation of two or more proteins (Tanowitz and von Zastrow, 2004).  Further to this, 

pull-down experiments expressing 14-3-3 theta as a GST fusion protein in E. coli were 

employed. The main advantage of pull-down experiments is to confirm direct 

interaction between two proteins.   

 

In this chapter, the interaction between the CaR and either 14-3-3 theta or 14-3-3 zeta 

using co-immunoprecipitation techniques was confirmed, and the direct interaction 

between the CaR tail and 14-3-3 theta was demonstrated.  The cellular co-localisation of 

the CaR and 14-3-3 theta or 14-3-3 zeta in mammalian cells was also demonstrated by 

confocal microscopy experiments.  We further tested whether a 14-3-3 consensus 

binding motif in the CaR tail was required for mediating the interaction between the 

CaR and 14-3-3 theta, and whether 14-3-3 theta could interact with the CaR tail 

regardless of its phosphorylation status. 

 

4.2 - Methods 
4.2.1 - Plasmid construction 

4.2.1.1 - Cloning pcDNA3-EGFP (14-3-3 theta)  

The 14-3-3 theta protein was cloned into the pcDNA3-EGFP version 1 mammalian 

expression vector.  14-3-3 theta was reverse-transcribed from mRNA derived from the 

human osteosarcoma cell line (SaOS-2) using Sensiscript reverse transcriptase.  Briefly, 
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mRNA was reverse-transcribed in a 50 μl reaction containing 1x reverse-transcriptase 

buffer, 500 μM dNTPs, 250 ng random primers, 2.5 units RNase inhibitor, 1 μl of 

Sensiscript reverse transcriptase enzyme and 50 ng denatured mRNA.  The reaction was 

incubated at 25˚C for 5 min followed by 37˚C for 1.5 hr.  14-3-3 theta cDNA was then 

amplified using the Expand High Fidelity PCR system and 14-3-3Sal1EcoRVF forward 

and 14-3-3Not1R reverse oligonucleotide primers.  Multiple reactions were prepared by 

combining 10 μl of the above cDNA template with 1x PCR buffer containing 1.5 mM 

magnesium chloride, 1.3 μM of forward and reverse oligonucleotide primers, 1 mM 

dNTPs and 2.6 units of High Fidelity Taq DNA polymerase.  PCR reactions involved 

40 cycles of denaturation at 94̊C for 1 min, annealing at 68˚C  for 1 min, and extension 

at 72˚C for 2 min, followed by a final extension at 72̊ C for 10 min.  14-3-3 theta was 

amplified with flanking EcoRV and Not1 sites.  Following agarose gel electrophoresis 

and extraction using the QIAEX II gel extraction kit, PCR products were ligated into the 

pDRIVE T/A cloning vector.  The resulting ligated plasmid products were transformed 

into E. coli XL1 Blue competent cells and plasmid was purified from transformant 

colonies grown in broth cultures overnight, using the Wizard Plus SV miniprep DNA 

purification system according to the manufacturer’s instructions.  The 14-3-3 theta 

DNA sequence within the recombinant pDRIVE (14-3-3 theta) plasmid was validated 

using the dideoxy chain termination method described in Section 2.11.6.  This was 

achieved using M13(-20) forward and M13 reverse oligonucleotide primers directed at 

pDRIVE.  Once validated, the pDRIVE (14-3-3 theta) plasmid was digested with 

EcoRV and Not1 and the 14-3-3 theta fragment was purified by electrophoresis and gel 

extracted.  pcDNA3-EGFP was similarly digested with EcoRV and Not1 and purified 

by gel extraction.  The 14-3-3 theta cDNA and pcDNA3-EGFP vector fragments were 

ligated together using T4 DNA ligase.  Following transformation into E. coli XL1 Blue 

competent cells and plasmid preparation, the construct was checked for the presence of 

insert by restriction enzyme digestion.  Once confirmed, recombinant DNA was purified 

using a QIAGEN maxi prep kit according to the manufacturer’s instructions. 

 

4.2.1.2 - Cloning pcDNA3-EGFP (14-3-3 zeta)  

The 14-3-3 zeta protein was also cloned into the pcDNA3-EGFP version 1 mammalian 

expression vector in a similar manner to the 14-3-3 theta isoform with minor exceptions.  

14-3-3 zeta cDNA was reverse-transcribed as described for 14-3-3 theta, amplified by 

PCR using 14-3-3zetaSalEcoF forward and 14-3-3zetaNotR reverse oligonucleotide 

primers and cloned into the pDRIVE cloning vector.  Once the sequence fidelity of the 
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14-3-3 zeta cDNA was confirmed, pDRIVE (14-3-3 zeta) was digested completely with 

Not1 and digested partially with EcoRV due to the presence of an EcoRV site in the 14-

3-3 zeta sequence.  The pcDNA3-EGFP plasmid was also digested in a separate reaction 

with EcoRV and Not1.  After electrophoresis and gel purification, the full-length 14-3-3 

zeta cDNA and pcDNA3-EGFP fragments were ligated together using T4 DNA ligase.  

Following transformation into E. coli XL1 Blue competent cells and plasmid 

preparation, the construct was checked for the presence of insert by restriction enzyme 

digestion.  Due to the partial digestion approach, DNA sequence analysis was used to 

confirm the fidelity of the 14-3-3 zeta sequence using the Zeta329F forward and 

Zeta434R reverse oligonucleotide primers.  Once confirmed, recombinant DNA was 

purified using a QIAGEN maxi prep kit. 

 

4.2.1.3 - Cloning pGEX-4T-1 (14-3-3 theta)  

For pull-down experiments, 14-3-3 theta was cloned into pGEX-4T-1 for expression as 

a GST fusion protein.  14-3-3 theta was reverse-transcribed and cDNA was amplified as 

described in Section 4.2.1.1.  14-3-3 theta was then cloned into the pDRIVE T/A 

cloning vector using flanking Sal1 and Not1 sites and the DNA purified and sequenced 

as described in Section 4.2.1.1.  Once the fidelity of the cDNA was confirmed, pDRIVE 

(14-3-3 theta) was digested with Sal1 and Not1.  The pGEX-4T-1 plasmid was also 

digested in a separate reaction with Sal1 and Not1.  After gel purification, digested 14-

3-3 theta and pGEX-4T-1 fragments were ligated using T4 DNA ligase.  Following 

transformation into E. coli XL1 Blue competent cells and plasmid preparation, the 

construct was checked for the presence of insert by restriction enzyme digestion.  Once 

confirmed, recombinant pGEX-4T-1 (14-3-3 theta) plasmid DNA was purified using a 

QIAGEN maxi prep kit.   

 

4.2.1.4 - Cloning pGEX-4T-1 (14-3-3 zeta)  

14-3-3 zeta was cloned into pGEX-4T-1 for expression as a GST fusion protein as 

described in Section 4.2.1.3.   

 

4.2.1.5 - Construction of S895A mutant of the CaR using SDM  

pcDNA3.1 (CaR-FLAG) was used as template for the construction of the pcDNA3.1 

(CaR-FLAG-S895A) mutant using the QuikChange SDM kit.  Following the 

manufacturer’s instructions, CaRS895AF forward and CaRS895AR reverse 

oligonucleotide primers were used to mutate the serine at position 895 to an alanine.  
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Multiple reactions of 50 μl were prepared by combining 50 ng of plasmid template with 

1x PCR buffer, 125 ng of forward and reverse oligonucleotide primers, 1 μl dNTPs and 

2.5 units of Pfu Turbo DNA polymerase.  PCR reactions involved an initial denaturation 

at 95˚C for 1 min followed by 16 cycles of denaturation at 95˚C for 30 sec, annealing at 

55˚C for 1 min, and extension at 68˚C for 16 min.  The presence of the mutation was 

confirmed and the sequence of the CaR tail was validated by DNA sequence analysis 

using CaSR 2303F and 6D Fwd oligonucleotide primers.  The mutant CaR tail region 

was then cassetted into pcDNA1 (CaR-FLAG) using the unique XbaI and Sma1 sites.  

Full-length CaR containing the S895A mutant cDNA was then digested out of pcDNA1 

(CaR-FLAG) and cloned back into pcDNA3.1 (CaR-FLAG) using HindIII and XbaI.  

The presence of the mutant was again confirmed by DNA sequence analysis using the 

CaSR 836F oligonucleotide primer.  pcDNA3.1 (CaR-FLAG-S895A) recombinant 

DNA was purified using a QIAGEN maxi prep kit. 

 

4.2.1.6 - Construction of the CaR consensus deletion mutant using SDM  

pcDNA3.1 (CaR-FLAG) was used as a template in the construction of the pcDNA3.1 

(CaR-FLAG RRSNVS) deletion mutant using the QuikChange SDM kit.  Following 

the manufacturer’s instructions, CaR consensus F forward and CaR consensus R reverse 

oligonucleotide primers were used to delete the consensus binding motif as described in 

Section 4.2.1.5.  pcDNA3.1 (CaR-FLAG RRSNVS) recombinant DNA was purified 

using a QIAGEN maxi prep kit. 

 

4.2.2 - CaR and 14-3-3 co-immunoprecipitation studies 

4.2.2.1 - 14-3-3 theta 

EGFP-14-3-3 theta and CaR-FLAG were co-expressed in COS-1 cells for co-

immunoprecipitation experiments.  COS-1 cells (0.8 x 106 cells) were plated out into 

three 25cm2 flasks and each flask was transfected the following day with 3 µg pcDNA3-

EGFP (14-3-3 theta) and 5 μg pcDNA3.1 (CaR-FLAG) as described in Section 2.12.6.  

Separate negative controls flasks included untransfected cells; cells transfected with 3 

μg pcDNA3-EGFP (14-3-3 theta) and 5 μg pcDNA3.1, and cells transfected with 3 μg 

pcDNA3.1 and 5 μg pcDNA3.1 (CaR-FLAG).  Forty-eight hr after transfection, cells in 

each flask were washed twice with PBS, lysed and scraped with a cell scraper into 500 

μl of cell lysis buffer containing iodoacetamide and protease inhibitors (see Section 2.9).  

Cell extracts were passed through a 25 gauge needle 10 times and centrifuged at 13,000 

rpm for 30 min at 4̊C.  The  clarified lysate was quantitated using a BCA protein assay 
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kit as described in Section 2.13.1.  Protein lysate (2 mg) was pre-cleared by rotation 

with 40 μl Protein G Sepharose beads for 1 hr at 4˚C.  The pre -cleared lysate was 

rotated overnight at 4̊C with 6 μg rabbit anti -GFP antibody.  The following day, the 

antibody-protein complex was rotated for 4 hr at 4̊C with 40 μl fresh Protein G 

Sepharose beads.  The beads containing the antibody-protein complex were washed six 

times with cell lysis buffer (without iodoacetamide) and bound protein was eluted with 

40 μl 2x SDS-PAGE loading buffer.  The proteins were resolved by SDS-PAGE (7.5% 

gel) and transferred to a nitrocellulose membrane using transblotting apparatus as 

described in Sections 2.13.4 and 2.13.5.  Immunodetection was performed as described 

in Section 2.13.6.  Briefly, the membrane was blocked in a 3% blocking solution 

followed by incubation with mouse anti-FLAG M2 primary antibody (1:5000) for 30 

min.  The membrane was washed three times in TBS-T followed by incubation with 

goat anti-mouse HRP secondary antibody (1:10,000) for 30 min.  Chemiluminescence 

detection was performed using Western Lightning Chemiluminescence Reagent Plus.  

The reciprocal co-immunoprecipitation was similarly performed with 1.25 mg protein 

using 5 μg mouse anti-FLAG M2 antibody.  The proteins recovered from Protein G 

Sepharose beads were resolved by SDS-PAGE (10% gel) and transferred to a 

nitrocellulose membrane for immunodetection using 5% blocking solution, rabbit anti-

GFP primary antibody (1:1000) for 30 min and goat anti-rabbit HRP secondary 

antibody (1:10,000) for 30 min.  Proteins in whole cell lysates used in the co-

immunoprecipitation experiments were also examined by Western blot analysis as 

described in above. 

 

4.2.2.2 - 14-3-3 zeta 

EGFP-14-3-3 zeta and CaR-FLAG co-immunoprecipitation experiments were 

performed in a similar manner as described for 14-3-3 theta and CaR-FLAG with minor 

exceptions.  The HEK-293 cell line was used for these experiments and the cells were 

plated at a density of 1.3 x 106 cells per flask using two 25 cm2 flasks per treatment.  

Protein lysate (750 μg) was pre-cleared with 40 μl Protein G Sepharose beads for 3 hr at 

4˚C.  The pre-cleared lysate was rotated overnight at 4̊C with 4  μg rabbit anti-GFP 

antibody.  The following day, the antibody-protein complex was rotated with Protein G 

Sepharose beads which were then washed with cell lysis buffer containing an increased 

NaCl concentration (210 mM final) to increase the stringency of the interaction.  Bound 

protein was eluted with loading buffer, resolved by SDS-PAGE, transferred to a 

nitrocellulose membrane and then immunodetected as described in Section 4.2.2.1.  The 
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reciprocal co-immunoprecipitation was performed using mouse anti-FLAG M2 

antibody.  This was performed using 750 μg protein and 2.5 μg mouse anti-FLAG M2 

antibody. 

 

4.2.3 - 14-3-3-GST pull-down experiments 

4.2.3.1 - 14-3-3 theta GST-fusion protein expression, purification and thrombin 

cleavage 

E. coli BL21 codon (+) cells transformed with pGEX-4T-1 (14-3-3 theta) or pGEX-4T-

1 were grown overnight at 37̊C in 10 ml 2x YT with ampicillin.  The following day, 

cultures were pelleted by centrifugation at 3,000 rpm for 10 min at room temperature.  

Cells were resuspended in 100 ml fresh 2x YT with ampicillin and grown for 1 hr at 

37˚C.  Cultures were induced with 100 μM IPTG for 2 hr at 37˚C then centrifuged at 

3,000 rpm for 20 min at 4̊C.  The resulting pellets were resuspended in 4 ml  MTPBS 

buffer (see Section 2.9) containing 1 mM PMSF and frozen overnight at -70˚C.  After 

thawing, the following reagents were added to the suspension at the concentrations 

indicated:  1 mM PMSF, 5 mM benzamidine, 5 mM DTT, 2 mM EDTA (pH 8.0), 0.2% 

TX-100 and 0.285 mg/ml lysozyme.  The cell suspension was incubated on ice for 5 

min then lysed by sonication on ice for five pulses on 50% duty cycle.  The suspension 

was cleared by ultracentrifugation at 32,000 rpm (approximately 100,000 x g) for 1 hr at 

4˚C and the supernatant was incubated with 400 μl glutathione Sepharose 4B beads for 

1 hr at 4̊ C, with the addition of 1 mM PMSF and 5 mM benzamidine.  The beads were 

washed twice by resuspension in 20 volumes of 1% TX-100 in PBS containing 1 mM 

PMSF and 5 mM benzamidine and centrifuged at 1,400 rpm for 30 sec.  Protein-bound 

beads were cleaved of the GST moiety using thrombin.  Briefly, this involved washing 

the beads in 20 volumes of GST wash buffer (see Section 2.9) containing 1 mM PMSF 

and 5 mM benzamidine followed by a final wash in 20 volumes of thrombin cleavage 

buffer containing 1 mM PMSF and 5 mM benzamidine.  After the final wash, beads 

were resuspended in 400 μl thrombin cleavage buffer and incubated for 2 hr at 25˚C 

with 12 units of thrombin.  Cleaved protein released into the supernatant was collected 

by centrifugation at 2,500 rpm for 30 sec and recovery of the supernatant by aspiration.  

Additional protein was recovered by resuspending the beads in one volume of GST 

wash buffer and repeating the above process.  Eluates were stored in aliquots at -70˚C. 
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4.2.3.2 - Denatured His-fusion protein expression and purification 

E. coli BL21 codon (+) cells transformed with pET-28a (CaR tail) were grown 

overnight at 37̊ C in 10 ml 2x YT with kanamycin.  The pET-28a (CaR tail) construct 

expresses (His)6-tagged CaR tail that can be purified by chromatography using NiNTA 

agarose (Ward B et al., 2002).  The following day, cultures were pelleted by 

centrifugation at 3,000 rpm for 10 min at room temperature.  Cells were resuspended in 

100 ml fresh 2x YT with kanamycin and grown for 2 hr at 37˚C.  Cultures were induced 

with 800 μM IPTG for 2 hr at 37̊ C then centrifuged at 3,000 rpm for 20 min at 4˚C and 

the pellets frozen overnight at -70˚C.  After thawing, the pellet was resuspended in 15 

ml denaturation buffer containing 8 M urea (see Section 2.9) and lysed by sonication on 

ice for two 15 sec pulses.  The suspension was pelleted by ultracentrifugation at 32,000 

rpm for 45 min at 4˚C.  Polyhistidine (His)-tag fusion proteins present in the supernatant 

were absorbed to Ni-NTA agarose beads by incubation for 2 hr at 4̊ C, with the addition 

of the phosphatase inhibitors: 1 mM sodium orthovanadate and 10 mM beta-

glycerophosphate.  Beads containing bound protein were washed five times with 10 ml 

denaturation buffer with centrifugation at 1,500 rpm for 2 min at 4̊ C.  Protei n was 

renatured on ice by the drop-wise addition of 50 ml of renaturation buffer over a period 

of 30 min with continuous agitation.  Beads containing renatured protein were washed 

five times with renaturation buffer and stored at 4˚C until use in pull-down experiments. 

 

4.2.3.3 - 14-3-3 theta and His-CaR tail Ni-NTA pull-down assay 

Purified 14-3-3 theta protein (32 μg) was incubated with an equal molar ratio of 

renatured purified His-CaR-tail protein bound to Ni-NTA agarose beads (50 μl of beads 

was equivalent to 40 μg of protein) in renaturation buffer by mixing overnight at 4̊ C.  

Fresh Ni-NTA agarose beads equilibrated with renaturation buffer for use as a wash 

control were also incubated with 32 μg of purified 14-3-3 theta protein.  After overnight 

mixing, beads were washed in 1 ml of ice cold renaturation buffer followed by 

microcentrifugation five times at 13,000 rpm for 20 sec at room temperature.  All 

washes were performed on ice and each wash consisted of 20 vigorous tube inversions.  

Beads were then washed in the same manner as previously described with 1 ml 

renaturation buffer not containing TX-100.  After the final wash, beads were 

resuspended in 50 μl of 2x SDS-PAGE loading buffer and boiled for 10 min.  Samples 

were centrifuged to pellet the beads and proteins in the supernatant were resolved on a 

12% SDS-PAGE gel.  Following electrophoresis, the gel was stained with Coomassie 

Brilliant Blue stain for 20 min then destained overnight. 
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4.2.3.4 - 14-3-3 zeta GST-fusion protein expression, purification and thrombin cleavage 

14-3-3 zeta was expressed as a GST fusion protein, purified and cleaved of its thrombin  

tag as described in Section 4.2.3.1. 

 

4.2.3.5 - 14-3-3 zeta and His-CaR tail Ni-NTA pull-down assay 

Both 14-3-3 zeta and the His-CaR tail were used in a pull-down assay as described in 

Section 4.2.3.3. 

 

4.2.4 - Confocal microscopy 

HEK-293/CaR cells (1.3 x 106 cells) were plated out and transfected the following day 

with either 1 μg of pcDNA3-EGFP (14-3-3 theta) or 1 μg pcDNA3-EGFP (14-3-3 zeta) 

as described in Section 2.12.6.  Cells transfected with 1 μg pcDNA3-EGFP served as a 

negative control.  The cells were processed and stained according to the method 

described in Section 2.12.8.  Stably-expressed CaR was detected using mouse CaR-

ADD primary antibody (1 μg/ml) and goat anti-mouse Alexa Fluor 546 secondary 

antibody (1:400).  14-3-3 theta and 14-3-3 zeta were detected by the fluorescence 

emitted from the EGFP tag.  The ER was stained using rabbit anti-PDI polyclonal 

primary antibody (1:750) and goat anti-rabbit Alexa Fluor 647 secondary antibody 

(1:400). 

 

4.2.5 - 14-3-3 theta and CaR S895A co-immunoprecipitation studies 

Co-immunoprecipitation experiments were performed to determine whether mutation of 

the putative phosphoserine 895 of the CaR abrogated interaction with 14-3-3 theta.  

HEK-293 cells (1.4 x 106 cells) in 75 cm2 flasks were transfected with 9 μg pcDNA3-

EGFP (14-3-3 theta) and 15 μg pcDNA3.1 (CaR-FLAG) or 15 μg (CaR-FLAG-S895A) 

as described in Section 2.12.6.  Negative controls included cells transfected with 24 μg 

pcDNA3.1; cells transfected with 15 μg pcDNA3.1 and 9 μg pcDNA3-EGFP (14-3-3 

theta); cells transfected with 9 μg pcDNA3.1 and 15 μg pcDNA3.1 (CaR-FLAG); and 

cells transfected with 9 μg pcDNA3.1 and 15 μg pcDNA3.1 (CaR-FLAG-S895A).  

Forty-eight hr after transfection, cells were lysed and co-immunoprecipitation 

experiments were performed as described in Section 4.2.2.1.   

