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Abstract	
 

Calcium (Ca2+) signaling is critical in regulating a number of neuronal functions 

including synaptic transmission, axonal growth, development and neurotransmitter 

release / recycling. The EF-hand containing Ca2+ binding protein Neuronal Ca2+ 

Sensor 1 (NCS-1) has been shown to be important in a number of these processes. 

NCS-1 is a member of the NCS family of proteins encoded in mammals by 14 genes. 

Ca2+ bound NCS-1 exposes a hydrophobic binding domain through an altered 

conformation allowing regulation of downstream processes, dependent on a diverse 

range of target proteins.   

 

Many interacting partners have been identified for NCS-1, some of which are common 

to Calmodulin (CaM) with others unique to NCS-1. Mammalian NCS-1 has been 

shown to regulate PQ-type voltage-gated Ca2+ channels (VGCCs), although evidence 

of a direct interaction between the two proteins has been lacking. The initial part of 

this study investigated interactions between NCS-1 and PQ-type VGCCs (CaV2.1). 

Within the CaV2.1 C-terminal tail, there are two Ca2+-sensor binding regions; the CBD 

(CaM binding domain) and the IM/IQ domain. Through cell transfection and 

fluorescence based experiments, an interaction between these two proteins was 

established. Co-expression of NCS-1 and a PQ channel C-terminal domain led to the 

appearance of hallmark aggregated cellular structures. Furthermore, the kinetic 

behaviour of NCS-1 and PQ in these cells was significantly different to those observed 

when each protein was expressed in isolation. 

 

The second part of this study used C. elegans as a model organism to study in vivo 

interactions of NCS-1. In C. elegans NCS-1 is primarily found in the nervous system, 

with highest expression in sensory neurons. Previous studies have identified a defect 

in isothermal tracking in an ncs-1 defective C. elegans animal. When tested in a 

locomotion assay, characterised in this thesis, the locomotion rate of wild-type C. 

elegans decreased at an elevated temperature of 28oC whilst the ncs-1 null C. elegans 

showed a slight yet significant increase in locomotion at the elevated temperature. 

During this project a reversible paralysis phenotype was identified in the temperature 

dependent locomotion assay (TDLA). In the second part of the project this assay was 

exploited to quantify the paralysis phenotype in various mutant C. elegans strains. 
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Based on the mammalian NCS-1 interactome, a sub-set of protein orthologues were 

identified within the C. elegans nervous system as potential interacting proteins to be 

studied.   It was established that potential targets were TRP1 & 2, ARF-1.1 and PI4K 

of which various double mutants were generated through C. elegans genetic crosses. 

The double mutants identified a genetic interaction between ARF-1.1 and NCS-1 in 

the TDLA suggestive of a possible functional interaction. Additional studies using a 

chemical inhibitor of phosphatidylinositol 4kinaseIIIb suggests a potential network 

comprising PI4K-1, NCS-1 and ARF-1.1 regulates this behaviour. These findings 

allowed a partial elucidation of the interactions and functional relationships between 

these proteins in a physiological context with an identifiable behavioural output. 
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Introduction	
 

1.1	Calcium	signaling	
 

The calcium ion (Ca2+) is a universal signalling species that emerged in prokaryotic 

life, with more varied and specialised functions arising with multicellular organisms 

(Cai et al., 2015, Bootman et al., 2001b). The divalent Ca2+ ion has been widely studied 

for its roles in regulating a vast number of processes within cells. Ca2+ is one of the 

most versatile cellular messengers currently known (Berridge et al., 2000, Bootman et 

al., 2001a), regulating a plethora of responses over different time frames 

(microseconds to years) (Petersen et al., 2005). Cells have developed mechanisms to 

shape Ca2+ signals in space, time and amplitude to elicit a range of responses 

(Bootman et al., 2001a, Berridge et al., 1998).  

 

Intracellular Ca2+ is maintained at a resting level of ~100 nM (Berridge et al., 2000). 

When elevated above this basal concentration, the ‘Ca2+ signalling network’ is 

engaged (Figure 1.1) resulting in activation of a four stage pathway. Firstly an external 

or internal cellular signal elicits a rise in cytoplasmic Ca2+ ([Ca2+]i) either through Ca2+-

release from intracellular Ca2+ stores (mitochondria or endoplasmic reticulum (ER)) or 

entrance of extracellular Ca2+ across the plasma membrane (PM). [Ca2+]i levels can 

rise to several µM under such circumstances (Ashby and Tepikin, 2001, Bootman et 

al., 2001a). Elevated Ca2+ acts as a secondary messenger, stimulating numerous 

Ca2+-sensitive processes.  

 

Using self-regulating mechanisms (Figure 1.2), Ca2+ is expelled from the cytoplasm, 

removing Ca2+ from the cell or into storage organelles through a range of channels 

(Cai et al., 2015, Berridge et al., 1998, Bootman et al., 2001a, Bootman et al., 2001b). 

Either side of the PM there exists a more than 10,000 fold change in [Ca2+], with 

systems in place to maintain a low intracellular [Ca2+] (Cai et al., 2015, Clapham, 

2007). Cells require vast amounts of energy to maintain a low [Ca2+]i as too high a 

[Ca2+] is cytotoxic. 
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Ca2+ elevations can occur through different pathways (Bootman et al., 2001a, Berridge 

et al., 1998). These can be grouped into: Ligand-gated Ca2+ channels (LGCC), 

Voltage-gated Ca2+ channels (VGCC) and Store-operated Ca2+ channels (SOCC). 

LGCCs include the Inositol 1,4,5 triphosphate (Ins(1,4,5)P3) binding to its receptor 

(InsP3Rs) (Berridge, 1993) or modulation of Ryanodine receptors (RyR) by cyclic ADP 

Ribose (cADPR) and Ca2+ (Berridge et al., 2000). VGCCs are activated following PM 

depolarisation whilst SOCCs are stimulated after intracellular Ca2+ stores are depleted 

(Bootman et al., 2001a, Bootman et al., 2001b).  

 

IP3Rs are ubiquitously expressed with RYRs enhanced in neurons, cardiac and 

skeletal muscles (Cai et al., 2015). Increased Ca2+ in one cellular region sensitises 

RYRs to Ca2+ (Berridge, 1993, Berridge et al., 1998, Bootman et al., 2001a). This is 

similar to InsP3Rs which are inhibited above a threshold [Ca2+] (>300 nM), remaining 

active between 100-300 nM Ca2+ (Berridge et al., 2000, Bootman et al., 2001a). Either 

IP3Rs or RYRs are able to stimulate Ca2+ release from the ER, an important task for 

diversifying the Ca2+ signals. In non-excitable cells, and some excitable cells, SOCC 

are involved in Store-operated Ca2+ entry (SOCE). Here ER Ca2+ depletion is sensed 

by STIM proteins which in turn regulate Orai channels to maintain the Ca2+ signal (Cai 

et al., 2015). SOCE is utilized during exocytosis. 

 

Components of the Ca2+ signalling toolkit permit translocation of Ca2+  over the PM 

(Berridge et al., 2000, Bootman et al., 2001a, Cai et al., 2015). The importance of this 

system is that Ca2+ has the ability to regulate the pathway itself, preventing 

overstimulation or cytotoxic levels of Ca2+. Either IP3Rs or RYRs are able to stimulate 

Ca2+ release from the ER, an important task for diversifying the Ca2+ signals, producing 

a more versatile signalling network (Berridge et al., 1998, Bootman et al., 2001a, 

Bootman, 2007, Roderick et al., 2007). 
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Figure 1.1 Ca2+ signalling toolkit/ network: Ca2+ enters cells to transduce and transmit external or 

internal signals to elicit a cellular response. Ca2+ can be released from internal organelles such as the 

mitochondria or be released from the endoplasmic reticulum (ER) or the sarcoplasmic reticulum (SR) 

to raise cytosolic Ca2+. Signals can be stopped through several mechanisms.  Mitochondria can 

sequester Ca2+ to buffer the intracellular compartment. Ca2+ is transported into the ER/ SR through the 

sarco/endoplasmic reticulum Ca2+ ATPase (SERCA) or expelled from cells using pumps and channels. 

Figure adapted from (Clapham, 2007, Berridge et al., 2000, Bootman et al., 2001a, Cai et al., 2015).  

 

Ca2+ acts as a secondary messenger during muscle contraction, gene transcription, 

cell proliferation, exocytosis, fertilisation, cell survival and cell death (Berridge et al., 

1998, Bootman et al., 2001a, Bootman et al., 2001b, Bootman, 2007, Petersen et al., 



 
  

4 

2005, Pedersen et al., 2005) using a network of signalling partners to elicit 

downstream pathways (Bootman et al., 2001a). This requires a number of Ca2+ binding 

proteins which will be discussed later in this thesis (Burgoyne and Weiss, 2001, 

Haynes et al., 2006, Haynes et al., 2007). Multicellular organisms require 

communication between cells using complex signalling systems (Cai et al., 2015, 

Roderick et al., 2007, Bootman et al., 2001a, Berridge et al., 2000). 

 

Ca2+ signalling has been well investigated showing the effect movement of Ca2+ has 

on cells (Figure 1.1 and 1.2), the channels involved and its diversity using G-protein 

coupled receptors (GPCRs) (Berridge et al., 2000, Berridge et al., 2003, Bootman et 

al., 2001a, Bootman et al., 2001b, Bootman, 2007). Research is ongoing regarding 

the two pore channels (TPCs) in respect to Ca2+ signalling, although their importance 

in release of lysosomal Ca2+ has been investigated (Brailoiu et al., 2009, Patel et al., 

2010, Ruas et al., 2010).   

 

Ca2+ released from IP3Rs are referred to as Ca2+ ‘blips’ or ‘puffs’ whilst those from 

RYRs are named Ca2+ ‘quarks’ or ‘sparks’. Ca2+ ‘blips’ or ‘quarks’ stimulate a single 

Ca2+ channel with a localised response ~2 µM for ~ 200 ms (Berridge et al., 2000, 

Berridge et al., 2003, Bootman et al., 2001a, Bootman et al., 2001b). Ca2+ ‘puffs’ or 

‘sparks’ stimulate a cluster of channels in a co-ordinated manner, persisting longer 

than Ca2+ ‘blips or quarks’ (~500 ms) and diffuse ~6 µM (Bootman et al., 2001b). Ca2+ 

‘blips’ or ‘quarks’ can stimulate neighbouring receptors forming a Ca2+ wave after 

overcoming the cellular Ca2+-buffering mechanisms which restrict Ca2+ signals 

(Berridge et al., 1998, Berridge et al., 2000, Bootman et al., 2001a, Berridge et al., 

2003).  
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Figure 1.2 Ca2+ signalling overview: Influx of Ca2+ into the cell is mediated primarily by VGCC with 

LGCC and SOCC assisting in this process. Ca2+ also enters cells through agents binding to GPCRs 

resulting in the production of second messengers resulting in the activation of IP3Rs and RYRs. This 

can lead to signal propagation by CICR. Lysosomes can release stored Ca2+ via the TPCs. Ca2+ leaves 

cells through different mechanisms such as NCX (Na+/ Ca2+ exchange) or PM Ca2+ ATPase (PMCA). 

Figure adapted from (Clapham, 2007, Berridge et al., 2000, Bootman et al., 2001a, Bootman et al., 

2001b). 

 

Ca2+ is able to induce Ca2+ release (Ca2+ induced Ca2+ release (CICR)) (Figure 1.1 and 

1.2). Separate mechanisms for Ca2+ release exist which are dependent on hormones 

and growth factors binding to receptors, stimulating hydrolysis of phosphatidylinositol 

4,5-bisphosphate (PIP2) by phospholipase C (PLC) producing InsP3 and diacylglycerol 

(DAG). The level of hormone applied to cells is proportional to the frequency of Ca2+ 

spikes. Ca2+ signals are important throughout the entire body, and are fundamentally 

important to the normal operation of neuronal and cardiac tissue (Bootman et al., 

2001b, Roderick et al., 2007, Catterall and Few, 2008, Catterall et al., 2013). This 

thesis focuses on the role of Ca2+ in specific aspects of nervous system function. 
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1.2	EF	hand:	A	Ca2+	binding	motif	
 

This thesis focuses on investigating EF-hand containing Ca2+ binding proteins, more 

than 200 proteins in the human genome contain EF hands, making this one of the 

largest single motif protein families (Schwaller, 2009, Iacovelli et al., 1999). EF hands 

were identified in 1973 in Parvalbumin and are named after Parvalbumin’s E and F 

regions (Clapham, 2007, Yanez et al., 2012).  

 

EF-hands commonly occur in pairs. EF-hands consist of a helix loop helix structure 

(~12 amino acids in total) where Ca2+ binds in the loop region (Figure 1.3), linking the 

two helix regions. Within the EF-hand key residues have been identified; positions 1, 

3, 5, 7, 9 and 12 required for correct Ca2+ positioning (Yanez et al., 2012). Residues 

1, 3 and 5 predominantly being aspartate, position 12 being a glutamate. Specific EF 

hand containing proteins can undergo a conformational shift when bound to Ca2+ 

(Burgoyne and Weiss, 2001, Burgoyne, 2007, Burgoyne and Haynes, 2014) to expose 

hydrophobic features, permitting interactions with partner proteins.  

 

 
Figure 1.3 EF hands: A structural diagram of the EF hand similar to a thumb and forefinger structure 

of a hand where Ca2+ sits at the base of the two appendages (helices). Ca2+ binds to the loop region 

between the helices. Adapted from (McCue et al., 2009, Burgoyne, 2007). 
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1.3	Neuronal	Calcium	
 

The central nervous system (CNS) is able to process, store and transfer information 

through a series of regulated and complex patterns of Ca2+ signals generated by an 

interplay between a range of Ca2+ channels, pumps and exchangers and decoded into 

cell biological outputs by a diverse array of  Ca2+-sensing proteins (Haynes et al., 

2012b). Ca2+ plays a vital role in neuronal sensory input, signal transmission and 

regulation of neuronal signaling (Bootman et al., 2001a, Criddle et al., 2007, Petersen 

et al., 2005).  

 

Animal behaviour can be regulated through changes in intracellular free Ca2+, 

transmitted via Ca2+ sensor proteins, relaying cellular signals to evoke protein-protein 

interactions. Neurons express a number of Ca2+ sensor proteins (McCue et al., 2010b) 

such as synaptotagmin I. Ca2+ bound synaptotagmin I, is utilized during fast 

neurotransmission (Nonet et al., 1993, Fernandez-Chacon et al., 2001) alongside 

other EF-hand containing proteins (Figure 1.3) (McCue et al., 2010b). Numerous 

neuronal processes are Ca2+-dependent including regulated exocytosis of 

neurotransmitters, modulation of ion channel activity, development and regulation of 

neuronal gene expression. Recent studies identified the potential presence of aberrant 

Ca2+ signaling in a number of neurodegenerative disorders (Brini et al., 2014, Mattson 

and Magnus, 2006, Camandola and Mattson, 2011, Ames et al., 2012).  

 

Neuronal Ca2+ signals are highly diverse, potentially due to restricted expression of 

proteins in different neurons, with various post-transcriptional modifications 

(myristoylation or palmitoylation) to alter protein locations (O'Callaghan et al., 2002, 

O'Callaghan et al., 2003). 

 

Through molecular pathways, Ca2+ controls patterns of synaptic facilitation and 

depression to regulate synaptic connectivity and architecture, dictating higher level 

abstract processes of learning and memory acquisition (Yan, 2014). Synaptic 

efficiency is altered by Long Term Potentiation (LTP) and Long Term Depression 

(LTD) (Brini et al., 2014) through synaptic transmission, to modulate learning and 

memory.  
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LTP occurs using Ca2+ signals in the µM scale for a matter of seconds; LTD occurs 

following a Ca2+ signal on the hundreds of  nM scale for longer time frames using Ca2+ 

entry via N-methyl-D-aspartate (NMDA) receptors (Malenka and Bear, 2004, Bear and 

Malenka, 1994). Ca2+ in neurons modulates axonal growth, synaptic strength and 

neural plasticity (Zhang et al., 1995, Moreno et al., 2016, McGinnis et al., 1998, McCue 

et al., 2010b, Zucker and Regehr, 2002, Chen et al., 2001, Bennett, 1999, Ghosh and 

Greenberg, 1995).  

 

1.3.1	Calcium	sensor	proteins	
 

Ca2+ sensor proteins can be broadly grouped into two sub-families; the Ca2+ binding 

proteins (CaBPs) and the Neuronal Ca2+ sensor (NCS) family (Haeseleer et al., 2000, 

Haynes et al., 2012a, Burgoyne, 2007, Burgoyne and Weiss, 2001, Burgoyne and 

Haynes, 2012). Members of these families are related to Calmodulin (CaM), each 

containing four EF-hands (Burgoyne and Haynes, 2014, Burgoyne and Haynes, 2010, 

Burgoyne, 2007).  

 

The Ca2+-binding / sensor proteins display distinct cellular and tissue distribution, 

present either intracellular or extracellular to stimulate or inhibit signalling (Yanez et 

al., 2012, Kabbani et al., 2002, Iacovelli et al., 1999). 

 

1.3.2	Calmodulin		
 

In 1970, the primordial EF-hand protein, Calmodulin (Calcium Modulated Protein 

(CaM)) (148 amino acid), was first identified (Stevens, 1983, Clapham, 2007, Yanez 

et al., 2012). Present in all plant and animal cells, CaM is the most abundant Ca2+ 

sensor protein, showing high conservation, a useful tool for studying Ca2+ sensors 

(Zhang et al., 1995, Yanez et al., 2012). CaM regulates numerous physiological 

processes including exocytosis, cell motility, modulating intracellular Ca2+ levels and 

assembly of the cytoskeleton. Partner proteins of CaM are well known including 

Ca2+/CaM-dependent protein kinase II which mediates many CaM dependent 

functions (Yamauchi, 2005). CaM has four functional EF hands arranged in pairs, N-

terminal and C-terminal lobe (DeMaria et al., 2001, Berridge et al., 2000). The ability 

of CaM to interact with >300 partner proteins stems from its highly mobile linker region 
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orientating the structure of CaM (Chattopadhyaya et al., 1992, Babu et al., 1988, Ikura 

and Ames, 2006).  

 

Under changes in [Ca2+]i, many EF-hand containing proteins undergo a conformation 

change (Ikura and Ames, 2006), permitting binding to downstream partner proteins. 

Upon binding Ca2+, CaM undergoes a conformational change, increasing its Ca2+ 

affinity 10 fold (Berridge et al., 1998, Zhang et al., 1995). 

 

1.3.3	Calcium	Binding	Proteins	(CaBPs)	
 

The CaBPs were first identified in vertebrates (McCue et al., 2010a), further allowing 

diversification in the Ca2+ signal in higher organisms. CaBPs show higher resemblance 

to CaM than the NCS proteins in sequence homology. Each member contains four 

EF-hands albeit some are inactive (Figure 1.4) (McCue et al., 2009). CaBP 7 & 8 

contain a C-terminal transmembrane domain whereas CaBP 1 & 2 have an N-terminal 

myristoylation sequence, similar to members of the NCS family.  

 

The myristoylation sequence restricts CaBP protein localisation to membranes, further 

diversifying the Ca2+ signal. Caldendrin is the longest splice isoform of CaBP1 that 

does not contain an N-myristoylation motif. Members of the CaBP family share a 

number of similar interacting proteins with CaM; resulting in different outcomes. In 

respect to L-type Ca2+ channels, CaM bound L-type channels causes Ca2+ dependent 

inactivation (CDI) and reduced Ca2+ influx. CaBP1 bound L-type Ca2+ channel blocks 

CDI and increases Ca2+ influx (Findeisen and Minor, 2010, Findeisen et al., 2013).  

 

In regards to CaV1.2 channels, the N-terminal portion of CaBP1 induces inhibition of 

CDI and induction of Ca2+ dependent facilitation (CDF), thereby modulating channel 

activity, with the C-terminus acting as a protein anchor (Findeisen and Minor, 2010).  

 

CaBP1 is present within neurons, CaBP4 is however present in retinal cells as well as 

neuronal cells, assisting in regulating photoreceptor Ca2+ signals (Lee et al., 2007). 

CaBP4 was proposed to be involved in neurotransmitter release at synaptic terminals 
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(Haeseleer et al., 2000, Haeseleer, 2008). The rationale behind using CaBP1 as a 

control for later studies is due to its presence in neurons and its N-terminal 

myristoylation sequence.  

 
Figure 1.4 CaBP structures: CaBP family members are structurally distinct from CaM, each contain 4 

EF-hands albeit with different active (green) and inactive (red) EF-hands. CaBP1 & 2 have an N-

terminal myristoylation domain allowing membrane association. Membrane association in CaBP7 & 8 

occurs via its C-terminal transmembrane domain. 

 

CaBP7 and 8 are believed to be regulators of PI4KIIIβ (McCue et al., 2010a, McCue 

et al., 2010b). Under low [Ca2+], CaBP7 and 8 inhibit kinase activity of PI4KIIIβ; in the 

presence of high [Ca2+], NCS-1 binds to PI4KIIIβ stimulating its kinase activity, 

enhancing trafficking from the Trans Golgi Network to the PM (Mikhaylova et al., 

2009). 

 

1.3.4	NCS	family	
 

The Neuronal Calcium Sensor (NCS) family of proteins are a sub-family of the CaM 

like proteins highly expressed in neurons (Burgoyne and Weiss, 2001), each of which 

contain up to 4 active EF-hands (Figure 1.5), with less than 20 % homology with CaM 

(Brini et al., 2014, Burgoyne and Weiss, 2001). NCS family members are present in 

specific cell types including neurons and retinal cells. Interestingly, NCS family 

members hold non-redundant functions as over-expression of one family member 
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does not compensate for the loss of another NCS member (Heidarsson et al., 2012, 

Heidarsson et al., 2013, Pandalaneni et al., 2015). NCS family members bind Ca2+ at 

sub-micromolar concentrations (Burgoyne and Haynes, 2012, Rousset et al., 2003) 

confirming their biological activity as high-affinity sensors compared to low affinity Ca2+ 

buffers.  

 

Mammalian NCS proteins are encoded by 14 conserved genes, with critical roles in 

regulation of neurotransmitter release, gene transcription, ion channel regulation, cell 

growth/ survival and synaptic functions (Burgoyne and Haynes, 2012, McFerran et al., 

1998, Pongs et al., 1993, Burgoyne, 2007).  The NCS family contains 5 sub-families; 

Class A (NCS-1 / Frequenin), Class B (visinin-like proteins (VILIPs)), Class C 

(Recoverin), Class D (Guanylate cyclase activating proteins (GCAPs) and Class E 

(voltage gated Potassium (K+) channel interacting proteins (KChIPs))  (Burgoyne and 

Haynes, 2012). NCS family members have differing Ca2+ affinities. This research 

focused on NCS-1.  

 

Ca2+ bound NCS-1 adopts a compact globular shape, this differs from Ca2+ bound CaM 

which forms an extended dumbbell shape (Burgoyne and Weiss, 2001, Burgoyne, 

2007, Burgoyne and Haynes, 2010, Clayton et al., 2013b). Numerous NCS family 

members contain an N-terminal modification, myristoyl or palmitoyl acylation that in 

most cases mediates permanent or reversible membrane association. A Ca2+ / 

myristoyl switch mechanism was suggested as a regulatory mechanism, only being 

exposed in a Ca2+ bound protein (O'Callaghan et al., 2002, O'Callaghan et al., 2003). 

Some maintain an exposed lipid group in the absence of Ca2+ permitting spatial 

alterations under changing [Ca2+]. Myristoylation is also able to furnish a structural role 

in certain NCS family members and in GCAP-1 is essential for structural stability, 

extending the physiological functionality of this modification in the NCS family (Haynes 

and Burgoyne, 2008). 

 

NCS-1, the primordial member of the NCS family, was first identified in Drosophila 

melanogaster (D. melanogaster) (frequenin) (Pongs et al., 1993), and is the most 

diversely expressed member of the NCS family. NCS-1 orthologues have been 

identified in many organisms ranging from Yeast to Humans (Burgoyne and Haynes, 

2012, Pongs et al., 1993, Hendricks et al., 1999). VILIPs arose in Nematodes, 
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Recoverin and GCAPs in amphibians and KChIPs first identified in mammals 

(Burgoyne and Weiss, 2001).  

 

NCS-1 unlike CaM does not contain 4 active EF hands due to a Cysteine-proline 

substitution in EF hand-1 and contains an N-terminal myristoyl group (using a 

conserved glycine at position 2) allowing association with membranous structures 

(Heidarsson et al., 2013, Ames et al., 2012, Jeromin et al., 2004, Hilfiker, 2003, 

Taverna et al., 2002). The cellular distribution of the NCS family members is unique 

allowing diverse functions to be carried out in different cell types (Burgoyne and Weiss, 

2001).  

 
Figure 1.5 NCS family: A detailed structure of the NCS family members with the canonical Ca2+ binding 

protein CaM. Active (green) and inactive (red) EF-hands are represented. Members that are known to 

undergo a Ca2+-myristoyl shift are highlighted using arrows. Figure adapted from (Raghuram et al., 

2012, Viviano et al., 2016, McCue et al., 2010b).  

  



 
  

13 

 
Protein Active EF hands Ca2+ affinity 

µM 

Concentration of Ca2+ bound 

EF hands µM 

References 

Hippocalcin 3 0.324 49.72 (O'Callaghan et 

al., 2003) 

NCS-1 3 0.440 29.37 (Aravind et al., 

2008) 

DREAM 2 ~1.000 19.37 (Osawa et al., 

2005) 

Caldendrin 

(CaBPs) 

2 7.000 16.54 (Wingard et al., 

2005) 

CaM 4 5.850 49.18 (Faas et al., 

2011) 
Table 1.1 NCS family Ca2+ affinity: Through various studies and equations the affinity of proteins able 

to bind Ca2+ has been calculated. Members of the NCS and CaBP family have been studied alongside 

CaM, adapted from (Raghuram et al., 2012). 

 

NCS-1 has a higher affinity for Ca2+ than CaM. Mammals contain a single NCS-1, one 

Recoverin, three members of the GCAPs, four members of the KChIPs and five of the 

VILIP proteins; the recoverin and GCAPs are found solely in the retina (Burgoyne, 

2007). Studies have identified the presence of several or all of the NCS family proteins 

in neurons which are likely to perform distinct functions. Upon examination of the 

expression profiles, sub-cellular localisations and biophysical properties of the various 

NCS proteins and CaM highlights that each protein fulfils a unique physiological 

function(s), multiple sensors present within the same cell type enhances a cells ability 

to respond to an enhanced range of Ca2+ signals.   

 

Other mammalian NCS family functions include signal transduction, gene expression 

(VILIPs) (De Castro et al., 1995, Few et al., 2005) and light adaptation in the retina 

(GCAPs and Recoverin) (Ames et al., 2012, De Castro et al., 1995). GCAPs activate 

guanylyl cyclases (GCs) in the retina as Recoverin inhibits rhodopsin kinase 

increasing light sensitivity in mammals (Burgoyne and Weiss, 2001, Burgoyne, 2007, 

Burgoyne and Haynes, 2010). KChIPs are primarily located within the brain and 

interact with voltage-gated potassium channels, an important role for KChIP2 is found 

in the heart (Roderick et al., 2007, Kuo et al., 2001).  
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1.4	NCS-1	and	its	functions	
 

NCS-1, the primary member of the NCS family, shows a highly conserved sequence 

(Pongs et al., 1993). Slight changes in [Ca2+] can be detected by NCS-1. NCS-1 

predominantly localizes to the Golgi apparatus and PM (Hilfiker, 2003).  

 

NCS-1 the most widely expressed of the NCS family has identified roles in 

neurotransmitter release (McFerran et al., 1998, Pongs et al., 1993, McFerran et al., 

1999), VGCC activities (Weiss et al., 2000, Tsujimoto et al., 2002), short term synaptic 

plasticity LTD (Jo et al., 2008, Sippy et al., 2003), and synaptic activity (assisting in 

vesicle fusion at the pre-synaptic terminal (Karp, 2010)). Yeast (Saccharomyces 

cerevisiae (S. cerevisiae)) NCS-1 is essential for survival, via interactions with Pik1, a 

phosphatidylinositol-4-kinase (PI4K) orthologue (Hilfiker, 2003, Hendricks et al., 

1999). Mammalian NCS-1 and PI4K interact, assisting in neuronal secretion and 

constitutive exocytosis under NCS-1 overexpression (Hilfiker, 2003).  

 

NCS-1 in neurons regulates Dopamine D2 receptor (D2R) phosphorylation and 

trafficking. NCS-1 could be a targeted treatment for Schizophrenia and 

neurodegenerative disorders (Brini et al., 2014, Burgoyne and Haynes, 2012). NCS-1 

mutations affect its ability to bind specific partner proteins; key residues between EF3 

and EF4 assist in target specificity (Ames et al., 2012, Bourne et al., 2001, Aravind et 

al., 2008, Rajaram et al., 2000).  

 

A preliminary mammalian NCS-1 interactome has been produced from various 

protein-protein interaction screens (Figure 1.6 adapted from (McCue et al., 2010b, 

Burgoyne and Haynes, 2012, Haynes et al., 2006)). Known functional implications of 

these interactions include neuronal outgrowth, synaptic transmission, learning and 

memory (Pongs et al., 1993, Saab et al., 2009). Some of these interactions remain to 

be fully established regarding their Ca2+ dependency. 

 

NCS-1 has three EF-hands able to bind Ca2+, under normal physiological conditions, 

EF2 and EF3 are thought to be Mg2+ bound. When bound to Mg2+, NCS-1 has a lower 

affinity to Ca2+ than the apo form (~90 nM as opposed to ~440 nM in the apo form) 
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(Aravind et al., 2008) preventing non-specific activation (Ames et al., 2012, Burgoyne 

and Weiss, 2001, Burgoyne and Haynes, 2014, Aravind et al., 2008).  

 

NCS-1 overexpression increases neurotransmitter release in Drosophila, Ca2+-

dependent exocytosis, learning and memory in Caenorhabditis elegans (C. elegans) 

(Heidarsson et al., 2012, McFerran et al., 1998, Pongs et al., 1993, Gomez et al., 

2001). During Danio rerio (D. rerio) development, NCS-1 is required for semi-lunar 

canal formation (Burgoyne, 2007, Hendricks et al., 1999).  

 

Highlighted in the protein-protein interaction screens were ARF1 and PI4KIIIβ (PI4K), 

supporting past research regarding a relationship between these proteins (Haynes et 

al., 2005, Haynes et al., 2006, Haynes et al., 2007, Burgoyne and Haynes, 2014). 

Similarly these allow secretion of components for inner ear development of the 

vestibular apparatus (Petko et al., 2009). 
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Figure 1.6: Simplified interactome of mammalian NCS-1: Known interactors of mammalian NCS-1 

were identified and homologues of these proteins within C. elegans determined. Interactions with 

mammalian NCS-1 can be classified as either Ca2+ dependent (top left box) or Ca2+ independent 

(bottombox). Not all interactions with mammalian NCS-1 have been fully elucidated (top right box). 

Proteins identified within the AIY interneuron pair highlighted (yellow boxes). Figure adapted from 

(McCue et al., 2010b, Burgoyne and Haynes, 2012). The importance of the AIY neuron and the potential 

interacting partners will be highlighted later in this thesis (chapter 1.7-1.7.3) 

 

Many partner proteins overlap with CaM however a number of unique partner proteins 

are known (Haynes et al., 2006, Haynes et al., 2007), being either Ca2+ dependent or 

independent interactions. AIY specific expression of NCS-1 in C. elegans allows for 

temperature dependent locomotion (TDL) behaviours. Of interest were orthologues of 

the mammalian interactome which were AIY specific or proteins neuronally expressed 

in C. elegans. The majority of interactions with NCS-1 shown above have not been 

fully validated functionally (Burgoyne and Haynes, 2014, Haynes et al., 2005, Haynes 

et al., 2006, Haynes and Burgoyne, 2008).  
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1.4.1	NCS-1	partners	
 

C. elegans lacking NCS-1 present with aberrant thermosensory behaviours (Gomez 

et al., 2001, Hedgecock and Russell, 1975). The expression of NCS-1 in the AIY 

neuron of C. elegans is sufficient to recapture temperature dependent phenotypes 

(Martin et al., 2013). This along with other aspects of NCS-1 in C. elegans will be 

further elaborated on later in this thesis (section 1.6 onwards). The identity of its 

downstream partner protein is unclear; using a mammalian NCS-1 interactome, 

potential partner proteins were selected in C. elegans using the selection criteria of 

being present in neurons or specifically in the AIY neuron; any of which that elicited a 

temperature dependent phenotype were discounted due to the nature of our research 

assay. Of specific interest was the relationship between NCS-1, Arf-1.1 and PI4KIIIβ 

(Hobert, 2013 ). 

 

1.4.2	VGCC	
 

CaM and NCS-1 share multiple interacting proteins, including the VGCCs; our focus 

was upon the PQ-type channels of the CaV2.1 (Voltage gated Ca2+ channels 2.1) 

family. Regarding CaM and its interaction with PQ-type channels (Figure 1.7), CaM 

plays a role in short-term synaptic plasticity (Leal et al., 2012, Mochida et al., 2008, 

Burgoyne and Haynes, 2014). Open CaV2.1 channels are bound by CaM at their IQ 

domain; with Ca2+ initially binding to its C-terminal EF-hands; persistent channel 

opening allows Ca2+ binding to the N-terminal EF-hands.  

 

The N-terminal lobe of CaM interacts with the Calmodulin binding domain (CBD) 

(Figure 1.7), inducing CDI; mutations in which prevents inactivation (Findeisen and 

Minor, 2010, DeMaria et al., 2001, Burgoyne and Haynes, 2014). Mutations in the C-

terminal lobe of CaM on the other hand inhibits CDF (DeMaria et al., 2001, Lee et al., 

2002, Lee et al., 2000, Tadross et al., 2013). One hypothesis is that residual Ca2+ acts 

as ‘facilitation sensors’ to CaM, resulting in various downstream effects (Catterall, 

2000). With CaM containing 4 active EF hands and no presence of an N-terminal 

myristoylation site, one theory is that CaM is able to bind to CaV2.1 channels different 

to other Ca2+ sensor proteins (Catterall, 2000).  
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The C-terminal domain of the PQ-type channels contain a IQ (also known as an IM 

domain) and CBD domains (Catterall and Few, 2008, Catterall, 2000, Lee et al., 1999, 

Lee et al., 2003), involved in CaM dependent modulation of the Cav2.1 channel activity 

(Erickson et al., 2001, Erickson et al., 2003). A high density of Ca2+ in nerve terminal 

active zones is required to inactivate CaV2.1 channels (Catterall, 2000). Channel 

regulation is more complicated than presented here with evidence suggesting the β2a-

subunit is more susceptible to CaM mediated CDF and CDI than other isoforms of this 

subunit (Lee et al., 2000). 

 

1.4.2.1	Structure	of	the	PQ-type	Ca2+	channel	
 

Of the various VGCCs within the Cav2x family, the PQ-type channels are pre-synaptic 

Ca2+ channels, able to initiate neurotransmitter release through interactions and 

modulation by specific Ca2+-binding proteins; contributing to synaptic plasticity (Lee et 

al., 2002, Few et al., 2005). PQ-type channels are also able to b post-synaptic. 

Changes in Ca2+ influx affects synaptic functions through altered short-term plasticity 

(Zucker and Regehr, 2002).  

 

The α1-subunit of the PQ-type channels consists of 4 repeating units, each containing 

6 transmembrane domains with cytosolic N and C-terminal tails (Figure 1.7) (Catterall, 

2000, Catterall et al., 2013). Previous research has identified the IQ domain as the 

site of interaction between NCS-1 and PQ-type channels (Lian et al., 2014). 

 

 
Figure 1.7 PQ structure: The PQ VGCC consists of multiple sub-units; the α1-subunit has 4 repeating 

domains, each containing 6 TM domains. NCS-1 binds to the PQ channel at the IQ/IM domain; both 

the N and C-termini are cytosolic (adapted from (Catterall, 2000, Burgoyne and Haynes, 2014)). 
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1.4.2.2	Ca2+	sensor	proteins	modulate	Cav2.1	channels	
 

Neuronal Ca2+ channels, including the CaV2.1 PQ-type channels can be modulated by 

various EF-hand containing Ca2+ sensor proteins (Figures 1.3, 1.5, 1.6 & 1.7) in either 

a Ca2+-dependent or independent manner (DeMaria et al., 2001, Lee et al., 2002, 

Haynes et al., 2006). Ca2+ bound EF-hand containing proteins undergo a 

conformational shift, exposing binding interfaces permitting interaction with 

downstream effectors (Burgoyne and Haynes, 2012, Dason et al., 2009, Dason et al., 

2012). Regulation of PQ-channels is critical to maintain normal neuronal function (Lee 

et al., 2000, Lian et al., 2014, Brini et al., 2014, Lee et al., 1999, Lee et al., 2002, 

Tsujimoto et al., 2002). 

 

Synaptic transmission and neurotransmitter release is primarily initiated by members 

of the CaV2.1 channel family (N, PQ and R-type currents) (Tsien et al., 1991, Mochida 

et al., 2008, Catterall and Few, 2008). The α pore forming subunits of the CaV2x family 

contains multiple transmembrane spanning domains (Figure 1.7). Through association 

with additional accessory sub-units this allows the assembled channel complex to 

function in trafficking and regulatory behaviours (Catterall and Few, 2008, Catterall, 

2000). 

 

1.4.2.3	PQ-type	channels	interactions	with	nCaS	proteins	
 

The PQ-type channels are regulated by various Ca2+ sensors (Burgoyne and Haynes, 

2014). Numerous identified nCaS family members, are able to displace CaM from 

regulatory binding sites which in turn confers distinct forms of regulation (Catterall, 

2000, Catterall and Few, 2008, Christel and Lee, 2012). CaBP1 is able to inactivate 

PQ-type channels. In this case, CaBP1 binds to the CBD within the a-domain of PQ-

type channels in a Ca2+-independent manner resulting in rapid inactivation of channel 

activity (Lee et al., 2002).  

 

In contrast to this effect, another nCaS known to interact with the PQ-type channel is 

VILIP-2; upon co-transfection into cells VILIP-2 increases CDF whilst inhibiting CDI 
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(Few et al., 2005, Lautermilch et al., 2005, Burgoyne and Haynes, 2014) through 

binding to both the IQ and CBD domains. These opposing effects on channel activity 

represents the diversity of effects on neuronal Ca2+ signals, using different proteins. 

Members of the CaBP family are also known to interact with and regulate a range of 

VGCC types altering the channel activity by activating or inactivating CDF and CDI 

(Table 1.2).  

 
VGCC Type CDF CDI References 

CaV1.2 L-type CaBP1 

(increase) 

CaM (increase), CaBP1 

(decrease), Caldendrin 

(decrease), CaBP5 

(decrease) 

(Peterson et al., 1999, Zuhlke et al., 

2000, Tippens and Lee, 2007, Zhou 

et al., 2004, Rieke et al., 2008) 

CaV1.3 L-type  CaM (increase), CaBP 

1,2,3, & 4 (decrease) 

(Cui et al., 2007, Lee et al., 2007, 

Yang et al., 2006, Yang et al., 2014, 

Schrauwen et al., 2012) 

CaV1.4 L-type  CaBP4 (decrease) (Shaltiel et al., 2012) 

CaV2.1 PQ-type CaM (increase), 

VILIP-2 

(increase), NCS-

1 (increase), 

CaBP-1 

(decrease) 

CaM (increase), CaBP1 

(decrease), VILIP-2 

(decrease) 

(DeMaria et al., 2001, Lee et al., 

2003, Lee et al., 2002, Lautermilch et 

al., 2005, Tsujimoto et al., 2002, 

Weiss et al., 2000) 

CaV2.2 N-type  CaM (increase) (Liang et al., 2003) 

CaV2.3 R-type  CaM (increase) (Liang et al., 2003) 

Table 1.2 CDF and CDI: Overview of different VGCCs and factors which increase or decrease their 

levels of CDF or CDI, adapted from (Burgoyne and Haynes, 2014). A number of Ca2+ binding proteins 

are included in this table acting upon levels of CDF and CDI. The effects of the proteins on CDF and 

CDI are outlined in this table (increase or decrease). 

 

1.4.2.4	NCS-1	and	its	interaction	with	PQ	VGCC.	
 

Studies have shown NCS-1 and its orthologues undertake some of their neuronal 

functions through interacting with orthologues of the CaV2.1 protein family. In 

Drosophila melanogaster, frequenin (the NCS-1 orthologue) interacts with cacophony 

(the CaV2.1 PQ-type VGCC orthologue) to help regulate neuronal signaling (Dason et 

al., 2009, Dason et al., 2012). Recent studies using X-ray crystallography have 
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elucidated the structure of NCS-1 under various conditions to identify protein-protein 

interactions (Ames et al., 2012, Rousset et al., 2003, Tsujimoto et al., 2002).  

 

To date research suggests NCS-1 interacts with the PQ VGCC at the IQ/IM domain 

(Catterall and Few, 2008). NCS-1 has been shown to downregulate expression of 

various VGCC in a β-subunit specific manner (Rousset et al., 2003). Hypothesized 

binding sites of NCS-1 and various proteins were obtained using data from 

characterized interactions which occur using the C-terminus of NCS-1 (Heidarsson et 

al., 2012). 

 

Previous research has shown the importance of PQ-type channels in maintaining 

neuronal function. This research looked at NCS-1 and its interaction with PQ-type 

channels at the PM, as NCS-1 is a potential regulator of PQ-type channels (Lian et al., 

2014). A lethal phenotype is shown in C. elegans lacking PQ-type channels, as such 

developing a method to test interactions in a living animal is advantageous to elucidate 

behavioural patterns and protein-protein interactions.  

 

1.4.3	TRP	
 

The mammalian NCS-1 interactome generated from protein-protein interaction 

screens (Figure 1.6) identified the Transient Receptor Potential (TRP) cation 

channels, primarily moving Na+ and Ca2+ across the PM, as a potential interacting 

partner (Song and Yuan, 2010, Pedersen et al., 2005, Clapham, 2007). TRP channels 

consist of a six transmembrane spanning protein with a pore domain situated between 

TM domains 5 and 6. TRP channels form homo or heterotetramer structures 

(Pedersen et al., 2005), regulation of the TRP channels is thought to occur through 

the N and C termini which are both present intracellular (Ramsey et al., 2006, Song 

and Yuan, 2010). 

 

Originally, TRPs were first identified in D. melanogaster when investigating responses 

to light (Ramsey et al., 2006, Pedersen et al., 2005). A Drosophila mutant with a 

transient response to light suggested the presence of TRP channels (Pedersen et al., 

2005, Ramsey et al., 2006). The first TRP gene was cloned in 1989 (Montell and 

Rubin, 1989). To date more than 30 members have been identified within this family 
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(Pedersen et al., 2005). Like other protein channels, TRPs are affected by temperature 

changes, pH and other environmental signals (Ramsey et al., 2006, Clapham, 2007). 

Cell types usually contain multiple TRP sub-types (Pedersen et al., 2005). 

 

Seven sub-families are known for the TRP channels based on their amino acid 

sequence; including TRPC (canonical) (TRPC1 first cloned in 1995 (Wes et al., 1995, 

Petersen et al., 1995)), TRPV (vanilloid), TRPM (melastatin), TRPN (no 

mechanoreceptor potential C) TRPA (ankyrin), TRPP (polycystin) and TRPML 

(mucolipin), as outlined previously (Ramsey et al., 2006, Montell, 2005, 

Venkatachalam and Montell, 2007, Latorre et al., 2009, Pedersen et al., 2005).  

 

Most of the TRP channels are Ca2+ permeable (Cai et al., 2015), assisting in sensing 

environmental factors through chemical and physical stimuli. Cation current through 

TRP channels depolarises cells, necessary to transmit action potentials. TRPs and 

their activity are involved in various cellular functions and diseases (Ramsey et al., 

2006, Clapham, 2007, Nilius et al., 2005, Venkatachalam and Montell, 2007). In non-

excitable cells, TRPs stimulate voltage-dependent channels to stimulate different 

processes such as; transcription, translation and contraction (Song and Yuan, 2010). 

In certain animals, including C. elegans, TRP channel activity has been linked to 

longevity (Talavera et al., 2008, Xiao et al., 2013, Zhang et al., 2015). 

 

1.4.3.1	TRPN	
 

TRPN to date contains a single identified member containing ~29 Ankyrin repeats, 

found in C. elegans, Drosophila and zebra fish (D. rerio) (Sidi et al., 2003, Walker et 

al., 2000). In Drosophila, TRPN1 knockout resulted in cessation of mechanosensation 

and a loss of auditory response in D. rerio larvae.  

 

1.4.3.2	TRPA	
 

TRPA1 is the primary member of the Ankyrin TRPs, containing numerous Ankyrin 

repeats at its N terminus, ~14 repeats (Song and Yuan, 2010, Story et al., 2003). 

TRPA1 forms non-selective cation channels present in the ear (Pedersen et al., 2005, 
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Corey et al., 2004). It is under dispute whether TRPA1 is activated by cold (Jordt et 

al., 2004). 

 

1.4.3.3	TRPC	
 

Commonly in the C-terminal tail of TRPC members, an invariable sequence is found, 

known as a TRP box (EWKFAR) (Pedersen et al., 2005). Sequence similarity between 

different members of the TRPC family is high ~75%, with members being activated by 

phospholipase Cβ1 (PLCβ1) (TRPC1, 4 & 5) or Diacylglycerol (DAG) (TRPC 3, 6 & 7) 

(Ramsey et al., 2006, Song and Yuan, 2010, Pedersen et al., 2005). Interestingly, 

TRPC1 is believed to be DAG insensitive, instead acting as a mechanosensitive cation 

channel, converting membrane stretch into cation signals (Pedersen et al., 2005).  

 

DAG is able to activate TRP channels on the PM, here named receptor-operated 

channels. Activation of TRP channels in this manner releases Ca2+ from the ER and 

SR, allowing store operated Ca2+ entry (Pedersen et al., 2005). Therefore insensitivity 

to DAG reduces the ability for ions to cross the PM through TRP channels downstream 

of the RTK or GPCR signaling pathway converting membrane phospholipids into IP3 

and DAG with the help of PLC (Minke, 2006). Differential activation and inhibition of 

TRPC family members can occur, with TRPC4 and 5 able to be activated in the 

presence of micromolar concentrations of lanthanides, the presence of which inhibits 

other TRPC members (Pedersen et al., 2005). 

 

TRPs, as with the PQ-VGCCs, also interact with CaM with TRPC3 & 6 showing a 

higher affinity for CaM than other TRPC members. Translocation of TRP channels is 

important for their functions, interestingly TRPC5 translocates to the PM in a PI3K, 

Rac and phosphatidylinositol 4-phosphate 5-kinase (PIP(4,5)K) dependent manner 

(Bezzerides et al., 2004). In rodents, TRPC2 is required for pheromone detection, 

however in humans TRPC2 is considered a pseudogene, potentially acting as a Ca2+ 

signal in spermatozoa (Pedersen et al., 2005, Song and Yuan, 2010, Wes et al., 1995, 

Lucas et al., 2003).  
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1.4.3.4	TRPV	
 

Members of the TRPV family, in humans and mice have been identified as sensors of 

noxious temperatures (Song and Yuan, 2010, Caterina et al., 2000). TRPV1-4 each 

form outwardly rectifying cation channels with different selectivity of Ca2+ to Na+. 

Distinct roles of thermosensation and osmosensation have been identified for TRPV 

channels (Pedersen et al., 2005). TRPV5 and TRPV6 form constitutively active 

inwardly rectifying Ca2+-selective cation channels, being tightly regulated by [Ca2+]i. 

Each TRPV family member contains between 3 and 5 NH2-terminal Ankyrin repeats. 

Activation of the TRPV channels differs depending on the temperature threshold, 

which can be reduced through PKC activation or decreased levels of PI(4,5)P2 

(Pedersen et al., 2005). 

 

TRPV channels are present in other organisms including C. elegans (Osm-9) and 

Drosophila (Nan) (Pedersen et al., 2005). In the kidney and intestines, reuptake of 

Ca2+ is partially completed through TRPV5 and TRPV6 family members respectively, 

TRPV6 binds directly to CaM (den Dekker et al., 2003, Lambers et al., 2004).  

 

1.4.3.5	TRPP	
 

TRPP channels have been reported in disease such as autosomal dominant polycystic 

kidney disease, namely TRPP1. Structurally, TRPP1 contains 11 TM domains with 

TRPP2 and other TRPP members having 6 TM domains. TRPP1 and 2 are expressed 

widely with other TRPP members showing restricted localisation (Pedersen et al., 

2005). TRPP2 contains a Ca2+ binding EF-hand however this lacks a TRP domain, 

potentially functioning as an intracellular Ca2+ channel.  

 

Nonselective cation channels formed by TRPP1 are present in kidney, pancreas, 

heart, blood and testes (Ramsey et al., 2006, Song and Yuan, 2010). During mouse 

development, TRPP1 assists in formation of cardiac, skeletal and renal cells. TRPP2 

forms cation channels in the kidney, testes and eye, activated following an increase in 

[Ca2+]i (Ramsey et al., 2006, Song and Yuan, 2010, Venkatachalam and Montell, 

2007).  
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1.4.3.6	TRPML	
 

Three members have been identified currently for the TRPML subfamily (TRPML1-3), 

the initial member being TRPML1 (mucolipin), mutations in which lead to lysosomal 

storage diseases, TRPML assists in controlling lysosomal Ca2+ levels (Pedersen et al., 

2005). TRPML1 whilst being present on lysosomes is inhibited at low pH. Currently, 

less is known regarding TRPML2 and 3. Of the TRP subfamilies, the TRPML family is 

restricted to vesicles, late endosomes and lysosomes present intracellular and form 

nonselective cation channels (Montell, 2005, Ramsey et al., 2006, Song and Yuan, 

2010, Yao et al., 2005). This is also the case for TRPV1 and TRPM8 acting 

intracellular (Pedersen et al., 2005, Cai et al., 2015, Bootman et al., 2001a). 