 

4.2.6 - 14-3-3 theta and CaR RRSNVS co-immunoprecipitation studies 

Co-immunoprecipitation experiments were performed to determine whether deletion of 

the proposed 14-3-3 consensus binding motif of the CaR abrogated interaction with 14-
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3-3 theta.  COS-1 cells (2.85 x 106 cells) in 75 cm2 flasks were transfected with 9 μg 

pcDNA3-EGFP (14-3-3 theta) and 15 μg pcDNA3.1 (CaR-FLAG) or 15 μg (CaR-

FLAG RRSNVS) as described in Section 2.12.6.  Negative controls included cells 

transfected with 24 μg of pcDNA3.1; cells transfected with 15 μg of pcDNA3.1 and 9 

μg of pcDNA3-EGFP (14-3-3 theta); cells transfected with 9 μg pcDNA3.1 and 15 μg 

pcDNA3.1 (CaR-FLAG); and cells transfected with 9 μg pcDNA3.1 and 15 μg 

pcDNA3.1 (CaR-FLAG RRSNVS).  Forty-eight hr after transfection, cells were lysed 

and immunoprecipitation experiments were performed as described in Section 4.2.2.1, 

except that mouse anti-FLAG antibody (5 μg) was used to immunoprecipitate 1.7 mg of 

protein.  

 

4.2.7 - 14-3-3 theta and CaR co-immunoprecipitation studies using a PKC 

activator or inhibitor 

PKC activator, PMA, and PKC inhibitor, GFX109203X, were used to determine 

whether phosphorylation of CaR PKC sites influences the CaR and 14-3-3 theta 

interaction.  COS-1 cells (2 x 106 cells) in 75 cm2 flasks were transfected with 6 μg 

pcDNA3-EGFP (14-3-3 theta) and 6 μg pcDNA3.1 (CaR-FLAG) as described in 

Section 2.12.6.  Negative controls included cells transfected with 6 μg pcDNA3-EGFP 

(14-3-3 theta) and 6 μg pcDNA3.1.  Forty-eight hr after transfection, cells were treated 

for 1 hr with either vehicle (absolute ethanol for PMA; DMSO for GFX109203X), 0.1 

μM PMA or 2 μM GFX109203X.  Following treatment, cells were lysed and co-

immunoprecipitation experiments were performed as described in Section 4.2.2.1, 

except that mouse anti-FLAG antibody (5 μg) was used to immunoprecipitate 2 mg of 

protein.   

   

4.3 - Results 
4.3.1 - The CaR and 14-3-3 theta interact in vitro  

To confirm the direct interaction of the CaR and 14-3-3 theta and 14-3-3 zeta in an in 

vitro system, the CaR tail and 14-3-3 theta and 14-3-3 zeta were expressed as fusion 

proteins and pull-down assays were performed.  Both 14-3-3 theta and 14-3-3 zeta were 

expressed and purified as GST fusion proteins and the GST subsequently cleaved using 

thrombin.  The cleaved proteins were incubated with Ni-NTA beads with and without 

His-tagged CaR tail.  The eluted samples were separated by SDS-PAGE and stained 

with Coomassie Brilliant Blue.  The CaR tail was found to interact with 14-3-3 theta 

(Figure 4.1, lane 4).  The Ni-NTA beads without bound CaR tail did not interact with 
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Figure 4.1 - Direct interaction of the CaR tail with 14-3-3 theta.  14-3-3 theta protein 

was expressed from pGEX-4T-1 and purified in E. coli BL21 codon (+) as a GST fusion 

protein.  The GST tag was removed from 14-3-3 theta using thrombin.  The CaR tail 

protein was expressed from pET-28a and purified in E. coli BL21 codon (+) as a 

polyhistidine-tagged fusion protein.  Purified 14-3-3 theta (32 μg) was pulled-down 

overnight with an equal molar ratio of purified His-CaR tail immobilised on Ni-NTA 

beads (lane 4) or to beads alone (lane 3).  His-CaR bound to Ni-NTA beads is shown in 

lane 2.  The following day, samples were eluted from washed beads and separated by 

SDS-PAGE.  The gel was then stained with Coomassie Brilliant Blue.  The results 

presented in this figure are representative of two separate experiments. 
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14-3-3 theta confirming the specificity of the interaction (Figure 4.1, lane 3).  A 

successful pull-down of 14-3-3 zeta and the CaR tail was not demonstrated as problems 

arose with CaR tail degradation during the pull-down experiments and these 

experiments were curtailed due to time constraints.  

 

4.3.2 - The CaR and 14-3-3 proteins interact in vivo 

4.3.2.1 - 14-3-3 theta 

To confirm the in vivo association of the CaR with 14-3-3 theta, full-length human CaR-

FLAG and human EGFP-14-3-3 theta were co-expressed in COS-1 cells and protein 

lysates from these cells were immunoprecipitated with an anti-FLAG antibody.  The 

antibody-protein complexes were immobilised onto Protein G Sepharose beads, 

separated by SDS-PAGE, transferred to a nitrocellulose membrane and immunodetected 

using an anti-GFP antibody.  The 14-3-3 theta protein co-immunoprecipitated with the 

CaR (Figure 4.2A, lane 4).  The reciprocal experiment, in which EGFP-14-3-3 theta and 

CaR-FLAG protein were co-immunoprecipitated with an anti-GFP antibody, further 

confirmed this interaction (Figure 4.2B, lane 4).  Negative control immunoprecipitations 

with untransfected cells (Figures 4.2A and B, lane 1) or cells in which the EGFP-14-3-3 

theta or CaR-FLAG were expressed alone (Figures 4.2A and B, lanes 2 and 3, 

respectively) did not show any non-specific binding.  In other co-immunoprecipitation 

experiments, a negative control in which EGFP was expressed alone did not show any 

non-specific binding (results not shown).   

 

Whole cell EGFP-14-3-3 theta and CaR-FLAG expression was assessed by Western 

blot analysis and staining with an anti-GFP antibody or anti-FLAG antibody, 

respectively (Figures 4.2A and B, middle and lower panels) showed similar protein 

expression in relevant test and control samples. 

     

4.3.2.2 - 14-3-3 zeta  

CaR and 14-3-3 zeta in vivo association was addressed similarly to the CaR interaction 

with 14-3-3 theta except that the CaR-FLAG and EGFP-14-3-3 zeta proteins were 

expressed in HEK-293 cells.  Both proteins co-immmunoprecipitated with an anti-

FLAG antibody (Figure 4.3A, lane 4) and in the reciprocal experiment with an anti-GFP 

antibody (Figure 4.3B, lane 4), thus confirming their cellular interaction.  Negative 

control immunoprecipitations with untransfected cells (Figures 4.3A and B, lane 1) or 

cells in which EGFP-14-3-3 zeta (Figures 4.3A and B, lane 2) or CaR-FLAG  
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Figure 4.2 - Co-immunoprecipitation of CaR-FLAG and EGFP-14-3-3 theta in 

COS-1 cells.  (A) Protein lysates from COS-1 cells, transfected with EGFP-14-3-3 theta 

and CaR-FLAG were immunoprecipitated with an anti-FLAG antibody.  The antibody-

protein complexes were immobilised onto Protein G Sepharose beads, separated by 

SDS-PAGE, transferred to a nitrocellulose membrane and immunodetected with an anti-

GFP antibody.  (B) The reciprocal experiment, in which the EGFP-14-3-3 theta and 

CaR-FLAG protein complex was immunoprecipitated with an anti-GFP antibody and 

immunodetected with an anti-FLAG antibody, was also performed.  (A and B) Whole 

cell EGFP-14-3-3 theta and CaR-FLAG expression was assessed by Western blot 

analysis and staining with an anti-GFP antibody or anti-FLAG antibody, respectively 

(middle and lower panels).  The results presented in this figure are representative of 

three separate experiments. 
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Figure 4.3 - Co-immunoprecipitation of CaR-FLAG and EGFP-14-3-3 zeta in 

HEK-293 cells.  (A) Protein lysates from HEK-293 cells, transfected with EGFP-14-3-3 

zeta and CaR-FLAG, were immunoprecipitated with an anti-FLAG antibody.  The 

antibody-protein complexes were immobilised onto Protein G Sepharose beads, 

separated by SDS-PAGE, transferred to a nitrocellulose membrane and immunodetected 

with an anti-GFP antibody. (B) The reciprocal experiment, in which the EGFP-14-3-3 

zeta and CaR-FLAG protein complex was immunoprecipitated with an anti-GFP 

antibody and immunodetected with an anti-FLAG antibody, was also performed.  (A 

and B) Whole cell EGFP-14-3-3 zeta and CaR-FLAG expression were assessed by 

Western blot analysis and staining with an anti-GFP antibody or anti-FLAG antibody, 

respectively (middle and lower panels).  The results presented in this figure are 

representative of three separate experiments. 
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(Figure 4.3A, lane 3) were expressed alone did not show any non-specific binding.  The 

control immunoprecipitation in which the CaR-FLAG was expressed alone (Figure 4.3B, 

lane 3) showed a small level of non-specific binding, which may have been due to 

insufficient washing of the beads.  In other co-immunoprecipitation experiments, a 

negative control in which EGFP was expressed alone did not show any non-specific 

binding (results not shown). 

 

Whole cell EGFP-14-3-3 zeta and CaR-FLAG expression were assessed by Western 

blot analysis and staining with an anti-GFP antibody or anti-FLAG antibody, 

respectively (Figures 4.3A and B, middle and lower panels).  Results showed similar 

protein expression across relevant test and control samples. 

 

4.3.3 - The CaR and 14-3-3 theta and 14-3-3 zeta partially co-localise in the ER in 

HEK-293/CaR cells 

14-3-3 proteins have been shown to localise predominantly in the cytoplasm but may 

also to localise to the nucleus of the cell, whereas the CaR has been shown to localise in 

the peri-nuclear regions, the ER and on the cell surface (Brown and MacLeod, 2001; 

Chang et al., 2000; Fu et al., 2000; Pidasheva et al., 2006; Tazawa et al., 2003).  To 

further investigate the interaction between the CaR and 14-3-3 proteins, confocal 

fluorescence microscopy was used to investigate the cellular distribution of the CaR, 

14-3-3 theta and 14-3-3 zeta, and to determine whether the CaR and 14-3-3 proteins co-

localised.  HEK-293/CaR cells were transfected with either EGFP-14-3-3 theta or 

EGFP-14-3-3 zeta.  Forty-eight hr after transfection, the stably expressed CaR was 

detected using a CaR-ADD antibody and 14-3-3 theta and zeta were detected from the 

EGFP tag autofluorescence.  Interestingly the CaR was not detected at the cell surface 

in HEK-293/CaR cells, which is not an uncommon finding (Brown and MacLeod, 

2001).  Preliminary studies suggested that the CaR localised in the peri-nuclear regions 

of the cell, which is likely to be the ER.  Use of PDI, an ER marker, confirmed that this 

region of localisation was in-fact the ER (Figure 4.4).  14-3-3 theta and 14-3-3 zeta 

were detected mainly in the cytoplasm, which is consistent with 14-3-3 localisation.  

The EGFP negative control localised predominantly to the nucleus.  Merged images of 

the CaR, 14-3-3 theta or 14-3-3 zeta demonstrated partial co-localisation, which is 

indicated by white staining, of the CaR and 14-3-3 theta or 14-3-3 zeta in the ER 

(Figure 4.4).  Primary antibody negative controls for CaR-ADD and PDI did not show 

any non-specific binding (results not shown).  Collectively these data confirm the co- 
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localisation of the CaR with 14-3-3 theta and 14-3-3 zeta proteins in mammalian cells, 

and further support CaR interaction with these 14-3-3 protein isoforms. 

 

4.3.4 - Disruption of the putatively phosphorylated Ser895 in the 14-3-3 consensus 

binding motif does not inhibit CaR and 14-3-3 theta interaction in vivo 

14-3-3 proteins can bind their ligands via phosphorylated consensus motifs, however 

the proteins are also capable of binding ligands in the absence of such motifs.  Closer 

inspection of the amino acid sequence of the human CaR revealed a previously 

identified but less common 14-3-3 consensus binding motif in the proximal region of 

the CaR tail, RX1-2SX2-3S (amino acids 890-895), with terminal Ser895 being putatively 

phosphorylated (Liu Y et al., 1997).  This motif was found to mediate the interaction 

between 14-3-3 theta and 14-3-3 zeta with Cbl following induction with the phorbol 

ester, PMA (Liu Y et al., 1997).  Additionally, this putative motif is completely 

conserved between bovine, canine and human CaR consistent with a possible functional 

role for the sequence.  As 14-3-3 theta and 14-3-3 zeta were shown to bind to the 

proximal region of the CaR tail, it was proposed that the putative 14-3-3 consensus 

binding motif at amino acids 890-895 in the CaR tail was mediating CaR and 14-3-3 

protein interaction.  To establish whether phosphorylation at Ser895 in the proposed 14-

3-3 consensus motif on the CaR tail was important for CaR interaction with 14-3-3 theta, 

Ser895 was substituted with alanine and the modified receptor was tested for interaction 

using co-immunoprecipitation studies.  In separate flasks, CaR-FLAG and the CaR-

FLAG-S895A mutant were co-expressed in HEK-293 cells with EGFP-14-3-3 theta, 

and lysate proteins were immunoprecipitated with an anti-GFP antibody.  The antibody-

protein complexes were immobilised onto Protein G Sepharose beads, separated by 

SDS-PAGE, transferred to a nitrocellulose membrane and immunodetected using an 

anti-FLAG antibody.  Similar levels of CaR-FLAG and the CaR-FLAG-S895A were 

co-immunoprecipitated with EGFP-14-3-3 theta indicating that, under the experimental 

conditions used, Ser895 alone does not play a role in mediating the CaR and 14-3-3 

theta interaction (Figure 4.5, upper panel, compare lanes 5 and 6).  Negative control 

immunoprecipitations with untransfected cells (Figure 4.5, lane 1) or cells in which 

EGFP-14-3-3 theta, CaR-FLAG or CaR-FLAG-S895A were expressed alone (Figure 

4.5, lanes 2, 3 and 4, respectively) did now show not any non-specific binding.  Whole 

cell EGFP-14-3-3 theta, CaR-FLAG and CaR-FLAG-S895A expression was assessed 

by Western blot analysis, staining with an anti-GFP antibody or anti-FLAG 
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Figure 4.5 - Co-immunoprecipitation of CaR S895A mutant and 14-3-3 theta in 

HEK-293 cells.  Proteins from HEK-293 cells, transfected with EGFP-14-3-3 theta and 

either CaR-FLAG or CaR-FLAG-S895A mutant, were immunoprecipitated with an 

anti-GFP antibody.  The antibody-protein complexes were immobilised onto Protein G 

Sepharose beads, separated by SDS-PAGE, transferred to a nitrocellulose membrane 

and immunoblotted with an anti-FLAG antibody.  Whole cell protein expression was 

assessed by resolving cell lysate proteins by SDS-PAGE and staining with an anti-GFP 

antibody or anti-FLAG antibody.  Both CaR and the CaR S895A mutant were shown to 

equivalently co-immunoprecipitate with 14-3-3 theta (compare lanes 5 and 6).  An 

untransfected control (lane 1) or HEK-293 cells transfected alone with either EGFP-14-

3-3 theta (lane 2), CaR-FLAG (lanes 3) or CaR-FLAG-S895A mutant (lane 4) showed 

no cross reactivity or non-specific binding.  The results presented in this figure are 

representative of three separate experiments. 
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antibody (Figure 4.5, middle and lower panels) and showed equal protein expression 

across relevant test and control samples. 

 

4.3.5 - Deletion of the proposed 14-3-3 consensus motif does not inhibit CaR and 

14-3-3 theta interaction in vivo 

In light of the above result, deletion of the entire 14-3-3 consensus binding motif in the 

CaR tail was tested as a requirement for the CaR/14-3-3 theta interaction.  The proposed 

14-3-3 consensus binding motif was deleted by SDM and the CaR RRSNVS deletion 

mutant was then tested for interaction with EGFP-14-3-3 theta using co-

immunoprecipitation techniques.  Both the CaR-FLAG and the CaR-FLAG consensus 

deletion mutant, and EGFP-14-3-3 theta were co-expressed in COS-1 cells in separate 

flasks and lysates immunoprecipitated with an anti-GFP antibody.  The antibody-protein 

complexes were immobilised onto Protein G Sepharose beads, washed, eluted, resolved 

by SDS-PAGE, transferred to a nitrocellulose membrane and then immunodetected 

using an anti-FLAG antibody.  Results showed that both CaR and the CaR deletion 

mutant proteins co-immunoprecipitated at equivalent levels with co-expressed EGFP-

14-3-3 theta suggesting that this motif is not involved in the CaR/14-3-3 theta 

interaction (Figure 4.6, upper panel, compare lanes 5 and 6).  The negative control 

immunoprecipitation in which EGFP-14-3-3 theta was expressed alone showed a small 

level of non-specific binding, which may have been due to insufficient washing of the 

beads (Figure 4.6, upper panel, lane 2).    

 

Whole cell EGFP-14-3-3 theta, CaR-FLAG and CaR-FLAG RRSNVS expression 

was assessed by Western blot analysis, staining with an anti-GFP antibody or anti-

FLAG antibody (Figure 4.6, middle and lower panels).  This showed roughly equivalent 

levels of protein expression across relevant test and control samples. 

  

4.3.6 - Determination of the requirement of PKC phosphorylation of the CaR for 

14-3-3 theta binding  

It has been shown that 14-3-3 protein interaction with ligand partners may be mediated 

through phosphoserine or phosphothreonine amino acids (Fu et al., 2000; Muslin et al., 

1996).  Serine and threonine amino acids potentially modulated by PKC-induced 

phosphorylation are located at Ser895 within the consensus motif, and at Thr888 and 

Ser915 in the CaR tail.  Additionally, two PKC-induced phosphorylation sites exist 

within the intracellular loops (Thr646 and Ser794) (Garrett et al., 1995).  To investigate 
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Figure 4.6 - Co-immunoprecipitation of ∆RRSNVS CaR mutant and 14-3-3 theta 

in COS-1 cells.  Proteins from COS-1 cells, transfected with EGFP-14-3-3 theta and 

either the CaR-FLAG or the CaR-FLAG deletion mutant containing the deleted 14-3-3 

consensus binding site (∆RRSNVS), were immunoprecipitated with an anti-FLAG 

antibody.  The antibody-protein complexes were immobilised onto Protein G Sepharose 

beads, separated by SDS-PAGE, transferred to a nitrocellulose membrane and 

immunoblotted with an anti-GFP antibody.  Whole cell protein expression was assessed 

by resolving cell proteins by SDS-PAGE and staining with an anti-GFP antibody or 

anti-FLAG antibody.  Both CaR and the CaR mutant were shown to equivalently co-

immunoprecipitate 14-3-3 theta (compare lanes 5 and 6).  An untransfected control 

(lane 1) or COS-1 cells transfected alone with CaR-FLAG (lanes 3) or CaR-FLAG 

∆RRSNVS mutant (lane 4) showed no cross reactivity or non-specific binding.  COS-1 

cells transfected with EGFP-14-3-3 theta (lane 2) showed minimal non-specific binding 

of 14-3-3 theta to beads.  The results presented in this figure are representative of three 

separate experiments. 
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whether phosphorylation of these amino acids in the CaR affect the interaction between 

the CaR and 14-3-3 theta, the ability of the PKC activator, PMA, and PKC inhibitor, 

GFX109203X, to modulate the association of the CaR with 14-3-3 theta was tested.  

After co-expression of CaR-FLAG and EGFP-14-3-3 theta in COS-1 cells over a 48 hr 

period, cells were treated with either vehicle, 0.1 μM PMA or 2 μM GFX109203X for 1 

hr prior to cell lysis.  Protein lysates from treated cells were immunoprecipitated with 5 

μg anti-FLAG antibody and the antibody-protein complexes were immobilised onto 

Protein G Sepharose beads, washed, eluted, resolved by SDS-PAGE, transferred to a 

nitrocellulose membrane and then immunodetected using an anti-GFP antibody.  No 

difference was noted between treatments in the level of EGFP-14-3-3 theta protein co-

immunoprecipitated with CaR-FLAG (Figures 4.7A and B, upper panel). 

 

Whole cell EGFP-14-3-3 theta and CaR-FLAG expression was assessed by Western 

blot analysis, staining with an anti-GFP antibody or anti-FLAG antibody (Figures 4.7A 

and B, middle and lower panels).  This showed equal protein expression across both 

treatments for both experiments A and B. 

 

4.4 - Discussion 
Using a combination of methods in the yeast and mammalian systems, it has been 

demonstrated that the CaR associates with 14-3-3 theta and 14-3-3 zeta.  The 

identification and binding of both isoforms to the CaR is not surprising due to the two 

isoforms having highly homologous amino acid sequences (Figure 4.8).  This novel 

interaction adds to the growing literature of GPCRs which have been shown to interact 

with 14-3-3 proteins, which includes the GABAB receptor (also a family C receptor), 

alpha-2 adrenergic receptor, follicle stimulating hormone receptor and the PTHR 

(Cohen et al., 2004; Couve et al., 2001; Prezeau et al., 1999; Tazawa et al., 2003).  

Additionally, one study reported the interaction of a novel 40 kDa plant-specific CaR in 

Arabidopsis thaliana with 14-3-3 proteins (Vainonen et al., 2008). 