 

1.4.3.7	TRPM	
 

TRP channels are conserved through evolution with animals expressing TRPs in 

different tissues (Chatzigeorgiou et al., 2010, Latorre et al., 2009, Pedersen et al., 

2005, Song and Yuan, 2010).  

 

TRPM channels exhibit variable permeability to Ca2+ and Mg2+, TRPM4 and TRPM5 

being Ca2+ impermeable with TRPM6 and TRPM7 being greatly Ca2+ permeable 

(Nilius et al., 2005, Pedersen et al., 2005). Splice variants and mutations in TRPM 

channels are present in melanoma metastasis (TRPM1), human hypomagnesemia, 

secondary hypocalcemia (TRPM6) and myogenic cerebral artery vasoconstriction 

(TRPM4). TRPM5 is involved in taste sensation, TRPM7 in Mg2+ homeostasis and 

TRPM4 in activated T lymphocytes (Montell, 2005, Nilius et al., 2005, Pedersen et al., 

2005, Song and Yuan, 2010, Venkatachalam and Montell, 2007).  

 

TRPM1 (melastatin) acts as a tumour suppressor protein, expression of which is 

decreased in melanoma patients (Pedersen et al., 2005, Grimm et al., 2003). Gating 

of TRPM4 and 5 occurs through increased [Ca2+]i,TRPM5 activity is also increased 

through PI(4,5)P2, which previously was shown to inhibit TRPV1 (Pedersen et al., 

2005). Interestingly, TRPM7 has been shown to be involved in neuronal cell death and 

regulating cell cycle progression (Aarts et al., 2003, Wolf and Cittadini, 1999).  
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Altered expression and regulation of TRP channels is implicated in hypertension 

(Song and Yuan, 2010). Another of the binding partners for TRPC is enkurin, able to 

bind to TRPC1, 2 and 5 present in sperm (Sutton et al., 2004). Enkurin interacts with 

Phosphoinositide-3-OH kinase (PI3K) potentially linking TRPCs with Ca2+ sensing 

mechanisms (Sutton et al., 2004, Pedersen et al., 2005). Key serine/threonine and 

tyrosine residues present within TRP channels are able to undergo phosphorylation 

(Pedersen et al., 2005). TRPC3 to become available for activation must undergo src-

mediated tyrosine phosphorylation (Vazquez et al., 2004).  

 

1.4.4	ARF	
 

ADP Ribosylation Factors (ARFs) are part of the Ras superfamily of proteins (Chavrier 

and Goud, 1999) able to bind GTP; containing 6 members (ARF1-6), omitting other 

ARF related proteins (Lu et al., 2001, Amor et al., 1994, Chavrier and Goud, 1999). 

These 6 members are sub-divided into 3 ARF classes ARF1-3 (class I), ARF4-5 (class 

II) and ARF6 (class III) each showing ubiquitous expression (Moss and Vaughan, 

1995, Donaldson and Honda, 2005). The ARF family also includes the ARL (ARF like), 

ARP (ARF-related proteins) and SAR (Secretion-associated and Ras-related) proteins 

(Nakano and Muramatsu, 1989), which appear to contain similar sequence homology 

and in some cases, similar functions with the ARF proteins (Pasqualato et al., 2002, 

Lu et al., 2001, Nie et al., 2003, Boman and Kahn, 1995). Members of the ARF family 

are approximately 20 kDa (Nie et al., 2003, Boman and Kahn, 1995). 

 

The ARF family, identified in the 1980’s, are highly conserved between species; 

present in all eukaryotic organisms examined, with ARF class I being the most 

conserved (Moss and Vaughan, 1995, Kahn et al., 1991). ARL1 due to its N-terminal 

myristoylation sequence is present on the Golgi apparatus in vesicular-tubular 

structures (Boman and Kahn, 1995). Loss of ARF1 in Yeast results in slow growth, 

cold sensitivity and a greater sensitivity to fluoride; furthermore, in Yeast, over- or 

under-expression of ARF proteins affects cell viability (Kahn et al., 1991). 

 

ARF functions depend on its interacting proteins including; structural proteins, lipid 

metabolising enzymes and proteins which bind ARF-GFP with as of yet undefined 

functions. ARFs interact with GEFs (Guanine nucleotide exchange factors) and GAPs 
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(GTPase-activating proteins) regulating their activity and permitting specificity (table 

1.3) (Nie et al., 2003, Donaldson and Honda, 2005, Chavrier and Goud, 1999). ARF 

members bind directly to protein coats including adaptor protein (AP)-1, 3 and 4; 

resulting in trapping vesicle cargo/ receptors as part of the mannose 6-phosphate 

pathway (Nie et al., 2003, Donaldson and Honda, 2005, Chavrier and Goud, 1999, 

Palmer et al., 1993). 

 

Table 1.3 Regulation of ARFs by GEFs and GAPs: ARF family members are activated in a GTP 

bound state and inactivated in a GDP bound state. Regulation of this mechanism occurs through GAPs 

and GEFs. Each ARF member has a number of regulatory proteins to assist in their activity and the 

point of interaction if known has been specified. Abbreviations used: ARNO (ARF nucleotide binding 

site opener); BIG (brefeldin-A-resistant GEF); EGA6 (exchange factor for ARF6); GIT (G-protein-

coupled receptor-kinase-interacting protein); PM; SW1/2 (switch 1 or 2 of ARF). ACAP, AGAP, ARAP 

and ASAP are all ARF GAPs with a coiled-coil domain (ACAP), GTP-binding domain (AGAP), Rho GAP 

(ARAP) and an Src homology 3 domain (ASAP). Table modified from (Nie et al., 2003). 

 

Regulator Arf specificity Arf 
Interface 

Localisation  References 

GEFs     
BIG1/2 Arf1, -3 Sw1/2 Golgi (Donaldson and Jackson, 2000, Jackson and 

Casanova, 2000) 
GBF Arf1, -3, -5 Sw1/2 Golgi (Donaldson and Jackson, 2000, Jackson and 

Casanova, 2000) 
ARNO/GRP/ 
Cytohesin 

Arf1, -6 Sw1/2 PM (Donaldson and Jackson, 2000, Jackson and 
Casanova, 2000, Cherfils and Chardin, 1999, 
Mossessova et al., 1998) 

EFA6 Arf6 Sw1/2 PM (Donaldson and Jackson, 2000, Jackson and 
Casanova, 2000) 

ARF GEP 100 Arf6 Sw1/2 Cell periphery (Someya et al., 2001) 
GAPs     
ARF GAP1/3 Arf1 Sw2,  α-3 Golgi (Donaldson and Jackson, 2000, Randazzo et 

al., 2000, Goldberg, 1999) 
GIT1/2 Arf1, -3, -5, -6 ? Cell periphery (Donaldson and Jackson, 2000, Randazzo et 

al., 2000, Turner et al., 2001, de Curtis, 2001) 
ACAP1/2/3 Arf6 ? Cell periphery (Donaldson and Jackson, 2000, Randazzo et 

al., 2000, Jackson et al., 2000, Turner et al., 
2001, de Curtis, 2001) 

ASAP1/2/3 Arf1, -5 Sw1, 
amino 
terminus 

Focal adhesion (Donaldson and Jackson, 2000, Randazzo et 
al., 2000, Brown et al., 1998, Andreev et al., 
1999, Turner et al., 2001, de Curtis, 2001) 

AGAP1/2/3 Arf1, -5 Sw1, 
amino 
terminus 

Endosomes (Nie et al., 2002) 

ARAP1/2/3 Arf1, -5, -6 ? Golgi, cell 
periphery 

(Miura et al., 2002, Krugmann et al., 2002, 
Santy and Casanova, 2002) 
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ARFs contain an N-terminal myristoylation domain, an N-terminal extension (~10-25 

residues) to form amphipathic helices (Pasqualato et al., 2002, Donaldson and Honda, 

2005, Palmer et al., 1993). An ‘interswitch toggle’ between two conformations allows 

recycling of ARF family members between GTP and GDP bound states (Pasqualato 

et al., 2002, Amor et al., 1994, Lu et al., 2001). An inability to hydrolyse GTP results 

in a constitutively active ARF (Moss and Vaughan, 1995, Kahn et al., 1991). Research 

suggests GTP bound ARF has an exposed interswitch domain, covered when GDP 

bound (Nie et al., 2003). The C-terminus of ARF allows protein-protein interactions. 

ARL1 when GDP bound causes Golgi apparatus disassembly; however causes Golgi 

extension when GTP bound (Lu et al., 2001).  

 

Members of the ARF family function to regulate vesicle trafficking, vesicle biogenesis 

and actin remodelling (Donaldson and Honda, 2005, Nakano and Muramatsu, 1989); 

with roles in regulating trafficking on the cis-Golgi, trans-Golgi and endosome 

(Pasqualato et al., 2002, Lu et al., 2001, Zhao et al., 1997, Palmer et al., 1993).  

Myristoylated ARF is required for recruitment of coatomer proteins to the Golgi (Palmer 

et al., 1993, Zhao et al., 1997).  

 

Vesicle transport is fundamentally important in endocytic pathways (Lu et al., 2001, 

Boman and Kahn, 1995, Donaldson and Honda, 2005). ARF, in its GTP bound state, 

is able to bind to PI4K resulting in the production of phosphatidylinositol 4,5-

bisphosphate (PIP2) and phosphatidic acid (PA), utilised in Ca2+ release and 

membrane remodelling systems (Nie et al., 2003, Boman and Kahn, 1995). Members 

of the ARF family stimulate Phospholipase D (PLD) in a PIP2 dependent manner 

(Donaldson and Honda, 2005, Moss and Vaughan, 1995, Amor et al., 1994).  

 

1.4.5	PI4K	
 

Phosphatidylinositol (PI) present in cells is used to produce 

phosphatidylinositidephosphates (PIPs) which contain a number of regulatory roles 

(Balla and Balla, 2006). Numerous PIPs are present, generated by specific kinases 

including Phosphatidylinositol 4-kinaes (PI4Ks), first discovered in 1970-80s (Balla, 

2013). The PI4Ks act to synthesise phosphatidylinositol 4-phosphate (PI4P); one of 

the members of the phosphoinositide family. PI4P functions as part of the trans Golgi 
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network (TGN), defining the membranes of the Golgi apparatus, the TGN and 

mediating trafficking to and from the Golgi (Boura and Nencka, 2015). 

 

In humans, two sub-groups of PI4Ks are known, namely type II and type III, both 

containing α and β forms (Clayton et al., 2013a, Balla, 2013), showing high 

conservation between Yeast and human. PI4KIII α and β show distinct localisations 

within neurons of the central nervous system (CNS), indicative of a compartmentalized 

system within cells of the CNS (Clayton et al., 2013a, Clayton et al., 2013b). Due to 

multiple phosphorylation sites, various PIPs can be produced. A total of 7 PIPs have 

been identified to date, not including the parental PI molecule; PI4P, PI(4,5)P2, 

PI(3,4,5)P3, PI(3,4)P2, PI(3,5)P2, PI3P and PI5P, through esterification of the –OH 

groups on position 3, 4 and 5 of the inositol ring and addition of a phosphate group 

(Waugh, 2015, McCrea and De Camilli, 2009, Balla and Balla, 2006). 

 

PIPs assist in determining cellular localisation (McCrea and De Camilli, 2009, Clayton 

et al., 2013a), maintaining PM acidity and supporting signal transduction. PI4Ps have 

crucial roles in maintaining levels of PI(4,5)P2 and establishing organelle identity; 

different cellular membrane domains show different PI distribution (Clayton et al., 

2013b). When hydrolysed, PIPs form IP3 and DAG utilized during Ca2+ signalling 

(Boura and Nencka, 2015, Tewson et al., 2012, Berridge et al., 2003, Bootman et al., 

2001a). In the nervous system, PIPs regulate receptor signalling, secretion, 

endocytosis, ion flux, migration and survival through binding specific proteins or by 

effecting membrane charge (Waugh, 2015, Takahashi et al., 2014).  

 

A wide range of neurological disorders have been identified as having aberrant PIP 

activity including stroke, Alzheimer’s, Charcot-Marie-Tooth, epilepsy and autism as 

reviewed in (Waugh, 2015, Clayton et al., 2013a, Clayton et al., 2013b, McCrea and 

De Camilli, 2009, Balla, 2013).  

 

PIP kinases (PI3K and PI4K) phosphorylate PIPs to form the 7 molecules outlined 

previously. PI4P levels are maintained through the action of PI4K enzyme isozymes; 

PI4K2A, PI4K2B, PI4KA and PI4KB (Waugh, 2015). Different PIPs are targeted to 

specific cellular locations (Clayton et al., 2013a, Clayton et al., 2013b).  
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Features PI4KIIα PI4KIIβ PI4KIIIα PI4KIIIβ 

Alternative names PI4KII; PI4K55; 56 

kDa type II PtdIns 4-

kinase 

PI4KII; PI4K55; 56 

kDa type II PtdIns 4-

kinase 

Pik4ca; PI4K230; 

PtdIns 4-kinase α 

Pik4cb; PI4K92; 

Ptdins 4-kinase β 

Yeast homolog Lsb6p (Pik2p) Lsb6p (Pik2p) Stt4p Pik1p 

Estimated MW 55-56 kDa 55-56 kDa 210 kDa 110 kDa 

Actual MW 54 kDa 55 kDa 230 kDa 92 kDa 

Wortmannin Insensitive Insensitive IC50 50-300 nM IC50 50-300 nM 

Ca2+ Inhibits Inhibits No direct effect No direct effect 

Ki (adenosine) 10-70 µM 10-70 µM Millimolar Millimolar 

Triton X-100 Activates Activates Activates Activates 

Km (ATP) 10-50 µM 10-50 µM ~700 µM ~400 µM 

Km (PtdIns) ~20-60 µM ~20-60 µM ~100 µM ~100 µM 

Table 1.4 PIFKs: Features of the different PIP kinases. Conserved proteins also present in Yeast. 

Actual protein sizes range from 54-230 kDa, effects of Ca2+ on activity is primarily inhibitory for the 

PI4KII class with no direct effect on the PI4KIII class adapted from (Balla and Balla, 2006). 

 

Deletion of type II PI4Ks in Yeast generates a minimal effect on endosomal trafficking 

and in actin polymerisation. Type II PI4Ks in humans contain a palmitoylation 

sequence motif (CCPCC), associating with membranes permits activation, regulating 

type II PI4Ks. PI4K IIα function in vesicle and endosomal trafficking (Boura and 

Nencka, 2015).  

 

In S. cerevisiae; a homolog of PI4K (PIK1), the orthologue of human PI4KIIIβ, is 

essential for survival (Bourne et al., 2001, Hendricks et al., 1999, Boura and Nencka, 

2015, Balla, 2013). Human PI4K functions within the nucleus and upon the Golgi 

apparatus (Strahl et al., 2005, Wang et al., 2012, Strahl et al., 2007). PIK1 acting in 

the secretory pathway of the Golgi synthesizes PI4P, regulating trafficking and 

autophagy within this organelle (Figure 1.8) (Wang et al., 2012, Balla and Balla, 2006).  

 

Research suggests that prior to PI4K activity, this is first recruited to membranes 

potentially through the action of Arf1 (Godi et al., 1999, Haynes et al., 2005, Haynes 

et al., 2007, Balla and Balla, 2006). Other known interactors of PI4K include NCS-1 

(Frequenin) however the details regarding this interaction functionally remains to be 
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fully elucidated (Strahl et al., 2007, Hilfiker, 2003, Taverna et al., 2002, Zhao et al., 

2001, Mikhaylova et al., 2009, Haynes et al., 2005).   

 

Both the α and β forms of the PI4KIII family contain a proline rich sequence and a lipid 

kinase unique (LKU) domain near their N-termini with the C-terminus containing their 

catalytic domain. PI4KIIIβ also has an identified NCS-1 binding site close to its N-

terminus, following from the LKU domain (Clayton et al., 2013b, Balla, 2013), this 

interaction indicates a potential relationship between PI4P synthesis and Ca2+-

sensitive exocytosis (Figure 1.8). 

 

 
Figure 1.8 PI4KIIIβ localisation on Golgi: A) The PI4KIII class of PIP kinases contain an N-terminal 

proline rich domain (blue) and a C-terminal catalytic domain (yellow). B) Localisation of PI4KIIIβ with 

NCS-1 and Arf-1 can be direct, however other proteins are required to produce the different PIP 

members, some effectors are yet to be elucidated (adapted from (Balla and Balla, 2006)). 
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The effects of PI4KIIIβ in the Golgi have been described (De Matteis and D'Angelo, 

2007, Godi et al., 1999) whereby utilizing Arfs, Rab11 and recruiting other proteins; 

PI4K assists in budding and cleavage of Golgi transport vesicles. A strong relationship 

has been identified between ARFs, PI4Ks and NCS-1 at the site of the Golgi (De 

Matteis and D'Angelo, 2007, Balla and Balla, 2006, Strahl et al., 2007). 

 

1.4.6	GRKs	
 

The mammalian G-protein coupled receptor kinases (GRKs) family contains 6-7 

currently identified serine/ threonine protein kinases (Gurevich et al., 2012), acting 

upon agonist-bound or activated G protein-coupled receptors (GPCRs) as their 

primary targets (Pitcher et al., 1998, Gurevich et al., 2012). Phosphorylation of these 

targets causes increased endocytosis, desensitizes receptors; diminishing further 

signalling events and increases intracellular trafficking (Freedman and Lefkowitz, 

1996, Penela et al., 2010, Ribas et al., 2007). Loss of GRK function results in 

hypersensitivity to GPCR stimulation (Fukuto et al., 2004) Activity of GRKs also 

depends on interaction with proteins present within cells i.e. CaM alongside non-

receptor proteins including PI3K and Akt (Ribas et al., 2007).  

 

Broadly, GRK family members are sub-divided into 3 families; ‘visual GRKs’ (GRK1 

and GRK7 present in rods and cones respectively), β-adrenergic receptor kinases 

(GRK2 and GRK3) and the GRK4 subfamily (GRK4-6). Between GRK sub-families 

~45% sequence homology is present. Each GRK protein is distinct with regards to 

their regulatory processes (Ribas et al., 2007). Distribution of GRK1, 4 and 7 is 

restricted to specific organs whilst GRK2, 3, 5 and 6 are expressed ubiquitously. GRK1 

was originally named rhodopsin kinase, GRK4 is located in testes, kidney and the 

cerebellum (Sallese et al., 1997). 

 

GRKs share certain structural features; a catalytic domain (~270 aa) located at the 

core of GRK proteins (Pronin et al., 1997). This is also present in other serine/ 

threonine kinases. The catalytic domain of GRKs is located between an N-terminal 

domain (~185 aa), required for membrane anchoring and recognizing receptors 

(Garcia-Higuera et al., 1994), and a variable length C-terminal domain (~105-230 aa). 

Multiple domains have been identified within the N-terminal domain of GRKs including 
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the RH domain, regulator of G protein signaling homology domain; potentially allowing 

regulation of GPCRs independently of phosphorylation (Ribeiro et al., 2009). The C-

terminus assists in sub-cellular localisation (Penela et al., 2010, Ribas et al., 2007). 

GRK-2’s C-terminal domain contains a plekstrin homology (PH) domain, allowing 

binding to PIP2; a membrane phospholipid. This interaction poses as a method by 

which GRK-2, a predominately cytosolic protein, may associate with membranes.   

 

GRKs phosphorylate GPCRs, stimulating recruitment of arrestins which bind to newly 

phosphorylated receptors, blocking G-protein activation (Penela et al., 2010, Ribas et 

al., 2007). Arrestin bound receptors are subsequently targeted for clathrin-mediated 

endocytosis, serving as a resensitization process, translocating receptors back onto 

PMs. GRKs regulate various cellular processes in a phosphorylation dependent 

manner, acting upon non-receptor targets including tubulin and β-subunit of the Na+ 

channel present in epithelial cells (Penela et al., 2003). Mouse models with defective 

GRKs have identified unique functional roles for GRK isoforms; knockout GRK2 mice 

are embryonic lethal, caused by cardiac failure (Kohout and Lefkowitz, 2003, Fukuto 

et al., 2004). Chemosensation in C. elegans utilises GRKs; loss of which results in 

animals which are not hypersensitive to odorants, identified using behavioural and 

Ca2+ imaging methods (Fukuto et al., 2004, Bargmann, 2006).  

 

Yeast-two hybrid screens have produced a GRK interactome (Ribas et al., 2007). Our 

focus was upon CaM and Ca2+ binding proteins interacting with GRKs (table 1.5) 

(Iacovelli et al., 1999). CaM operates to inhibit GRK2-6 activity through increased 

autophosphorylation (Ribas et al., 2007, Pronin et al., 1997). Ca2+-binding proteins 

modulate GRK activity; Recoverin inactivates GRK1 depending on Ca2+ levels (Ribas 

et al., 2007, Iacovelli et al., 1999, Pronin et al., 1997). GRK2 has been shown to 

interact with NCS-1, modulating the desensitization of dopamine D2 receptors 

(Kabbani et al., 2002, Gurevich et al., 2016).  
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 Recoverin VILIP NCS-1 CaM CaBPs References 

GRK1 ++ ++ ++ - N/D (Klenchin et al., 1995, De 

Castro et al., 1995) 

GRK2 - - - + - (Chuang et al., 1996, Haga et 

al., 1997, Pronin et al., 1998) 

GRK3 N/D - N/D + N/D (Chuang et al., 1996, 

Boekhoff et al., 1997) 

GRK4 N/D N/D N/D +++ N/D (Sallese et al., 1997) 

GRK5 - - - ++++ ++ (Klenchin et al., 1995, 

Rhoads and Friedberg, 1997, 

Pronin et al., 1998) 

GRK6 N/D N/D N/D +++ N/D (Pronin et al., 1997) 

Table 1.5: Inhibition of GRKs by CaBP and NCS family members: At the time of publishing, GRK7 

remained undiscovered. Some cases, Ca2+ sensor proteins were able to inhibit GRKs with different 

potencies (+) or failed to inhibit GRK activity (-). A sub-set of the interactions, at this time had not been 

determined (N/D). Table adapted from (Iacovelli et al., 1999). 
 

1.5	C.	elegans	as	a	model	organism	
 

The nematode Caenorhabditis elegans (C. elegans), is part of the phylum Nematoda. 

C. elegans in nature is an avascular, non-pathogenic soil dwelling organism (humid 

and oxygenated environment), fertile and viable between 12-26oC using bacteria as a 

food source (Gomez et al., 2001). The transparency and small size of C. elegans 

allows light and fluorescence microscopy experiments to be conducted. C. elegans 

are a cheap model organism which were first used in the pioneering work of Sydney 

Brenner to study genetics (Brenner, 1974). Since the work by Brenner, the field of C. 

elegans research has expanded with later research by the Fire lab first using C. 

elegans to study RNA interference (RNAi) (Fire et al., 1998, Timmons et al., 2003) in 

their Nobel prize work. Research using C. elegans has increased since 1974 (Brenner, 

1974) with its genome sequenced (97 megabases (Mb)) in 1998 (C.S.C., 1998), the 

first multicellular organism to be fully sequenced (with a genome ~1/30th that of the 

Human genome). C. elegans contains ~19,000 genes, with high conservation shown 

between C. elegans and C. briggsae however 40% of these genes show conservation 

between C. elegans and mammals assisting in our knowledge of more complex 

organisms (Kang and Avery, 2009, Tomioka et al., 2006, Alcedo and Kenyon, 2004). 

Currently C. elegans is one of the best understood organisms (Ankeny, 2001). 
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Strains are defined by their mutations or knockdowns, depending on the alleles 

affected (Brenner, 1974). C. elegans have two sexes, the predominant hermaphrodite 

(XX) ~99.9% and the male (XO) ~0.1% arising from spontaneous non-dysjunction of 

the germline. Males are required for genetic crossing (only produce sperm), whilst 

hermaphrodites are able to self-fertilize (contain both sperm and oocytes) producing 

genetically identical offspring. Genetic crosses allow protein interactions and signaling 

pathways to be elucidated (Kashyap et al., 2014).  

 

For the studies outlined in this thesis, C. elegans provided a good background for 

investigations of behaviour and neurotransmission. C. elegans provided a good 

platform for studying protein-protein interactions using an identifiable output. As 

previous research in the laboratory had identified C. elegans as an optimal organism 

for similar temperature related research, this was taken forward in the current project. 

As the assay developed in this project required temperature to be raised to a set 

temperature, this is ideally completed on a small scale to reduce temperature 

fluctuations during the assay. Development and neuronal processes have been 

heavily studied within C. elegans using behaviours as identifiable outputs. 

Neuromuscular system activity may be monitored in the intact animal from changes in 

its response to certain stimuli. These activities may be affected by mutations; 

phenocopied behaviours between different mutant strains, as tested in this project, 

suggest genetic interactions.  

 

This was ideal for the current project as a high quantity of animals could be gathered 

and tested using a high throughput assay and differences clearly noted in behaviours. 

C. elegans is ideal for laboratory settings and it was assumed that processes in C. 

elegans would be resounded amongst other animal species. For the purposes of this 

project, a plethora of mutant strains had already been generated and were easily 

obtained from the CGC. With N2 acting as a standard strain that every researcher in 

the field uses this allows comparison between studies. 

 

Offspring from hermaphrodites produce predominately hermaphrodites, with a small 

incidence of male production whilst when hermaphrodites are crossed with males, 

approximately 50% of each form are produced. The overall anatomy of adult C. 
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elegans is essentially the same with the 959 cell lineage being identified (Chalfie et 

al., 1983, Sulston and Horvitz, 1977, Sulston, 1983, Sulston et al., 1983). The adult 

male nematode is shorter and thinner than that of the hermaphrodite, with a posterior 

copulatory organ, whilst this is absent in hermaphrodites, they instead have a vulva 

around halfway down their body. 

 

C. elegans lifecycle differs with cultivation temperature (cT). Nematodes grown at 

15oC live longer than those cultivated at 25oC (Figure 1.9) whist C. elegans cultivated 

at 25oC live for approximately 30 days (Trindade et al., 2013, Zhang et al., 2015, Smeal 

and Guarente, 1997). A short lifespan is advantageous for high throughput screening 

and developmental progression investigations (Sulston, 1983, Sulston et al., 1983). 

Between life cycle stages, C. elegans undergo a molt stage (Cassada and Russell, 

1975). Adult C. elegans are ~1mm long with a diameter of ~80 µm, in the presence of 

sufficient food. When starved or overcrowded, C. elegans enter a dauer stage, a more 

resilient form allowing survival in less than optimal conditions (Hilliard et al., 2002, 

Schackwitz et al., 1996, Cassada and Russell, 1975). 

 
Figure 1.9 life cycle of C. elegans at 22oC: The current model of C. elegans life cycle including 

developmental stages. Times on the chart signify hours taken at each stage of the life cycle. Each 

stage of the life cycle is separated by a molt phase allowing progression to the next stage as the 

nematode increases in size and maturity. Dauer pathway also indicated as a viable altered lifecycle 

for C. elegans under non-optimal growth conditions. Lifespan adapted from Figure found on 

www.wormatlas.org.   
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1.6	C.	elegans	nervous	system	
 

The hermaphrodite C. elegans nervous system contains 302 neurons which co-

ordinates behaviours in response to environmental stimuli (Alcedo and Kenyon, 2004, 

Bargmann, 2006, Filingeri, 2015, Kimura et al., 2004, Xiao et al., 2015). The simple 

yet well mapped nervous system of C. elegans makes it ideal in assisting our 

understanding of more complex behaviours in organisms which contain billions of 

neurons such as H. sapiens (Emmons, 2015, White et al., 1986).  

 

Hermaphrodites contain 302 neurons with 56 glial and supporting cells with males 

having ~385 neurons with 92 glial and support cells (Sammut et al., 2015, Chalfie et 

al., 1983, Sulston and Horvitz, 1977, Sulston, 1983, Sulston et al., 1983) allowing 

different sexual behaviour patterns (Sulston et al., 1980, Kimble and Hirsh, 1979).  

 

Neurons are highly concentrated in the circumpharyngeal nerve ring towards the 

anterior end, extending to the dorsal and ventral nerve cords (down the dorsal and 

ventral arms of the nematode), the tail and sensory neurons in the head (Figure 1.10) 

(White et al., 1986). Serial electron microscopy in 1986 allowed a detailed map of the 

nervous system connectivity (White et al., 1986, Emmons, 2015).  

 

Approximately 5000 chemical synapses and 600 gap junctions are present in the C. 

elegans nervous system (White et al., 1986). Environmental stimuli such as 

mechanosensation, chemosensation, food availability, thermosensation, locomotion 

and generic C. elegans reproductive behaviours are detected and behaviour modified 

to reduce exposure to unfavourable environments (Albertson and Thomson, 1976, 

Bargmann, 2006, Chalfie et al., 1983, Franks et al., 2006, Gjorgjieva et al., 2014).  

 

The C. elegans nervous system is sub-divided into the pharyngeal pumping 

mechanism for feeding (20 neurons) and the central nervous system (CNS) (282 

neurons). These include sensory neurons, interneurons and motor neurons. 
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Figure 1.10 Overview of anterior region of adult hermaphrodite C. elegans nervous system: The 

nervous system of C. elegans transmits sensed environmental changes from sensory neurons through 

interneurons at chemical synapses and gap junctions to motor neurons to evoke a response, scale bar 

represents 10 µm. Here is an example of GFP expression in C. elegans neurons under the rab-3 

promoter, expressing GFP in all neurons. 

 

1.6.1	Sensory	Neurons	
 

Around 40 classes of sensory neurons are present in C. elegans, predominantly in the 

head of C. elegans projecting to the anterior tip, acting during chemosensation, 

mechanosensation and thermosensation resulting in a range of behaviours (Kuhara 

et al., 2011, Clark et al., 2006, Kimura et al., 2004, Bargmann et al., 1993, Bargmann, 

2006, Mori, 1999, Tsalik and Hobert, 2003).  

 

Sensory neurons in the C. elegans head include the amphids, inner and outer labials, 

anterior deirids and cephalics. Those in the nematode tail are the phasmids and the 

posterior deirids. A sub-set of sensory neurons are located in the body of nematodes 

(Altun et al., 2002-2016). Dendritic extensions from the cell body towards the nerve 

ring allow communication with other neurons (Altun et al., 2002-2016). Synaptic ends 
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permit communication between neurons through neurotransmitter release forming 

behavioural outputs (Molnar and Brown, 2010, Barclay et al., 2012, Zhou et al., 2015, 

Komatsu et al., 1996, Sasakura and Mori, 2013). One example of neurotransmitter 

functions is to stimulate ionotropic receptors at post-synaptic membranes to allow Ca2+ 

influx; this is a critical feature in the nervous system and heart (Cai et al., 2015, 

Bennett, 1999, Roderick et al., 2007) however neurotransmitters can also act on pre-

synaptic membranes to stimulate a vast range of receptors. 

 

1.6.2	Interneurons	
 

Interneurons receive, process and transmit signals from sensory neurons relaying this 

to motor neurons to elicit a behavioural response (Altun et al., 2002-2016). The 

function of interneurons is similar in humans and C. elegans, either in the CNS or the 

nerve ring respectively (Hobert et al., 1997, Tsalik and Hobert, 2003, Altun et al., 2002-

2016, Zhou et al., 2015).  

 

1.6.3	Motor	Neurons	
 

Motor neurons elicit a behavioural output utilising information from sensory and 

interneurons by controlling locomotion or the alimentary canal through muscle 

contraction propelling C. elegans forward or backwards (Chalfie et al., 1983, Emmons, 

2015, White et al., 1986, Du and Chalfie, 2001, Forrester et al., 1998). Around 30 

classes of motor neurons are present in C. elegans, innervating different aspects of 

the nematode for specific behaviours; egg laying, pharyngeal pumping and locomotion 

(Chalfie et al., 1983, Du and Chalfie, 2001). Motor neurons can receive stimulation 

from various interneurons, varying the downstream outputs, producing a more 

complex overlapping signalling pathway. Signaling from upstream neurons to motor 

neurons shows a complex network with various upstream neurons able to stimulate 

downstream neurons through various means including gap junctions and chemical 

synapses. Different types of motorneurons can act in an activation or inhibitory sense, 

this in C. elegans produces the classis thrashing movement owing to opposing 

contraction and relaxation of the cell wall muscles on the dorsal and ventral sides of 

the C. elegans.  
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1.6.4	Synapses	
 

Junctions between neurons are known as synapses, described by Sir Charles 

Sherrington in his Nobel prize work (Molnar and Brown, 2010). Synapses follow a self-

regulating system, pre-synaptic neurons switch off signals upon transmission to 

downstream post-synaptic neurons. Neuronal messages are transmitted down the 

neuron, the arrival of which opens VGCCs allowing an influx of Ca2+ stimulating 

secretion of neurotransmitter molecules (Figure 1.11 steps 1-3).  

 

Vesicles with packaged neurotransmitters fuse with the PM using the Soluble N-

ethylmaleimide sensitive fusion Attachment Protein Receptor (SNARE) complex 

expelling contained neurotransmitter into the synaptic cleft which diffuses over the 

synaptic cleft and binds to neurotransmitter specific gated post-synaptic channels 

(Marx, 2014, Hall, 1972, Altun et al., 2009) (Figure 1.11 steps 4-6). When open, Ca2+ 

enters the post-synaptic neuron. This causes depolarisation of the post-synaptic 

neuron and transmission of the signal through an excitatory post-synaptic potential. 

The neurotransmitter molecules are broken down and repackaged to regulate the 

system, preventing overstimulation (Figure 1.11 steps 7-8). In the case of 

Acetylcholine, ACh is broken down into Acetyl and Choline to prevent overstimulation. 

ACh is reformed through various molecular pathways including the Krebs cycle.  

 

Neurons contain N and PQ-type VGCCs to facilitate neurotransmitter release via a 

Ca2+ plume and the SNARE complex; Ca2+ binds to synaptotagmin stimulating the final 

stage of exocytosis and neurotransmitter vesicles (Berridge et al., 2000). 

Neurotransmitters in C. elegans include Acetylcholine (ACh), Glutamate (Glu), 

Serotonin (Ser), Dopamine (Dop), γ-aminobutyric acid (GABA), potentially Glycine 

(Gly), Octopamine and neuropeptides used by specific neurons for behavioural 

responses.   
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Figure 1.11 Simplified diagram of a synaptic junction. Illustration of a synaptic junction using 

acetylcholine as a neurotransmitter signalling molecule (Figure adapted from (Marx, 2014)). 

Neurotransmitter release and progression of the signal is highly organised and undergoes a self-

regulating mechanism as outlined on the previous page.  
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1.6.5	C.	elegans	as	a	model	organism	to	study	learning	and	memory	
 

C. elegans is a particularly useful model for studying learning and memory due to its 

simple neuronal system (302 neurons), researchers are able to map neuronal 

signaling pathways in this organism more conveniently than in more complex animals. 

The association of food at a given temperature, associative learning (thermosensation 

and thermotaxis) has been identified in C. elegans with a defined set of behavioural 

responses (Hedgecock and Russell, 1975, Murakami et al., 2005, Murakami, 2007, 

Jorgensen and Rankin, 1997, Ryu and Samuel, 2002).  

 

Russell and Hedgecock’s work identified the C. elegans thermosensory neural 

network assisting survival in a changing environment (Hedgecock and Russell, 1975) 

by moving towards their cT. Upon reaching the cT, C. elegans remain at this 

temperature, moving isothermally in a phenomenon referred to as isothermal tracking 

(IT). This provides a simple learning and memory system. This method of associative 

behaviour is temporary and can be lost with prolonged starvation, representing a 

complex interplay between numerous environmental factors; humidity, food 

availability, oxygen levels and competition define thermotaxis behaviours (Aoki and 

Mori, 2015).  

 

Migration to a specific temperature (explorative behaviour) and IT (exploitative 

behaviour) require separate neural processes. To further understand selective 

behaviours, more research is needed. Analysis of C. elegans has enhanced our 

knowledge of thermosensation and neural processing to regulate behavioural outputs 

(Kimata et al., 2012). 

 

1.6.6	Thermosensation	needed	for	survival		
 

To survive, animals need to be able to quickly adapt to a changing environment. 

Currently, neural circuits underlying exploratory behaviours remain poorly understood 

(Clark et al., 2006). Functionally these behaviours are crucial in understanding how 

animals learn and adapt. C. elegans behaviours are affected by salt concentration 

(Ardiel and Rankin, 2010, Rose and Rankin, 2001, Tomioka et al., 2006, Hukema et 
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al., 2006), temperature (Gomez et al., 2001, Mori and Ohshima, 1995, Kimura et al., 

2004, Kuhara et al., 2008, Nishida et al., 2011, Ohnishi et al., 2011, Sasakura and 

Mori, 2013), humidity (Filingeri, 2015, Russell et al., 2014, Zhao et al., 2003), oxygen 

concentration (Cheung et al., 2005, Possik and Pause, 2015), receptor expression 

(Malinow and Malenka, 2002, Luscher and Frerking, 2001, Nuttley et al., 2002) along 

with food availability (Ardiel and Rankin, 2010, Nuttley et al., 2002). 

 

Our focus was on the environmental stressor temperature and its influence on 

biological processes and thermosensation (Aoki and Mori, 2015, Kimata et al., 2012). 

C. elegans generally reside at temperatures which increase their performance and 

Darwinian fitness, similar effects noted regarding rearing temperatures in an 

experience dependent manner. C. elegans hold an astute ability to sense temperature 

changes and move isothermally over a specific temperature (± 0.1 oC) using 

specialized mechanisms (Anderson et al., 2011, Gomez et al., 2001, Jurado et al., 

2010, Kimata et al., 2012, Kimura et al., 2004, Mori and Ohshima, 1995, Mori, 1999, 

Nishida et al., 2011, Sasakura and Mori, 2013, Satterlee et al., 2001, Schafer, 2012, 

Aoki and Mori, 2015, Filingeri, 2015) 

 

1.6.6.1	Thermosensors	in	mammals	
	
In mammals, as in other organisms; temperature has a profound effect on behaviour 

(Vriens et al., 2014, Xiao et al., 2015, Brenner et al., 2014). Temperature is one of the 

two primary environmental factors, alongside food, that affects lifespan in animal 

models (Xiao et al., 2015, Clarke and Portner, 2010, Cabanac, 1975). 

Thermoavoidance of extreme harmful temperatures have been well documented in 

mammals. The most well documented mammalian thermosensors are the TRP 

channels (Vriens et al., 2014, Xiao et al., 2015, Satterlee et al., 2001), with roles also 

in mechanosensation, osmosensation and photosensation in many organisms 

(Talavera et al., 2008, Voets, 2014, Vriens et al., 2014, Palkar et al., 2015).  

 

Different TRP members have been linked with temperature, coining the term thermo-

TRPs, regulating a range of temperature related behaviours in organisms. TRPM8 and 

TRPA1 are cold sensitive, TRPV1-4 and TRPM3 are heat sensitive, able to sense a 

range of ambient temperatures (Figure 1.12) (Venkatachalam and Montell, 2007, 
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Ramsey et al., 2006). Some TRP responses are species specific as TRPA1 acts both 

as a cold sensor (mice and C. elegans) and a heat sensor (snakes) (Chatzigeorgiou 

et al., 2010). Specific isoforms of the mammalian thermosensors and their activities 

are not fully elucidated although they each operate under specific activation 

temperatures (Xiao et al., 2015). Mammalian knockouts of specific nocireceptors in 

early development produces thermo-insensitive mice over different temperature 

ranges (Pogorzala et al., 2013). Mammalian thermosensation requires a complex 

feedback loop to sense and respond to a change in temperature, requiring interactions 

from specific regions of the brain for various desired outputs.  

 

 
Figure 1.12: Simplified model of mammalian thermosensation: Current model for Mammalian 

thermosensation using Figures adapted from (Xiao et al., 2015). Transient Receptor Potential (TRP) 

channels are known to be involved in thermosensation in mammals with connections to spinal cord and 

specific brain regions. The diagram shows the expected thermosensory pathway for detection of heat 

and cold variations of temperature. This diagram is over-simplified due to the complexity of mammalian 

sensory circuits.  
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1.6.6.2	Thermosensors	in	C.	elegans		
 

The thermosensory neurons in C. elegans have been studied in great detail allowing 

a partial elucidation of the temperature signaling pathway within these specific 

neurons. The primary thermosensory neurons in C. elegans for the thermosensory 

neural network are the AWC and AFD neurons which are described further in section 

1.6.7.  

 

Temperature is known to have significant effects on the physiology, ecology and 

fitness of ectotherms, which includes C. elegans (Anderson et al., 2011). Many 

ectotherms are known to rely on behavioural adjustments to regulate body 

temperature to avoid lethal temperatures. In C. elegans, dissection of behaviours can 

be conducted on a single neuron level (Kimata et al., 2012). 

 

Both the AWC and AFD neurons act as critical thermosensors in C. elegans, (Figure 

1.13) however the precise sensor in these remains unknown (Perkins et al., 1986). C. 

elegans uses cyclic guanosine monophosphate (cGMP) signaling within 

thermosensory neurons. Laser ablation studies have further aided research into 

understanding neuronal networks (Mori and Ohshima, 1995).  

 

C. elegans respond rapidly to temperature changes to enhance survival. Ca2+ imaging 

experiments have shown the importance of the past cT regarding Ca2+ influx into AWC 

and AFD neurons, suggesting similar plasticity responses with each responding to 

even minor elevated temperature changes (from 20-20.4 oC) yet minimal activity below 

their cT (Kimata et al., 2012, Kuhara et al., 2008), resulting in incorrect thermotactic 

behaviours, moving in a cryophilic manner as opposed to thermophilic. 

Thermosensory neuronal activity depends on cT; the AFD neuron responds at a 

temperature ~2 oC under the cT but is unresponsive at colder temperatures (Kimata 

et al., 2012).  
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Figure 1.13: Current model of thermosensation in C. elegans: The current model for 

thermosensation in C. elegans adapted from (Wang et al., 2013, Aoki and Mori, 2015, Kimata et al., 

2012) for the sensory neuron (A) AWC and another sensory neuron involved in thermosensation (B) 

AFD. Upon detection of a temperature differing from the cT the AWC and AFD neurons are stimulated. 

(A) Method of temperature sensation from the AWC sensory neuron using cGMP. Currently the 

temperature sensor is unknown as are some aspects of this mechanistic pathway. (B) Detection of 

temperature above the cT, or 2 oC below the cT causes the AFD neuron to be stimulated allowing C. 

elegans to stimulate transcription of specific genes. This pathway is yet to be fully elucidated however 

NCS-1 is shown as interacting with Phosphodiesterases potentially as a feedback mechanism.   

 

Cameleon Ca2+ imaging in the AWC and AFD neurons showed increased 

fluorescence in response to warming, indicating a role in the thermotaxis neural circuit 

(Kimata et al., 2012). AWC can alter its response depending on temperature stimuli 

pattern (Kimata et al., 2012, Kuhara et al., 2008) signifying a complex interaction 

between specific neurons. Temperature sensation in the AFD sensory end still 
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occurred following removal from its cell body, which was unable to respond to 

temperature changes (Clark et al., 2006). Incorrect structure of the AFD sensory end, 

as in ttx-1 mutants, result in C. elegans showing cryophilic behaviours (movement to 

a lower temperature) as opposed to thermophilic (movement to a higher temperature) 

when on a temperature gradient (Satterlee et al., 2001).   

 

TRPA1 is present in C. elegans PVD multi-dendritic nocireceptor neurons, able to 

extend lifespan by a cold induced Ca2+ influx (Chatzigeorgiou et al., 2010, Xiao et al., 

2013). Other studies to date have not clearly identified TRP channels in 

thermosensation of ambient temperature in C. elegans. AFD ion channel mutations; 

TAX-4 (Komatsu et al., 1996), TAX-2 (Coburn and Bargmann, 1996) or CNG-3 (Smith 

et al., 2013), lead to athermotactic phenotypes, random movement on temperature 

gradients. Dynamic AFD responses are gated by cGMP resulting in thermophilic or 

cryophilic activities, when unable to hydrolyse cGMP, through a loss of 

phosphodiesterase 2 (PDE-2) abnormal AFD responses to temperature stimuli occur 

(Wasserman et al., 2011, Wang et al., 2013, Kimata et al., 2012).  

 

1.6.7	Thermosensory	neural	network	in	C.	elegans.	
 

The C. elegans nervous system allows for a significant range of behaviours (Aoki and 

Mori, 2015). Since the work in 1975 by Russell and Hedgecock and the identification 

of IT to a pre-determined cT (Hedgecock and Russell, 1975); the thermosensory 

neural network has been intensively studied showing how thermotactic behaviours 

allow C. elegans to navigate spatial thermal gradients through an experience 

dependent manner (Clark et al., 2006). Extended starvation perturbs the 

thermosensory neural network, suggesting rapid learning mechanisms are in place to 

locate favourable environments. Animals sought a different temperature as they had 

learnt, and remembered, that their cT had limited food availability, presenting a 

behavioural plasticity relationship between food and temperature based on 

experience. Absence of food, an ‘unfavourable’ environment increases C. elegans 

dispersion on a thermal gradient (Mori and Ohshima, 1995, Ye et al., 2008, Ryu and 

Samuel, 2002). 
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A study using an ncs-1 null C. elegans showed a defect in thermosensation (Gomez 

et al., 2001). Thermosensation in C. elegans includes thermotaxis and 

thermoavoidance which each use different neurons and mutations in different genes 

(Schafer, 2012, Wittenburg and Baumeister, 1999). IT is an example of thermotaxis, 

C. elegans showing IT are generally within less than 3oC of their cT (Hedgecock and 

Russell, 1975, Jurado et al., 2010, Mori and Ohshima, 1995). Advancements in 

research equipment such as automated tracking microscopes, has allowed a greater 

insight into the different aspects of C. elegans behaviours and movement providing 

databases of identified behaviours (Yemini E., 2013, Tsalik and Hobert, 2003).  

 

C. elegans, when at temperatures which differ from their cT, present different 

behavioural responses: thermophilic (migrate to a higher temperature), cryophilic 

(migrate to a colder temperature) and atactic/ athermotaxis (unaffected by 

temperature) (Ghosh et al., 2012, Ryu and Samuel, 2002, Gomez et al., 2001).  

 

NCS-1 is present within the AFD, AWC and AIY neurons of the thermosensory neural 

network (Figure 1.14, adapted from (Nishida et al., 2011, Mori, 1999, Gomez et al., 

2001, Kuhara et al., 2008)), more information about NCS-1 in C. elegans will be 

presented in section 1.7.3. The AIY and AIZ neurons are critical for signal processing 

and integration, although they drive opposing thermotaxis responses; whilst the AIY is 

required for positive thermotaxis (thermophilic behaviours), the AIZ is needed for 

negative thermotaxis (cryophilic behaviours) (Kimata et al., 2012, Gomez et al., 2001, 

Garrity et al., 2010, Martin et al., 2013, Hobert et al., 1997). Activity of the AFD neuron 

is coupled with AIY stimulation via synaptic interactions (Clark et al., 2006). 

 

The thermosensory neural network contains two thermosensory neurons (AWC (Biron 

et al., 2008) and AFD outlined in section 1.6.6.2 (Chung et al., 2013, Clark et al., 2006, 

Kimura et al., 2004, Nishida et al., 2011)), analysed by neuronal Ca2+ imaging and C. 

elegans assays. The AFD sensory neuron has been proposed to store a memory of 

the thermotactic set-point (TS). Knowledge of these neurons, and their links to learning 

and memory is ongoing (Kimata et al., 2012, Kimura et al., 2004, Kuhara et al., 2008, 

Mori et al., 2007). Laser ablation studies have excluded some neurons previously 

believed to be involved in thermosensory memory and provided supporting knowledge 

for other members of the thermosensory network including the AIY and AIZ neurons 
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(Ma and Shen, 2012, Chung et al., 2013, Gomez et al., 2001, Martin et al., 2013).  

Ablation of the AIY neuron, or failure to differentiate the AIY neuron (ttx-3 mutant) 

cause cryophilic phenotype (Mori and Ohshima, 1995, Hobert et al., 1997). 

 

Increases in [Ca2+] have been shown following an increase in temperature in AFD 

neurons, with an identifiable decrease in intracellular Ca2+ when temperature is 

lowered (Clark et al., 2006, Mori and Ohshima, 1995, Kimura et al., 2004). A lowered 

[Ca2+] then leads to reduced glutamate activity; increasing ACh activity causing a 

thermophilic response. Evidence points towards the AFD neuron being able to excite 

the AIY neuron, causing depolarization; yet inhibition of the AFD neuron increases 

Ca2+ levels in AIY indicating a potential inhibitory pathway (Narayan et al., 2011, 

Kuhara et al., 2011). Previous studies also suggested that the AFD can negatively 

regulate the AIY neuron via release of glutamate allowing cold sensation (Ohnishi et 

al., 2011).  

 

Research into the AFD neuron has provided a significant amount of insights into the 

initial stages of thermosensation. Expression of PKC-1 in the AFD neuron is sufficient 

to rescue thermophilic behaviours. An interplay between C. elegans neurons and their 

intestines in cold sensation has been proposed, acting as a form of cold sensation and 

avoidance (McGhee, 2007). No clear sensor is known for the AWC or AFD neurons at 

this time.  

 

Ca2+ in various molecular pathways, can modify behaviours under stressful conditions. 

Of the EF-hand containing Ca2+-binding proteins, the NCS family have been implicated 

in the thermosensory neural network, specifically NCS-1. The target(s) of NCS-1 

within this network however are not well characterised.    
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Figure 1.14: Current model of isothermal tracking and memory within the thermosensory neural 
network for C. elegans: The current wiring model for thermosensation in C. elegans using neurons 

showing behavioural plasticity. The sensory neurons AWC and AFD detect and store temperature 

information which then stimulates the AIY (thermophilic behaviour) or the AIZ (cryophilic behaviour) 

leading onto the RIA interneuron to evoke a response in locomotion from motor neurons. Figure adapted 

from (Garrity et al., 2010, Gomez et al., 2001, Martin et al., 2013).  