 

4.4.1 - 14-3-3 and CaR in vitro interaction  

Pull-down studies demonstrated that human His-tagged CaR tail and full-length human 

14-3-3 theta interact in vitro thus confirming a direct interaction between the two 

proteins.  A CaR tail/14-3-3 zeta pull-down was not demonstrated due to the unstable 

nature of the CaR tail.  However, it is likely that 14-3-3 zeta is able to interact directly 

with the CaR tail given the high degree of homology shared between 14-3-3 theta 
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Figure 4.7 - Co-immunoprecipitation of CaR-FLAG and EGFP-14-3-3 theta with 

PKC treatment in COS-1 cells.  (A) Lysates from COS-1 cells, transfected with 

EGFP-14-3-3 theta and CaR-FLAG, and treated with either vehicle or 2 μM 

GFX109203X (a PKC inhibitor) for 1 hr, were immunoprecipitated with an anti-FLAG 

antibody.  The antibody-protein complexes were immobilised onto Protein G Sepharose 

beads, separated by SDS-PAGE and immunoblotted with an anti-GFP antibody.  (B) 

Lysates from COS-1 cells, transfected with EGFP-14-3-3 theta and CaR-FLAG and 

treated with either vehicle or 100 nM PMA (a PKC activator) for 1 hr, were 

immunoprecipitated with an anti-FLAG antibody.  The antibody-protein complexes 

were immobilised onto Protein G Sepharose beads, separated by SDS-PAGE and 

immunoblotted with an anti-GFP antibody.  (A and B) Whole cell EGFP-14-3-3 theta 

and CaR-FLAG expression was assessed by resolving cell lysate proteins by SDS-

PAGE and staining with an anti-GFP antibody or anti-FLAG antibody, respectively 

(middle and lower panels).  The results presented in this figure are representative of two 

separate experiments. 
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       α1      α2 
14-3-3 theta   1   MEKTELIQKAKLAEQAERYDDMATCMKAVTEQGAE   35 
14-3-3 zeta    1   MDKNELVQKAKLAEQAERYDDMAACMKSVTEQGAE   35 
 
           α3 
14-3-3 theta  36   LSNEERNLLSVAYKNVVGGRRSAWRVISSIEQKTD   70 
14-3-3 zeta   36   LSNEERNLLSVAYKNVVGARRSSWRVVSSIEQKTE   70 
 
                 α4 
14-3-3 theta  71   TSDKKLQLIKDYREKVESELRSICTTVLELLDKYL  105     
14-3-3 zeta   71   GAEKKQQMAREYREKIETELRDICNDVLSLLEKFL  105 
 
       α5 
14-3-3 theta  106  IANATNPESKVFYLKMKGDYFRYLAEVACGDDRKQ  140 
14-3-3 zeta   106  IPNASQAESKVFYLKMKGDYYRYLAEVAAGDDDKG  140 
 
       α6      α7 
14-3-3 theta  141  TIDNSQGAYQEAFDISKKEMQPTHPIRLGLALNFS  175 
14-3-3 zeta   141  IVDQSQQAYQEAFEISKKEMQPTHPIRLGLALNFS  175 
 
          α8 
14-3-3 theta  176  VFYYEILNNPELACTLAKTAFDEAIAELDTLNEDS  210   
14-3-3 zeta   176  VFYYEILNSPEKACSLAKTAFDEAIAELDTLSEES  210 
 
          α9 
14-3-3 theta  211  YKDSTLIMQLLRDNLTLWTSDSAGEECDAAEGAEN  245  
14-3-3 zeta   211  YKDSTLIMQLLRDNLTLWTSDTQGDEAEAGEGGEN  245 
 
 
Figure 4.8 - Homology comparison of human 14-3-3 isoforms theta and zeta.  

Amino acid sequence comparison of full-length human 14-3-3 theta and 14-3-3 zeta 

indicates a high level of identity.  Both isoforms constitute 245 residues of which 79.5% 

of residues are identical (X) and an additional 9.4% of residues are conserved (X).  

Alpha-helices are over-lined in red.   
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and 14-3-3 zeta (Figure 4.8).  In future, the problem of unstable proteins could be 

prevented by the use of protease inhibitors (for example, aprotinin and PMSF) during 

all steps of the purification of the CaR tail and the pull-down stage; experimenting with 

the E. coli host strain; addition of IPTG at a later stage of culture incubation and a 

shorter induction time; or increasing the amount of glutathione Sepharose beads used 

(Smith and Corcoran, 1994).  Additionally, the CaR tail could be purified by alternative 

methods, such as the BacPAK Baculovirus Expression System (Clontech), as protein 

purification using the denaturation/renaturation method, as used in this study, can 

produce variability in the recovery and quality of the protein at the renaturation stage.  

Protein produced using the baculovirus expression system has several advantages over 

bacterially produced protein including similarities in protein modification in higher 

eukaryotes and the ability to produce large quantities of soluble protein (Murphy et al., 

2004). 

 

4.4.2 - 14-3-3 and CaR in vivo interaction and co-localisation 

Co-immunoprecipitation studies demonstrated that full-length human CaR interacts in 

vivo with co-expressed full-length human 14-3-3 theta and 14-3-3 zeta.  The CaR/14-3-

3 theta and CaR/14-3-3 zeta co-immunoprecipitation experiments were performed in 

COS-1 and HEK-293 cells, respectively.  The HEK-293 cells were the first choice of a 

mammalian cell line in this thesis, as these cells are commonly used to study CaR 

regulation.  The CaR/14-3-3 theta co-immunoprecipitation was initially confirmed in 

HEK-293 cells but a stronger result was attained in COS-1 cells in later experiments.  

Consequently, these cells were used in preference in many experiments. 

 

Using confocal fluorescence microscopy experiments, it was found that most, if not all, 

of the stably expressed CaR localised to the cytoplasm with very little cell surface 

expression, despite the CaR being a transmembrane protein.  This staining pattern has 

been observed in other studies where the CaR has been shown to be localised to the 

perinuclear organelles such as the ER or Golgi apparatus (Brown and MacLeod, 2001; 

Chang et al., 2000; Pidasheva et al., 2005; Pidasheva et al., 2006).  The staining 

technique employed in this study involved permeabilisation of the cell membrane of 

HEK-293 cells allowing intracellular CaR to be detected readily.  However, cell surface 

staining of the CaR may sometimes be preferentially detected in cells which are not 

permeabilised as demonstrated by Pidasheva and co-workers, who used both 

permeabilised and non-permeabilised techniques in HEK-293 cells to demonstrate the 
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levels of intracellularly-retained and cell surface-expressed mutant CaR protein, 

respectively (Pidasheva et al., 2005).  Hence we may also have found a greater degree 

of cell surface expression if we had not permeabilised the cells.  

 

In contrast to the CaR, others have shown 14-3-3 proteins to be distributed widely 

throughout the cell, as well having localised staining (Tazawa et al., 2003).  Diffuse 

cytoplasmic cell staining of 14-3-3 theta and 14-3-3 zeta protein, with a high 

concentration of both proteins in the peri-nuclear regions, was observed.  Using human 

amnion cells, Moreira and co-workers demonstrated that both 14-3-3 theta and 14-3-3 

zeta were diffusely distributed within the cell cytoplasm but also showed strong 

perinuclear and nuclear localisation (Moreira et al., 2008).   

 

In conclusion, confocal microscopy experiments demonstrate the co-localisation of both 

14-3-3 isoforms with the CaR, and the co-localisation was shown to predominantly 

occur in the ER as demonstrated with the use of the PDI antibody marker.  This finding 

of CaR/14-3-3 protein co-localisation in the ER relate to later experiments in which we 

propose that 14-3-3 proteins “mask” a putative RKR ER retention motif in the CaR tail  

in regulating the movement of the CaR out of the ER. 

 

4.4.3 - 14-3-3 theta does not associate with the CaR tail using the putative 14-3-3 

consensus binding motif or PKC-induced phosphorylation of the CaR 

As demonstrated in Chapter 3, both 14-3-3 theta and zeta interact with the CaR at amino 

acids 865-922.  Experiments examining the requirement of the putative 14-3-3 

consensus binding motif, using only the 14-3-3 theta isoform, were pursued based on 

the high amino acid homology shared between 14-3-3 theta and 14-3-3 zeta.  At first, it 

was demonstrated that the putatively phosphorylated Ser895 in the consensus binding 

motif was not required for the CaR/14-3-3 theta interaction.  This prompted studies to 

determine if the entire motif was required to mediate the interaction between 14-3-3 

theta and the CaR, as it was observed that these amino acids were completely conserved 

in human, bovine and canine forms of the CaR.  The deletion of the 14-3-3 consensus 

binding motif was not found to inhibit 14-3-3 theta interaction with the CaR.  These 

findings exclude the consensus site amino acids as the point of interaction and points to 

the other regions of the CaR that might be important for interaction, such as the 

upstream predicted alpha-helical region discussed in Chapter 3.  Alternatively, there 

may be more than one potential 14-3-3 theta binding sites on the CaR tail as suggested 
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in the interaction between 14-3-3 and GABABR1 (Couve et al., 2001).  Another 14-3-3 

partner protein which contains more than one 14-3-3 binding site is Raf-1 (Fu et al., 

1994).  Subsequent experiments employing PKC activation or inhibition of CaR 

phosphorylation in the context of the full-length receptor did not alter CaR/14-3-3 theta 

interaction.  These results indicate that PKC phosphorylation of the receptor per se is 

not required for CaR/14-3-3 theta interaction.  When examining the Raf/14-3-3 

interaction, Shen and co-workers demonstrated that dimerisation-deficient 14-3-3 (ie. 

monomeric 14-3-3) could interact with Raf regardless of Raf’s phosphorylation status 

(Shen et al., 2003).  In another study, the interaction of p190 RhoGEF with 14-3-3 eta 

was shown to be unaffected by treatment of cell lysates with the non-specific calf 

alkaline phosphatase in a pull-down experiment (Zhai et al., 2001).  Collectively, the 

data shows that, like Raf-1 and p190 RhoGEF, phosphorylation of the CaR is unlikely 

to be a requirement for 14-3-3 theta interaction.  

 

The mGluR GPCR has been extensively studied for its interaction with Homer proteins 

(Bockaert et al., 2004; Brakeman et al., 1997).  Homer proteins were first isolated as 

186 amino acid-long proteins found to be associated with the C-terminal domain of 

mGluR5 and mGluR1-alpha (Brakeman et al., 1997).  Homer proteins are adapter 

proteins which are predominantly expressed in the nervous system.  In mammals there 

are three classes of Homer proteins, of which each class contains several isoforms.  The 

conserved N-terminal domain of Homer binds to its partner protein, whereas the C-

terminal domain of the proteins form homo-, hetero- or multimers with other Homer 

proteins (Shiraishi-Yamaguchi and Furuichi, 2007).  Expression of Homer 1b, but not 

Homer 1a, has been shown to cause the intracellular retention and clustering of mGluR5 

in Hela cells and neurons (Ango et al., 2002; Roche et al., 1999).  Using an ELISA 

technique, Gama and co-workers showed that Homer 1c can not only increase the 

amount of CaR at the cell surface when CaR is heterodimerised with mGluR1 alpha, but 

that the adapter protein can also stabilise the CaR:mGluR1 heterodimer at the cell 

surface (Gama et al., 2001).  Furthermore, 14-3-3 proteins have been shown to associate 

with Homer in vivo in a mouse model (Angrand et al., 2006).  As there are similarities 

between 14-3-3 and Homer adapter proteins, it is tempting to speculate that 14-3-3 may 

associate with the CaR as Homer does with mGluR.  It is also possible that the CaR, 14-

3-3 proteins and Homer are involved in a protein complex to regulate CaR biological 

function.  
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Chapter 5 - The Role of 14-3-3 Proteins in CaR Cell Signalling and 

Expression 

5.1 - Introduction 
It has now been demonstrated that 14-3-3 protein isoforms theta and zeta interact with 

the CaR in both yeast and mammalian systems.  The question that remains to be 

answered is whether there is any functional significance to these interactions, for 

example, do these adapter proteins influence CaR cell surface expression and/or CaR-

mediated cell signalling events?  Studies of 14-3-3 isoforms have provided evidence of 

their impact on the function of a number of GPCRs including the follicle stimulating 

hormone receptor and the alpha-2 adrenergic and GABAB receptors.  More specifically, 

14-3-3 theta over-expression decreases follicle stimulating hormone receptor-mediated 

cAMP accumulation and 14-3-3 zeta has been suggested to foster activation of alpha-2 

adrenergic receptor-mediated Ras/Raf signalling (Cohen et al., 2004; Prezeau et al., 

1999).  Meanwhile 14-3-3 proteins abolish heterodimerisation of GABAB receptor 1 

and receptor 2, subsequently affecting the forward trafficking of the receptor complex to 

the cell surface.  14-3-3 proteins are also thought to play a role in regulating 

heterodimer stability at the cell surface and in providing new binding surfaces for 

GABA receptor-associated molecules (Couve et al., 2001). 

 

The CaR is clearly involved in the activation of the classic MAPK cell signalling 

pathway (ERK1/2) leading to cell proliferation, as has been demonstrated in several 

studies using various mammalian cell lines (El Hiani et al., 2009; Kifor et al., 2001; 

McNeil et al., 1998; Tfelt-Hansen et al., 2005b; Yamaguchi et al., 2000).  Furthermore, 

14-3-3 proteins, notably 14-3-3 zeta, influence the upstream activation of ERK1/2 

signalling by associating with Raf-1 in the Raf/Ras signalling pathway - a precursor to 

ERK1/2 activation (Fantl et al., 1994; Freed et al., 1994; Fu et al., 1994; Tzivion et al., 

1998).  Some studies have identified 14-3-3 zeta as the only isoform to interact directly 

with Raf-1, although other studies propose that the interaction of 14-3-3 proteins with 

Raf-1 is not isoform-specific (Bolton et al., 2008; Fantl et al., 1994; Freed et al., 1994; 

Subramanian et al., 2001).  When stimulated with LPA, serum or AlF4 (an activator of 

heterotrimeric G proteins), RhoA activates the SRE (Hill et al., 1995).  The CaR has 

been purported to activate the Rho signalling pathway (notably RhoA) leading to the 

activation of the c-fos SRE (Hill et al., 1995; Pi et al., 2002).  The region on the CaR tail 

responsible for CaR-mediated SRE activation has been shown to encompass amino 
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acids 906-980, and this activation is thought to require filamin, in addition to other 

regulatory molecules (Pi et al., 2002).  Filamin is an actin-binding protein and links cell 

surface receptors to the actin cytoskeleton (Gorlin et al., 1990; Popowicz et al., 2006).  

Filamin is important for the protection of the CaR against degradation through high 

affinity interaction (Zhang M and Breitwieser, 2005).  A high affinity interaction site for 

filamin has been localised to amino acids 962-981 on the human CaR.  Additionally, a 

putative low affinity interaction site for filamin has been localised to amino acids 

860/861-880 (Zhang M and Breitwieser, 2005).  This region partially overlaps a 

putative alpha-helical structure at amino acids 877-891 of the bovine CaR (equivalent to 

amino acids 876-890 in human CaR), and also overlaps the 14-3-3 theta and 14-3-3 zeta 

binding domain on the CaR tail which was identified in this study (Chang et al., 2001).  

Numerous studies have shown that 14-3-3 proteins associate with the Rho family of 

GTPases (Bialkowska et al., 2003; Chahdi and Sorokin, 2008; Deakin et al., 2009; 

Diviani et al., 2004; Glaven et al., 1996; Meiri et al., 2009; Scholz et al., 2009; Wu et al., 

2003; Zenke et al., 2004; Zhai et al., 2001).  Collectively, these findings suggest an 

underlying potential for 14-3-3 proteins to influence CaR-mediated ERK1/2 or Rho cell 

signalling pathways.  Furthermore, the CaR induces changes in cell morphology (actin 

stress fibre assembly and process retraction) in HEK-293/CaR cells, which are mediated 

through the Rho signalling pathway (Davies et al., 2006).  It is therefore possible that 

14-3-3 proteins may play a role in CaR-mediated changes to cell morphology due to 

their involvement in Rho signalling. 

 

14-3-3 proteins are thought to influence the movement of membrane proteins from 

intracellular compartments to the cell surface through proposed molecular mechanisms 

including clamping, masking and scaffolding (Mrowiec and Schwappach, 2006; 

Shikano et al., 2006).  The movement of the CaR to the cell surface can be modulated 

by RAMP proteins, with RAMP3 being more influential than RAMP1 (Bouschet et al., 

2005).  Additionally, mutations of CaR amino acids, receptor glycosylation and 

dimerisation, and the association of the CaR with other proteins (for example, GABA, 

filamin) can regulate CaR cell surface expression (Brakeman et al., 1997; Chang et al., 

2000; Chang et al., 2001; Chang et al., 2007; Fan G et al., 1998; Gama et al., 2001; Ray 

et al., 1998; Ray et al., 1997; Ray et al., 2004; Zhang M and Breitwieser, 2005).  In 

particular, high affinity interaction of the CaR with filamin, appears to regulate CaR cell 

surface expression by protecting the receptor from degradation (Zhang M and 

Breitwieser, 2005).  
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In this chapter, the role of over-expressed 14-3-3 theta and 14-3-3 zeta in the above-

mentioned signalling pathways following Cao
2+ stimulation of the CaR were examined.  

Experiments using siRNA knockdown of 14-3-3 zeta were employed to examine the 

effects of 14-3-3 zeta depletion on CaR-mediated cell signalling.  As 14-3-3 proteins 

have been shown to have an emerging role in influencing the forward transport of their 

partner proteins to the cell surface, the role of 14-3-3 proteins in the movement and/or 

trafficking of the CaR from intracellular compartments to the cell surface was examined.  

We show that over-expression of 14-3-3 proteins diminishes CaR-mediated activation 

of SRE which works through Rho signalling.  On this basis we further examined the 

potential role of the CaR binding partner, filamin, in 14-3-3 modulation of CaR-

mediated Rho signalling by taking advantage of a cell line, M2, that does not express 

filamin.  In addition, the effect of 14-3-3 zeta over-expression or depletion on cellular 

morphological changes that relate to actin cytoskeletal rearrangement that are 

manifested through CaR-mediated Rho signalling were also examined. 

 

5.2 - Methods 
5.2.1 - Plasmid construction 

5.2.1.1 - Cloning 14-3-3 theta and 14-3-3 zeta as myc-tagged and untagged constructs 

14-3-3 theta and 14-3-3 zeta were initially cloned into pcDNA3-EGFP vectors as 

described in Chapter 4.  Following this, these isoforms were sub-cloned into the multi-

cloning site of pcDNA3-myc such that N-terminally-myc-tagged 14-3-3 proteins were 

generated.  The pcDNA3-EGFP (14-3-3 theta) and pcDNA3-myc plasmids were 

digested in separate reactions using Not1 and EcoRV.  Following electrophoresis and 

gel extraction, released 14-3-3 theta and digested pcDNA3-myc were ligated together 

using T4 DNA ligase and the ligation mix transformed into E. coli XL1 Blue competent 

cells and recombinant plasmid miniprep DNA confirmed for the presence of insert by 

restriction enzyme analysis.  The resulting pcDNA3-myc (14-3-3 theta) recombinant 

DNA construct was purified using a QIAGEN maxi prep kit.  In a similar manner, 

digestion of pcDNA3-EGFP (14-3-3 zeta) with Not1, followed by partial digestion with 

EcoRV, released the 14-3-3 zeta insert for cloning into pcDNA3-myc to give the 

pcDNA3-myc (14-3-3 zeta) construct. 

 

pcDNA3-myc (14-3-3 theta) and pcDNA3-myc (14-3-3 zeta) were used to clone 

pcDNA3.1 (14-3-3 theta) and pcDNA3.1 (14-3-3 zeta), respectively.  The cDNA of 

both 14-3-3 isoforms was digested with EcoR1 and Not1 from pcDNA3-myc (14-3-3) 
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and ligated into EcoR1- and Not1-digested pcDNA3.1 vector.  Following 

transformation into E. coli XL1 Blue competent cells and plasmid preparation, the 

fidelity of the cDNA was confirmed for both plasmids by DNA sequence analysis.  

Recombinant DNA was purified using a QIAGEN maxi prep kit.   

 

5.2.1.2 - Construction of the pcDNA3.1 (CaR-FLAG-RKR/AAA) mutant using SDM  

pcDNA3.1 (CaR-FLAG) was used as a template in the construction of the pcDNA3.1 

(CaR-FLAG-RKR/AAA) mutant using the QuikChange SDM kit.  Following the 

manufacturer’s instructions, CaR RKR/AAA F1 forward and CaR RKR/AAA R1 

reverse oligonucleotide primers were used to mutate the RKR sequence to a tandem 

alanine sequence in the CaR tail, as described in Section 4.2.1.5, with the exception that 

an annealing temperature of 50˚C was used.  

 

Whole cell lysate expression of the CaR-FLAG-RKR/AAA mutant was assessed by 

Western blot analysis and detected alongside CaR-FLAG as described in Section 5.2.4.1, 

except that mouse anti-FLAG primary antibody (1:1000) and secondary goat anti-

mouse antibody conjugated with HRP (1:10,000) were used.    

 

5.2.2 - Knockdown of 14-3-3 zeta in HEK-293/CaR cells 

A siRNA oligonucleotide primer targeting 14-3-3 zeta was used to knock down 

expression of 14-3-3 zeta in HEK-293/CaR cells.  The siRNA duplexes were initially 

resuspended in 50 μl of RNase-free water to achieve a stock concentration of 1 μM.  

Transfections were performed in a 25 cm2 flask using 8 μl Lipofectamine 2000 in OPTI-

MEM1 with a final siRNA concentration of 20 nM as described in Section 2.12.6.  

Control cultures were treated with 20 nM of a negative control siRNA sequence that did 

not lead to specific knockdown of any known cellular mRNA.  Transfections were 

allowed to proceed for 48 hr prior before the harvesting of cells. 