 

1.7	AIY	neuron	and	its	synaptic	partners	
 

The C. elegans neuronal connectome has identified synaptic connections between 

specific neurons. As the AIY neuron is important for the temperature dependent 

locomotion phenotype utilized in this research (Martin et al., 2013), it is interesting to 

identify other behaviours which the AIY neuron contributes to. These behaviours 

include negative thermotaxis in conjunction with its synaptic partners which include 

sensory, inter and motor neurons for behaviour plasticity and relation to specific 

thermal cues (Figure 1.15, 1.16 and table 1.6).  
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Figure 1.15 Pre and post synaptic connections with AIY interneuron: Current identified pre and 

post synaptic connections with the AIY interneuron of C. elegans. Current connectome of the AIY 

neuron with identified chemical synapses and gap junctions. Signal flow has been presented as pre 

and post-synaptic connections with the AIY neuron solely with pre-synaptic neurons appearing left of 

the AIY neuron and post-synaptic to the right of the diagram. Those acting as pre and post synaptic 

with AIY are present above and below the AIY neuron as are the known gap junctions of AIY. Figure 

adapted from (Bhatla, 2016). 
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Neuron & 

type 

Location Pre/ post 

AIY 

Function References 

AIY -

interneuron 

Ventral 

ganglion, 

amphid 

N/A IT, Thermosensory neural network, 

cholinergic signaling, ablation 

causes cryophilic movement and 

loss of IT, regulates forward 

movement 

(Altun et al., 2002-2016, 

Ishihara et al., 2002, de Bono 

and Maricq, 2005, Mori and 

Ohshima, 1995, Gomez et al., 

2001, Kuhara et al., 2008, 

Kuhara et al., 2011, Tsalik and 

Hobert, 2003, Ohnishi et al., 

2011) 

AFD -

sensory 

Lateral 

ganglia, 

amphid 

neuron 

Pre Thermosensor, CO2 detector, 

cGMP signaling, IT, responds to 

noxious temperature for thermal 

avoidance, increasing turn rate 

(Wang et al., 2013, 

Wasserman et al., 2011, Mori 

et al., 2007, Kuhara et al., 

2008, Ma and Shen, 2012, 

Hedgecock and Russell, 

1975, Tsalik and Hobert, 

2003, Liu et al., 2012, Biron et 

al., 2008) 

AWC -

sensory 

Lateral 

ganglia 

Pre/post Thermosensation, IT, C. elegans 

sexual attraction, Chemosensation, 

Chemotaxis against volatile 

odorants (isoamylalcohol), 

searching and turning behaviours, 

cGMP signaling 

(Biron et al., 2008, Beverly et 

al., 2011, Kuhara et al., 2008, 

Altun et al., 2002-2016).  

 

AIZ- 

interneuron 

Ventral 

ganglion 

Post Ablation stimulates thermophilic 

behaviour, cryophilic, 

downreguated under starvation, 

dispersion from cT 

(Sasakura and Mori, 2013, 

Kuhara and Mori, 2006, 

Chalasani et al., 2007, Gray et 

al., 2005) 

RIA- 

interneuron 

Head Post Thermosensation, mutation causes 

athermophilic or cryophilic 

behaviours 

(Gomez et al., 2001, Mori and 

Ohshima, 1995) 

ASE- 

sensory 

Lateral 

ganglia 

Pre Chemosensation of salts, CO2 

detection, can be partially covered 

in the absence of ASE by other 

neurons 

(Bargmann, 2006, Komatsu et 

al., 1996, Bargmann and 

Horvitz, 1991, Altun et al., 

2002-2016) 

ASI- 

sensory 

Lateral 

Ganglia 

Pre IT, chemosensation of lysine, 

locomotion by stimulating local 

search behaviour, negative 

thermotaxis (Figure 1.16) 

(Biron et al., 2008, Beverly et 

al., 2011, Bargmann and 

Horvitz, 1991, Gray et al., 

2005, Ma and Shen, 2012) 
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AWA- 

sensory 

Lateral 

ganglia 

Pre/post Chemosensation to specific 

molecules, regulates C. elegans 

sexual attraction with AWC and 

ASK neurons 

(Bargmann et al., 1993, White 

and Jorgensen, 2012).  

 

AIA & AIB- 

interneurons 

Ventral and 

Lateral 

ganglion 

respectively, 

amphid 

neurons 

Pre Responds to noxious temperatures, 

thermosensation, searching and 

turning behaviour, negative 

thermotaxis, AIA ablation increases 

reversal, AIB ablation decreases 

reversal 

(Liu et al., 2012, Altun et al., 

2002-2016, Ma and Shen, 

2012) 

 

ASG- 

sensory 

Lateral 

ganglia 

Pre Control entry into dauer state 

(inhibits entry), lifespan regulation, 

chemotaxis to water soluble 

attractants (Na+ and Cl-), ASE is the 

primary chemotaxis neuron 

(Schackwitz et al., 1996, 

Bargmann, 2006) 

BAG- 

sensory 

Anterior to 

nerve ring 

Pre CO2 avoidance, decrease in O2 

sensation, ablation affects lifespan 

(increases) 

(Hallem and Sternberg, 2008, 

Altun et al., 2002-2016, 

Bhatla, 2016) 

AUA- 

sensory 

Lateral 

ganglia 

Pre Social feeding behaviour (Coates and de Bono, 2002, 

Bhatla, 2016) 

ADF- 

sensory 

Lateral 

ganglia 

Pre/Post Sole serotonergic sensory neuron, 

chemotaxis to Na+ and Cl-,inhibit 

dauer stage entry, enhance or 

inhibit synaptic transmission of 

other neurotransmitters 

(Bargmann and Horvitz, 1991, 

Altun et al., 2002-2016, 

Bhatla, 2016) 

RIM- motor Head Pre/Post, 

connected 

via gap 

junction 

Locomotion, reversal movements, 

photostimulation reverses 

locomotion, optogenetic ablation 

increases reversal. RIM inhibits 

reversal initiation during locomotion 

(Altun et al., 2002-2016, 

Bhatla, 2016). 

HSN- motor Around 

midbody close 

to vulva 

Post Hermaphrodite specific, stimulate 

egg laying 

(Chalfie et al., 1983, Bhatla, 

2016) 

RIB- 

interneuron 

head Post Gap junctions with other neurons, 

process and integrate external 

information to alter behaviour 

(Altun et al., 2002-2016, 

Bhatla, 2016) 

 

Table 1.6: AIY and its synaptic partners. Roles for the synaptic connections with the AIY neuron are 

known, leading to functions of thermoavoidance, negative thermotaxis, CO2 avoidance, O2 sensation, 

reversal phenotypes and possibly other unestablished processes. The study of neuronal networks is 

critical in understanding behaviours.  
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Figure 1.16: Wiring diagram of Thermoavoidance and Negative thermotaxis. Wiring diagram for 

the identified head and tail neurons of C. elegans linked with thermoavoidance, diagrams A & B adapted 

from (Liu et al., 2012) with diagram C showing the wiring diagram of negative thermotaxis adapted from 

(Ma and Shen, 2012). A) Sensation of a harmful temperature by neurons in the head of C. elegans 

causes a reversal of locomotion to evade temperature extremes. B) Sensing of detrimental 

temperatures in the tail of C. elegans can induce either forward or reverse motility to evade harmful 

temperatures. This is regulated by two separate pathways derived from the PHC neuron signaling to 

either the DVA (reverse locomotion) or the PVC (forward locomotion) interneurons for the behavioural 

response. C) Currently proposed negative thermotaxis circuit including proposed chemical synapse and 

gap junction transmission between neurons. Some of the same neurons involved in the thermosensory 

neural network are active in the proposed negative thermotaxis circuit with the addition of the ASI 

sensory neuron and the AIA and AIB interneurons.  

 

1.7.1	Thermoavoidance	
 

Organisms detect changes in temperature to avoid stressful environments, in C. 

elegans multiple neurons assist in sensing temperature, detecting changes of ≤0.05 
oC (FLP, PHC, PVC, AFD) to cause a behavioural change (Wittenburg and 

Baumeister, 1999, Liu et al., 2012) (Figure 1.16). C. elegans avoid harmful 
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environments as this affects fertility and food seeking behaviours, thermoavoidance is 

unaffected by cT. 

 

1.7.2	Calcium	binding	proteins	in	C.	elegans.		
 

Over 200 C. elegans proteins are predicted to have Ca2+ binding properties, a number 

of these have been classified as ‘EF-hand only’ proteins totaling approximately 65 

members. This includes C. elegans equivalents of CaM (cmd-1), cal1-8 and NCS 

family proteins (7 genes in total ncs1-7). NCS 1-3 have been identified and evaluated 

in more detail with NCS 4-7 yet to be fully evaluated (Table 1.7 and Figure 1.17) 

(Rajaram et al., 2000, De Castro et al., 1995, Hobert, 2013 ). 

 

1.7.3	NCS-1	in	C.	elegans	
 

NCS-1 in C. elegans is present in 1 muscle cell type, 1 motor neuron, 10 pairs of 

sensory neurons and 2 interneuron pairs. The C. elegans NCS family of proteins 

contains 7 separate genes (NCS-1 to NCS-7), however of these NCS-4 to NCS-7 are 

homologous to KChIPs (table 1.7). As stated previously, NCS-1 in C. elegans shows 

involvement in Long term potentiation (LTP), Long term depression (LDP), learning 

and memory as well as a variety of other functions as shown below (table 1.8). 
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C. elegans protein Homo sapiens homolog % identical 

Number of identified 

EF hands EF hand positions 

NCS-1 NCS-1 76 3 2,3,4 

NCS-2 HCLP-1 51 3 2,3,4 

NCS-3 NCS-1 67 4 1,2,3,4 

NCS-4 isoform a KChIP-1 35 3 2,3,4 

NCS-4 isoform b KChIP-4 34 3 1,2,3 

NCS-4 isoform c KChIP-1 32 3 2,3,4 

NCS-5 isoform a Neurocalcin-delta 22 1 4 

NCS-5 isoform b Neurocalcin-delta 22 1 4 

NCS-6 KChIP-2 30 2 3,4 

NCS-7 KChIP-1 & 2 39 3 2,3,4 

Table 1.7: C. elegans NCS-1 family homology to H. sapiens: NCS family proteins (sequences taken 

from Wormbase.org) compared with Human genome sequences using protein blast (NCBI blastP). The 

predicted Ca2+ binding EF hands identified using Interpro.EMBL. Identified EF hands classified using 

Uniprot.org in conjunction with Smart.EMBL and Interpro.EMBL (Chen et al., 2015, Topalidou and 

Chalfie, 2011, Camon et al., 2003, Mulder et al., 2003, Rajaram et al., 2000, Raghuram et al., 2012).  

 

Protein sequence similarity searching has allowed comparisons to be made between 

the 7 C. elegans NCS proteins and the human protein counterparts. Mammalian NCS 

proteins share homology with C. elegans counterparts. For C. elegans NCS-1 and 

NCS-3, these are most similar to mammalian NCS-1 whilst NCS-2 through blast 

searching is most like mammalian Hippocalcin like protein-1 (HCLP-1).  

 

Potentially, NCS-1 compensates for NCS-3 as in ncs-3 null C. elegans, no abnormal 

behaviour was identified (Rajaram et al., 2000). For the newly identified C. elegans 

NCS proteins, NCS-4 to NCS-7, these share homology with a number of different 

mammalian NCS proteins, specifically KChIP 1, 2 and 4 and Neurocalcin delta, albeit 

with a low sequence homology (<50%) in all cases. At this time, the later NCS proteins 

have not been fully analysed hence more work is required in order to make firm 

conclusions regarding their status as NCS proteins (Figure 1.17).  
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Figure 1.17 C. elegans NCS family members: NCS 1-3 have been previously studied however NCS 

4-7 were recently identified, as such their structures and the confirmation of their active and inactive EF 

hands remains to be determined. Multiple splice variants have been identified for NCS-4 and NCS-5, 

awaiting review.  
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Neuron Neuron/ Cell type Neuron signaling 
molecule 

Function 

AWC (L,R)) Sensory neuron 

(Amphid) 

Glutamatergic Chemotaxis to volatile odorants (benzaldehyde, butanone, 

isoamylalcohol, 2,3 pentanedione and 2,4,5 

trimethylthiazole)  and Thermosensor roles  

ASE (L,R) Sensory neuron 

(Amphid) 

Glutamatergic Chemotaxis to water solble attractants (Na+, Cl-, cAMP, 

biotin and lysine)  

AWB (L,R) Sensory neuron 

(Amphid) 

---- Avoidance from 2-nonanone, 1-octanol (Troemel et al., 

1997) 

BAG (L,R) Sensory neuron  Glutamatergic CO2 avoidance (Bretscher et al., 2008, Hallem and 

Sternberg, 2008) and O2 sensation 

(Skora and Zimmer, 2013, Zimmer et al., 2009) 

PHB (L,R) Sensory neuron 

(Phasmid) 

Glutamatergic and 

possibly 

Serotonergic 

Modulate Chemorepulsion  

AWA (L,R) Sensory neuron 

(Amphid) 

---- Chemotaxis to diacetyl, pyrazine, trimethylthiazole 

  and required for sexual-attraction in males (Pereira et al., 

2015, Hobert, 2005, Altun-Gultekin et al., 2001, Ishihara et 

al., 2002, de Bono and Maricq, 2005, Kuhara and Mori, 

2006, Chalasani et al., 2007, Gray et al., 2005, Bargmann 

and Horvitz, 1991) 

AFD (L,R) Sensory neuron 

(Amphid) 

Glutamatergic Thermosensation (ablation causes athermotactic) and 

locomotion (Tsalik and Hobert, 2003, Kuhara et al., 2008, 

Beverly et al., 2011, Mori and Ohshima, 1995) 

ADF (L,R) Sensory neuron 

(Amphid) 

Serotonergic Couple environmental food signals with serotonin 

neurotransmission (Jafari et al., 2011), Chemotaxis (to 

cAMP, biotin, Cl-, and Na+) and controls entry into dauer 

state (Bargmann and Horvitz, 1991, Schackwitz et al., 1996) 

ASG (L,R) Sensory neuron 

(Amphid) 

Glutamatergic and 

Serotonergic (under 

hypoxic situations) 

Chemotaxis to water soluble attractants (Pocock and 

Hobert, 2010), entry into dauer state and life span regulation 

(Alcedo and Kenyon, 2004, Bargmann and Horvitz, 1991, 

Schackwitz et al., 1996) 

PHA (L,R) Sensory neuron 

(Phasmid) 

Glutamatergic Modulate chemorepulsion behaviour (Hilliard et al., 2002) 

and part of the neuronal circuit that functions in mate-

searching behaviour of males (Barrios et al., 2012) 

AVK (L,R) Inter neuron ---- ---- 

AIY (L,R) Inter neuron Cholinergic Roles in behavioural patterns involving temperature or 

chemical cues (Bono and Maricq, 2005, Ishihara et al., 

2002), thermotaxis (Beverly et al., 2011, Ardiel and Rankin, 

2011, Sasakura and Mori, 2013, Ohnishi et al., 2011), 

locomotion (Gray et al., 2005, Tsalik and Hobert, 2003) and 

regulates lifespan and starvation response (Kang and 

Avery, 2009, Shen et al., 2010) 
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RMG Motor neuron ---- Operates in pheromone attraction and social behaviour, 

integrates signals from various sensory neurons modulating 

their chemosensory responses (Lockery, 2009, Macosko et 

al., 2009) 

pm1 Muscle cell N/A Part of the pharynx muscles, one of eight consecutive rings 

encircling the pharynx (Albertson and Thomson, 1976, 

Avery and Thomas, 1997, Franks et al., 2006, Hedgecock 

and Thomson, 1982) 

Table 1.8: NCS-1 neuronal locations with functions: C. elegans NCS-1 has been identified to be 

present in 1 muscle cell type, 1 motor neuron, 10 pairs of sensory neurons and 2 interneuron pairs, 

identified through GFP expression. The function of NCS-1 in the majority of these neurons has been 

investigated thoroughly (table 1.8 adapted from (Gomez et al., 2001)). Functional importance of NCS-

1 within each specific cell type shows a diverse and complex interplay with NCS-1 and its partner 

proteins, NCS-1 is present in both left and right neurons (L,R). 

 

Previous studies showed that NCS-1 over-expression has a positive effect on memory 

function; earlier memory acquisition and extended timeframe of memory retention prior 

to memory extinction in comparison to N2 or ncs-1 null C. elegans (Figure 1.18) 

(Hedgecock and Russell, 1975, Gomez et al., 2001). Systematic knockout of the 

functional EF-hands in NCS-1 (EF 2,3 and 4) when expressed in ncs-1 null C. elegans 

failed to recapitulate memory functions back to wild-type levels suggesting this is Ca2+ 

dependent (Gomez et al., 2001).  

 

Specific neuronal rescue of NCS-1 identified a critical role for NCS-1 in the AIY neuron 

for IT and memory (Gomez et al., 2001). No clear evidence to date has suggested a 

role for NCS-1 in thermoavoidance or negative thermotaxis (Figure 1.15 and 1.16). A 

novel temperature dependent phenotype has previously been identified in ncs-1 null 

C. elegans which identified that these retained and showed a slight yet significant 

increase in locomotion at elevated temperatures which was not found in N2 animals 

(Martin et al., 2013) 
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Figure 1.18 Establishment of memory, duration and extinction: Loss of NCS-1 perturbs memory 

establishment and results in a shorter time to extinction. Over-expression of NCS-1 resulted in a shorter 

acquisition time and a longer time to memory extinction. Figure adapted from (Gomez et al., 2001).  

 

1.8	Paralysis	phenotype	
 

Whilst there are many different forms of thermal behaviours within C. elegans this 

project focused primarily upon the temperature dependent locomotion under elevated 

temperature using a quantifiable locomotion assay readout. A novel phenotype was 

previously identified within our laboratory (unpublished Dr. Jeff Barclay) causing 

paralysis in C. elegans under noxious temperature ceasing locomotion. Previously, C. 

elegans locomotion was assessed at elevated temperature with N2 showing the 

characteristic paralysis phenotype within the initial 10-minute equilibration period. 

Animals would then resume locomotion in response to a continued exposure to the 

noxious temperature with a variable recovery time from paralysis. Preliminary 

research identified this behaviour, yet further characterisation was not completed.  

 

1.9	Factors	affecting	Thermosensation		
 

Complex crosstalk between neuronal pathways is common to generate specific 

behaviours. These neuronal networks help understand the diversity of signaling. 
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Following on from the thermosensory neural network (Figure 1.14) and with the 

information from table 1.6, the AIY neuron is involved in a range of other processes, 

for example negative thermotaxis (Figure 1.15 & 1.16) through synaptic connections. 

Multiple factors affect the mechanisms for thermosensation; as such in thermosensory 

experiments, these must be adequately controlled and accounted for. Environmental 

factors such as humidity, odor sensation (chemotaxis), light and non-environmental 

factors i.e. locomotion are suggested to affect thermosensation (Figure 1.19). 

 

1.9.1	Humidity	
 

Regarding humidity, Russell et al 2014 identified an interplay between 

mechanosensation and thermosensation in their model of humidity sensation (Russell 

et al., 2014), using FLP neurons (mechanosensation) which undergo stretching when 

exposed to abnormal humidity levels; signaling to return to normal humidity 

environments. C. elegans with an inactive AFD neuron (required for thermosensation) 

are unable to detect humidity levels, as thermosensation is required for humidity 

sensation, reverse cross-talk might also be present for optimal thermosensation. A 

change in either of these environmental influences can affect C. elegans behaviours; 

as such correct sensation of these is critical for survival. C. elegans behaviour is plastic 

associating food with a set humidity or a specific temperature (Tsalik and Hobert, 

2003, Russell et al., 2014).  

 

1.9.2	Locomotion	
 

Animals are required to move to avoid stressful situations; in C. elegans reversal 

phenotypes and dispersion involve the AIY, and possibly the ASE (odorant sensor), 

neurons (Tsalik and Hobert, 2003, Pocock and Hobert, 2010, Peymen et al., 2014). 

Deficiency of the AIY neuron increases hyper-reversal locomotion. Due to association 

of specific plate conditions with locomotion direction to seek favourable environments, 

the behaviours are again believed to be plastic. The AIY is not a command interneuron 

(Figure 1.19), however can alter reversal phenotypes through the AIZ (decreased 

reversal), RIM and RIB (increase reversal) interneurons (Zheng et al., 1999).  
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The reversal behaviour of the aforementioned neurons is dependent on the AIY 

neuron as loss of this causes no change in the level of reversal in C. elegans. All 

processes which utilize the AIY neuron, a key member of the thermosensory neural 

network, could themselves affect thermosensation.  

 

Thrashing as a form of locomotion in C. elegans is dependent on parallel signals 

causing the muscle cells on the ventral / dorsal side to contract as the opposing side 

of the C. elegans relaxes, resulting in movement. Thrashing here was defined as a 

complete movement of the head from one side of the animal, across the midpoint and 

back to the same side of the animal (Ventral to Dorsal and back to Ventral classes as 

one thrashing motion). 

 

1.9.3	Chemosensation	
 

Chemosensation and chemotaxis of molecules is another factor potentially influencing 

thermosensation. The detection of NaCl occurs through the ASE (L/R) neurons which 

signals through the AIY interneuron. In this example, Na+ is detected by ASEL and Cl- 

by ASER (Satoh et al., 2014, Pierce-Shimomura et al., 2001, Filingeri, 2015, Zheng et 

al., 1999). The pathway for NaCl detection and chemotaxis involves the AIA, AIB or 

AIY neurons. As the AIY neuron is implicated in this pathway, the NaCl concentration 

can potentially influence thermosensation (Pierce-Shimomura et al., 2001, Filingeri, 

2015, Sasakura and Mori, 2013, Sasakura et al., 2013).   

 

Each of these factors were taken into account during the course of this research to the 

best of my abilities through completing the temperature dependent locomotion assays 

in the same room using the same microscope lighting and all experiments were 

completed using Dent’s solution with 0.1% Bovine serum albumin (BSA) to limit any 

external variables. As thermosensation is a plastic response, all animals tested were 

grown under the same conditions on Nematode Growth Media (NGM) and were 

assayed from well fed plates using C. elegans of the same age range (young adult to 

day 2 adults).  
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Figure 1.19 Example of the neuronal network inclusive of the AIY neuron: The AIY neuron is critical 

in thermosensory behaviours. Synaptic connections with other neurons lead to a range of behavioural 

outputs. The complex interplay between neurons suggests different factors may affect thermosensation 

The AIY is a primary interneuron, signaling to downstream neurons to elicit a motor output using either 

dorsal or ventral motorneurons. Studies into neuronal networks have gained much interest recently with 

more remaining to be established.  
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1.10	Aims	and	Objectives:	
 

Using transfected cell lines, as no interaction has been fully established between 

NCS-1 and PQ, the first part of this research aims to: 

1. Identify an interaction between PQ and NCS-1 

2. Test intramolecular Cameleon between NCS-1 and PQ 

 

If successful, this could be taken forward into C. elegans as the model organism for 

the second part of this research. For the second part of this research, a number of 

NCS-1 interacting proteins were analysed using a quantifiable behavioural output.  

 

The second part of the research aims to: 

 

3. Characterise TDL assay 

4. Identify NCS-1 interacting partners using the TDLA 

5. Re-capture TDL behaviours through RNAi 

6. Elucidate relationship between NCS-1, PI4K and ARF-1.1 

 

  



 

 

 

 
 

Chapter 2:   Materials and Methods 
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2.1	Protein	Methods	
 

2.1.1	Plasmid	construction	
 

Automated dideoxy DNA sequencing was performed in both 5’ and 3’ directions by 

The Sequencing Service, University of Dundee, UK. 

Complimentary oligonucleotides encoding the myristoylation consensus sequence 

from Lck kinase (Oz et al., 2013)) containing 5’ XhoI and 3’ HindIII overhangs were 

annealed and ligated directly into HindIII/XhoI digested N1-EYFP and N1-mCherry 

vectors to create new plasma membrane targeting constructs (Myr-EYFP and Myr-

mCh). The ligated plasmids were used to transform competent XL-1 Escherichia coli 

(E. coli).  

 

Transformed bacteria were grown on Kanamycin (kan 30 μg/ml) supplemented Luria 

bertani (LB) agar (1.5% w/v agar, 1% w/v tryptone, 0.5% w/v Yeast extract, 8.56 mM 

NaCl) plates and for 24 hours at 370C. Individual transformant colonies were picked 

and grown overnight in 5 mls of liquid LB media (1% w/v tryptone, 0.5% w/v Yeast 

extract, 8.56 mM NaCl) supplemented with 30 μg/ml kan at 370C /250 rotations per 

minute (rpm). Extracted miniprep DNA (Qiagen, UK) was sent for automated dideoxy 

sequencing to validate correct incorporation and reading frame of the Lck 

myristoylation sequence. 

 

To create myristoylated PQ-type channel residues 1898-2035, pEYFP-Myr and pmCh-

Myr were digested with HindIII and SacII and ligated with a PCR product encoding 

residues 1898-2035 of the rat PQ channel (Genbank Accession: NM_012918) having 

complimentary 5’ HindIII and 3’ SacII overhangs. Ligation reactions were transformed 

into competent XL-1 E. coli, colonies picked and miniprep DNA (Qiagen) extracted for 

DNA sequencing. These constructs are henceforth referred to as myr-PQ-eYFP and 

myr-PQ-mCh respectively.  