 

5.2.3 - ERK1/2 assay  

5.2.3.1 - ERK1/2 assay using 14-3-3 constructs in HEK-293/CaR cells 

HEK-293/CaR cells (1.6 x 106) were plated out in 25 cm2 flasks and transfected the 

following day with either 5 μg pcDNA3.1 (14-3-3 theta) or 5 µg pcDNA3.1 (14-3-3 

zeta) as described in Section 2.12.6.  Cells transfected with 5 μg pcDNA3.1 served as a 

negative control.  Twenty-four hr after transfection, cells were washed twice with PBS, 

trypsinised and resuspended in a total volume of 10 ml complete tissue culture medium.  
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Cells (1 ml) were transferred into eight wells (six wells for the ERK1/2 assay and the 

remaining two for whole cell lysate expression) of a PLL-coated (see Section 2.12.7 for 

PLL coating method) 24-well plate and left to settle overnight at 37˚C in 5% CO2.  The 

following day, the medium was aspirated and cells were washed twice with PBS.  Cells 

were serum-starved in 1 ml DMEM containing 0.2% BSA and 1.5 mM Cao
2+ and 

incubated overnight at 37̊ C in 5% CO 2.  The following day the medium was removed 

and the cells were pre-incubated in serum-starved medium, which consisted of 0.5 mM 

Cao
2+ in PSS containing 0.2% BSA, for 30 min at 37̊ C in 5% CO 2.  After 30 min, cells 

(in duplicate) were left untreated or treated with 1, 2 or 4 mM Cao
2+ in PSS containing 

0.1% BSA for 5 min at 37̊ C in 5% CO 2.  The reaction was terminated on ice by 

aspirating the medium and adding 1 ml ice cold PBS to the cells.  The PBS was 

removed and 100 μl of MAPK lysis buffer was added to the cells on ice.  The plates 

were stored at -80˚C until lysis. 

 

Cells were scraped off in MAPK lysis buffer and duplicate treatments were pooled.  

Cells were centrifuged at 13,000 rpm for 3 min at room temperature and the protein in 

the lysate was quantitated using a BCA protein assay kit.  Protein (20 µg) was resolved 

by SDS-PAGE (10% gel) and transferred to a nitrocellulose membrane for 

immunodetection.  After Ponceau S staining, the membrane was blocked in a solution 

made up of 5% BSA in 0.2% TBS-T followed by incubation for 1 hr with rabbit 

phospho-ERK1/2 primary antibody (1:1000) made up in 5% BSA in 0.2% TBS-T.  The 

membrane was washed three times in 0.2% TBS-T for 5 min.  Goat anti-rabbit 

secondary antibody conjugated with HRP (1:10,000) made up in 5% BSA in 0.2% TBS-

T was added to the membrane and incubated for 1 hr.  The membrane was again washed 

three times in 0.2% TBS-T for 5 min.  Chemiluminescence detection was performed 

using Western Lightning Chemiluminescence Reagent Plus.  Following phospho-

ERK1/2 detection, the nitrocellulose membrane was stripped for re-use (see Section 

2.13.6).  Subsequent immunodetection was as described above except for the use of 

rabbit anti-ERK1/2 primary antibody (1:5000) for 1 hr, followed by goat anti-rabbit 

HRP secondary antibody (1:10,000) for 1 hr, both made up in 5% BSA in 0.2% TBS-T.   

 

14-3-3 theta and 14-3-3 zeta protein in whole cell lysates were detected separately by 

Western blot analysis using rabbit anti-14-3-3 theta and 14-3-3 zeta primary antibodies, 

respectively.  Cell lysis, protein separation and blotting were performed as described in 

Section 4.2.2.1.  After Ponceau S staining, membranes were blocked in 5% skim milk 



Chapter 5 – The Role of 14-3-3 Proteins in CaR Cell Signalling and Expression 
 

 138 

powder in TBS for 1 hr, followed by 14-3-3 theta (1:250) or 14-3-3 zeta (1:400) 

primary antibodies (made up in TBS) which were also incubated for 1 hr.  The 

membranes were washed three times for 5 min in 0.2% TBS-T.  Secondary goat anti-

rabbit antibody conjugated with HRP (1:10,000) made up in TBS was added to the 

membranes for 1 hr, which were then washed three times for 5 min in 0.2% TBS-T.  

Chemiluminescence detection was performed using Western Lightning 

Chemiluminescence Reagent Plus.    

 

ERK1/2 assays using EGFP-tagged 14-3-3 constructs were performed in an identical 

manner to that described above except that rabbit anti-GFP primary antibody was used 

for immunodetection as described in Section 4.2.2.1.   

 

5.2.3.2 - ERK1/2 assay after 14-3-3 zeta knockdown in HEK-293/CaR cells  

HEK-293/CaR cells (1.6 x 106) were plated out on day 1 and transfected on day 2 with 

the 14-3-3 zeta siRNA oligonucleotide primer as described in Section 5.2.2.  Cells 

transfected with a negative siRNA sequence served as a control.  Early on day 3, cells 

were transferred to a PLL-coated 24-well plate as described in Section 5.2.3.1.  Later in 

the day, the cells were serum-starved overnight, stimulated the following day and 

ERK1/2 assays performed as described in Section 5.2.3.1. 

 

Following knockdown, the level of 14-3-3 zeta protein expression was detected using 

rabbit anti-14-3-3 zeta primary antibody as described in Section 5.2.3.1. 

 

5.2.4 - Luciferase assay 

5.2.4.1 - Luciferase assay using 14-3-3 constructs in HEK-293/CaR cells 

HEK-293/CaR cells (1.6 x 106) cells were plated out into 25 cm2 flasks and transfected 

the following day with 1 μg pSRE-Luc and either 2 μg of pcDNA3.1 (14-3-3 theta) or 2 

μg pcDNA3.1 (14-3-3 zeta) as described in Section 2.12.6.  Cells transfected with 1 μg 

pSRE-Luc and 2 μg pcDNA3.1 served as a negative control.  At the end of the 

following day, cells were washed twice with PBS, trypsinised and resuspended in a total 

volume of 6 ml DMEM containing 0.5 mM Cao
2+, 0.1% BSA and 

penicillin/streptomycin.  Cell suspension (1 ml) was transferred into each of six wells of 

a PLL-coated 24-well plate and left to settle overnight at 37̊C in 5% CO 2.  On the 

following day, three wells were stimulated with 0.5 mM Cao
2+ and the remainder with 5 

mM Cao
2+ for 7 hr in DMEM containing 0.1% BSA and penicillin/streptomycin.  The 
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stimulation medium was then removed and cells lysed in 180 μl luciferase lysis buffer 

for 10 min on ice by gentle agitation on a rocker.  Plates were sealed and frozen 

overnight at -70˚C.  The following day, the plate of cells was defrosted on ice and the 

cells from each well scraped with the tip of a yellow pipette tip into a fresh Eppendorf 

tube and centrifuged for 5 min at 13,000 rpm at 4˚C.  Clarified cell lysate was  

transferred to a fresh Eppendorf tube and the protein concentration was determined 

using a Bradford protein assay (see Section 2.13.3).  Protein lysate of 50 μl was 

transferred to the wells of an Optiplate and 50 μl of luciferase reagent (which 

constituted room-temperature equilibrated luciferase substrate re-constituted with 10 ml 

luciferase buffer provided by the Luciferase Assay System kit) was automatically 

injected into each well using a POLARstar Optima luminometer.  Luciferase activity 

was measured at 20 sec intervals.  Luciferase activity readings were normalised to 

luciferase activity per μg of protein per sample. 

 

From separate 25 cm2 flasks, CaR, 14-3-3 theta and 14-3-3 zeta proteins in whole cell 

lysate were detected by Western blot analysis using mouse anti-CaR-ADD (1:1000), 

rabbit anti-14-3-3 theta (1:250) and rabbit anti-14-3-3 zeta (1:400) primary antibodies, 

respectively.  After Ponceau S staining, membranes were blocked in 5% skim milk 

powder in TBS for 1 hr followed by the primary antibody made up in TBS for 1 hr.  The 

membranes were washed three times for 5 min in 0.2% TBS-T.  Secondary goat anti-

rabbit antibody conjugated with HRP (1:10,000) for 14-3-3 theta and 14-3-3 zeta, and 

secondary goat anti-mouse antibody conjugated with HRP (1:10,000) for CaR-ADD 

made up in TBS, were added to the membranes and incubated for 1 hr.  The membranes 

were washed three times for 5 min in 0.2% TBS-T.  Chemiluminescence detection was 

performed using Western Lightning Chemiluminescence Reagent Plus.    

 

5.2.4.2 - Luciferase assay using 14-3-3 constructs in M2 and A7 cells 

M2 and A7 cells (3.9 x 106) were plated out into 75 cm2 flasks and transfected the 

following day with 6 μg of pcDNA3.1 (CaR-FLAG) as described in Section 2.12.6.  At 

the end of the day, cells from each flask were distributed into three 25 cm2 flasks and 

allowed to settle overnight.  Twenty-four hr after transfection, cells were transfected 

with 1 μg pSRE-Luc and either 2 μg pcDNA3.1 (14-3-3 theta) or 2 μg pcDNA3.1 (14-3-

3 zeta) as described in Section 5.2.4.1.  Cells transfected with 1 μg pSRE-Luc and 2 μg 

pcDNA3.1 served as a negative control.  Cells were transferred to six wells of a PLL-
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coated 24-well plate, stimulated, lysed and measured for luciferase activity as described 

in Section 5.2.4.1. 

 

Protein levels of 14-3-3 theta and 14-3-3 zeta in whole cell lysates were determined as 

described in Section 5.2.4.1.  The CaR was detected similarly to that described in 

Section 5.2.4.1, however with the use of mouse anti-FLAG primary antibody (1:1000) 

and secondary goat anti-mouse antibody conjugated with HRP (1:10,000), both made up 

in TBS with incubation for 1 hr.   

 

5.2.4.4 - Luciferase assay after 14-3-3 zeta knockdown in HEK-293/CaR cells 

HEK-293/CaR cells (1.6 x 106) were plated out into 25 cm2 flasks on day 1 and 

transfected on day 2 with 14-3-3 zeta siRNA oligonucleotide primer as described in 

Section 5.2.2.  Cells transfected with a negative siRNA sequence served as a control.  

On day 3, cells in each flask were transfected with 1 μg of pSRE-Luc as described in 

Section 2.12.6.  At the end of day 4, cells from each flask were transferred to six wells 

of a PLL-coated 24-well plate, and then on day 5 the cells were stimulated, lysed and 

measured for luciferase activity as described in Section 5.2.4.1. 

 

CaR protein expression and 14-3-3 zeta protein expression after siRNA knockdown 

were detected using mouse anti-CaR-ADD and rabbit anti-14-3-3 zeta primary antibody, 

respectively, as described in Section 5.2.4.1.   

 

5.2.5 - Effect of 14-3-3 zeta on CaR-mediated cell morphology 

5.2.5.1 - 14-3-3 zeta over-expresssion 

HEK-293/CaR cells (1.6 x 106) cells were plated out into 25 cm2 flasks on day 1 and 

transfected on day 2 with 2 μg pcDNA3.1 (14-3-3 zeta) as described in Section 2.12.6 .  

Cells transfected with 2 μg pcDNA3.1 served as a control.  At the end of day 3, cells 

were washed twice with PBS, trypsinised and resuspended in a total volume of 6 ml 

DMEM containing 0.5 mM Cao
2+, 0.1% BSA and penicillin/streptomycin (low calcium 

DMEM).  Cell suspension volumes of 250, 500 and 750 µl from each flask were 

transferred into duplicate wells of a 6-well plate containing PLL-coated coverslips.  

Each well was made up to 2 ml with the low calcium DMEM and the cells left to settle 

overnight at 37̊ C in 5% CO 2.  On day 4, cells in three wells (containing 250, 500 and 

750 µl cell suspension) from each plate were stimulated with 0.5 mM Cao
2+ and the 

remaining three wells with 5 mM Cao
2+ for 7 hr in DMEM containing 0.1% BSA and 
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penicillin/streptomycin.  Cells were then washed twice with PBS and fixed with 4% 

paraformaldehyde for 20 min.  The paraformaldehyde was removed and cells were 

stored in PBS at 4˚C until ready for microscopic analysis.  Cells on the coverslips were 

counted for each treatment from five random fields-of-view, and the experiment 

repeated three times.  Cells were distinguished by their ‘round’ or ‘spindle-shaped’ 

morphology signifying CaR-mediated cytoskeletal changes (Davies et al., 2006; Pollard 

and Cooper, 2009).  Rounded cells, displaying process retraction, represented cells 

eliciting CaR-mediated morphological changes.  Spindle-shaped or stellate cells 

represented cells not displaying CaR-mediated morphological changes (Davies et al., 

2006). 

 

5.2.5.2 - 14-3-3 zeta knockdown 

HEK-293/CaR cells (1.6 x 106) were plated out into 25 cm2 flasks on day 1 and 

transfected on day 2 with 14-3-3 zeta siRNA oligonucleotide primer as described in 

Section 5.2.2.  Cells transfected with a negative siRNA sequence served as a control.  

At the end of day 3, cells were transferred into each well of a 6-well plate containing 

fibronectin-coated coverslips and stimulated, prepared for microscopic analysis and 

observed for changes to cell morphology as described in Section 5.2.5.1. 

 

5.2.6 - CaR cell surface expression assays and confocal fluorescence microscopy 

5.2.6.1 - Cell surface biotinylation assay 

HEK-293 cells (4.8 x 106 cells) were plated out into 75 cm2 flasks and transfected the 

following day with either 6 μg pCDNA3.1 (CaR-FLAG) or 6 μg pcDNA3.1 (CaR-

FLAG-RKR/AAA) as described in Section 2.12.6.  Forty-eight hr after transfection, 

cells were washed twice with ice cold PBS and then treated with 625 μl of 50 μg/ml 

biotin in PBS for 15 min at room temperature.  Cells were washed twice very gently 

with PBS and lysed with 500 μl cold cell lysis buffer containing iodoacetamide and 

protease inhibitors.  Cells were then scraped off and passed through a 25 gauge needle 

10 times then centrifuged for 30 min at 4˚C and the clarified lysate was transferred to a 

fresh Eppendorf tube and quantitated for protein.  Mouse anti-FLAG antibody (5 μg) 

was added to lysate containing 5 mg protein and the volume was adjusted to 1 ml with 

cell lysis buffer containing protease inhibitors, without iodoacetamide.  The 

lysate/antibody mixture was rotated overnight at 4˚C; 5 μl of rat anti-mouse IgG was 

added and rotation continued for 1 hr at 4˚C.  The mixture was added to 30 μl of washed 

Protein G Sepharose beads and rotated for 1 hr at 4˚C.  Protein retained on the beads 
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was eluted in 50 μl of 2x sample buffer by incubating for 5 min at room temperature.  

After centrifugation (1 min, 13,000 rpm), protein in 30 μl of the eluate was resolved on 

an SDS-PAGE gel (7.5%) and transferred to a nitrocellulose membrane for 

immunodetection.  After Ponceau S staining, the membrane was washed in DDW for 5 

min and then in BT buffer (see Section 2.9) for 5 min.  The membrane was blocked in 

5% SMP in 0.2% TBS-T for 1 hr, then incubated with avidin-HRP (1:1000) made up in 

5% SMP in 0.2% TBS-T for 1 hr.  The membrane was then washed twice in TBS-T for 

5 min and twice in TBS for 5 min.  Chemiluminescence detection was performed using 

Western Lightning Chemiluminescence Reagent Plus.   

 

5.2.6.2 - Confocal fluorescence microscopy 

HEK-293 cells (1.6 x 106 cells) were plated out and transfected the following day with 

either 2 μg pcDNA3.1 (CaR-FLAG) or 2 μg pcDNA3.1 (CaR-FLAG-RKR/AAA) 

mutant as described in Section 2.12.6.  The cells were processed and stained according 

to the method described in Section 2.12.8.  The CaR was detected using mouse anti-

FLAG primary antibody (1:1000) followed by goat anti-mouse Alexa Fluor 546 

secondary antibody (1:400).  The ER was stained using rabbit anti-PDI polyclonal 

primary antibody (1:750) followed by goat anti-rabbit Alexa Fluor 647 secondary 

antibody (1:400). 

 

5.2.6.3 - ELISA-based intact cell surface expression assay 

5.2.6.3.1 - 14-3-3 theta and 14-3-3 zeta over-expression 

HEK-293 cells (3.9 x 106) were plated out on day 1 into 75 cm2 flasks and transfected 

on day 2 with 6 μg pcDNA3.1 (FLAG-CaR) as described in Section 2.12.6.  The 

FLAG-CaR construct is an N-terminal tagged construct where the FLAG tag has been 

inserted into the CaR between amino acids 371 and 372.  Cells transfected with 6 μg 

pcDNA3.1 served as a negative control.  At the end of day 2, cells from each flask were 

seeded separately into 12 wells of two PLL-coated 6-well plates at a density of 5x105 

cells per well and left to settle overnight.  On day 3, the cells in four wells were 

transfected with 1 μg pcDNA3.1 (14-3-3 theta) or 1 μg pcDNA3.1 (14-3-3 zeta) as 

described in Section 2.12.6.  Cells transfected with 1 μg pcDNA3.1 served as a negative 

control.  On day 5, the medium from the three wells of each plasmid treatment was 

removed and the cell monolayers in each well were incubated in 1 ml DMEM 

containing 10% FCS and 2.4 μg anti-FLAG antibody with gentle rocking for 1.5 hr at 

4˚C.  Following removal of medium containing FLAG antibody, cells were gently 
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washed three times with PBS then detached and scraped into an Eppendorf tube with 1 

ml PBS which was centrifuged at 1,500 rpm for 5 min at 4˚C.  The supernatant was 

removed and the cells were suspended in 1 ml DMEM containing 10% FCS and 0.2 μl 

of goat anti-mouse HRP antibody and incubated with gentle agitation for 1 hr at 4̊C.  

After centrifugation and removal of the medium, the cells were washed three times by 

resuspension in 1 ml ice-cold PBS and centrifugation at 1,500 rpm for 2 min at 4˚C.  

After removal of the final the supernatant, the cells were resuspended in 200 μl of TMB 

liquid substrate for 20 min at room temperature in the dark to allow for colour 

development.  The cell suspension was centrifuged at 1,500 rpm for 5 min at room 

temperature and 50 μl of supernatant was aliquotted in triplicate into a 96-well clear 

microtitre plate.  The reaction was stopped by adding 50 μl 1 M HCl to each well and 

the plate was read using a POLARstar Optima luminometer at an absorbance of 450 nm.   

 

Whole cell lysate protein levels of 14-3-3 theta and 14-3-3 zeta from the remaining one 

well from each treatment were determined as described in Section 5.2.4.1.  The CaR 

was detected similarly to that described in Section 5.2.4.2.   

  

5.2.6.3.2 - 14-3-3 zeta knockdown 

HEK-293 cells (3.9 x 106) were plated out on day 1 into 75 cm2 flasks and transfected 

on day 2 with 6 μg N-terminal tagged FLAG-CaR as described in Section 5.2.6.3.1.  At 

the end of day 2, cells were seeded separately into eight wells of two PLL-coated 6-well 

plates as described in Section 5.2.6.3.1.  On day 3, the cells in three wells were 

transfected with 14-3-3 zeta siRNA oligonucleotide primer as described in Section 5.2.2.  

Cells transfected with a negative siRNA sequence served as a control.  On day 5, cells 

were examined for cell surface expression of the CaR as described in Section 5.2.6.3.1.  

 

The level of 14-3-3 zeta expression following knockdown was determined in the 

remaining well as described in Section 5.2.3.1.   

 

5.2.7 - Densitometry  

Western blot films were scanned using a ScanJet 6200C scanner and protein bands were 

analysed using Scion Image software version 4.0.3.2. 
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5.2.8 - Statistical analysis 

Statistical significance for all experiments measuring CaR-mediated SRE activity was 

determined using one-way analysis of variance.  Values generated for SRE activity 

represent the mean ± standard error (SE) of the mean of three separate experiments each 

performed in triplicate, with the error bars representing the SE.  Statistical significance 

for the experiment examining CaR-mediated changes to the cell cytoskeleton was 

determined using a Pearson Chi-Square test.  All statistical analyses were performed 

using SPSS, version 18.0.   

 

5.3 - Results 
5.3.1 - The efficacy of 14-3-3 zeta knockdown as determined by Western blot 

analysis 

The knockdown of only the 14-3-3 zeta isoform was pursued as it is a more commonly 

studied 14-3-3 isoform compared to 14-3-3 theta, and also due to its contribution to 

ERK1/2 cell signalling.  siRNA targeting of 14-3-3 zeta in HEK-293/CaR cells was 

optimised by transfecting with oligonucleotide primer reagent concentrations ranging 

from 1 to 20 nM.  Best results were obtained with 20 nM siRNA oligonucleotide primer, 

which achieved an apparent partial knockdown (50%) of 14-3-3 zeta protein as 

determined by Western blot analysis using anti-14-3-3 zeta antibody and subsequent 

densiotometric analysis (Figure 5.1A and B).  Although this antibody has predominant 

specificity for 14-3-3 zeta protein, it is also able to recognise to a lesser extent the 14-3-

3 beta and 14-3-3 sigma isoforms.  It is possible then that the protein band attributed to 

residual 14-3-3 zeta might also contain endogenous 14-3-3 beta and 14-3-3 sigma.  The 

level of knockdown therefore, might in fact be greater than the 50.5% determined in this 

study. 