 

Creation of the new variant Cameleon constructs was completed using standard 

cloning techniques (used for chapter 3, figures 3.16, 3.18 and 3.19). Here rat NCS-1 

and a small or large segment of the rat PQ-type VGCC were included within the 
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cameleon construct (henceforth referred to as either Partial or Full PQ cameleon 

respectively). Restriction sites were utilized for assembly of these constructs (see 

Figure 2.1 below) to create an intramolecular FRET sensor. 

 

 
Figure 2.1: Schematic diagram of Cameleon constructs. To allow investigations of PQ and NCS-1 

interactions in close proximity, intramolecular FRET sensors were produced with specific restriction 

sites in place to aid production.  Two variations of the cameleon construct were produced with ‘Full 

length PQ’ (1898-2035) and ‘Partial PQ’ (1898-1949) each encompassing the IM domain of the PQ-

type channel. Primary experiments used an mCh and EYFP cameleon for analysis with later 

experiments using CFP/ YFP cameleon. In standard cameleons, binding of Ca2+ to the CaM portion of 

the cameleon allows interaction between CaM and M13 causing a conformational change, resulting in 

light to radiate from a different wavelength. The novel cameleon produced here uses binding to NCS-1 

to then interact with PQ resulting in a conformational change and increased FRET. 

 

2.1.2	Cell	culture	and	transfection	
 

HeLa (Human ovarian cancer cells) and N2A (Mouse Neuroblastoma cells) were 

maintained in Dulbecco’s modified Eagle medium (DMEM) supplemented with 5% 

(v/v) Fetal Bovine Serum (FBS), 1 % (v/v) NEAA (non-essential amino acids) and 1% 

(v/v) Penicillin/ Streptomycin (Pen/Strep) at 37 0C in a humidified atmosphere of 95% 

(v/v) air and 5% (v/v) CO2. Cells were passaged at ~80 % confluency. Cells were 

transfected with 1 µg (24 well plates) or 3 µg (6 well/Matek dishes) of plasmid DNA 

using 3 µl of Promofectin transfection reagent per µg of plasmid according to the 

manufacturers protocol. Cells were processed and analysed 24 or 48 hours post 

transfection.  

 

For Western blot analyses cells were seeded onto 6 well plates using the protocol 

outlined above. For immunofluorescence, FRET (Förster Resonance Energy 

Transfer), FLIP (Fluorescence Loss In Photobleaching) and FRAP (Fluorescence 

Restoration After Photobleaching) protocols cells were plated onto either 13 mm 

diameter sterile coverslips in 24 well tissue culture trays (fixed cells) or into Matek 30 
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mm diameter live cell imaging dishes. Cells were allowed to adhere overnight prior to 

transfection. 

 

Cells were fixed using 4 % (v/v) Paraformaldehyde in Krebs buffer (58.1 mM NaCl, 

1.98 mM KCL, 1.3 mM MgCl2, 0.5 mM NaH2PO4, 4 mM Glucose, 8 mM HEPES (pH 

7.4) and CaCl2 2 mM). Cells were left in fixative for 6 minutes before drying and 

mounting onto slides with ProLong Gold antifade glycerol.   

 

2.1.3	Microscopy	
 

Transfected cells were imaged using a Leica TCS-SP-MP fluorescent scanning 

confocal microscope (Leica Microscopes) and a 63x water immersion lens, numerical 

aperture (N.A.) =1.2 (live cell experiments) or 63 x oil immersion lens (N.A.=1.3, fixed 

cells). Fluorophores were excited at 509 nm (YFP), 405 nm (CFP) and 594 nm (mCh) 

with emissions collected at 582 nm (YFP), 490 nm (CFP) and 620 nm (mCh).  

 

For live cell experiments an acquisition rate of 1 frame/ 5s was employed. Cells were 

perfused with Krebs buffer and subsequently with Krebs solutions containing 1 μM 

Ionomycin, 5 μM Thapsigargin, 100 μM Histamine or 5 μM A23187.  

 

To establish interactions between NCS-1 and the PQ Ca2+ channel fragment 

incorporated into the mCh and YFP vectors three different types of experiment were 

completed. Firstly we attempted to identify this interaction using FRET as described 

previously (McCue et al., 2013). FRET data was collected by exciting the YFP portion 

of PQ YFP with a 495 to 510 nm laser line and simultaneous collection of emitted 

fluorescence between 600 and 650 nm (mCh). These experiments were completed 

using sensitized emission and acceptor bleaching protocols. To measure FRET 

through acceptor bleaching, cells were excited using mCh, with corresponding 

measurements in the YFP emission. 

 

Secondly FRAP experiments were attempted as described previously (Handley et al., 

2010). Multiple regions of interest (where co-transfection was present) in transfected 

cells were selected and photobleached (10 frames). Fluorescence changes were then 
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measured in these regions to identify shuttling of bleached fluorophores with the 

unbleached fluorophores from different cellular regions. 

 

Thirdly FLIP experiments were utilized as described previously (Handley et al., 2010). 

Regions of interest (ROIs) in cells were photobleached and different areas of the cell 

were then measured to identify the loss of photobleaching in the unbleached regions 

(suggesting shuttling to the bleached regions).  

 

In addition to these live cell experiments, further analysis of interactions between NCS-

1 and PQ-type channels were completed using newly constructed Cameleon 

constructs (Figure 2.1) which were transfected into HeLa cells and intramolecular 

FRET activity measured in numerous ROIs, in each experiment numerous ROIs were 

taken from within the cell with one ROI present in the extracellular region acting as a 

control background measurement.  
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2.2	C.	elegans	Methods	
 

2.2.1	Molecular	Biology	Methods	
	
2.2.1.1	Plasmid	transformation	
 

Prior to completing plasmid miniprep or midiprep protocols, DNA constructs were 

amplified by using plasmid DNA transformed into chemically competent E. coli strain 

XL1 Blue, prepared in house, via heat shock treatment. An aliquot of XL1 Blue bacteria 

(50 μl) was thawed on ice before incubation with 0.5 μl of plasmid DNA in pre-chilled 

round bottomed test tubes for 30 minutes. A heat shock treatment at 42oC for 45 

seconds was completed then placed back onto ice for 2 minutes following which 950 

μl super optimal broth with catabolite repression (SOC) medium (2% w/v tryptone, 

0.5% w/v Yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 20 mM glucose) 

was added and then incubated at 37oC for 1 hour under continuous orbital rotation 

(220 rpm). 25 μl of the transformed E. coli were subsequently spread onto LB-agar 

plates (1% w/v tryptone, 0.5% w/v Yeast extract, 1% w/v NaCl, 1% w/v agar) 

supplemented with the required antibiotic (100 μg/ml ampicillin or 50 μg/ml kanamycin) 

and cultured overnight at 37oC. 

 

2.2.1.2	Purification	of	Plasmid	DNA	
 

Single E. coli colonies grown on the antibiotic containing plates, hence containing the 

plasmid of interest, were picked for inoculation of 30 ml of LB media (1% w/v tryptone, 

0.5% w/v Yeast extract, 9mM NaCl) supplemented with a selection antibiotic and 

subsequently grown overnight at 37oC under orbital rotation 250 rpm. Cultures were 

then pelleted by centrifugation (12,000 x g, 10 minutes) and plasmid DNA extracted 

from the bacterial pellet using QIAprep Spin Miniprep Kit (Qiagen) or a PureYield 

plasmid Midiprep System (Promega), each completed following the manufacturers 

guidelines. Plasmid DNA concentration was determined spectrophotometrically with 

the Nanodrop® Lite (Thermo Fisher Scientific, Waltham, MA, USA) using both 260 

and 280 nm.  
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2.2.1.3	Analysis	and	isolation	of	DNA	fragments	
 

DNA fragments were separated using Agarose gel electrophoresis, sorting DNA 

fragments according to size. Agarose gel composed of 1% (w/v) agarose dissolved in 

Tris-acetate EDTA (TAE) buffer (40 mM Tris, 20 mM acetic acid, 1 mM EDTA). 

Agarose gels were supplemented with 0.5 μl/ml Sybr Safe (Invitrogen, Paisley, UK) to 

stain the DNA.  

 

Prior to loading into agarose wells, DNA solutions were mixed with 6x DNA loading 

buffer (New England Biolabs (NEB)) and separated by gel electrophoresis through a 

2% w/v agarose gel, supplemented with SYBR® Safe DNA Gel Stain (Life 

Technologies) 1:10,000 ratio. Agarose gels were placed into a tank containing TAE 

buffer at 70 V for ~40 minutes. Size of DNA fragments were analysed using a known 

marker (Hyperladder 1kb (Bioline)) as a size reference. DNA fragments were imaged 

using UV light generated by a ChemiDoc XRS (Biorad) utilizing the Quantity One 

software (BioRad; v4.6.3).   
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2.2.2	C.	elegans	strains	
 

C. elegans strains used in this project were wild-type (Bristol N2) or specific mutations 

obtained from several sources (Table 2.1). 
 

Strain Gene Allele Mutation Source Outcrossed 
N2 Wild type n/a n/a Caenorhabditis 

Genetics Centre 
(CGC) (University of 
Minnesota, USA). 

N/A 

XA406 ncs-1 qa401 Null, 2149bp deletion 
including ATG site of 
NCS-1 

CGC Tc1 (x5) 

FX2348 pifk-1 tm2348 Null, 502bp deletion, 
5bp insertion 

Mitani laboratory 
National 
BioResource Project 
(NBRP) Nagoya 
University, Japan. 

Information 
not available 

RB1535 arf-1.1 ok1840 Null 1065bp deletion CGC X0 
VC160 trp-1 ok323 Null 1366bp deletion CGC UV/TMP (x0) 
TQ225 trp-1 sy690 Null deletion CGC UV/TMP (x7) 
TQ194 trp-2 sy691 Null deletion CGC UV/TMP (x8) 
RB1255 arf-1.2 ok1233 Null deletion CGC UV/TMP (x0) 
VC567 arf-1.2 ok796 Null 1140bp deletion CGC UV/TMP (x1) 
HA865 grk-2 rt97 Base pair 

substitution C/T 
(wildtype/mutant) 

CGC x4  

FG7 grk-2 gk268 Deletion 1538bp CGC x8 
NL2099 rrf-3 pk1426 Null 3015bp deletion, 

deficient in RNA 
dependent RNA 
polymerase (RdRP) 

CGC UV/TMP (x2) 

XE1581 wpSi10 
II; eri-
1(mg366) 
IV; rde-
1(ne219) 
V;lin-
15B(n744) 
X 

mg366, 
ne219 
and n744 

Selective expression 
of RNAi constructs 
within cholinergic 
neurons with RNAi 
resistance 
maintained in other 
tissues. 

CGC (produced by 
Hammarlund and 
Firnhaber) 

x0 

Table 2.1:  Strains of Caenorhabditis elegans (C. elegans) used in this project. Strains and their 

known genotype information are included alongside their source. C. elegans were sourced from a 

variety of different laboratories; used for specific experimental measures.  
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2.2.3	C.	elegans	husbandry	
 

C. elegans strains were grown and maintained on standard nematode growth media 

supplemented with the relevant salts (NGM) (50 mM NaCl, 1 mM CaCl2, 1 mM MgSO4, 

25 mM KH2PO4, 5 μg/ml cholesterol, 0.25% w/v peptone, 2% w/v agar) on either 

60mm or 35mm petri plates. Strains were maintained following standard protocol as 

described previously (Brenner, 1974) and maintained at 20oC. Plates were seeded 

with 50 μl of E. coli OP50 strain as the food source. Between 5-10 young 

hermaphrodite C. elegans were transferred using a sterile tungsten pick (World 

Precision Instruments), from old, overgrown but not starved plates to fresh seeded 

NGM plates every generation. Animals were observed using a PZMIV dissecting 

binocular stereomicroscope (World Precision Instruments) with illumination from either 

a halogen cold light source or, for GFP expressing strains an epifluorescent UV light 

when selecting C. elegans for assaying or for general maintenance.  

 

Age synchronization of C. elegans was completed through either a timed egg lay 

where 10 young hermaphrodite adult C. elegans were transferred as described 

previously to seeded plates and left for ~16 hours to lay eggs after which the adult C. 

elegans were removed and the eggs left to hatch and larvae to grow for ~36 hours or 

~60 hours for progeny to hatch and mature to approximately stage 4 larval/ Day 0 or 

Day 1 adults respectively. Alternatively a plate of overgrown adult C. elegans was 

washed off using 3.5 ml distilled H2O and bleached using Sodium hypochlorite 

(NaClO) (1 ml of 4% v/v NaClO with 0.5 ml of 5 M NaOH).  

 

Animals were briefly vortexed every 2 minutes for 10 minutes before centrifugation 

(1300 g for 1 minute following which supernatant was removed and 5 ml of dH2O 

added and centrifuged 1300 g for 1 minute. Supernatant was removed without 

disturbing the pellet, leaving 100 μl that is added in a drop wise fashion to a freshly 

seeded NGM plate. 

 

2.2.4	RNA	interference	(RNAi)	using	feeding	
 

RNAi experiments were conducted using standard feeding protocols following 

standard procedures (Simmer et al., 2002, Simmer et al., 2003, Kamath and Ahringer, 
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2003, Timmons and Fire, 1998). RNAi in C. elegans was completed by feeding (as 

opposed to via injection or soaking) C. elegans HT115 (DE3) bacteria expressing 

target-gene double-stranded RNA (dsRNA) within the pG-L4440 vector (Timmons et 

al., 2001, Fraser et al., 2000). HT115 (an E. coli strain) lacks dsRNA-specific RNase 

III however this contains an isopropyl β-D-1-thiogalactopyranoside (IPTG)-inducible 

T7 RNA polymerase (Timmons et al., 2003) containing the pG-L4440 vector 

containing gene-specific RNAi trigger sequences. All RNAi feeding clones were 

obtained from the Vidal C. elegans Open Reading Frame (ORF) RNAi feeding library 

(Source Bioscience, Nottingham, UK) or were specifically obtained directly from 

Source Bioscience. 

 

Clones of the RNAi constructs were plated out onto 90 mm plates of LB agar (1% 

tryptone, 0.5% Yeast extract, 1% NaCl, 1.5% agar) supplemented with 100 μg/ml 

ampicillin and 12.5 μg/ml tetracycline. Bacterial strains for RNAi were streaked onto 

separate plates from the frozen stocks and incubated overnight at 37oC. A single 

discreet colony from each plate was subsequently grown in 30 ml LB broth containing 

100 μg/ml ampicillin and 12.5 μg/ml tetracycline overnight at 37oC, 250 rpm. Bacterial 

culture was further incubated with 1 mM IPTG at 37oC for a further 4 hours to increase 

levels of dsRNA production.  

 

NGM plates supplemented with 100 μg/ml ampicillin and 2 mM IPTG were poured 4-

7 days prior to being seeded with 50 μl of the RNAi feeding culture. 5-10 healthy 

hermaphrodite adults were transferred to RNAi plates ~48 hours after seeding. RNAi 

plates have reduced RNAi efficiency along with time course, as such fresh RNAi plates 

were prepared in each experiment. RNAi plates were also maintained in a sealed, 

covered box in the dark as IPTG is light sensitive. Second generation RNAi fed C. 

elegans were used in the assays described below (results shown in chapter 4). Control 

feeding RNAi in these experiments consisted of HT115 carrying the empty vector pG-

L4440 (no knockdown) as a negative control. For these experiments hsp-1 was used 

as the primary positive control as this caused C. elegans death. 

 

 

 



 
  

74 

2.2.5	Genomic	DNA	extraction	and	single	C.	elegans	PCR	
 

In order to establish whether a particular C. elegans was homozygous or heterozygous 

for a specific deletion allele, individual animals were picked into 10 μl of C. elegans 

lysis buffer consisting of 5x Phusion® HF buffer (NEB), diluted down to 1x using DEPC 

treated water and Proteinase K (95µl 1x PCR buffer with 5µl 20 mg/ml Proteinase K) 

at a concentration of 1 µg/µl, samples were first frozen at -80oC for at least 30 minutes 

before freeze thawing and undergoing a standard worm lysis protocol through 

incubation in a thermal cycler at 65oC for 90 minutes, followed by 95oC for 15 minutes. 

For each subsequent PCR reaction, 2 μl of this lysate was used for genotyping using 

the primers listed in table 2.2.  

 

Single C. elegans PCR was completed in a 25 μl reaction volume consisting of 12.5 

μl of OneTaq Quick-Load 2x Master Mix (NEB), 2 μl of template (worm lysis product), 

forward and reverse primers (0.5 μl of 10 μM) and 9.5 μl of diethylpyrocarbonate-

treated (DEPC) water. Specific PCR conditions can be found in table 2.2. Amplified 

products were analysed using a ChemiDoc XRS after separation on 2% agarose gels 

(running at 70 volts for ~40 minutes) as described previously. 
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2.2.6	PCR	for	double	mutants	with	conditions,	primers	and	product	sizes	
 

Investigating Forward primer Reverse primer(s) Annealing 
temperature 
(oC) 

Extension time (s) 

NCS-1 status CAGTTGAGCATCGTTA
TTCTG 

WT: 
GATAAGGTATGATTTGG
GTTCG 

58 90 

MUT: 
CCGTATTTGAACGTTGCT
AC 

Trp-1 status CAACAGTTGCTCACCT
CTATC 

WT: 
CCTCCGCTACCAACATT
GGTTC 

49 180 

MUT: 
CGAATTTGTTGTGGAGG
CAG 

Trp-2 status CACTGATGACGTGGAT
CGCAAGG 

CTAAGGGTGAAATATGA
CGAG 

60 90 

Arf-1.1 status CATCGCCAACCAAGGA
AAG 

WT: 
CCACATCAGACCTTCGT
AGAG 

50 120 

MUT: 
CGACAGAGATCACCAAA
CATTG 

Arf-1.1 with AttB GGGGACAAGTTTGTAC
AAAAAAGCAGGCTCGA
TGGGCTTATTCTTCTCT 

GGGGACCACTTTGTACA
AGAAAGCTGGGTCTTAT
GTCTTCATCTGCTTCTTG 

66 60 

Pifk-1 status TATAGGCCGCTGTGCT
TTGAATG 

WT: 
GAAGACCGGAGACGATC
TTTC 

55 90 

MUT: 
CCCATCAGCACGGTAGG
TTTAAA 

Table 2.2: PCR primers and conditions: Primers utilized for the identification of different mutant lines 

in the generation of double mutants to confirm genetic status of the generated lines. PCR annealing 

and extension parameters shown for these experiments. PCR conditions also shown for the preliminary 

construction of injection plasmids. Each PCR consisted of 30 extension cycles. 
 

2.2.7	Male	generation	and	maintenance	
 

In order to generate double mutant strains this was completed by crossing two existing 

strains. First male N2 C. elegans were generated through heat shock of 5-6 L4 

hermaphrodites per plate within a 30oC incubator for 6 hours and the progeny 

screened for male phenotypic characteristics. After males were generated these were 

propagated by mating L4 hermaphrodites with males of the wild type background using 

a 4 male : 1 hermaphrodite ratio.  
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Mating plates were maintained with 16 males and 4-5 L4 hermaphrodites. Male 

generation is increased after heat shock due to the increased incidence of non-

disjunction of the X-chromosome during meiosis leading to a higher incidence of males 

(Anderson et al., 2010).  

 

2.2.7.1	Double	mutant	generation	(genetic	crosses)	
 

Young adult hermaphrodite (pre-gravid) ncs-1 null (qa401) C. elegans were crossed 

with N2 wild-type males to generate ncs-1 null male C. elegans before being crossed 

with other strains. Between 16-20 young ncs-1 null males were transferred to a 60 mm 

seeded (50 μl OP50) NGM plate with the addition of 4-5 young hermaphrodites of 

various strains (arf-1.1 null (RB1535), trp-1 null (VC160), trp-2 null (TQ194). In the 

case of the cross between pifk-1 FX2348 (tm2348) and arf-1.1 null RB1535 (ok1840) 

C. elegans were crossed in a similar manner using pifk-1 (tm2348) null males crossed 

with arf-1.1 null (ok1840) hermaphrodites. 

 

From this cross approximately 20 F1 cross progeny were singled out onto individual 

plates and allowed to self-fertilize at 20 oC. Approximately 48 hours after single 

animals were placed onto these plates, the original adult C. elegans was removed and 

PCR based genotyping was completed on the original F1 parental organism to identify 

possible heterozygosity of the two mutant deletion alleles. In these genetic crosses 

ncs-1 null males were used as ncs-1 is present on the X chromosome making crosses 

more likely to maintain the ncs-1 null deleterious allele.  

 

Plates which showed heterozygosity for the two mutant alleles of interest (ncs-1 

(XA406 (qa401) +/-) and a second allele from arf-1.1 (RB1535 (ok1840)), trp-1 (VC160 

(ok323)) or trp-2 (TQ194 (sy691)) +/- in each cross had their progeny singled out onto 

35 mm seeded NGM plates. The adult C. elegans was picked off and PCR genotyped 

after progeny had been laid, approximately 48 hours after initially being placed onto 

the fresh plate. This process was continued until a successful, continuous double 

mutant genotype was identified from the adult lysed C. elegans. In all crosses progeny 

for a series of generations were tested to confirm double mutant genotype.   
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Strain name Mutant alleles Strain 1 Strain 2 

AMG 128 trp-2 and ncs-1 XA406 (qa401) (ncs-1 

null) 

TQ194 (sy691) (trp-

2 null) 

AMG 145-148 trp-1 and ncs-1 XA406 (qa401) (ncs-1 

null) 

VC160 (ok323) 

(trp-1 null) 

AMG 149-152 arf-1.1 and ncs-1 XA406 (qa401) (ncs-1 

null) 

RB1535 (ok1840) 

(arf-1.1 null) 

AMG 153-156 Pifk-1 and arf-1.1 FX2348 (tm2348) 

(pifk-1 null) 

RB1535 (ok1840) 

(arf-1.1 null) 
Table 2.3: List of successful DM: Double mutant strains produced over the course of this research 

through genetic crosses of different single mutant C. elegans strains to form double mutant strains of 

interest using NCS-1 interacting proteins of interest.  

 

2.2.8	Plasmids	used	for	C.	elegans	injections	
 

The pDONR201 plasmid (Invitrogen) was used in the various Gateway cloning 

reactions described below. A GFP marker plasmid for pan-neuronal expression of 

GFP (pRAB100 [prab-3::GFP]) was obtained from the Nonet Laboratory (Washington, 

University of St. Louis, USA) with promoter plasmids for sensory neuronal expression 

(pG[Posm-6]), pan neuronal expression (pG[prab-3-A]) being obtained from James 

Johnson, University of Liverpool.  

 

An AIY neuron specific plasmid was initially obtained from Hobert Lab (Columbia 

University Medical Center, N.Y.), allowing expression of transgenic proteins within the 

AIY neuron only, however cloning reactions within this project began using a modified 

version of this plasmid produced by Dr. Victoria Martin, University of Liverpool 

(pG[PAIY6::NCS-1 unspliced]). The promoter for NCS-1 is present within the introns 

and exons of the ttx-3 gene present on the X chromosome within C. elegans.  
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2.2.8.1	Gateway	cloning	
 

Plasmids created using the Gateway cloning system are illustrated in Figure 2.2, in 

the case of (Pttx-3::arf-1.1) issues during Gateway cloning were experienced hence 

production of this plasmid used an intermediary newly created plasmid (Posm-6::arf-

1.1). To create these plasmids expressing arf-1.1 under different promoters; pan-

neuronal rab-3 [prab-3::arf-1.1], ciliated neurons osm-6 [Posm-6::arf-1.1] and AIY neuron 

specific [Pttx3::arf-1.1], C. elegans arf-1.1 was first amplified from gDNA produced 

within the laboratory, with the addition of attB sites within the PCR primers resulting in 

a product of the gene with additional attB recombinase sequences. Products from the 

PCR reaction were separated on an agarose gel and the PCR product band excised 

using PureLink® Quick Gel Extraction Kit (Invitrogen). The extracted gene was 

inserted into the Gateway donor plasmid pDONR201, containing the attP recombinase 

flanking sequences and cassette, using BP Clonase II recombinase following the 

manufacturer’s instructions (Invitrogen).  

 

BP reaction plasmids from combining pDONR201 with attB-Arf-1.1 was amplified 

using Bioblue E. coli and purified through the standard miniprep protocol as previously 

mentioned. The presence of attL flanking sequences within the donor vector allowed 

the gene of interest to be inserted into the destination plasmids pG[Posm-6::attR], 

pG[prab-3::attR] and pG[Pttx-3::ncs-1], using LR clonase II according to the 

manufacturer’s instructions.  

 

Initial destination plasmids were formed from the original pPD117.01 plasmid by Dr. 

James Johnson using standard recombinant cloning procedures. For production of the 

AIY specific expression of arf-1.1, the PAIY-ncs-1 plasmid provided by Dr. Victoria 

Martin (University of Liverpool) and the pG[Posm-6::arf-1.1] were cut using AscI and 

BamHI restriction enzymes to remove the promoter region from the specific plasmids. 

The resulting products were separated on a 1% agarose gel containing 0.1% SYBR 

Safe and the promoter region of the AIY specific expression plasmid was excised, 

alongside the backbone of the arf-1.1 plasmid. The DNA fragments were gel purified 

according to manufacturer’s instructions (Promega) and ligated at room temperature 

for 30 minutes.  
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Figure 2.2 Formation of p[rab-3::arf-1.1], p[osm-6::arf-1.1] and p[ttx-3::arf-1.1]: Standard PCR and 

restriction digest techniques were utilized to form specific rescue constructs for arf-1.1 under different 

promoters. Arf-1.1 with attB sites was first incorporated into pDONR201 using a BP reaction followed 

by LR reactions to transfer this into constructs with specific neuronal promoters. Figures produced made 

using A Plasmid Editor (APE). Plasmids utilized as part of over-expression experiments. 

 

2.2.9	Microinjection	
 

All injections were carried out by Dr. Hannah McCue. Larval stage 4 to Day 1 adult C. 

elegans, including N2, XA406 (qa401) (ncs-1 null), RB1535 (arf-1.1 null) and AMG149 

(ncs-1 / arf-1.1 null double mutant) were injected using a micropipette needle into their 

germline cells present within the dorsal gonad. Injection mixtures contained a final 

concentration of 100 ng/μl DNA. Of this 100 ng, 10 ng/μl was the plasmid of interest 

(ncs-1 or arf-1.1 expression plasmid), 40 ng/μl of GFP marker plasmid and 50 ng/μl of 

empty pBluscript plasmid (Stratagene), the final volume was made up to 100 μl using 

dH2O.  

 

For the purposes of injecting, animals were initially immobilized onto a coverslip 

coated in a 2% agarose pad and coated with halocarbon oil. Visualisation of the C. 

elegans for injection used a Nikon Eclipse Ti-S inverted microscope at 20x objective 

magnification and an Eppendorf micromanipulator was used for positioning of the 

needle. Animals were re-hydrated after injection by soaking in M9 buffer and 

transferred to a seeded NGM plate.  

 

Plates were checked for GFP expression observed in progeny. Multiple lines were 

isolated by transferring single F1 GFP expressing progeny to individual plates, GFP 

expression in the F2 generation confirmed incorporation of the extra chromosomal 

plasmid within the animals. Where possible, three separate lines for each plasmid 

injection were generated and their phenotypes assessed.  
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Strain 

injected 

Plasmid of 

interest 

injected 

Neuronal 

expression 

Plasmid 

with GFP 

marker 

Neuronal 

expression 

of GFP 

Number 

of Lines 

created 

Produced by: 

N2 prab-3::arf-1.1 

(40 ng) 

All 

neurons 

prab-3-a::GFP All neurons 4 Dr. Hannah 

McCue 

N2 Pttx3::arf-

1.1 (40 ng) 

AIY 

neurons 

prab-3-a::GFP All neurons 3 Dr. Hannah 

McCue 

RB1535 prab-3::arf-

1.1 (40 ng) 

All 

neurons 

prab-3-a::GFP All neurons 6 Dr. Hannah 

McCue 

RB1535 Posm6::arf-

1.1 (40 ng) 

Sensory 

neurons 

prab-3-a::GFP All neurons 4 Dr. Hannah 

McCue 

N2 prab-3::arf-

1.1 (10 ng) 

All 

neurons 

prab-3-a::GFP All neurons 3 Dr. Hannah 

McCue 

N2 Pttx3::arf-

1.1 (10 ng) 

AIY 

neurons 

prab-3-a::GFP All neurons 3 Dr. Hannah 

McCue 

XA406 Pttx3::arf-

1.1 (10 ng) 

AIY 

neurons 

prab-3-a::GFP All neurons 4 Dr. Hannah 

McCue 

RB1535 prab-3::arf-

1.1 (10 ng) 

All 

neurons 

prab-3-a::GFP All neurons 3 Dr. Hannah 

McCue 

RB1535 Pttx3::arf-

1.1 (10 ng) 

AIY 

neurons 

prab-3-a::GFP All neurons 5 Dr. Hannah 

McCue 

AMG149 prab-3::arf-

1.1 (10 ng) 

All 

neurons 

prab-3-a::GFP All neurons 5 Dr. Hannah 

McCue 

AMG149 Pttx3::arf-

1.1 (10 ng) 

AIY 

neurons 

prab-3-a::GFP All neurons 4 Dr. Hannah 

McCue 

AMG149 Pttx3::ncs-1 

(10 ng) 

AIY 

neurons 

prab-3-a::GFP All neurons 5 Dr. Hannah 

McCue 

Table 2.4: Transgenic strains produced through microinjection: Injected C. elegans strains with 

over-expression neuronal targeted constructs encoding arf-1.1 and ncs-1. Neuronal targeting 

sequences using pan-neuronal (rab-3), sensory neurons (osm-6) and AIY specific (ttx-3) promoters. All 

injections were carried out by Dr. Hannah McCue with GFP expressing progeny identified in later 

generations by myself.   
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2.2.10	Imaging	
 

Transgenic C. elegans with confirmed visual GFP expression or wild-type and null 

strains were immobilized onto a microscope slide in a droplet of M9 buffer containing 

10 mM Sodium Azide (NaN3) and a coverslip placed on top. Single animals were 

imaged using Nikon Eclipse Ti-S inverted microscope with x200 magnification lens. All 

imaging was completed on Day 1 animals. Fluorescence illumination of transgenic C. 

elegans was used for verification of extra-chromosomal GFP marker expression within 

injected C. elegans lines.  Anatomical images of C. elegans were obtained using 

differential interference contrast (DIC). 

 
2.3	C.	elegans	behavioural	assays	
 

2.3.1	Thrashing	
 

Locomotion of the different C. elegans strains was completed as a measure of 

neuronal function. For this assay, day 1 adult hermaphrodite animals were transferred 

into a 50 μl droplet of Dent’s solution (140 mM NaCl, 6 mM KCl, 1 mM CaCl2, 1 mM 

MgCl2, 5 mM HEPES, pH 7.4 supplemented with 0.1 mg/ml BSA). Individual C. 

elegans were allowed to acclimitise to the Dent’s solution for 10 minutes before 

thrashing rate was quantified. Thrashing was defined as one sinusoidal movement of 

the animal. Thrashing was measured over a 1 minute period for each individual animal. 

All experiments were completed at room temperature (~22oC), using C. elegans 

cultivated at 20oC. Animals were first placed onto an unseeded NGM plate to remove 

any excess OP50 E. coli prior to locomotion being tested. 

 

Thrashing here was defined as a complete movement of the head and tail from one 

side of the animal, across the midpoint and back to the same side of the animal 

(Ventral to Dorsal and back to Ventral classes as one thrashing motion). Animals 

which attempted to thrash but failed to pass over the midline and back to the original 

position were classed as not thrashing. N2 animals were tested on each experimental 

day, alongside strains of interest. . 
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2.3.2	Temperature	Dependent	Locomotion	Assay	
 

Initial research in the laboratory looked at temperature dependent locomotion of C. 

elegans by investigating the number of thrashes per minute of C. elegans before and 

after exposure to heightened temperatures (Edwards et al., 2012, Martin et al., 2013). 

During the course of this investigation a novel paralysis phenotype was identified 

which a new temperature dependent locomotion assay (TDLA) was utilized for 

analyzing this phenotype (Todd et al., 2016).  

 

A 35 mm petri dish lid was placed onto a Peltier effect thermoelectric plate (TEtech) 

to which a 150 µl droplet of Dent’s solution was added. Temperature throughout the 

assay was monitored manually and altered using a thermocoupler and recorded in 

real-time. Approximately 5, day 1 to day 2 C. elegans were placed into the Dent’s 

solution at room temperature (~20oC ±0.5) and left to acclimitise for 5 minutes.  

 

The Dent’s solution was then heated to 27oC at which point the timer was started 

manually. The temperature was allowed to rise to a final temperature of 28.5oC (±0.3). 

Two different parameters were measured for this assay, firstly the time to paralysis; 

defined as a complete cessation of motility using thrashing as a measure of 

locomotion. Preliminary research identified that the paralysis phenotype was 

temporary and C. elegans recovered thus leading to the second parameter; the 

duration of paralysis. Times for onset and end of paralysis were noted for each 

individual C. elegans within each assay in minutes and seconds before being 

converted into seconds for each parameter. Duration of paralysis was calculated by 

subtracting the onset of paralysis time from the end of paralysis time (both in seconds). 

On each experimental day, N2 animals were tested as well as test strains, this served 

to remove extraneous variables and also to reduce bias. Animals strains were blinded 

prior to experiments being conducted.  

  

2.4	Effect	of	a	PI4K	inhibitor	(PIK-93)	on	C.	elegans	TDLA	
 

C. elegans were treated acutely in the presence of a PI4K inhibitor (PIK-93). Initial 

experiments were completed using DMSO as a control at different concentrations and 

different time points to elucidate an optimal treatment period and drug concentration.  
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Later experiments exposed C. elegans to PIK-93 over a 1 hour time period in the 

presence of either 19 nM or 19 μM PIK-93 before undergoing the TDLA as outlined 

previously. PIK-93 was dissolved into Dent’s solution using 1 % DMSO which was also 

present in the control untreated C. elegans assays. C. elegans were investigated for 

their time to paralysis and duration of initial paralysis.  

 

2.5	Extraction	of	RNA	and	cDNA	synthesis	
 

For each sample, 100 individual adult C. elegans were picked into 100 μl RNase-free 

water into a 1.5 ml Eppendorf tube, C. elegans suspension was then centrifuged to 

the bottom of the tube and 400 μl of Trizol was added. C. elegans and Trizol 

suspension was vortexed for 2 minutes before being frozen overnight at -80 oC. When 

all the samples were collected, these were thawed at 37 oC before being shaken for 

40 minutes on an orbital shaker at 4 oC. A further 200 μl of Trizol® was added, tube 

quickly vortexed prior to being left at room temperature for 5 minutes, 140 μl of 

Chloroform was subsequently added before vortexing and left at room temperature for 

3 minutes.  

 

The C. elegans, Trizol® and Chloroform suspension was subsequently centrifuged at 

12,000 x G for 15 minutes at 4 oC and the top layer (~200 μl) was carefully transferred 

to a fresh 1.5 ml Eppendorf. To which an equal volume of Chloroform was added prior 

to centrifugation (12,000 x G for 5 minutes at 4 oC). Aqueous layer was removed (~200 

μl) and placed in a fresh 1.5 ml Eppendorf. RNA precipitated using an equal volume 

of 70 % Ethanol in RNase-free water. Final suspension transferred to a Qiagen 

RNeasy spin column with a 2 ml collection tube before centrifugation at 8000 x G for 

15 seconds. Flow through was discarded and DNase treatment occurred using Qiagen 

RNase free DNase kit according to manufacturer’s instructions. RNA was eluted into 

RNase-free water using manufacturer’s instructions and quantified using a Nanodrop 

1000 spectrophotometer (Thermo Fisher Scientific). Quantified RNA was synthesized 

into cDNA using GoScriptTM Reverse Transcription System (Promega) according to 

manufacturer’s instructions, 5 μg of RNA was used and a final volume of 20 μl was 

produced.  
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2.6	Quantitative	PCR	(qPCR)	analysis	of	C.	elegans	NCS-1	levels	
 

The produced cDNA was required for qPCR analysis. From the cDNA, 1 μl per well 

was used with 9 μl of iTAQ Universal SYBR Green mastermix, containing forward and 

reverse primers, iTAQ and nuclease free water according to manufacturer’s 

instructions (BioRad). A final volume of 10 μl per well was generated in a 96 well white 

wall qPCR plate (BioRad) and plate contents spun to the bottom of the wells through 

centrifugation. Plates were assayed using a CFXconnect (BioRad) machine; and 

fluorescence measured and quantified each cycle. Results were gathered and 

analysed omitting any results which failed to generate a signal. Results were 

compared against 3 internal controls and a final ∆∆ct value and fold change compared 

to N2. 



 

 

 
 

 

Chapter 3 Results: Investigating the 
interaction between NCS-1 and PQ-type 

(CaV2.1) Ca2+ channel 
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3.1	Introduction	
 

The CaV2.1 class of Ca2+ channels is pivotal in exocytosis of neurotransmitters; 

modulation of these channels is therefore essential to ensure regulated release of 

neurotransmitters (Lian et al., 2014). Modulation of CaV2.1 channels is required to 

regulate Ca2+-dependent responses to changes in levels of [Ca2+]i; including 

processes such as CDF and CDI. These processes allow the opening of CaV2.1 

channels in response to increased [Ca2+]i or inversely speeds up channel inactivation 

in the presence of high [Ca2+ ]i (CDF and CDI respectively). To date, the interactions 

between CaV2.1 channels, specifically within their C-terminal domains and Ca2+ 

sensor proteins have been studied extensively with some mechanisms underlying 

CDF and CDI identified, the structural basis of the interaction remains to be fully 

elucidated.  

 

Structurally, the CaV2.1 channel contains two specific conserved domains within its C-

terminal cytoplasmic tail responsible for CaM binding. The first of these is an IQ related 

motif; which in regards to CaV2.1 is an IM domain (DeMaria et al., 2001). The second 

is a CaV specific CBD distal to the IQ motif (Lee et al., 1999). CaM modulates activity 

of CaV2.1 for short term synaptic plasticity (Leal et al., 2012, Mochida et al., 2008). 

Under low [Ca2+]i, CaM interacts with the IQ domain of open CaV2.1 channels using 

EF hands present within its C-terminal lobe as these have a higher affinity for Ca2+ 

than the N-terminal lobe EF hands. The N-terminal EF hands interact with the CBD 

after the [Ca2+]I increases. Evidence suggests that a functioning C-terminal lobe is 

essential for CDF with a functional N-terminal lobe required for CDI and partially active 

in CDF (Lee et al., 2000, Lee et al., 2002, Lee et al., 2003, DeMaria et al., 2001). 

 

PQ channel modulation by CaM appears to be more complicated than initially 

believed. Whilst a Ca2+-dependent interaction is required in the C-terminus of CaM 

with the PQ-channel at the site of the IM domain, a Ca2+-independent interaction 

between the N-terminus of CaM is required to stabilize the interaction (Lee et al., 

2003). Precise residues of the IM domain which are required in order to bind to the N- 

and C- lobes of CaM have only partially been elucidated through crystal structures 

however these present contradicting evidence (Kim et al., 2008).  
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CaM shares a number of its binding partners with other Ca2+ sensor proteins, this is 

the case for PQ-type Ca2+ channels. This adds another layer of complexity onto this 

system. The CBD of the CaV2.1 Ca2+ channel interacts with CaBP1, in a Ca2+-

independent manner resulting in quicker CDI when compared to CaM (Lee et al., 

2002).  

 

Of the neuronal Ca2+ sensor proteins, VILIP-2 is a known interactor of the PQ type 

CaV2.1 Ca2+ channels. Through a Ca2+-dependent interaction, VILIP-2 binds the CBD, 

competing with CaM for binding and results in a slower CDI, or through binding the IM 

domain, this enhances levels of CDF (Few et al., 2005, Lautermilch et al., 2005). 

Whilst NCS-1 has been shown to modulate PQ-type VGCCs, through a voltage-

independent manner (Burgoyne and Weiss, 2001), the exact nature of this interaction 

has not been fully elucidated. A wealth of evidence suggests NCS-1 and PQ channels 

interact as NCS-1 assists in PQ channel facilitation in nerve terminals and decreases 

CaV2.1 Ca2+ currents (Tsujimoto et al., 2002, Few et al., 2005, Lautermilch et al., 

2005).  

 

In neurons, NCS-1 and PQ are present in presynaptic microdomains. Neurotransmitter 

release in Drosophila involves Frequenin 1 and 2 (Frq-1 & 2) and knockout of these 

proteins affected neurotransmitter release (Koizumi et al., 2002, Taverna et al., 2002, 

Dason et al., 2009, Dason et al., 2012). The current study aimed to identify the 

interaction between NCS-1 and PQ Ca2+ channels through Ca2+ signaling 

experiments. As NCS-1 is believed to interact with PQ at its IM motif, plasmid 

constructs with added myristoylation domains (taken from (Oz et al., 2013)) were 

utilized to study this interaction (Lian et al., 2014).  

 

To identify an interaction between full length CaV2.1 and NCS-1 is experimentally 

problematic. To overcome the issue, a small section of the CaV2.1 channel was used. 

As the C-terminal domain of the intact PQ α-domain is normally anchored to the 

plasma membrane, a myristoyl domain was attached to the fragments; acting as a 

surrogate membrane anchor (Gomez et al., 2001, Jeromin et al., 2004). 

 

The primary aim of the present study was to identify using different experimental 

measures whether NCS-1 and PQ-type channels directly interact as suggested 
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indirectly in previous studies (Tsujimoto et al., 2002, Weiss et al., 2000, Weiss and 

Burgoyne, 2001, Dason et al., 2009). 
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3.2	Results	
	
3.2.1	Production	of	a	plasmid	encoding	a	C-terminal	regulatory	domain	of	the	PQ	Voltage	
Gated	Ca2+	Channel.	
 

The overall aim of this section of research was to investigate potential interactions 

between NCS-1 and the PQ VGCC. To do so, novel plasmids encoding fluorescent 

membrane targeted versions of rat PQ α subunit residues 1898-2035 (encompassing 

both the IM and CBD motifs (Mochida et al., 2008, DeMaria et al., 2001)) were created, 

in line with preliminary research suggesting the interaction occurs within this domain 

(Lian et al., 2014).  

 

Myristorylation domains and PQ fragments were incorporated into empty parental 

colour tag vectors; forming myr-PQ tagged plasmids (Figure 3.1a). Plasmids were 

produced using specific restriction sites; positive plasmids were analysed through 

restriction digestion, identifying the presence of the myristoylation and PQ cassettes 

(Figure 3.1b). Restriction digests of the produced plasmids (mCh or YFP X-S (XhoI - 

SacII) and H-S (HindIII - SacII) respectively) were produced to establish the 

incorporation of the myristoylation domain (H-S) or the myr-PQ domain (X-S).  

 

Plasmid expression in cells was analysed by transfecting HeLa cells with the produced 

constructs using two different transfection reagents, to determine whether this is 

reliably transfected to a sufficient degree, and samples lysed 24 hours post 

transfection. Transfected protein expression analysis was completed through Western 

blotting of cell lysates with anti-GFP (to detect myr-PQ-eYFP) and anti-RFP (to detect 

myr-PQ-mCh) antibodies (Figure 3.1c). 
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Figure 3.1: Production of plasmids containing Myristoylation domain and PQ fragment. (A) 
Diagrammatic form of process taken to form myr-PQ plasmids, a more physiologically relevant 

construct, from an empty N1 vector. (B) Presence of the myr-PQ domain was analysed through 

restriction digestion. Lanes 2 and 5 show the myristoylated PQ domain (~450 bp shift) with lanes 3 and 

6 showing the myristoylated plasmid (~400 bp shift) further details in Figure 3.1A. Vectors were digested 

using HindIII with SacII (Myristoylation tagged insert (red arrows)) and XhoI with SacII (myr-PQ (blue 

arrows)), Market represented by Hyperladder 1kb. (C) Western blot showing lysates from transfected 

HeLa cells, using two different transfection reagents to test efficiency. Blotting for YFP to identify size 

of transfected proteins, Marker represented by See-blue 2-Plus Prestained (Invitrogen). Correct protein 

sizes highlighted with purple arrows.  

 

The estimated protein size of YFP/ mCh is 26 kDa, with the myristoylation domain and 

PQ fragment each increasing the construct size by approximately 2 kDa and 11 kDa 

respectively. The estimated size of the myristoylated PQ construct is therefore 39 kDa. 

Colour tagged NCS-1 is ~48kDa (22 kDa for NCS-1 and 26 kDa for the colour tag). 

Figure 3.1c highlights that all expressed proteins migrated in the expected region of 
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the gel (between 39 and 51 kDa) by comparison with molecular weight standards. 

Altered protein migrations here are due to the addition of NCS-1 or myr-PQ (~22 kDa, 

lanes 3, 4, 7 and 8).  

 

3.2.2	Localisation	of	myr-PQ-eYFP	and	myr-PQ-mCh	in	HeLa	cells.	
 

Localisation of myr-PQ plasmids (myr-PQ-mCh and myr-PQ-eYFP) was assessed 

through confocal microscopy following transfection into HeLa cells. HeLa cells are a 

commonly used mammalian cell line for protein localization studies due to their ease 

of transfection and clear morphology. Transfected proteins encoded by plasmids were 

present on internal-cellular membranes in addition to the plasma membrane, in line 

with the known localisation for NCS-1 due to its N-terminal myristoylation modification 

(Figure 3.2) (Jeromin et al., 2004, Ames et al., 2012, Heidarsson et al., 2013, Chen et 

al., 2001, Dason et al., 2009, de Barry et al., 2006, Gomez et al., 2001). 

 

An unexpected but interesting phenotype was apparent when cells were co-

transfected in that NCS-1, in the presence of myr-PQ, was observed in enlarged myr-

PQ positive cellular inclusions absent from cells expressing NCS-1 in isolation. It 

should be noted that this aggregation phenotype was seen in a number of cells 

transfected with the myristoylated PQ fragment alone however this co-expression data 

suggests that NCS-1 traffics to the same aggregates in a myr-PQ dependent manner.  
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Figure 3.2: Cell localization of transfected protein constructs. Localisation of NCS-1, myr-PQ-
eYFP and myr-PQ-mCh in HeLa cells. (A and B) HeLa cells transfected with myr-PQ-eYFP (A) and 

myr-PQ-mCh (B) to study cellular localization. Cells were transfected 24 hours post seeding and fixed 

24 hours post transfection and imaged. Localisation of transfected constructs to plasma membrane and 

Golgi apparatus (blue arrows). (C and D) show representative images for NCS-1 localisation within 

cells for the YFP (C) and mCh (D) tagged constructs, present on cellular membranes; likely the plasma 

membrane and trans-Golgi network (red arrows). (E and F) Evidence of apparent protein aggregation 

when co-expression of the PQ construct with NCS-1 within HeLa cells (light blue arrows). Scale bars 

within each panel represents 10 μm.  
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3.2.3	Effect	of	myristoylated	PQ	on	the	localization	of	well-established	CaBPs.		
 

Many studies have shown that other Ca2+ sensing proteins are able to modulate PQ 

signaling (DeMaria et al., 2001). In order to test the specificity of myr-PQ driven NCS-

1 aggregation, the ability of myr-PQ to induce aggregation of other small EF hand 

containing Ca2+ sensing proteins was next examined. For these analyses, an mCh 

tagged CaM (CaM-mCh) the most widely studied small EF-hand containing Ca2+ 

sensor protein (DeMaria et al., 2001, Lee et al., 1999, Lee et al., 2002, Oz et al., 2013, 

Raghuram et al., 2012, Zhang et al., 1995), was transfected into HeLa cells alone or 

alongside myr-PQ-eYFP. When analysed, it was shown that CaM expressed alone 

exhibited its well characterized diffuse cytoplasmic distribution (Mangels and Gnegy, 

1992, McGinnis et al., 1998, Mori et al., 2011). This was unaltered in CaM and myr-

PQ-eYFP co-transfected cells (Figure 3.3). 

 

 
Figure 3.3: Effect of myristoylated PQ on localization of CaM. Fluorescence based microscopy was 

completed on HeLa cells transfected with mCh-CaM both solo transfected and in conjunction with myr-

PQ-eYFP (see Figure 3.1). (A) HeLa cells were transfected with mCh CaM and fixed after 24 hours to 

show the localization of mCh CaM upon transfection into cells. (B) Effect of myr-PQ-eYFP on mCh CaM 

localisation, cells were transfected with 1 μg of each protein for a 24 hour transfection period before 

fixation in 4% Paraformaldehyde (PFA). Myr-PQ-eYFP localisation highlighted by arrows (blue arrows). 

Figures include representative images of cells. Scale bar here represents 10 μm.  
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3.2.4	Effect	of	myristoylated	PQ	on	the	localization	of	CaBP	family	members.	
 

Due to the observed effects on the intracellular localization of NCS-1 and CaM the 

extent of myr-PQ promiscuity for other EF-hand containing small Ca2+ binding proteins 

were tested. Specific focus on CaBP1 and CaBP7; both of which  are present on cell 

membranes, including the Golgi and PM, due to an N-terminal myristoylation 

sequence or a C-terminal tail anchor respectively (Few et al., 2005, McCue et al., 

2009, McCue et al., 2011, McCue et al., 2012). CaBP1 has in previous research been 

suggested to interact and regulate Ca2+ channels including the PQ VGCC (Lee et al., 

2002, Wingard et al., 2005, Haynes et al., 2006).  

 

CaBPs localised as expected to cellular membranes (plasma and Golgi membranes) 

when expressed in HeLa cells (Figure 3.4A) (McCue et al., 2009, McCue et al., 2011, 

Haynes et al., 2006, Haynes et al., 2012a). Transfection of myr-PQ-eYFP with CaBP1 

showed no evidence of co-localisation in enlarged aggregates, similar to previous 

observed for NCS-1 and CaM (Figure 3.4B). CaBP7 localised to the PM and Golgi 

(McCue et al., 2009).  
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Figure 3.4: Myristoylated PQ and its effect on CaBP protein family members. Fluorescence based 

microscopy was used on transfected HeLa cells to identify the localization of protein constructs and the 

effect co-transfection had upon their localization. (A) HeLa cells transfected with CaBP1 YFP (left) and 

CaBP7 mCh (right). CaBP1 has an N-terminal myristoylation site, targeting this to cellular membranes. 