 

5.3.2 - The role of 14-3-3 proteins in CaR-mediated ERK1/2 cell signalling 

5.3.2.1 - Neither 14-3-3 theta nor 14-3-3 zeta affect CaR-mediated activation of the 

ERK1/2 cell signalling pathway in HEK-293/CaR cells 

Based on the previous findings of CaR and 14-3-3 protein involvement in the MAPK 

cell signalling pathway, it is possible that 14-3-3 proteins act to modulate CaR-mediated 

ERK1/2 signalling (Fantl et al., 1994; Fu et al., 2000; Kifor et al., 2001; McNeil et al., 

1998).  To investigate whether over-expression of 14-3-3 theta or 14-3-3 zeta had an 

effect on CaR-mediated activation of ERK1/2 cell signalling, ERK1/2 phosphorylation 

was assayed in HEK-293/CaR cells using untagged 14-3-3 theta and 14-3-3 zeta  
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Figure 5.1 - 14-3-3 zeta knockdown optimisation in HEK-293/CaR cells using 

varying concentrations of siRNA oligonucleotide primer.  (A) Western blot analysis 

showing levels of knockdown in lysates from cultures treated for 48 hr with 1, 5, 10 or 

20 nM negative control siRNA (N) or siRNA targeting 14-3-3 zeta (Z).  (B) 

Densitometric analysis of 14-3-3 zeta knockdown at 20 nM.  The results presented in 

this figure are representative of two separate experiments. 
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constructs.  HEK-293/CaR cells were transfected with pcDNA3.1 (14-3-3 theta) or 

pcDNA3.1 (14-3-3 zeta) and were left unstimulated or stimulated with 1, 2 or 4 mM 

Cao
2+ for 5 min in PSS after overnight serum starvation.  As shown in Figures 5.2A and 

5.3A, increasing Cao
2+ stimulation of the CaR increased ERK1/2 phosphorylation within 

5 min, however neither over-expressed 14-3-3 theta nor 14-3-3 zeta modulated CaR-

mediated ERK1/2 phosphorylation.  There was no observable difference in the amount 

of total ERK1/2 during the 5 min treatment with Cao
2+ with the exception of cells 

treated with 4 mM Cao
2+, which had noticeably reduced total ERK1/2 activity compared 

to lower levels of stimulation (Figures 5.2A and 5.3A).  Ectopic 14-3-3 theta and 14-3-3 

zeta expression was confirmed using Western blot analysis which showed that both 14-

3-3 isoforms were clearly over-expressed (Figures 5.2B and 5.3B, respectively).   

 

The ERK1/2 assays were repeated in the same manner with EGFP-tagged 14-3-3 theta 

and 14-3-3 zeta since co-immunoprecipitation experiments were performed with EGFP-

tagged 14-3-3 isoforms (Figures 5.4 and 5.5, respectively).  Essentially identical results 

were obtained, with the exception of 4 mM Cao
2+ stimulation, which did not display 

reduced total ERK1/2 activity as seen with untagged 14-3-3 isoforms.     

 

5.3.2.2 - CaR-mediated ERK1/2 cell signalling is not modulated by 14-3-3 zeta 

knockdown in HEK-293/CaR cells 

To investigate whether the knockdown of 14-3-3 zeta had an affect on CaR-mediated 

ERK1/2 cell signalling, ERK1/2 phosphorylation was assayed in HEK-293/CaR cells in 

which 14-3-3 zeta had been knocked down using siRNA technology.  HEK-293/CaR 

cells were transfected with a negative control or 14-3-3 zeta knockdown oligonucleotide 

primer.  Forty-eight hr after transfection, the cells were left untreated or treated with 1, 2 

or 4 mM Cao
2+ for 5 min in PSS after overnight serum starvation.  As shown in Figure 

5.6A, increasing Cao
2+ stimulation of the CaR increased ERK1/2 phosphorylation within 

5 min, however 14-3-3 zeta knockdown had no influence on CaR-mediated ERK1/2 

phosphorylation at any Cao
2+ concentration.  The amount of total ERK1/2 between the 

negative control and 14-3-3 knockdown test was not changed significantly during the 5 

min treatment at any Cao
2+ concentration.  However, the cells treated with 2 and 4 mM 

Cao
2+ showed a dose-dependent reduction in total ERK1/2 activity compared to cells 

treated with 0 and 1 mM Cao
2+ (Figure 5.6A).  
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Figure 5.2 - Measurement of the influence of untagged 14-3-3 theta on CaR-

mediated ERK1/2 phosphorylation in HEK-293/CaR cells.  (A) CaR-mediated 

ERK1/2 phosphorylation was measured in HEK-293/CaR cells transfected with empty 

vector or untagged 14-3-3 theta 72 hr post-transfection.  Cells were left untreated or 

treated with 1, 2 or 4 mM Cao2+ in PSS for 5 min and the proteins extracted, separated 

by SDS-PAGE and measured for ERK1/2 phosphorylation using Western blot analysis 

with an anti-phospho-ERK1/2 antibody.  The membrane was stripped to remove 

antibody and total ERK was measured using an anti-total ERK antibody.  (B) Over-

expressed 14-3-3 theta expression was verified in representative lysates by parallel 

Western blot analysis using an anti-14-3-3 theta antibody.  The results presented in this 

figure are representative of two separate experiments. 

 

 

 

 

 

 



Chapter 5 – The Role of 14-3-3 Proteins in CaR Cell Signalling and Expression 
 

 148 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3 - Measurement of the influence of untagged 14-3-3 zeta on CaR-

mediated ERK1/2 phosphorylation in HEK-293/CaR cells.  (A) CaR-mediated 

ERK1/2 phosphorylation was measured in HEK-293/CaR cells transfected with empty 

vector or untagged 14-3-3 zeta 72 hr post-transfection.  Cells were left untreated or 

treated with 1, 2 or 4 mM Cao2+ in PSS for 5 min and the proteins extracted, separated 

by SDS-PAGE and measured for ERK1/2 phosphorylation using Western blot analysis 

with an anti-phospho-ERK1/2 antibody.  The membrane was stripped to remove 

antibody and total ERK was measured using an anti-total ERK antibody.  (B) Over-

expressed 14-3-3 zeta expression was verified in representative lysates by parallel 

Western blot analysis using an anti-14-3-3 zeta antibody.  The results presented in this 

figure are representative of two separate experiments. 
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Figure 5.4 - Measurement of the influence of EGFP-tagged 14-3-3 theta on CaR-

mediated ERK1/2 phosphorylation in HEK-293/CaR cells.  (A) CaR-mediated 

ERK1/2 phosphorylation was measured in HEK-293/CaR cells transfected with EGFP 

or EGFP-14-3-3 theta 72 hr post-transfection.  Cells were left untreated or treated with 1, 

2 or 4 mM Cao2+ in PSS for 5 min and the proteins extracted, separated by SDS-PAGE 

and measured for ERK1/2 phosphorylation using Western blot analysis with an anti-

phospho-ERK1/2 antibody.  The membrane was stripped to remove antibody and total 

ERK was measured using an anti-total ERK antibody.  (B) EGFP and EGFP-14-3-3 

theta expression were verified in representative lysates by parallel Western blot analysis 

using an anti-GFP antibody.  The results presented in this figure are representative of 

three separate experiments. 
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Figure 5.5 - Measurement of the influence of EGFP-tagged 14-3-3 zeta on CaR-

mediated ERK1/2 phosphorylation in HEK-293/CaR cells.  (A) CaR-mediated 

ERK1/2 phosphorylation was measured in HEK-293/CaR cells transfected with EGFP 

or EGFP-14-3-3 zeta 72 hr post-transfection.  Cells were left untreated or treated with 1, 

2 or 4 mM Cao2+ in PSS for 5 min and the proteins extracted, separated by SDS-PAGE 

and measured for ERK1/2 phosphorylation using Western blot analysis with an anti-

phospho-ERK1/2 antibody.  The membrane was stripped to remove antibody and total 

ERK was measured using an anti-total ERK antibody.  (B) EGFP and EGFP-14-3-3 zeta 

expression were verified in representative lysates by parallel Western blot analysis with 

an anti-GFP antibody.  The results presented in this figure are representative of three 

separate experiments. 
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Figure 5.6 - Measurement of the influence of 14-3-3 zeta knockdown on CaR-

mediated ERK1/2 phosphorylation in HEK-293/CaR cells.  (A) CaR-mediated 

ERK1/2 phosphorylation was measured 48 hr after transfection in HEK-293/CaR cells 

in which 14-3-3 zeta had been knocked down using siRNA technology (as described in 

Section 5.2.2).  Cells were left untreated or treated with 1, 2 or 4 mM Cao2+ in PSS for 

5 min and the proteins extracted, separated by SDS-PAGE and measured for ERK1/2 

phosphorylation using Western blot analysis with an anti-phospho-ERK1/2 antibody.  

The membrane was stripped to remove antibody and total ERK was measured using an 

anti-total ERK antibody.  (B) Knockdown of 14-3-3 zeta was verified in lysates by 

parallel Western blot analysis using an anti-14-3-3 zeta antibody.  The results presented 

in this figure are representative of three separate experiments. 
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The level of 14-3-3 zeta knockdown was determined in parallel experiments using 

Western blot analysis, which demonstrated approximately 50% reduction in the level of 

14-3-3 zeta expressed when an siRNA oligonucleotide primer directed to 14-3-3 zeta 

was applied (Figure 5.6B).  

 

5.3.3 - The role of 14-3-3 proteins in CaR-mediated Rho signalling and subsequent 

SRE activity 

5.3.3.1 - Both 14-3-3 theta and 14-3-3 zeta inhibit CaR-mediated SRE activity as 

measured by a luciferase assay in HEK-293/CaR cells 

To gain insight into a possible role for 14-3-3 proteins in CaR-mediated Rho signalling, 

CaR-mediated SRE activity was examined using a pSRE-Luc plasmid containing an 81 

bp segment of the c-fos promoter attached to the luciferase gene (Pi et al., 2002; 

Yamauchi et al., 1993).  The Rho family of GTPases can activate the c-fos SRE (Hill et 

al., 1995).  Since 14-3-3 proteins bind to a region on the human CaR tail (amino acids 

865-922) that overlaps with a region that might be important for CaR-mediated Rho 

signalling (amino acids 906-979), the effect of over-expression of untagged 14-3-3 theta 

and 14-3-3 zeta on the modulation of CaR-mediated SRE activity in HEK-293/CaR 

cells was investigated (Pi et al., 2002).  Our laboratory initially demonstrated that HEK-

293 cells do not elicit SRE activity in the absence of CaR expression (Dr Aaron Magno, 

personal communication).  Briefly, pcDNA3.1 (14-3-3 theta) or pcDNA3.1 (14-3-3 

zeta), and the pSRE-Luc reporter construct were transfected into HEK-293/CaR cells 

and the cells stimulated with 0.5 mM or 5 mM Cao
2+ for 7 hr and measured for SRE 

activity.  Compared to the empty vector negative control (pcDNA3.1), both 14-3-3 theta 

and 14-3-3 zeta inhibited CaR-mediated SRE activity at a comparable level when 

stimulated with 5 mM Cao
2+ (Figure 5.7A).  Interestingly, cells over-expressing 14-3-3 

theta, when stimulated with 0.5 mM Cao
2+, elicited a significantly higher level of SRE 

activity compared to the empty vector control and 14-3-3 zeta (Figure 5.7A).  Myc-

tagged 14-3-3 isoforms also showed a trend to inhibited CaR-mediated SRE activity 

compared to the empty vector control (results not shown), although the results did not 

reach significance.   

 

Levels of ectopic 14-3-3 theta and 14-3-3 zeta protein expression, as well as stably 

expressed CaR, were determined by Western blotting analysis (Figure 5.7B).  14-3-3 

theta was clearly over-expressed; however this was not apparent with 14-3-3 zeta.  The  
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Figure 5.7 - The influence of untagged 14-3-3 theta and 14-3-3 zeta on CaR-

mediated SRE activity in HEK-293/CaR cells.  (A) HEK-293/CaR cells were 

transfected with pSRE-Luc and either empty vector or untagged 14-3-3 theta or 14-3-3 

zeta.  The following day, cells were stimulated with 0.5 mM or 5 mM Cao2+ for 7 hr, 

after which the cells were lysed and the lysates frozen overnight.  Lysates were 

measured for protein and luciferase activity to assess SRE stimulation.  Values for 

luciferase activity were normalised for protein levels and represent the mean ± standard 

error of the mean of four separate experiments each performed in triplicate.  Values 

sharing the same annotation are not statistically significant, whereas values sharing a 

different annotation are statistically significant (p<0.05).  (B) Endogenous and over-

expressed 14-3-3 theta and14-3-3 zeta, and stably expressed CaR were verified in 

lysates by Western blot analysis using anti-14-3-3 theta, anti-14-3-3 zeta, and anti-CaR-

ADD antibodies, respectively.   
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CaR levels in the stable HEK-293 cells were equivalently expressed across the three 

treatments.   

 

5.3.3.2 - Neither 14-3-3 theta nor 14-3-3 zeta influence CaR-mediated SRE activity in 

M2 cells 

Filamin is one of several proteins required for optimal CaR-mediated SRE activity (Pi et 

al., 2002).  M2 cells were employed to determine whether over-expression of 14-3-3 

theta and 14-3-3 zeta had an effect on CaR-mediated SRE activity in the context of a 

cell line which did not express filamin.  The absence of filamin expression in M2 cells 

was initially confirmed by Western blot analysis using a filamin 1 monoclonal antibody 

(Figure 5.8A).  Rather than relying on endogenous CaR for these experiments, we 

decided to transfect M2 cells with ectopic CaR-FLAG as the absence of filamin in M2 

cells may contribute to low levels of endogenous CaR, since filamin is known to protect 

the CaR from degradation (Zhang M and Breitwieser, 2005).  Briefly, after CaR-FLAG 

was transfected into M2 cells, pcDNA3.1 (14-3-3 theta) or pcDNA3.1 (14-3-3 zeta), and 

the pSRE-Luc reporter construct were transfected into the same cells the following day 

and the cells stimulated and measured for SRE activity.  The overall levels of CaR-

mediated SRE activity in M2 cells were found to be significantly reduced (almost an 

order of magnitude lower) compared to HEK-293 cells.  In addition, it was found that 

over-expression of either 14-3-3 theta or 14-3-3 zeta did not modulate CaR-mediated 

SRE activity when compared to an empty vector control (Figure 5.9A).   

 

Ectopic 14-3-3 theta, 14-3-3 zeta and CaR-FLAG protein expression were measured by 

Western blot analysis in parallel experiments (Figure 5.9B).  14-3-3 theta was clearly 

over-expressed but 14-3-3 zeta was not.  CaR-FLAG showed equivalent levels of 

protein expression across the three treatments. 

   

5.3.3.3 - Neither 14-3-3 theta nor 14-3-3 zeta influence CaR-mediated SRE activity in 

A7 cells 

The results obtained in Section 5.3.3.2 prompted the determination of the influence of 

14-3-3 theta and 14-3-3 zeta on CaR-mediated SRE activity in M2 cells stably 

expressing filamin (A7 cells).  A7 cells were employed to determine whether 14-3-3 

proteins, in the presence of filamin, could re-establish CaR-mediated inhibition of SRE 

activity seen in HEK-293/CaR cells.  The presence of filamin expression in A7 cells 

was initially confirmed using a filamin 1 monoclonal antibody but was found to be  
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Figure 5.8 - Confirmation of the absence of filamin in (A) M2 cells and the 

presence of filamin in (B) A7 cells by Western blot analysis.  (A) Equivalent amounts 

of protein (50 μg) were loaded for each sample.  Lane 1 represents HEK-293 cells 

(positive control);  lane 2, M2 cells.  (B)  Equivalent amounts of protein (35 μg) were 

loaded for each sample.  Lane 1 represents A7 cells; lane 2, HEK-293/CaR cells 

(positive control).  Tubulin was assessed to demonstrate equal loading of all samples. 
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Figure 5.9 - The influence of 14-3-3 theta and 14-3-3 zeta on CaR-mediated SRE 

activity in M2 cells.  (A) M2 cells transfected initially with CaR-FLAG were 

transfected the following day with pSRE-Luc and empty vector, 14-3-3 theta or 14-3-3 

zeta.  The following day, cells were stimulated with 0.5 mM or 5 mM Cao2+ for 7 hr, 

after which the cells were lysed and the lysates frozen overnight.  Lysates were 

measured for protein and for luciferase activity to assess SRE activity.  Values for 

luciferase activity were normalised for protein levels and represent the mean ± standard 

error of the mean of three separate experiments each performed in triplicate.  Values 

sharing the same annotation are not statistically significant (p<0.05), whereas values 

sharing a different annotation are statistically significant (p=0.001).  (B) Endogenous 

and over-expressed 14-3-3 theta, 14-3-3 zeta and CaR-FLAG were verified in lysates 

using anti-14-3-3 theta, anti-14-3-3 zeta and anti-FLAG antibodies, respectively.   
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considerably less than in HEK-293/CaR cells (Figure 5.8B).  Experiments were 

performed as described above for M2 cells, and samples measured for SRE activity.  It 

was found that neither over-expression of 14-3-3 theta nor 14-3-3 zeta modulated CaR-

mediated SRE activity (Figure 5.10A).  Additionally, the expression of filamin did not 

increase the overall levels of CaR-mediated SRE activity to the level seen in HEK-

293/CaR cells - they remained about the same as in M2 cells.   

 

Ectopic 14-3-3 theta, 14-3-3 zeta and CaR-FLAG protein expression were measured by 

Western blot analysis (Figure 5.10B).  14-3-3 theta and 14-3-3 zeta were clearly over-

expressed.  CaR-FLAG showed equivalent expression across the three treatments. 

 

5.3.3.4 - Knockdown of 14-3-3 zeta in HEK-293/CaR cells does not modulate CaR-

mediated SRE activity 

To investigate the influence of 14-3-3 zeta knockdown on CaR-mediated SRE activity, 

14-3-3 zeta was knocked down in HEK-293/CaR cells and then transfected with the 

pSRE-Luc reporter construct the following day.  Forty-eight hr after transfection of the 

14-3-3 zeta siRNA oligonucleotide primer, the cells were stimulated with 0.5 mM or 5 

mM Cao
2+ for 7 hr then assessed for SRE activity.  Results demonstrate that knockdown 

of 14-3-3 zeta does not influence SRE activity as there is no significant difference in 

SRE activity compared to the negative control (Figure 5.11A).  The level of 14-3-3 zeta 

knockdown was determined by Western blot analysis, which demonstrated an 

approximately 50% reduction in the level of 14-3-3 zeta expression (Figure 5.11B).  

Levels of stably expressed CaR in knockdown and control cells, run in parallel 

experiments, were also determined and found to be slightly lower in the knockdown 

compared to the negative control treatment (Figure 5.11B).  

  

5.3.4 - The influence of 14-3-3 zeta on CaR-mediated changes to cell morphology as 

an indicator of actin cytoskeletal organisation 

Results in this thesis show that both 14-3-3 theta and 14-3-3 zeta over-expression are 

able to independently inhibit CaR-mediated SRE activity in HEK-293/CaR cells.  

Activation of the SRE has been reported to occur through the Rho family of GTPases, 

which are powerful regulators of actin cytoskeletal organisation (Etienne-Manneville 

and Hall, 2002; Hill et al., 1995).  Furthermore, in HEK-293/CaR cells, the Rho 

signalling pathway is involved in mediating cell morphological changes, including actin 

stress fibre assembly and process retraction (Davies et al., 2006).  This suggests a role  
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Figure 5.10 - The influence of 14-3-3 theta and 14-3-3 zeta on CaR-mediated SRE 

activity in A7 cells.  (A) A7 cells transfected initially with CaR-FLAG were transfected 

the following day with pSRE-Luc and empty vector, 14-3-3 theta or 14-3-3 zeta.  The 

following day, cells were stimulated with 0.5 mM or 5 mM Cao2+ for 7 hr after which 

the cells were lysed and the lysates frozen overnight.  Lysates were measured for 

protein and for luciferase activity to assess SRE activity.  Values for luciferase activity 

were normalised for protein levels and represent the mean ± standard error of the mean 

of three separate experiments each performed in triplicate.  Values sharing the same 

annotation are not statistically significant (p<0.05), whereas values sharing a different 

annotation are statistically significant (p<0.001).  (B) Endogenous and over-expressed 

14-3-3 theta, 14-3-3 zeta and CaR-FLAG were verified in lysates using anti-14-3-3 

theta, anti-14-3-3 zeta and anti-FLAG antibodies, respectively.   
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Figure 5.11 - CaR-mediated Rho signalling in HEK-293/CaR cells knocked down 

for 14-3-3 zeta.  (A) HEK-293/CaR cells were transfected with a siRNA 

oligonucleotide primer targeting 14-3-3 zeta or a negative control primer.  The 

following day, cells were transfected with pSRE-Luc and 24 hr later, cells were 

stimulated with 0.5 mM or 5 mM Cao2+ for 7 hr, after which the cells were lysed and 

the lysates frozen overnight.  Lysates were measured for protein and for luciferase 

activity.  Values for luciferase activity were normalised for protein levels and represent 

the mean ± standard error of the mean of four separate experiments each performed in 

triplicate.  Values sharing the same annotation are not statistically significant (p<0.05), 

whereas values sharing a different annotation are statistically significant (p<0.001).  (B) 

Knocked down 14-3-3 zeta, and stably expressed CaR were verified in lysates by 

Western blot analysis using anti-14-3-3 zeta and anti-CaR-ADD antibodies, respectively.   
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for 14-3-3 proteins in the CaR-mediated organisation of the actin cytoskeleton.  HEK-

293/CaR cells over-expressing 14-3-3 zeta were stimulated with 0.5 mM or 5 mM 

calcium and examined microscopically to assess changes in cell morphology.  After 

treatment, cells were counted and classified by their ‘round’ or ‘spindle-shaped’ 

morphology as an indication of stress fibre assembly as demonstrated by Davies and co-

workers (Davies et al., 2006).  The experiments in this thesis revealed no significant 

differences in cell morphology between 0.5 mM or 5 mM Cao
2+-stimulated cells with or 

without 14-3-3 zeta over-expression (results not shown).  Using the same technique, 

HEK-293/CaR cells knocked down for 14-3-3 zeta and stimulated with 0.5 mM or 5 

mM Cao
2+, were examined in the same way.  Statistically significant evidence (p<0.001) 

was found for the association between cell morphology (‘round’ versus ‘spindle’) and 

cell treatment (‘negative control’ versus ‘knockdown’) when cells were stimulated with 

0.5 mM Cao
2+ but not 5 mM Cao

2+ (Table 5.1).  This result suggests that 14-3-3 zeta 

influences CaR-mediated changes to cellular morphology at low levels of Cao
2+.  

Additional staining techniques to detect specific actin cytoskeletal changes were not 

pursued due to time constraints. 

 

5.3.5 - The influence of the proposed RKR motif on CaR cell surface expression 

5.3.5.1 - The proposed RKR ER motif may not be a genuine ER retention motif for the 

CaR 

The RKR motif in the Kir6.1/2 and SUR1 subunits of the ATP-sensitive K+ channel 

(KATP) protein complex regulates the release of the KATP channel protein from the ER to 

the cell surface.  Upon mutation of the RKR motif, KATP cell surface expression is 

enhanced (Zerangue et al., 1999).  In addition, the coiled-coiled interaction between the 

GABAB receptor 1 and the GABAB receptor 2 allows the fully assembled GABAB 

heterodimer to traffick to the cell surface through GABAB receptor 2 masking the ER 

retention motif, RSRR, at amino acids 922-925 in GABAB receptor 1 (Margeta-Mitrovic 

et al., 2000).  Therefore, the finding of CaR/14-3-3 protein co-localisation in the ER 

(Figure 4.4) and the identification of a putative RKR motif in the CaR tail (especially as 

it was positioned next to the 14-3-3 consensus binding motif) initially prompted us to 

determine whether the RKR motif was a genuine ER retention motif for the CaR.  The 

CaR in which the RKR motif had been substituted with a tandem alanine sequence 

(CaR-RKR/AAA) was prepared by SDM.  The CaR and CaR-RKR/AAA mutant were 

first assessed in parallel for whole cell lysate protein expression by Western blot 

analysis and found to be equally expressed (Figure 5.12A).  The CaR and  
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Negative control *29.4% 87.6%

14-3-3 zeta knockdown 43.4% 88.0%

Table 5.1 - The influence of 14-3-3 zeta knockdown on CaR-
mediated cellular morphology in HEK-293/CaR cells at low and
high levels of Cao

2+ stimulation (% rounded cells).  

* The values in this table represent the average (%) of rounded cells (as opposed to spindle-shaped cells)
from three separate experiments.  Statistical analysis was performed using a Pearson Chi-Square test.

Treatment 0.5 mM Cao
2+ 5 mM Cao

2+

Cao
2+ concentration
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Figure 5.12 - Cell surface biotinylation experiments to determine the effect of the 

CaR RKR/AAA mutant on the cell surface expression of the CaR in HEK-293 cells.  

(A) Transfected HEK-293 cells were assessed for whole cell protein expression of CaR-

FLAG and CaR-FLAG-RKR/AAA mutant by Western blot analysis using an anti-

FLAG antibody.  Equivalent amounts of protein (40 μg) were loaded for samples and 

this was confirmed by Ponceau S staining (results not shown).  (B)  Either CaR-FLAG 

or the CaR-FLAG-RKR/AAA mutant was transfected into HEK-293 cells.  Forty-eight 

hr after transfection, cells were labelled with biotin then lysed.  Lysates were incubated 

overnight with an anti-FLAG antibody and then incubated with anti-mouse IgG the 

following day.  Following incubation, the receptor-antibody complex was immobilised 

onto Protein G Sepharose beads.  The beads were then washed and the protein eluted 

and separated by SDS-PAGE.  Proteins were assessed by Western blot analysis and cell 

surface CaR detected using avidin conjugated to peroxidase.  The results presented in 

this figure are representative of three separate experiments. 
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CaR-RKR/AAA mutant were then used in both cell surface biotinylation and confocal 

fluorescence microscopy experiments to monitor the effects of the mutation on CaR 

cellular trafficking.  Three independent cell surface biotinylation experiments 

demonstrated that there were no differences in cell surface expression between the 

mature forms of the CaR and the CaR-RKR/AAA mutant (Figure 5.12B).  Confocal 

microscopy experiments were also employed to detect possible differences in movement 

out of the ER and cell surface expression between CaR and the CaR-RKR/AAA mutant.  

There was no apparent enhancement of cell surface expression with the RKR/AAA 

mutant compared with the WT CaR, however there was little cell surface expressed CaR 

visualised in either case.  This finding, however, does not preclude the movement of the 

CaR from the ER to other intracellular organelles.  Comparison of CaR and the CaR-

RKR/AAA mutant showed no consistent differences in ER retention or intracellular 

movement in the best of three experiments although some RKR/AAA mutant-

transfected cells showed some enhanced movement of the receptor out of the ER 

compared to WT CaR-transfected cells, perhaps to the Golgi, but not to the cell 

membrane (Figure 5.13).  This, however, requires further clarification.  Primary 

antibody negative controls showed no non-specific FLAG and PDI antibody staining 

(results not shown).   

 

5.3.6 - The role of 14-3-3 proteins on CaR cell surface expression  

It was recently suggested that 14-3-3 proteins could regulate the forward transport of 

partner proteins to the cell surface using one of three proposed interaction mechanisms, 

namely scaffolding, clamping and masking (Ellgaard and Helenius, 2003; Mrowiec and 

Schwappach, 2006; Shikano et al., 2006).  Therefore, to determine whether 14-3-3 

proteins could regulate the forward transport of the CaR to the cell surface, HEK-293 

cells transfected with a FLAG-CaR construct, in which 14-3-3 theta or 14-3-3 zeta were 

over-expressed, or 14-3-3 zeta was knocked down, were measured for cell surface 

expression using an ELISA-based intact cell surface expression assay.  Initially, the 

background absorbance readings in the ELISA-based technique in cells transfected with 

pcDNA3.1, which served as a negative control for the pcDNA3.1 (FLAG-CaR), were 

determined.  Three independent assays measuring CaR cell surface expression upon 

over-expression of either 14-3-3 theta or 14-3-3 zeta demonstrated that 14-3-3 theta had 

no influence, however 14-3-3 zeta significantly decreased CaR cell surface expression 

(Figure 5.14A).   
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Figure 5.14 - The influence of over-expressed 14-3-3 theta and 14-3-3 zeta on CaR 

cell surface expression using an intact cell surface expression assay.  (A) HEK-293 

cells were transfected early in the day with FLAG-CaR.  At the end of the day, the 

transfected cells were plated out and transfected the following day with either an empty 

vector, 14-3-3 theta or 14-3-3 zeta.  Forty-eight hr after transfection, the cells were 

incubated with an anti-FLAG antibody, detached, washed with PBS and then incubated 

with goat anti-mouse HRP antibody.  The cells were resuspended in TMB substrate to 

allow for colour development.  The reaction was stopped with 1 M HCl and measured 

for absorbance at 450 nm.  Values for absorbance represent the mean ± standard error of 

the mean of three separate experiments each performed in triplicate.  Values sharing the 

same annotation are not statistically significant (p<0.05), whereas values sharing a 

different annotation are statistically significant (p=0.004).  (B) In parallel experiments, 

over-expressed 14-3-3 theta, 14-3-3 zeta, and FLAG-CaR were examined in cell lysates 

by Western blot analysis using anti-14-3-3 theta, anti-14-3-3 zeta, and anti-FLAG 

antibodies, respectively.   
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Ectopic 14-3-3 theta, 14-3-3 zeta and CaR-FLAG protein expression were measured by 

Western blot analysis (Figure 5.14B).  14-3-3 theta was clearly over-expressed, whereas 

ectopic 14-3-3 zeta levels were only slightly increased over endogenous 14-3-3 zeta 

expression levels.  Unusually, only oligomeric forms of FLAG-CaR could be detected, 

but the expression was similar across the three treatments (Figure 5.14B).   

 

Surprisingly, knockdown of 14-3-3 zeta also significantly reduced CaR cell surface 

expression in HEK-293 cells (Figure 5.15A).  The level of 14-3-3 zeta knockdown was 

determined by Western blot analysis, which demonstrated an approximately 40% 

reduction in the level of 14-3-3 zeta expression (Figure 5.15B).    

 

5.4 - Discussion 
5.4.1 - The role of 14-3-3 proteins in CaR-mediated ERK1/2 signalling 

As discussed in Chapter 1, both the CaR and 14-3-3 proteins are independently involved 

in the ERK1/2 cell signalling pathway.  Additionally, both Hjalm and co-workers and 

Awata and co-workers have shown that filamin is required for CaR-mediated ERK1/2 

activation (Awata et al., 2001; Hjalm et al., 2001).  CaR-mediated ERK1/2 activation is 

abolished in cells which do not express filamin (M2 cells) (Awata et al., 2001).  The 

region critical for filamin binding is localised to amino acids 962-981 on the CaR tail, 

however, CaR-mediated ERK1/2 activation is not abolished when this filamin binding 

site is absent, suggesting the presence of another filamin-binding site on the CaR 

(Zhang M and Breitwieser, 2005).  Zhang and co-workers proposed a second low 

affinity filamin-binding site upstream of the CaR between amino acids 860/861-886.  It 

was observed that this region overlapped with that of the 14-3-3 theta and 14-3-3 zeta 

binding region on the CaR tail (Figure 3.4).  These findings suggest a possible link 

between the 14-3-3 isoforms and the CaR with respect to signalling.  However, it can be 

seen in these studies that over-expression of 14-3-3 theta and 14-3-3 zeta, as well as 14-

3-3 zeta knockdown, do not influence CaR-mediated ERK1/2 signalling.  It is 

interesting to note that total ERK1/2 activity in the negative control and 14-3-3 zeta 

knockdown samples stimulated with 2 mM and 4 mM Cao
2+ are reduced compared to 

unstimulated samples and samples stimulated with 1 mM Cao
2+.  These findings could 

suggest a change in subcellular localisation, possibly nuclear localization, of total 

ERK1/2 at the higher stimulation levels. 
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Figure 5.15 - The influence of 14-3-3 zeta knockdown on CaR cell surface 

expression using an ELISA-based intact cell surface expression assay.  (A) HEK-

293 cells were transfected early in the day with FLAG-CaR.  At the end of the day, the 

transfected cells were distributed into three wells of a 6-well plate and transfected the 

following day with either a negative control or 14-3-3 zeta siRNA knockdown 

oligonucleotide primer. Forty-eight hr after transfection, the cells were incubated with 

an anti-FLAG antibody, detached, washed with PBS and incubated with goat anti-

mouse HRP antibody.  The cells were resuspended in TMB substrate to allow for colour 

development.  The reaction was stopped with 1 M HCl and measured for absorbance at 

450 nm.  Values for absorbance represent the mean ± standard error of mean of three 

separate experiments each performed in triplicate.  Values sharing a different annotation 

are statistically significant (p=0.004).  (B) In parallel experiments, 14-3-3 zeta 

knockdown was examined in lysates by Western blot analysis using an anti-14-3-3 zeta 

antibody.   



Chapter 5 – The Role of 14-3-3 Proteins in CaR Cell Signalling and Expression 
 

 168 

It is possible that total cell lysis using the MAPK lysis buffer has not adequately 

recovered the nuclear or other subcellular fraction of total ERK1/2 at these 

concentrations.  In another study, 14-3-3 zeta was thought to act as a scaffold to 

facilitate the interaction of the alpha-2 adrenergic receptor with beta-gamma subunits of 

G proteins leading to the activation of Raf/Ras (Alblas et al., 1993; Prezeau et al., 1999).  

To the best of our knowledge, there have not been any other GPCRs examined for 

MAPK signalling involving 14-3-3 proteins. 

 

5.4.2 - The role of 14-3-3 proteins in CaR-mediated Rho signalling and subsequent 

SRE activity 

Several studies have established the importance of the CaR in Rho signalling (Davies et 

al., 2006; Huang et al., 2004; Pi et al., 2002; Rey et al., 2005).  Of relevance to this 

thesis, Pi and co-workers demonstrated that by coupling to Gαq, the CaR tail served as a 

framework to activate SRE-dependent gene transcription possibly via the Rho signalling 

pathway, involving filamin in HEK-293/CaR cells (Pi et al., 2002).  As discussed in the 

introduction of this thesis, 14-3-3 proteins have been implicated in Rho signalling 

pathways.  Experiments outlined in this chapter demonstrate that 14-3-3 theta and 14-3-

3 zeta over-expression significantly inhibits CaR-mediated SRE activity in HEK-

293/CaR cells – a cell line which expresses abundant levels of filamin.  As mentioned 

above, both 14-3-3 theta and 14-3-3 zeta bind the CaR tail in a region which overlaps a 

putative low-affinity filamin binding region of the CaR (Zhang M and Breitwieser, 

2005).  Pi and co-workers proposed a model whereby filamin associates with RhoGEF 

Lbc establishing a link between Gαq and RhoA, leading to CaR-mediated SRE 

activation (Figure 5.16) (Pi et al., 2002).  Based on their model, a mechanism is 

proposed whereby 14-3-3 theta or 14-3-3 zeta competitively binds with filamin at an 

upstream region (between amino acids 865-905) to modulate CaR-mediated SRE 

activity in HEK-293/CaR cells.  This idea is supported indirectly by 14-3-3/filamin 

studies with the beta-2 integrin cell surface receptor (Takala et al., 2008).  The findings 

of two independent studies revealed overlapping binding regions for 14-3-3 and filamin 

on the beta-2 integrin receptor (Fagerholm et al., 2002; Takala et al., 2008).  

Phosphorylation of Thr758 in the 14-3-3/filamin overlapping region of the receptor’s 

tail enabled 14-3-3 zeta interaction leading to cytoskeletal rearrangements and binding 

to the ICAM ligand (Fagerholm et al., 2005).  In contrast, mutation of amino acid 758 

abrogated 14-3-3 interaction, which inhibited cytoskeletal rearrangements and ligand 

adhesion.  In a later study, the phosphorylation-dependent binding, described by the  
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Figure 5.16 – Proposed mechanism of CaR-mediated SRE activation through the 

Rho signalling pathway as adapted from Pi et al., 2002.  The CaR tail serves as a 

scaffold facilitating CaR-mediated SRE activation whereby the filamin and Rho GEF 

association link Gαq to Rho A.   
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authors as a “molecular switch”, was identified as a regulator of 14-3-3 protein and 

filamin interaction on the beta2-integrin receptor (Takala et al., 2008).  A similar 

competitive binding mechanism between 14-3-3 proteins and filamin has been 

suggested for platelet glycoprotein Ib-alpha.  The competition between 14-3-3 and 

filamin binding, mediated by phosphorylation of Ser559 in the C-terminal domain of 

glycoprotein Ib-alpha, is thought to regulate the glycoprotein’s association with the 

cytoskeleton and von Willebrand factor function (Yuan Y et al., 2009).    

 

According to Pi and co-workers, the region encompassing amino acids 906-980 on the 

rat CaR tail (equivalent to human amino acids 906-979) was found to be necessary for 

CaR-mediated SRE activation (Pi et al., 2002).  This region over-laps with the high-

affinity filamin binding region identified by Zhang and co-workers as well as 

overlapping with the 14-3-3 theta and 14-3-3 zeta binding region on the CaR tail 

(Figure 3.4) (Zhang M and Breitwieser, 2005).  The 14-3-3 and filamin binding sites do 

not over lap each other however they are in close proximity to each other.  Therefore it 

is possible that a binding mechanism exists with 14-3-3 proteins and filamin in 

regulating CaR-mediated SRE activation.   

 

Another conceivable idea is that 14-3-3 theta or 14-3-3 zeta are sequestering filamin 

away from binding to the CaR tail leading to the inhibition of CaR-mediated SRE 

activity, as filamin has been shown to interact with 14-3-3 proteins (Jin et al., 2004; 

Nurmi et al., 2006).   

 

Alternatively, 14-3-3 proteins could be competing with another protein which has the 

ability to stabilise filamin leading to the inhibition of CaR-mediated SRE activity.  It 

may even be possible that a heterodimer of 14-3-3 theta and 14-3-3 zeta could be acting 

together to inhibit CaR-mediated SRE activity in the above proposed ideas, as 14-3-3 

theta/zeta heterodimers have been shown to occur in vivo (Kligys et al., 2009).     

 

An interesting result found in this study was that over-expression of 14-3-3 theta in 

HEK-293/CaR cells elicited CaR-mediated SRE activity significantly greater than the 

empty vector control and 14-3-3 zeta when stimulated with 0.5 mM Cao
2+.  These 

results are indicative of statistically significant SRE activity that are mediated by the 

CaR at 0.5 mM Cao
2+ levels indicating possible preferential activation of SRE activity 

by 14-3-3 theta compared with 14-3-3 zeta at such low Cao
2+ stimulation.  It should be 
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noted though that 14-3-3 zeta was not significantly over-expressed in these experiments 

compared with 14-3-3 theta.  If 14-3-3 zeta was properly over-expressed it may have 

showed the same effect as 14-3-3 theta. 

 

In M2 cells, which do not express filamin, neither 14-3-3 theta nor 14-3-3 zeta over-

expression modulated CaR-mediated SRE activity.  But interestingly, when filamin was 

re-introduced into the system by the use of A7 cells, it was found that 14-3-3 proteins 

were still incapable of modulating CaR-mediated SRE activity.  In addition, overall 

CaR-mediated SRE activity was significantly reduced in M2 cells and A7 cells 

compared to HEK-293/CaR cells.  There could be several possible explanations for 

these results: A reduced level of filamin expression was observed in A7 cells compared 

to HEK-293/CaR cells (Figure 5.8B), therefore it is possible that these lower levels of 

filamin might be insufficient to achieve optimal SRE activity, hence the lack of 14-3-3 

influence on CaR-mediated SRE activity in these cells.  To assess this possibility, it 

might be more relevant to adopt a filamin knockdown approach in HEK-293/CaR cells.  

Alternatively, the differences in modulation of CaR-mediated SRE activation by the 14-

3-3 isoforms seen between HEK-293/CaR cells and that observed in M2 and A7 cells 

might be the result of cell type-specific differences.  It is important to note that in the 

experiments measuring the influence of over-expression of 14-3-3 proteins on CaR-

mediated SRE activity in HEK-293/CaR cells and M2 cells, the levels of 14-3-3 zeta 

were not found to be significantly over-expressed compared to endogenous levels 

(Figures 5.7 and 5.9).  The insufficiency in 14-3-3 zeta protein over-expression may 

contribute to differences in the modulation of CaR-mediated SRE activity. 

 

It was also shown that knockdown of 14-3-3 zeta did not influence CaR-mediated SRE 

activity in HEK-293/CaR cells.  One important limitation that must be taken into 

consideration in these knockdown experiments is the incomplete nature of 14-3-3 zeta 

knockdown as detected by Western blot analysis.  At the time of this study, the only 14-

3-3 zeta antibody available, to the best of our knowledge, was sourced from Santa Cruz 

who state that, in addition to detecting 14-3-3 zeta, the antibody is also capable of 

detecting 14-3-3 isoforms beta and sigma, albeit to a lesser extent.  Consequently it is 

difficult to say from the incomplete knockdown results in this thesis whether an 

incomplete knockdown of 14-3-3 zeta was attained or whether 14-3-3 zeta knockdown 

was complete and other 14-3-3 protein isoforms were detected.  This highlights one of 

the problems associated with working with highly conserved isoforms of the one protein.  
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A recent study which used siRNA technology to knockdown 14-3-3 zeta was also 

unable to produce a complete knockdown of the adapter protein and made a point of 

mentioning the cross-reactivity for the antibody used (Murphy N et al., 2008).  Another 

alternative to explain this outcome could be that when 14-3-3 zeta is knocked down, the 

other closely related 14-3-3 isoforms such as 14-3-3 beta or 14-3-3 theta may 

compensate for the decreased expression of 14-3-3 zeta.  A possible future direction 

could include measuring the levels of other endogenous isoforms of 14-3-3 proteins 

before and after 14-3-3 zeta knockdown.  Alternatively, a multiple isoform knockdown 

approach could be used.  14-3-3 protein isoform redundancy is discussed further in 

Chapter 6. 

 

The influence of EGFP-tagged 14-3-3 theta and 14-3-3 zeta on CaR-mediated SRE 

activity was investigated in HEK-293/CaR cells.  Surprisingly, it was found that over-

expression of both EGFP-tagged 14-3-3 isoforms enhanced CaR-mediated SRE activity 

in these cells (results not shown), whereas untagged 14-3-3 theta and 14-3-3 zeta 

inhibited CaR-mediated SRE activity in the same cell line (Figure 5.7).  Additionally, a 

statistical significant difference was demonstrated between the two 14-3-3 isoforms 

with 14-3-3 theta resulting in significantly greater activation than 14-3-3 zeta when 

stimulated with 5 mM Cao
2+ (results not shown).  Furthermore, when stimulated with 

0.5 mM Cao
2+, cells over-expressing EGFP-14-3-3 theta and 14-3-3 zeta elicited a 

significantly higher level of SRE activity compared to the empty vector control (results 

not shown).  For untagged 14-3-3 proteins, this observation was only apparent with 14-

3-3 theta.  A significant contrast in results produced between EGFP-tagged versus 

untagged or myc-tagged 14-3-3 proteins for this assay highlights the importance of 

selecting an appropriate tag for in vivo experiments.  It is possible that the relatively 

large EGFP tag (26 kDa) rivals the size of 14-3-3 proteins (29-32 kDa) thus producing 

modulations of SRE activity that differ from untagged or myc-tagged 14-3-3 proteins.  

The use of protein tags is discussed further in Chapter 6.   

 

5.4.3 - The role of 14-3-3 proteins on CaR-mediated changes to cell morphology as 

an indicator of actin cytoskeleton arrangement 

The Rho family of GTPases are known principally for their role in regulating the actin 

cytoskeleton and influencing factors such as cell migration and cell morphology 

(Etienne-Manneville and Hall, 2002).  CaR activation directly influences actin 

cytoskeletal organisation in HEK-293/CaR cells by inducing stress fibre assembly and 
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process retraction, which is mediated by the Rho signalling pathway (Davies et al., 

2006).  Additionally, 14-3-3 proteins have been implicated in the Rho signalling 

pathway in several studies (Bialkowska et al., 2003; Chahdi and Sorokin, 2008; Deakin 

et al., 2009; Diviani et al., 2004; Glaven et al., 1996; Meiri et al., 2009; Scholz et al., 

2009; Wu et al., 2003; Zenke et al., 2004; Zhai et al., 2001).  The finding that over-

expression of 14-3-3 zeta inhibited CaR-mediated SRE activity (Figure 5.7) prompted 

us to examine whether this result was functionally transferred to the cell.  Preliminary 

experiments in HEK-293/CaR cells did not show a difference between CaR-mediated 

changes to cell morphology with 14-3-3 zeta over-expression (results not shown).  The 

question of whether a 14-3-3 zeta knockdown could influence CaR-mediated changes to 

HEK-293/CaR cell morphology was then asked.  Microscopic examination of cell 

morphology demonstrated that 14-3-3 zeta knockdown influenced CaR-mediated 

changes to HEK-293/CaR cell morphology relevant to actin cytoskeletal organisation at 

0.5 mM Cao
2+ but not 5 mM Cao

2+ (Table 5.1).  The inability to detect changes to CaR-

mediated cell morphology in HEK-293/CaR cells knocked down with 14-3-3 zeta and 

then stimulated with 5 mM Cao
2+, reflects the outcome seen in the same cells for CaR-

mediated SRE activity under identical conditions (Figure 5.11).  One possible 

explanation to account for these results is that a sufficient knockdown of 14-3-3 zeta 

was not attained to elicit changes to the cell morphology when stimulated with high 

Cao
2+ concentrations.  On the other hand, when the CaR is stimulated with only low 

levels of agonist (0.5 mM Ca), the knockdown may have been sufficient for an effect on 

cell morphology to be seen.  Wong and co-workers recently found that knocking down 

14-3-3 theta in Sertoli cells (achieving a knockdown of approximately 50%) did not 

have an effect on the actin cytoskeletal network (Wong et al., 2009).   

 

5.4.4 - The role of the RKR motif and 14-3-3 proteins on CaR cell surface 

expression  

The intracellular retention of receptor subunits which contain retention signals is a 

common feature of membrane proteins (Anderson, 1998).  One such example is the 

GABAB receptor, a family C GPCR, which trafficks to the cell surface and functions as 

an assembled heterodimer of the GABAB receptor 1 and 2 subunits.  The GABAB 

receptor 1 is unable to independently traffick to the cell surface whereas the GABAB 

receptor 2 is able to traffick to the cell surface alone.  An ER retention motif, RSRR, 

exists in the C-tail of GABAB receptor 1, and through coiled-coiled interaction with 

GABAB receptor 2, the fully assembled GABAB receptor is able to traffick to the cell 
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surface.  It is thought that the GABAB receptor 2 masks the ER retention motif in the 

GABAB receptor 1, which allows the forward trafficking of the GABAB receptor 1 and 

2 heterodimer complex (Margeta-Mitrovic et al., 2000). 

 

After demonstrating that the CaR co-localised with 14-3-3 theta and 14-3-3 zeta 

predominantly in the ER, we proposed that 14-3-3 proteins could bind to the CaR via 

the 14-3-3 consensus binding motif thus “masking” a putative ER retention motif 

(RKR), allowing the CaR to be released from the ER.  This putative ER retention motif, 

which has been previously reported but not studied, exits directly adjacent to the 14-3-3 

consensus binding motif (Figure 3.4) (Chang et al., 2007).  In Chapter 4, the 14-3-3 

consensus binding motif was demonstrated to be uninvolved in mediating the 

interaction between 14-3-3 theta and the CaR.  However, the question of whether this 

putative ER retention motif is a functional motif, and also whether 14-3-3 proteins 

influence the forward trafficking of the CaR to the cell surface remained to be answered 

as 14-3-3 proteins have even been shown to directly bind RKR motifs (Yuan H et al., 

2003).  Results reveal for the first time that a triple alanine substitution of the RKR 

motif in the CaR tail does not influence CaR cell surface trafficking as demonstrated 

with the use of a cell surface biotinylation assay.  Confocal microscopy studies were 

also performed and are consistent with the cell surface biotinylation results, with no 

enhancement of cell surface expression in the mutant compared to the WT CaR.  

However, little cell surface expression was observed in either case.  The inability to 

detect abundant CaR at the cell surface may be due to staining techniques, as discussed 

in Section 4.4.2.  However, it is still possible that the RKR motif in the CaR tail is a 

genuine ER retention motif.  Although most cells showed little difference in movement 

out of the ER between CaR and the CaR-RKR/AAA mutant, there is some evidence that 

mutation of the RKR motif leads to a slightly greater exit of the CaR from the ER 

possibly to other intracellular compartments such as the Golgi apparatus (Figure 5.13).  

This could be confirmed in future experiments with the use of an antibody marker 

(Golgin 97 or Giantin, Abcam, USA). 

 

Results in this thesis showed that 14-3-3 theta over-expression did not modulate CaR 

cell surface expression when measured by an ELISA (Figure 5.14A).    Interestingly, 

14-3-3 zeta over-expression appeared to reduce CaR cell surface expression despite the 

low levels of ectopic 14-3-3 zeta expression as detected by parallel Western blot 

analyses.  It is possible that 14-3-3 zeta was efficiently over-expressed in the ELISA 
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experiments but not efficiently over-expressed in parallel experiments measuring 

protein expression in the whole cell lysate.  Transfected mGluR5 is expressed at the cell 

surface in the presence of the Homer 1a, yet is absent at the cell surface in the presence 

of Homer 1b.  A combination of experiments shows that upon expression of Homer 1b, 

but not Homer 1a, the mGluR5 becomes intracellularly retained and undergoes 

clustering in the cell body and neurites of mouse neurons as well as Hela cells (Ango et 

al., 2002; Roche et al., 1999).  Immunofluorescence techniques used to identify the 

location of the intracellularly retained mGluR5 demonstrate its presence in perinuclear 

organelles most likely the ER as they stain with the ER marker, Bip.  The receptor’s 

sensitivity when digested with Endo H further demonstrates ER localisation and 

therefore intracellular retention (Roche et al., 1999).  As suggested in Chapter 4, it is 

possible that different isoforms of 14-3-3 proteins, like the different isoforms of Homer 

adapter proteins with mGluR5, are involved in differentially regulating CaR trafficking.   

Paradoxically, using the same technique, 14-3-3 zeta knockdown also reduced CaR cell 

surface expression.  Both 14-3-3 zeta over-expression and knockdown results were 

statistically significant to the same level (p=0.004).  The over-expression results should, 

however, be viewed with the possible complication of over-expression leading to ER 

stress and a phenomenon known as the unfolded protein response (UPR).  The UPR 

describes a set of signalling events which are triggered to counteract the mis-regulation 

of protein folding in the ER, a homeostatic mechanism induced when too many 

unfolded or mis-folded proteins enter the ER.  The cell rectifies this by reducing the 

amount of protein that enters the ER and also by increasing the ER’s ability to handle 

the mis-folded or unfolded proteins.  If neither of these homeostatic mechanisms are 

successfully carried out then the cell undergoes apoptosis (Ron and Walter, 2007).  On 

this basis, over-expression of 14-3-3 zeta might stimulate the UPR leading to shutdown 

of CaR processing hence its reduced cell surface expression.  On the other hand, 

Murphy and co-workers recently demonstrated that 14-3-3 zeta was a part of the ER 

stress response with knockdown of 14-3-3 zeta, but not sigma, in human hippocampal 

cells inducing an ER stress response leading to the up-regulation of ER-stress related 

proteins, Grp78 and calnexin (Murphy N et al., 2008).  Therefore from this observation, 

it is possible that the 14-3-3 zeta knockdown could inhibit a number of proteins which 

might include the CaR.  A possible future experiment could include measuring the 

target genes (namely inositol-requiring protein-1, activating transcription factor-6 or 

protein kinase RNA-like ER kinase) that are upregulated as a result of UPR activation 

(Ron and Walter, 2007).  Alternatively, it would be of interest to also assess total CaR 
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expression against CaR cell surface expression in the presence of over-expressed 14-3-3 

zeta.  The possibility of over-expressed 14-3-3 zeta binding directly to the RKR motif in 

the CaR tail and in turn regulating the forward trafficking of the CaR from the ER could 

also be tested using the CaR-FLAG-RKR/AAA mutant in co-immunoprecipitation 

studies.    

 

In conclusion, both 14-3-3 theta and 14-3-3 zeta have been shown to inhibit CaR-

mediated SRE activity but do not alter ERK1/2 signalling in HEK-293/CaR cells.  In 

addition, the knockdown of 14-3-3 zeta induces CaR-mediated changes to the HEK-

293/CaR cell morphology at low levels of Cao
2+ stimulation.  Whether the RKR motif 

and/or 14-3-3 proteins are important for the movement of the CaR from the ER to the 

cell surface remains controversial and requires further investigation. 
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Chapter 6 - Discussion, Future Directions and Conclusions 

6.1 - Summary of results 
Since the cloning of the CaR in 1993, a number of interacting partner proteins have 

been identified for the receptor, including filamin A, Kir4.1 and Kir4.2 potassium 

channels, AMSH, dorfin, beta-arrestin, caveolin-1, RAMPs 1 and 3, GRK-2 and 4, PI-4 

kinase, PKC and Rho.  These proteins influence CaR functional roles including receptor 

trafficking, scaffolding and signalling (Huang C and Miller, 2007).  Using a Y2H 

approach, this PhD study has identified a number of novel CaR tail binding partner 

proteins including AF4, filamin A, leukotriene A4 hydrolase, ubiquitin, SON DNA 

binding protein, MORC 2A, Ubc9 and the 14-3-3 adapter protein isoforms theta and 

zeta.  In addition, a protein previously identified to interact with the CaR tail, filamin, 

was also pulled-out.  In yeast, both 14-3-3 isoforms were found to interact with amino 

acids 865-922 on the receptor’s tail.  As the focus of this thesis was on 14-3-3 proteins, 

the interaction seen in the yeast system was first confirmed by demonstrating the in vivo 

interaction of the CaR with 14-3-3 theta and 14-3-3 zeta in mammalian cells, as well as 

the in vitro interaction of the CaR tail with 14-3-3 theta.  The CaR and 14-3-3 theta and 

14-3-3 zeta were found to co-localise predominantly in the ER.  The 14-3-3 theta 

isoform interaction with the CaR was not found to be mediated by a 14-3-3 consensus 

binding motif and also shown not to be phosphorylation-dependent.  Neither of the two 

14-3-3 isoforms modulated CaR-mediated ERK1/2 signalling.  In HEK-293/CaR cells 

(which express high levels of filamin), both 14-3-3 theta and 14-3-3 zeta over-

expression inhibited CaR-mediated SRE activity, however no modulation was seen in 

M2 cells, which do not express filamin.  The overall lower SRE activity in M2 cells 

could suggest that filamin is required for CaR-mediated SRE activation however 

identical experiments in A7 cells, which stably express filamin, also showed overall 

lower CaR-mediated SRE activity.  In addition, 14-3-3 proteins were not found to 

influence CaR-mediated SRE activity in this cell line.  The knockdown of 14-3-3 zeta 

appeared to influence CaR-mediated HEK-293/CaR cell morphology when stimulated 

with 0.5 mM Cao
2+ but not 5 mM Cao

2+.  It was found that CaR cell surface expression 

was not influenced by 14-3-3 theta over-expression.  Interestingly, 14-3-3 zeta was 

found to modulate CaR cell surface expression.   
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6.2 - Proteins isolated in the Y2H screen 
The main focus of this study was to identify proteins which could interact with the CaR 

tail.  In our laboratory, we used a novel mouse pluripotent haematopoietic cell-line 

library to screen for interacting proteins, as previous studies that isolated CaR tail 

interacting proteins used human adult kidney and bovine parathyroid libraries (Awata et 

al., 2001; Herrera-Vigenor et al., 2006; Hjalm et al., 2001; Huang C et al., 2007; Huang 

Y et al., 2006).  In addition to filamin A, which had previously been identified as a CaR 

interacting protein, eight unique interactors including AF4, leukotriene A4 hydrolase, 

ubiquitin, SON, MORC 2A, Ubc9, 14-3-3 theta and 14-3-3 zeta were isolated (Awata et 

al., 2001; Hjalm et al., 2001).  By performing an extensive literature review, putative 

roles for six of these proteins (AF4, leukotriene A4 hydrolase, ubiquitin, SON DNA 

binding protein, MORC 2A, Ubc9) in CaR function were proposed.  It was found that 

these proteins had the potential to regulate diverse CaR-mediated functions including 

cell signalling, organisation of the actin cytoskeleton, ubiquitination and sumoylation, 

as discussed in Section 3.4.  Another laboratory member, Dr Aaron Magno, previously 

identified additional CaR tail interacting proteins from this same Y2H screen, which 

included filamin B, testin, OS-9 and mouse polycomb 2 (MPc2) protein (Dr Aaron 

Magno, PhD thesis, 2008).  Filamin B was first isolated in a Y2H screen with 

glycoprotein Ib-alpha and shares approximately 70% homology with other filamin 

members, filamins A and C (Takafuta et al., 1998; van der Flier and Sonnenberg, 2001).  

The protein is encoded by 2602 amino acids and like filamin A, has 24 repeats with two 

hinge regions, which share approximately 45% homology.  Filamin B interacts with 

beta-integrins and RAb22B, which suggest a role for the protein in anchoring 

transmembrane proteins and signalling, respectively (van der Flier and Sonnenberg, 

2001).  The TES gene, which encodes the testin protein, is found on a region of 

chromosome 7 containing tumour suppressor genes and is a tumour suppressor itself 

(Tatarelli et al., 2000).  Testin is a focal adhesion protein and is thought to have a role in 

actin organisation as studies have shown that testin over-expression in rat fibroblasts 

induces increased cell spreading, growth, and increased numbers and length of cell 

protrusions (Coutts et al., 2003).  Additionally, testin over-expression increases CaR-

mediated Rho signalling in HEK-293/CaR cells (Dr Aaron Magno, PhD thesis, 2008).  

The OS-9 protein is an ER resident protein with an apparent role in selecting mis-folded 

proteins for degradation (Christianson et al., 2008).  OS-9 together with the E3 ligase, 

HRD1, facilitates the ubiquitination of mis-folded proteins for degradation via the ER-

associated degradation pathway.  OS-9 expression is thought to be a target of the UPR 
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during ER stress (Alcock and Swanton, 2009).  MPc2 is a member of the polycomb 

group of proteins, which are thought to act in a multi-protein complex to regulate the 

transcription of developmental genes.  MPc2 was found to co-immunoprecipitate with 

other polycomb proteins, Bmi1, Mph1, Mel18 and M33, to transcriptionally repress 

chromatin-embedded target genes (Alkema et al., 1997).   

  

Future studies - It was found that 14-3-3 theta and 14-3-3 zeta interaction on the CaR 

encompassed amino acids 865-922.  This region contains important structural features 

including a predicted alpha-helical region at amino acids 876-890 and a putative low 

affinity binding domain for filamin at amino acids 860/861-886 (Figure 3.4).  As the 14-

3-3 protein binding region on the CaR tail spans 58 amino acids, it would be of interest 

to delineate this region even further by Y2H mapping studies to define more precisely 

the binding region for these adapter proteins.  Further delineation of crucial amino acids 

could be undertaken by tandem alanine mutagenesis.   

 

Y2H mapping studies as described in Section 3.2.3 would be required to map the region 

of interaction on the CaR tail for the six other proteins (AF4, leukotriene A4 hydrolase, 

ubiquitin, SON DNA binding protein, MORC 2A, Ubc9) isolated in the Y2H screen.  

Furthermore, a possible role for these proteins in CaR-mediated cell signalling events 

could be determined.  For example, as CaR-mediated Rho signalling activates actin 

stress fibre assembly and alters cell morphology in HEK-293/CaR cells, and SON DNA 

binding protein associates with focal adhesion proteins, it is possible that SON has a 

role at focal adhesions in CaR-mediated regulation of the cell cytoskeleton (Davies et al., 

2006; Yi et al., 2002).  This could be initially tested in a manner similar to that 

described in Section 5.2.5. 

 

6.3 - The CaR and 14-3-3 interaction 
Once CaR/14-3-3 interaction was confirmed in the yeast system, 14-3-3 theta and 14-3-

3 zeta were tested for interaction with the CaR in mammalian systems.  Whilst 14-3-3 

theta was shown to directly interact with the CaR tail using pull-down studies, a 

CaR/14-3-3 zeta interaction could not be shown due to technical problems.  Both 

isoforms interacted with the CaR in mammalian cells as demonstrated using co-

immunoprecipitation experiments.  Additional confocal fluorescence microscopy 

studies in mammalian cells confirmed co-localisation of the proteins in the ER.  A 14-3-

3 consensus binding motif (containing the putative phosphorylated Ser895) in the CaR 
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tail was predicted to mediate the interaction between 14-3-3 proteins and the CaR, as 

14-3-3 proteins are generally known to require phosphorylation of partner proteins for 

their interaction (Muslin et al., 1996).  However, initial mutation of the Ser895 in the 

consensus binding motif and subsequent co-immunoprecipitation studies did not 

abrogate the CaR/14-3-3 theta interaction.  Deletion of the entire consensus binding 

motif and subsequent CaR/14-3-3 theta interaction was then tested in a similar manner 

to that described for Ser895 (Liu Y et al., 1997; Muslin et al., 1996; Yaffe et al., 1997).  

Studies with this deletion construct also showed no changes to CaR/14-3-3 theta 

interaction compared to WT CaR.  The requirement of phosphorylation for 14-3-3 theta 

interaction with the CaR was tested by using PKC activators and inhibitors as the CaR 

contains five PKC phosphorylation sites (Garrett et al., 1995).  This was also found to 

be of no influence on the interaction of the CaR and 14-3-3 theta, which suggests that 

14-3-3 theta does not require phosphorylation of the CaR for its interaction.  This is not 

surprising as 14-3-3 proteins are capable, in some cases, of interacting with 

unphosphorylated partner proteins, for example, an R18 peptide derived from phage 

display, and the ADP-ribosyltransferase Exoenzyme S from Pseudomonas aeruginosa.  

However, it is possible that CaR/14-3-3 interaction requires PKA phosphorylation as 

there are two PKA sites (Ser899 and Ser900) in the CaR tail which reside in the 14-3-3 

theta and 14-3-3 zeta interaction domains of the CaR. 

 

Future studies - As it was found that PKC phosphorylation did not influence the 14-3-3 

theta and CaR interaction, the requirement of PKA for CaR/14-3-3 protein interaction 

could be tested using PKA inhibitors (myristoylated PKI or H89).   

 

During the course of this study, it became apparent that the EGFP tag on 14-3-3 

proteins was erroneously influencing our experimental results (see Section 5.4.2).  It 

may have been that the cellular localisation of 14-3-3 proteins in the confocal 

fluorescence microscopy experiments as well as the co-immunoprecipitation 

experiments demonstrating in vivo interaction were also adversely affected.  To avoid 

this problem in future studies, it may be more efficient to use untagged 14-3-3 proteins.  

In this respect, studying endogenous proteins may be a better way of understanding the 

protein biology without use of ectopically expressed proteins.  Protein knockdown, 

especially multiple isoform knockdown, could be an ideal technology to identify the 

role(s) of a protein of interest in the cell.  In this PhD study, endogenous co-
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immunoprecipitation experiments using the CaR and 14-3-3 proteins had been planned 

but these experiments could not be performed due to time limitations.   

 

Additionally, the precise cellular co-localisation of CaR and 14-3-3 interaction could be 

tested in future experiments.  From the confocal experiments, it appeared that the CaR 

and 14-3-3 proteins might have co-localised in regions such as the Golgi apparatus, in 

addition to the ER.  These supposed regions could be tested using Golgi markers 

(Golgin 97 or Giantin, Abcam, USA).  Furthermore, as the CaR was not seen on the cell 

surface (discussed in Section 4.4.2), it may be relevant to adopt changes to the cell 

staining techniques (with respect to permeabilisation) to identify cell surface-expressed 

CaR.   

 

6.4 - The role of 14-3-3 proteins in CaR cell signalling 
14-3-3 proteins from the metazoan Hydra associate with a calcium-binding protein, in 

addition to other proteins (calmodulin and calcium adapter allograft inflammatory factor 

1) involved in calcium biological function (Pauly et al., 2007).  These associations 

which were discovered at the metazoan level may be an indication of a CaR/14-3-3 

protein association that occurs further along the animal lineage.  In the higher order 

mammals, 14-3-3 proteins associate and potentially have a role in GPCR, including 

family C GPCR, functionality (Cohen et al., 2004; Couve et al., 2001; Prezeau et al., 

1999). 

 

6.4.1 - The role of 14-3-3 proteins in CaR-mediated ERK1/2 activation 

The CaR activates the ERK1/2 cell signalling pathway – an outcome which leads to a 

cellular proliferative response (El Hiani et al., 2009; Nemeth and Scarpa, 1987; Tfelt-

Hansen et al., 2005b; Yamaguchi et al., 2000).  However, in this thesis, it has been 

demonstrated that neither 14-3-3 theta nor 14-3-3 zeta is able to influence CaR-

mediated ERK1/2 activity in HEK-293/CaR cells despite 14-3-3 proteins being known 

to have an influence on this classic MAPK pathway (Fantl et al., 1994; Fischer et al., 

2009; Freed et al., 1994; Luo et al., 1995; Thorson et al., 1998; Tzivion et al., 1998).  

These findings do not preclude the possibility of 14-3-3 proteins being involved in other 

MAPK signalling pathways such as JNK or p38 (see Future Directions). 
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6.4.2 - The role of 14-3-3 proteins in CaR-mediated Rho signalling 

The CaR has been reported to activate the Rho signalling pathway leading to varied 

outcomes including Gαq and filamin-mediated activation of the SRE, Gα12/13–mediated 

activation of PLD signalling, induction of Gα12/13 and filamin A-mediated transient 

Cai
2+ oscillations and finally organisation of the actin cytoskeleton in the form of stress 

fibre assembly and altered cell morphology (Davies et al., 2006; Huang C et al., 2004; 

Pi et al., 2002; Rey et al., 2005).  In turn, numerous studies have shown that 14-3-3 

proteins influence Rho cell signalling thus eliciting actin cytoskeletal organisation that 

may be either dependent or independent of Rho GEF association (Diviani et al., 2004; 

Kligys et al., 2009; Scholz et al., 2009; Zhai et al., 2001).  These findings are suggestive 

of CaR/14-3-3 protein association in regulating Rho signalling and cytoskeletal 

organisation.  Additionally, with many of the above-mentioned studies demonstrating 

the involvement of filamin, it is likely that the CaR, 14-3-3 and filamin act together in 

regulating Rho signalling (Pi et al., 2002; Rey et al., 2005).  It is shown for the first time 

in this thesis that 14-3-3 theta and 14-3-3 zeta over-expression inhibits CaR-mediated 

SRE activity, likely through RhoA (Pi et al., 2002).  The model of 14-3-3 proteins 

influencing CaR-mediated SRE activity through RhoA is derived from the work of Pi 

and co-workers (Pi et al., 2002).  This group proposed a mechanism whereby the CaR 

tail served as a framework to facilitate CaR-mediated activation of SRE-dependent gene 

transcription.  In their model, Gαq coupled to RhoA via a RhoGEF/filamin complex 

(Figure 5.16).  By adapting the same model in this thesis, we propose a possible 

mechanism to explain these results whereby over-expressed 14-3-3 proteins may be in 

competition with filamin to regulate CaR-mediated SRE activity (Figure 6.1).  Whilst 

filamin activates CaR-mediated SRE activity, 14-3-3 proteins, in contrast, would inhibit 

CaR-mediated SRE activity.  It is proposed that 14-3-3 theta or 14-3-3 zeta associate 

with the CaR tail and RhoGEF, linking Gαq to RhoA, resulting in SRE inhibition.  

Several studies have already established 14-3-3 protein association with RhoGEF 

molecules, therefore our model is an attractive possibility (Diviani et al., 2004; Jin et al., 

2004; Wu et al., 2003; Zhai et al., 2001).  For example, forskolin-mediated interaction 

of a beta-1PIX RhoGEF homodimer and 14-3-3 beta results in the inhibition of beta-

1PIX RhoGEF activity which leads to Rac1 inhibition and subsequent inhibition of 

cytoskeletal re-organisation in HEK-293 cells (Chahdi and Sorokin, 2008).  

Additionally, 14-3-3 eta interacts with RhoGEF Lfc in a phosphorylation-dependent 

manner and suppresses its GEF activity and in turn, Lfc-mediated Rho activation (Meiri 

et al., 2009).  Alternatively, 14-3-3 theta or 14-3-3 zeta may inhibit CaR-mediated SRE  
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Figure 6.1 – Proposed competitive binding mechanism between filamin and 14-3-3 

proteins to modulate CaR-mediated SRE activation through the Rho signalling 

pathway.  
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activity by sequestering away or displacing filamin.  The findings of RhoA possibly 

signalling to the SRE through the MAPK pathway has implications for CaR-mediated 

cell proliferation and even tumour growth as CaR-mediated ERK1/2 activation leads to 

cellular proliferation and the CaR has been implicated in cancer (El Hiani et al., 2009; 

Hill et al., 1995; McNeil et al., 1998; Sah et al., 2000; Saidak et al., 2009; Tfelt-Hansen 

et al., 2005b; Yamaguchi et al., 2000).   

 

Future studies - In addition to the cell signalling pathways investigated in this thesis, it 

would be relevant to study the role of 14-3-3 proteins in other CaR-mediated signalling 

pathways, for example, the PLC, cAMP or JNK signalling pathway.  Stimulation of the 

CaR leads to JNK phosphorylation in NIH/3T3 cells (Hoff et al., 1999).  In contrast, 14-

3-3 proteins are thought to inhibit JNK phosphorylation as a dominant negative 14-3-3 

zeta increases JNK phosphorylation compared to WT 14-3-3 zeta (Xing et al., 2000).  

Additionally, filamin A is also critical for CaR-mediated JNK activation (Huang C et al., 

2006).  Taken together, 14-3-3 proteins may play a role in regulating CaR-mediated 

JNK phosphorylation involving filamin. 

 

Another attractive possibility that could be examined is the over-expression or 

knockdown of both 14-3-3 theta and 14-3-3 zeta together in CaR-mediated cell 

signalling experiments, as it has been established that these two 14-3-3 isoforms are 

able to form heterodimers in vivo (Kligys et al., 2009). 

 

It is highly conceivable that 14-3-3 proteins have a role in CaR-mediated cell signalling 

events in the nervous system.  Several studies have found CaR mRNA and protein 

expression in various cells of the nervous system (Chattopadhyay et al., 1997; Ruat et 

al., 1995; Sandrine et al., 2000).  The CaR is also able to induce signalling responses 

when stimulated with Cao
2+ in the brain (Sandrine et al., 2000; Stephen, 1997).  In 

addition, the CaR is implicated in neurodegenerative diseases such as Alzheimer’s 

disease (Chianping et al., 1997).  14-3-3 proteins constitute at least 1% of the total 

soluble brain proteins as well as acting as biomarkers for diseases of the nervous system 

(Boston et al., 1982b; Hsich et al., 1996; Kawamoto et al., 2002; Layfield et al., 1996).  

Together these findings strongly suggest that the CaR and 14-3-3 proteins associate in 

the brain and that 14-3-3 proteins may be involved in CaR-mediated cell signalling 

events of the nervous system.  This could be further tested in mammalian cells of the 

nervous system.  
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6.5 - The role of 14-3-3 proteins in CaR-mediated changes to cell 
morphology  
Hill and co-workers demonstrated the involvement of the Rho family of GTPases, 

namely Rac1, Cdc42 and RhoA, in the activation of the c-fos SRE.  They showed Rac1 

(lamellipodia regulation), and Cdc42 (filopodia regulation) activated the SRE through 

unknown mechanisms whereas RhoA (actin stress fibre and focal adhesion formation) 

activated the SRE when stimulated with serum, LPA or AlF4 (an activator of 

heterotrimeric G proteins) (Etienne-Manneville and Hall, 2002; Hill et al., 1995).  

Given the importance of the family of Rho GTPases in actin cytoskeletal organisation, it 

is possible that 14-3-3 proteins influence CaR-mediated cytoskeletal organisation.  In 

this thesis, it is demonstrated that 14-3-3 theta and 14-3-3 zeta over-expression 

influence CaR-mediated SRE activity.  If 14-3-3 proteins are inhibiting CaR-mediated 

SRE activity through RhoA, then one could expect the regulation of actin stress fibre 

and focal adhesion assembly to be influenced as well (Etienne-Manneville and Hall, 

2002).  However, over-expression of 14-3-3 zeta did not show CaR-mediated changes 

to HEK-293/CaR cell morphology.  In contrast, knockdown of 14-3-3 zeta influenced 

cell morphology when the CaR was stimulated with 0.5 mM Cao
2+ but not 5 mM Cao

2+.  

RhoA-induced cell morphological changes could influence downstream processes such 

as cellular migration, growth and proliferation of cells expressing the CaR.  Thus these 

results raise the possibility of further downstream implications in diseases of the 

parathyroid or kidney in which the CaR is highly expressed. 

 

Future studies - As it was found that cells knocked down for 14-3-3 zeta induced CaR-

mediated HEK-293/CaR cell morphological changes, predicted to occur through RhoA, 

when stimulated with 0.5 mM Cao
2+, one could further define these morphological 

changes by staining for actin stress fibres and focal adhesions using anti-phalloidin and 

anti-paxillin antibodies, respectively.  Additionally, future studies examining the role of 

14-3-3 zeta knockdown in CaR-mediated changes to cell morphology could include 

titrating the levels of Cao
2+ used to stimulate the receptor.  It would be of interest to see 

whether these changes occurred at physiological levels of Cao
2+ (1.1-1.3 mM Cao

2+). 

 

6.6 - The role of the putative RKR ER retention motif and 14-3-3 

proteins in CaR-mediated receptor trafficking and surface expression 
14-3-3 proteins are thought to influence the forward trafficking of membrane proteins 

from intracellular compartments to the cell surface.  This is thought to occur through 
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proposed molecular mechanisms, namely clamping, masking and scaffolding (Figure 

1.4) (Mrowiec and Schwappach, 2006; Shikano et al., 2006).  We observed a 14-3-3 

consensus binding motif in the CaR tail (amino acids 890-895) and in addition, an 

adjacent RKR ER retention motif (amino acids 896-898), and proposed that 14-3-3 

proteins could bind to the CaR tail via the 14-3-3 consensus binding motif and in turn 

“mask” the ER retention motif allowing the CaR to traffick out of the ER.  The findings 

of CaR/14-3-3 protein co-localisation in the ER in Chapter 4 added further strength to 

this proposal.  Eventually the CaR was found not to require this 14-3-3 consensus 

binding motif for CaR/14-3-3 interaction, however the capacity of the adjacent RKR 

motif to regulate ER retention and/or cell surface expression of the CaR was tested in 

any case using cell surface biotinylation and confocal microscopy experiments.  

Mutation of the RKR motif to a tandem alanine sequence was found not to influence 

CaR cell surface expression.  However, from the results presented in this thesis, it 

appears that mutation of the RKR motif could perhaps be influencing the movement of 

the CaR from the ER to other intracellular compartments.  This, however, requires 

further confirmatory experiments. 

 

Using an ELISA-based intact cell surface expression assay, we next examined whether 

14-3-3 protein over-expression influenced the movement of the CaR to the cell surface.  

It was demonstrated that 14-3-3 zeta over-expression, but not 14-3-3 theta, had the 

potential to modulate the trafficking of the CaR.  One important limitation that must be 

taken into consideration in these experiments is the low level of 14-3-3 zeta over-

expression compared to 14-3-3 theta over-expression.  This may contribute to the 

differences seen between 14-3-3 theta and 14-3-3 zeta and therefore it is possible that 

when 14-3-3 zeta is sufficiently over-expressed there is no change in CaR cell surface 

expression as seen with 14-3-3 theta.  As the tissue culture flasks used to measure 

protein expression and CaR cell surface expression were transfected in parallel, it may 

be a possibility that the flask used to measure protein expression had a lower 

transfection efficiency compared to the flask used to measure CaR cell suface 

expression thus creating these differences.  In future experiments, it may be beneficial 

to treat a large tissue culture flask of cells with a 14-3-3 isoform and then split that flask 

into two flasks, which can then be used to measure protein expression and CaR cell 

surface expression.  However, it is still unclear from these results as to the real role 

played by 14-3-3 zeta in CaR expression as it was found that both 14-3-3 zeta over-

expression and knockdown decreased CaR cell surface expression.  Once  
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again, these experimental results are complicated by the unknown levels of 14-3-3 zeta 

knockdown.  Nevertheless, the decrease in CaR cell surface expression could potentially 

have implications on the biological function of the receptor.  The diminished capacity of 

the receptor to reach the cell surface would be very likely to cause loss of CaR function.  

Studies reveal that mutations in the CaR gene leading to a loss of receptor function can 

cause FHH and NSPHT.  Afflicted patients can present with reduced CaR expression in 

the parathyroid and kidney, and decreased sensitivity to calcium.  Autosomal dominant 

hypocalcemia, in contrast, is mostly caused by gain of function mutations in the CaR 

gene and patients can present with increased sensitivity to calcium, maximal signal 

transduction and increased CaR cell surface expression (Hendy et al., 2000; Lienhardt et 

al., 2000; Ramasamy, 2008).  In the clinical setting, allosteric antagonists of the CaR, 

also known as calcilytics, are used to decrease the affinity of the CaR for calcium 

(Ramasamy, 2008).  If these results are substantiated, the question could be posed as to 

whether 14-3-3 zeta could be used in a clinical setting to reduce CaR cell surface 

expression.   

 

Future studies - To confirm whether the putative RKR motif in the CaR tail was a 

genuine ER retention motif, additional confocal fluorescence microscopy experiments 

employing intracellular markers (for example, a Golgi apparatus marker) could be used 

to identify localisation of the CaR-RKR/AAA mutant compared to WT CaR.   

 

To confirm whether 14-3-3 proteins are involved in the regulation of CaR movement 

intracellularly, the use of the Endo H enzyme could be employed.  The maturity of 

carbohydrates present on the CaR revealed by Endo H treatment would give an 

indication of the organelle (ER or Golgi apparatus) that the CaR protein resided in upon 

over-expression of 14-3-3 proteins.  The Endo H enzyme was used to determine the 

movement of the mGluR5 upon Homer over-expression (Roche et al., 1999).  

Additionally, as discussed in Chapter 5, the possibility of 14-3-3 zeta binding directly to 

the RKR motif or even binding to a region on the CaR tail that is close to the RKR 

motif and in turn masking this motif could be examined using co-immunoprecipitation 

studies and further Y2H mapping studies using the RKR/AAA mutant CaR. 
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6.7 - Project limitations 
6.7.1 - Rho signalling 

In this thesis, the model of Pi and co-workers, who demonstrated that the CaR coupled 

to Gαq could activate the SRE possibly through RhoA, was adapted (Hill et al., 1995; Pi 

et al., 2002).  However, the authors state that SRE modulation may not have been 

mediated through the RhoA alone but may have involved other second messengers (Pi 

et al., 2002).  Hill and co-workers demonstrated c-fos SRE activation via RhoA when 

stimulated with serum, LPA or Alf4 (Hill et al., 1995).  However this does not preclude 

SRE activation being mediated via Cdc42, Rac1 or other second messengers (Hill et al., 

1995).  A RhoA kinase assay (RhoA G-LISA Activation Assay, Cytoskeleton Inc., USA) 

could be employed in future studies to deduce whether RhoA is directly involved in the 

modulation of CaR-mediated SRE activity. 

 

6.7.2 - Protein tags 

In this thesis, a significant contrast in CaR-mediated SRE activity in HEK-293/CaR 

cells with the use of EGFP tagged 14-3-3 compared to untagged 14-3-3 proteins was 

observed.  Additionally, the results seen with the untagged 14-3-3 isoforms were similar 

to 14-3-3 isoforms bearing the myc tag, myc being a relatively small peptide tag (11 

amino acids).  An EGFP tag was utilised in several experiments in this thesis to allow 

for the ease of protein localisation and detection.  Whilst protein tags are widely used to 

study protein function, localisation and expression, the tag itself can erroneously 

influence protein behaviour.  Koller and co-workers reported that the affinity of follicle 

stimulating hormone for an untagged and tagged follicle stimulating hormone GPCR 

was similar, however the functional activity of a tagged receptor was greater, which was 

thought to be due to the greater expression of tagged receptors in the cell.  This group 

utilised the relatively small, nine-amino acid HA tag for their studies (Koller et al., 

1997).  A more recent study reported that the much larger GFP tag on UBXD8, a 

component of the mammalian dislocation complex involved in protein degradation, 

could hinder its association with p97 and thus recruitment of this protein into the ER 

membrane.  This result was observed during p97 immunoprecipitation with a GFP-

tagged and untagged UBXD8 (Mueller et al., 2008).  Brothers and co-workers reported 

that HA-tagged and untagged human gonadotropin-releasing hormone receptors 

produced significantly different levels of IP production which were thought to be due to 

changes in cell surface expression of the receptors.  The group also reported that a 

S326A mutation in the seventh transmembrane domain of the rat gonadotropin-
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releasing hormone receptor induced 45% of mutant rat gonadotropin-releasing hormone 

receptor-mediated cellular retention which was reversed by the addition of a HA tag to 

the N-terminal domain of mutant receptor (Brothers et al., 2003).  These results 

highlight the effect that a tag can elicit on protein expression and function.  Bouschet 

and co-workers over-came the problem of possible interference from an EGFP tag by 

using a CaR tagged with a modified EGFP tag named super-ecliptic pHluorin, which 

fluoresces when the pH is increased.  The pHluroin tag identifies cell surface-targeted 

proteins as they are transported to the cell surface in vesicles that have acidic lumen.  

They state that the ability to detect a cell surface expressed protein from a protein 

expressed close to the cell membrane is hindered by the use of a traditional EGFP tag 

(Bouschet et al., 2005).  However, unlike the results presented in this thesis, there are 

instances where the EGFP tag has not affected receptor binding and function, for 

example, a study found that the EGFP tag did not affect binding or function of the rat 

V1a vasopressin receptor (Campos et al., 2001). 

 

6.7.3 - 14-3-3 isoform redundancy 

Most studies investigating 14-3-3 protein functionality have generally focused on one 

14-3-3 isoform but on rare occasions, two or more have been examined in comparative 

studies.  A recently published manuscript identified the roles of four different 14-3-3 

isoforms in p53 regulation (Rajagopalan et al., 2010).  Rajagopalan and co-workers 

deduced that all 14-3-3 isoforms examined exerted their effects on p53 in a similar 

manner, yet through altered regulatory mechanisms.  Similarly in this thesis, it is 

demonstrated that both 14-3-3 isoforms theta and zeta, which are highly homologous 

(Figure 4.8), are mostly functionally similar with respect to their effect on CaR-

mediated signalling.  The only difference observed between the two isoforms comes 

from CaR-mediated cell surface experiments when both isoforms are separately over-

expressed.  These experiments show that 14-3-3 zeta preferentially reduces CaR cell 

surface expression over 14-3-3 theta however there was some debate about this 

difference due to the fact that 14-3-3 zeta did not appear to be properly over-expressed.  

One possible explanation to account for the generally similar findings between the two 

isoforms is that 14-3-3 theta and zeta isoforms are highly homologous in their amino 

acid sequences being phylogenetically closely related.  This poses the question of 

protein redundancy (Wilker et al., 2005).  When CaR-mediated ERK1/2 and SRE 

activity in HEK-293/CaR cells was investigated, it was found that 14-3-3 zeta 

knockdown did not modulate these signalling pathways.  It is highly possible that upon 
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knockdown of one 14-3-3 isoform, other isoforms are able to compensate for the loss of 

the knocked down isoform.  The authors of a study, in which a 14-3-3 gamma knockout 

mouse was generated, proposed that other 14-3-3 isoforms compensated for the loss of 

14-3-3 gamma as there were no phenotypic changes detected in the 14-3-3 gamma 

knockout mouse (Steinacker et al., 2005).  In a study using mammalian 14-3-3 protein 

isoforms, Subramanian and co-workers investigated the ability of all seven isoforms to 

inhibit Bad-induced apoptosis.  Their results showed that all the isoforms were capable 

of inhibiting apoptosis in COS-7 and Hela cells, using in vivo and in vitro methods.  

However, 14-3-3 sigma, eta and gamma were more potent in their ability to inhibit cell 

death as a result of isoform-specific differences in cell and tissue expression i.e. greater 

levels of expression of these isoforms led to a more potent inhibition (Subramanian et 

al., 2001).  Despite findings like this, it is important to note that the variation in 

isoforms for these adapter proteins is a result of different genes found on different 

chromosomes, and not alternative splicing (Ichimura et al., 1988).  This phenomenon, as 

well as the findings from studies that have identified a clear role for one particular 14-3-

3 isoform but not others, demonstrates the uniqueness of individual isoforms (Moreira 

et al., 2008).  Using human amnion cells to study all seven mammalian 14-3-3 isoforms, 

Moreira and co-workers found that the amnion cells were unable to express 14-3-3 

gamma or eta.  Furthermore, each of the remaining 14-3-3 isoforms displayed their own 

specific localisation: 14-3-3 sigma displayed diffuse cytoplasmic staining with filamin-

like organisation; theta and zeta isoforms displayed diffuse cytoplasmic, strong peri-

nuclear and nuclear staining; the beta isoform displayed diffuse cytoplasmic but strong 

Golgi apparatus staining; and the epsilon isoform displayed diffuse cytoplasmic staining, 

structured perinuclear and cell surface staining but no nuclear presence (Moreira et al., 

2008).  These studies suggest that it will be important for future studies to initially 

measure the levels of all seven 14-3-3 isoforms within a tissue/cell line sample prior to 

knockdown of one isoform to determine the relative importance of a particular isoform 

in that tissue/cell line.   

 

6.8 - Conclusions 
The work in this thesis aimed to identify accessory proteins with the potential to interact 

with the CaR and possibly influence CaR cell signalling and expression.  Seven unique 

CaR interactors from a Y2H screen were isolated, two of which, the adapter proteins, 

14-3-3 theta and 14-3-3 zeta, were studied further.  It was demonstrated that these two 

adapter proteins interact with the CaR in yeast and mammalian systems.  Both adapter 
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proteins bind to the CaR’s proximal membrane region and predominantly co-localise 

with the CaR in the ER.  Both isoforms influence CaR signalling with respect to the 

Rho pathway.  Additionally, 14-3-3 zeta may have a role in regulating the movement of 

the CaR to the cell surface, and under low calcium concentrations, may influence CaR-

mediated cell morphological changes. 
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