CaBP7 has a C-terminal Transmembrane domain targeting this also to cell membranes (localisation 

indicated by blue arrows). (B) HeLa cells co-transfected with CaBP1 YFP and myr-PQ-mCh, transfected 

proteins are localized around the periphery of the cell with some areas of overlap (red arrows). Images 

of co-transfected CaBP7 mCh with PQ YFP were difficult to identify within cells. Scale bar represents 

10 µm. 
 

 	

A) 

B) 
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3.2.5	Testing	of	constructs	in	Neuronal	cell	line	(N2A	Mouse	Neuroblastoma	cell	line)	
 

Since NCS-1 is enriched in neuronal tissues and the PQ type VGCC is a neuronal 

specific protein, additional studies were undertaken to examine their interactions in a 

neuronal cell culture model (Burgoyne and Weiss, 2001, Chen et al., 2001, Dason et 

al., 2012, Lian et al., 2014, Dragicevic et al., 2014, Burgoyne, 2007, Burgoyne and 

Haynes, 2012). N2A cells were cultured in a similar manner to HeLa cells and followed 

the same transfection protocol. Differentiation of N2A cells was completed as 

described in previous studies using either retinoic acid (Mao et al., 2000) or by serum 

starvation of cells to stimulate neurite outgrowth (Biernat et al., 2002).  

 

N2A cells were co-transfected with myr-PQ-eYFP, myr-PQ-mCh and NCS-1 

expressing constructs to monitor protein localisation. As observed in HeLa cells, 

aggregate structures were formed in the presence of myr-PQ; the NCS/ CaBP proteins 

under co-expression with myr-PQ preferentially targeted to these structures as 

opposed to their normal locations. This suggests the phenomena is cell type 

independent.  
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Figure 3.5: Protein localization within a Neuronal cell line (N2A). Plated N2A cells were 

transfected with protein expression constructs. (A-D) N2A cells transfected with (A) myr-PQ-eYFP 

localized to cell membranes, (B) myr-PQ-mCh also localized to cell membranes (blue arrows), (C) 

NCS-1 YFP, (D) NCS-1 mCh. In panel C) NCS-1 YFP, localized to cell membranes due to its N-

terminal myristoylation site and D) NCS-1 mCh, localized to cell membranes, each when 

transfected into N2A cells (red arrows). E) Co-transfection of PQ YFP with NCS-1 mCh, presented 

evidence of co-aggregation within internal structures (purple arrows). Scale bars equivalent to 10 

µm. 

 

In transfected N2A cells, transfected proteins localised in all cases (Figure 3.5 A-D) to 

cell membranes, similar to results gathered from transfected HeLa cells.  

 

Each cell line was treated in the same manner to minimize extraneous variables. Co-

transfection of NCS-1 mCh with myr-PQ-eYFP suggested the presence of aggregate, 

also present in co-transfected HeLa cells. Based on the experiments previously 
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described, evidence for a potential interaction between NCS-1 and PQ constructs can 

be suggested.  

 

3.2.6	Effect	of	myristoylated	PQ	on	related	CaM	localization	in	N2A	cells.	
 

As CaM is a ubiquitously distributed, well known Ca2+ binding protein, the effect Myr-

PQ had on its localization within cells was of interest, to ensure no spurious protein 

translocations were in effect in these cells and to dismiss claims of cell specific 

responses. N2A cells were transfected with mCh-CaM alone and in conjunction with 

myr-PQ-eYFP. CaM expressed in N2A cells exhibited a diffuse cytoplasmic 

localization due to the absence of any membrane targeting motifs, which was 

unaffected by myr-PQ-eYFP cotransfection (Figure 3.6).  

 

 
Figure 3.6: Effect of myristoylated PQ on CaM localization in N2A cells. N2A cells were transfected 

with mCh CaM both on its own and co-transfected with myr-PQ-eYFP. A) N2A cells transfected with 

mCh CaM showing ubiquitous cytoplasmic localisation of the transfected protein. B) N2A cells co-

transfected with PQ YFP and mCh CaM show similar protein localisations to that shown in HeLa cells, 

here we see an odd protein localization for PQ YFP around the nuclear envelope (highlighted with 

arrows) with some evidence of this on the cell periphery. Little effect in regards to altering CaM 

localization can be identified. Scale bar represents 10 µm; images shown are representative of a wider 

collection of images. 
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3.2.7	Effect	of	co-expression	of	myr-PQ-eYFP	and	myr-PQ-mCh	on	CaBP	family	members	in	
N2A	cells.	
 

Based on previous experiments (Figure 3.4), it is possible that myr-PQ has a slight 

effect on localisation of CaBP family members. To investigate this possibility further, 

CaBP1 and CaBP7 localisation were monitored in the presence of myr-PQ following 

transfection into N2A cells, similar to previous experiments in HeLa cells.  

 

As in HeLa cells; following co-transfection into N2A cells, evidence of co-localisation 

can be noted (Figure 3.7, yellow regions of interest) between the two inversely colour 

tagged protein constructs. Cells were imaged using fluorescence microscopy after 

fixation in 4% PFA. CaBP7 represents a good comparator for NCS-1 under expression 

in N2A cells as both are neuronally expressed, are known modulators of PI4K and are 

each localised to cellular membranes.  
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Figure 3.7: Myristoylated PQ and its effect on CaBP protein family members. N2A cells were 

transfected with CaBP and Myr-PQ constructs (A and B) and fixed after 24 hours. Fluorescence based 

microscopy was used on transfected N2A cells to identify the localization of protein constructs and the 

effects of co-transfection on their localization. A) N2A cells transfected with CaBP1 YFP (left) and 

CaBP7 mCh (right). B) N2A cells co-transfected with CaBP1 YFP and myr-PQ-mCh. The myr-PQ-mCh 

shows localisation around the periphery of the cell, as is found for CaBP1 YFP with distinct areas of 

overlap (blue arrows). C) N2A cells co-transfected with myr-PQ-eYFP and CaBP7 mCh evidence of co-

localisation on cell membrane (blue arrows). Scale bar represents 10µm. 

 

N2A cell protein localisation analyses were not as conclusive as those from HeLa cells, 

however evidence for limited domains of co-localisation between the NCS proteins 

and myr-PQ were evident in transfected cells. Transfected proteins showed 
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localisations consistent with those observed in previous studies (McCue et al., 2009, 

McCue et al., 2011, McCue et al., 2012) with proteins localizing to cellular membranes. 

Partial aggregation for the Myr-PQ construct was seen with some evidence of potential 

co-localisation with CaBP family members, albeit absent from aggregation structures. 

 

The CaBP family has been studied intensely and their localisation mapped (McCue et 

al., 2009, McCue et al., 2010b, Haynes et al., 2006, Haynes et al., 2012a). Co-

expression of Myr-PQ and the CaBP constructs suggested some evidence of co-

localisation however as these were not present in aggregate structures, this indicates 

that these constructs may interact however not sufficiently enough in N2A cells to 

remove CaBP family members from the PM (Figure 3.7B and C).  

 

Aggregation structures identified through the course of this research were investigated 

further within transfected HeLa cells, this will be addressed later in this chapter. Whilst 

preliminary studies indicted a potential cellular interaction between different CaBPs 

and the PQ channel subunit, only the novel interaction with NCS-1 was pursued in 

further detail.  

 

3.2.8	Testing	for	protein	interactions	within	transfected	HeLa	cells	
 

Preliminary research suggests that PQ and NCS-1 co-localize and interact within cells 

(Lian et al., 2014), evidence gathered from this research supports previous research 

of co-localisation in different cell lines. Kinetic profiles for NCS-1 within live cell 

experiments have been completed previously (Handley et al., 2010). To investigate 

whether myr-PQ and NCS-1 interactions were able to alter the kinetic profiles of 

proteins during translocation, fluorescence profiles were monitored during various live 

cell experiments treated with 2 μM Ionomycin, 5 μM Thapsigargin or 100 µM Histamine 

as described in previous research (Handley et al., 2010).  

 

To investigate the potential interactions, and whether this is indicative of in-vivo 

interactions, between NCS-1 and the Myr-PQ constructs, HeLa cells were transfected 

and imaged using confocal microscopy, as described previously. Collectively three 

independent methods of investigation were utilized in this research in order to 

establish whether these proteins were interacting (Lian et al., 2014).  
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These methods were: 1) Förster Resonance Energy Transfer (FRET); 2) 

Fluorescence Restoration After Photobleaching (FRAP) and 3) Fluorescence Loss In 

Photobleaching (FLIP) (Figure 3.8). Firstly, FRET was utilised to measure interactions 

between a donor and an acceptor fluorophore. Each of these live cell experimental 

procedures aimed to establish a cellular interaction between myr-PQ and NCS-1.  

 

Secondly FRAP was measured to identify the restored fluorescence in a bleached 

region of a cell due to protein shuttling between ‘pools of protein’. Thirdly experiments 

using FLIP (a similar method to FRAP) were carried out to measure fluorescence loss 

from an unbleached region of a cell (inverse study to FRAP). Bleaching of fluorescent 

proteins allows studies on the energetics of restoration. 

 

Since little is known in regarding the cellular dynamics of the Myr-PQ construct, the 

present study aimed to determine the kinetic behaviour of these constructs and to 

identify any changes in these parameters on co-expression with NCS-1.  
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Figure 3.8: Mechanism of interaction studies within live cell experiments. Interaction studies look 

at a change in fluorescence when two or more proteins interact. A) An example of Ca2+dependent 

interaction based FRET. When under low Ca2+ concentrations (left) the two proteins are unable to 

interact, both fluoresce when excited by their specific light wavelengths. When under high Ca2+ 

concentrations (right), the transfected proteins undergo conformational shifts, allowing interactions at 

specific points. Interactions allow colour tags to move closer and allows energy transfer. B) An example 

of acceptor bleaching FRET, upon exciting CFP as the donor an emission of YFP (left) occurs; under 

acceptor bleaching emission is through CFP. C) Stages of FRAP over time. A laser excited region of 

the cell measures recovery of fluorescence over time following photobleaching. D) Stages of FLIP over 

time. Continuous laser excitation measures decreases in cellular fluorescence following extended 

photobleaching.  

 

3.2.9	Testing	intermolecular	FRET	between	PQ	and	NCS-1	within	transfected	HeLa	cells.	
 

To identify protein-protein interactions between NCS-1 and Myr-PQ (as shown in 

recent research (Lian et al., 2014), HeLa cells were co-transfected with NCS-1 and 

Myr-PQ bound to opposite colour tags, investigating FRET kinetic profiles (Grant et 

al., 2008, Krebs et al., 2012).  
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Live cell HeLa experiments were conducted. Cells were transfected for 24 hours 

before imaging; on the day of imaging, cells were incubated in Krebs buffer (described 

in methods section) prior to imaging. Live cell experiment dishes were left to equilibrate 

to room conditions prior to testing. Various buffer/ drug combinations were perfused 

onto cells using a gravity flow system during imaging.  

 

Perfusion experiments were carried out as described in the methods section using 1 

μM Ionomycin, 5 μM Thapsigargin, 100 μM Histamine or 5 μM A23187. 

Representative images of the live cell experiments are shown (Figure 3.9) to identify 

protein interactions between myr-PQ-eYFP and NCS-1 mCh. 

 

 
Figure 3.9: FRET in transfected HeLa cells: HeLa cells transfected with myr-PQ-eYFP (PQ YFP) 

along with NCS-1 mCh. FRET was completed by exciting the YFP channel (509nm) and measuring the 

emission from the mCh channel (620nm), using a set series of parameters as outlined in previous 

research (Handley et al., 2010). FRET measurements were compared to background FRET to establish 

whether these results were showing reproducible and reliable FRET signals.  

 



 
  

106 

Whilst evidence of co-localisation was noted in these live cell experiments, when 

comparing FRET levels (areas of co-localisation) to background regions of interest 

(ROIs), no reproducible FRET could be identified. Multiple ROIs were taken in each 

experiment compared to one ‘background’ ROI acting as a control. Identified cellular 

FRET was much lower than background FRET levels, suggesting this was not the 

optimum technique for identifying interactions between the co-transfected protein 

constructs. Current research was unable to identify a reproducible FRET signal.  

Monitoring protein-protein interactions using FRET is a sensitive process depending 

on several factors including orientation and spatial separation of the donor / acceptor 

fluorophores (1-10 nm). Further optimization of the FRET setup is needed for optimal 

FRET identification.  

 

Multiple ROIs were derived from co-transfected HeLa cells, to measure FRET in 

numerous regions displaying co-localisation (Figure 3.9). These were compared with 

an ROI outside of the cell, acting as a background control. Analysis of the various 

FRET efficiencies shows that the control ROI ‘Region 5’, lying externally to the cell of 

interest, has a similar FRET efficiency to ‘Regions 7 and 10’ present on the plasma 

membrane of the co-transfected cells.  

 

From this, present research sought to utilize alternative approaches to measure 

changes in protein interactions, kinetics and localisation through different methods of 

photobleaching fluorescence based techniques (FRAP and FLIP).  

 

3.2.10	Testing	intermolecular	FRAP	between	PQ	and	NCS-1	within	transfected	HeLa	cells.		
 

With plasma membrane bound protein movement believed to be fluid (Karp, 2010, 

Cooper, 2000), live cell fluorescence techniques were utilized, to establish whether 

myr-PQ and NCS-1 interactions altered their membrane mobility. FRAP was first used 

here to study interactions and kinetic profiles of Myr-PQ and NCS-1 (Handley et al., 

2010). As with the FRET experiments, transfected HeLa cells were incubated in Krebs 

buffer on the day of study and allowed to acclimitise prior to perfusion treatment.  

 

To establish and record baseline fluorescence, the initial 10 frames (approximately 20 

seconds) of the experimental series were recorded with perfusion of Krebs buffer, after 
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which ROIs containing the protein(s) of interest were then bleached for 10 frames, 

following which post-bleach ROIs were measured for the restored fluorescence 

(approximately 80 frames, equaling approximately 160 seconds). Multiple ROIs were 

collected for each cell and multiple cells were collected for analysis.  

 

In order to establish whether restored fluorescence was affected by co-transfection, 

fluorescence restoration and kinetic profiles were first characterised within live 

transfected HeLa cells treated as described previously. The various traces for NCS-1 

YFP FRAP studies were recorded and analysed with pre-bleach values set as ‘100%’ 

and post-bleach values analysed in comparison to this for each of the cells measured 

in these experiments (Figure 3.10), mCh was co-transfected into cells to identify 

whether this affected kinetic profiles.  

 

Building on previous research from within our laboratory which looked into the kinetic 

profile of NCS-1 during FRAP experiments (Handley et al., 2010), present research 

identified similar data, with a change in kinetic profiles being identified when constructs 

were co-transfected; indicating a potential interaction. The hypothesis for the present 

research was that interactions between myr-PQ and NCS-1 could alter the 

fluorescence restoration by altering protein mobility. For each analysed cell, the 

baseline FRAP profile for NCS-1 YFP was produced through averaging the collected 

traces from different ROIs present within the same cell.  
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Figure 3.10: Baseline FRAP for NCS-1 YFP: To establish the FRAP signal for NCS-1 YFP, HeLa cells 

were transfected with NCS-1 YFP with the empty mCh vector. Multiple regions of interest were taken 

per cell and averaged for each cell to generate a trendline for each individual cell. A total of 17 cells 

were measured with varying degrees of FRAP shown within the scope of these experiments. 

Fluorescence of NCS-1 YFP was investigated in these experiments. Cell fluorescence was measured 

before bleaching occurred (frames 1-10) following which cells were bleached in specific ROIs and 

fluorescence mapped in the various ROIs. Cell fluorescence recovery was measured over time.  
 

To establish the effect myr-PQ had upon NCS-1 YFP FRAP kinetics (Figure 3.10), co-

transfected HeLa cells were utilized as in previous experiments. As before, cells were 

placed in Krebs buffer on the day of analysis with no added supplements. As described 

previously, pre-bleach values were set as ‘100%’ and values gathered after bleaching 

were compared to the pre-bleach value. Under these conditions the FRAP profiles of 

NCS-1 YFP were analysed (Figure 3.11). Whilst the level of FRAP between 

experiments varied, evidence of rapid fluorescence restoration within the bleached 

ROIs is evident for specific cells.  
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Figure 3.11: The effect of PQ on NCS-1 kinetics: A comparison of FRAP kinetics in co-transfected 

HeLa cells to identify a potential interaction, following a pre-established FRAP protocol (Handley et al., 

2010). A total of 15 cells were used for the analysis with each containing numerous ROIs to form an 

average per cell, with a focus on kinetics of NCS-1 YFP.  

 

To fully establish the kinetic profiles of NCS-1 YFP when co-transfected with myr-PQ-

mCh, an average was generated from the previously generated series of kinetic 

profiles (Figures 10 and 11). The averages produced for each cell were taken and a 

single conglomerate average produced for both the NCS-1 YFP (+mCh) and (+myr-

PQ-mCh) studies (Figure 3.12). Together these identified whether NCS-1 kinetics 

were altered or perturbed in the presence of myr-PQ. A baseline allows comparisons 

with future co-transfection studies. The rationale behind any altered kinetic profiles 

from co-transfected studies in fluorescence restoration this would be indicative of 

protein interactions between NCS-1 and myr-PQ in these experiments.   
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Figure 3.12: Kinetic profiles for NCS-1 and the effect PQ has upon its kinetics: Transfected HeLa 

cells used in live cell FRAP experiments (transfected with NCS-1 YFP +mCh or NCS-1 YFP + myr-PQ-

mCh) were averaged to generate an overall kinetic plot using the conglomerate data set. Plotted data 

sets identified overlaps between the two conditions. Cells were bleached in multiple ROIs over a period 

of 10 frames (experimental procedure previously described) and restored fluorescence in these regions 

was then analysed. In each averaged data set, the ‘pre-bleach’ values were set as 100% with the ‘post-

bleach’ values as a measure compared to these values. The restored fluorescence reaches a plateau 

at around 80% restored fluorescence in both experiments.  

 

When taken together, the averages of the individual transfected cells for NCS-1 YFP 

with mCh vector (Figure 3.10) or myr-PQ-mCh (Figure 3.11) show varied results in 

regards to the individual cells however when an overall average is generated (Figure 

3.12), an overlap between the kinetic profiles is present.  

 

With the data of co-localisation from previous studies in this research, it remains 

possible the two protein complexes are still interacting albeit unable to be identified 

with FRAP based protocols, or potentially the interaction did not alter protein mobility. 

It is clear from these experiments that the fluorescence recovery initially is rapid 

reaching a plateau of around 80% in each experimental condition within the first minute 

post bleaching. ROIs were taken from different areas of the cell including the 

aggresome, PM and cytosol. 
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3.2.11	Analysis	of	protein	interactions	using	Fluorescence	Loss	in	Photobleaching	
 

To test further potential methods of identifying interactions between myr-PQ and NCS-

1 using altered kinetic profiles, Fluorescence Loss In Photobleaching (FLIP) 

experiments were carried out. Co-transfected HeLa cells were continuously bleached 

in regions of co-localisation and fluorescence changes measured in non-bleached 

regions of the cell to establish and quantify fluorescence loss due to photobleaching. 

Experiments were carried out with cells maintained in Krebs buffer (pH 7.4). 

Continuous bleaching of cells identified a steady decrease in fluorescence.  

 

The purpose of this experiment was to identify potential kinetic changes between 

single transfected cells (NCS-1 YFP + mCh or myr-PQ-mCh + EYFP) when compared 

with co-transfected cells (NCS-1 YFP + myr-PQ-mCh) to determine whether protein 

interactions altered kinetic profiles. From the data gathered for the single transfected 

conditions (Figure 3.13 blue and red lines), different FLIP profiles are present with 

NCS-1 YFP (+ mCh) showing a more rapid FLIP profile. Interestingly when compared 

to the co-transfected samples (NCS-1 YFP (+myr-PQ-mCh) (Figure 3.13 green bar)) 

a similar FLIP profile was found with myr-PQ-eYFP.  

 

This suggests that myr-PQ restricts the movement of NCS-1 as signified by the slower 

FLIP response thereby altering the kinetic profile. The single transfection control 

experiments suggest this was not due to the opposite colour tag hence the effect 

shown in the co-transfection studies signifies an example of interaction between myr-

PQ and NCS-1.  
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Figure 3.13: Averaged FLIP from transfected HeLa cells. Transfected HeLa cells were used in order 

to establish whether NCS-1 and PQ interacted, a measure of kinetics changes was established using 

fluorescence loss. Solo and co-transfected HeLa cells were investigated (N= 4 or 5 cells). Solo 

transfections generated opposite trends (red and blue bars) with a potential interaction seen in the co-

transfection study (denoted by the green bar). Multiple regions of interest were investigated per cell with 

one region being bleached. Raw data for each individual cell not shown, cells averaged for their FLIP 

profiles presented here.  

 

Through continuous bleaching, steady shuttling of the ‘bleached proteins’ into the non-

bleached ROIs and shuttling into the bleached regions was occurring due to the fluidity 

of protein translocation. As in other experiments, fluorescence changes were 

normalized to initial fluorescence to allow for comparative analysis of FLIP profiles. 

Dynamic properties of myr-PQ and NCS-1 constructs were elucidated through 

restoration or loss of fluorescence within transfected cells. In essence these 

experiments were measuring the abilities of the protein constructs to shuttle between 

internal compartments thereby altering fluorescence measurements within set ROIs.  

 

3.2.12	Quantifying	the	level	of	aggregation	structures	present	in	transfected	HeLa	cells	
 

Through this research, a novel aggregation phenotype has been identified when myr-

PQ constructs are co-expressed with various small Ca2+ sensor proteins, shown to be 
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cell line independent as similar structures were identified in HeLa and N2A cell lines. 

HeLa cells transfected with NCS-1 or myr-PQ constructs (attached to EYFP or mCh 

prior to transfection (individually and co-transfected)) were imaged as described 

previously.  

 

Solo transfected samples were co-transfected with the inverse empty colour tag 

(EYFP or mCh) to exclude the belief that aggregation was caused by the presence of 

the colour tags. Transfected cells were fixed 24 hours post transfection using 4% PFA. 

Co-transfected slides were again used as an indicator of interaction between myr-PQ 

and NCS-1.  

 

Current research serves to corroborate past studies into the kinetic profiles of NCS-1 

(Lian et al., 2014, Handley et al., 2010). Research in this section is designed to 

examine interactions between the PQ-type Ca2+ channel and various potential 

modulators of channel activity, namely various small Ca2+ sensing proteins. Through 

the course of this research, the presence of aggregation structures within cells 

transfected with myr-PQ alongside NCS-1/CaM/CaBPs was an unexpected yet 

potentially informative observation. Transfected cells were imaged and aggregation 

was independently quantified to generate an overall average for the aggregation for 

the different transfection conditions.  

 

Cells transfected with NCS-1 alone identified no aggregation structures (Figure 3.14), 

whilst cells transfected with myr-PQ showed aggregate structures in approximately 

45% of analysed cells. The absence of aggregate structures when NCS-1 constructs 

were transfected into cells supports previous research (Haynes et al., 2006, Burgoyne 

and Weiss, 2001). 
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Figure 3.14: Quantified aggregation in HeLa cells co-transfected with inverse colour tag: HeLa 

cells were transfected using NCS-1 mCh or myr-PQ-eYFP with the inverse empty colour tag and imaged 

using fluorescence microscopy in order to identify the basal level of aggregation. Co-transfected HeLa 

cells were taken from three separate experiment slides and multiple cells imaged per experiment (N=67 

for NCS-1 mCh transfected cells and N=97 for myr-PQ-eYFP transfected cells). Cells were 

independently quantified by two individuals and the averages of the scores utilized for this research.   

 

HeLa cells co-transfected with NCS-1 and myr-PQ identified whether these aggregate 

structures were an example of interactions within cells. Experiments were completed 

in line with other experiments in this research. Through analyzing the co-transfection 

cell slides to test the hypothesis that myr-PQ and NCS-1 were interacting, the 

presence of aggregation structures within HeLa cells transfected with NCS-1 (with the 

inverse colour tag) rose from 0% to approximately 40% under co-transfection with myr-

PQ as shown in Figure 3.15, denoted by yellow structures within cells.  

 

From this observation, it suggested that NCS-1 was undergoing aggregation only in 

the presence of the PQ construct, suggesting a potential interaction between myr-PQ 

and NCS-1. The significant change can be seen when looking at the columns of NCS-

1 alone and when transfected alongside PQ, showing an increase in the presence of 

aggregate structures. Both columns (NCS-1 / PQ Yes & No) collectively add to 100%. 
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Figure 3.15: The effect of PQ on the aggregation of NCS-1 constructs within cells. HeLa cells 

were co-transfected with myr-PQ-eYFP and NCS-1 mCh and subsequently imaged using fluorescence 

microscopy. Images taken were independently quantified for the presence of co-aggregation structures 

within cells. Three independent slides were produced for each condition (co-transfection of myr-PQ-

eYFP with NCS-1 mCh) with a total number of quantified cells of N= 160 cells. Using the quantified 

data, an overall average was generated for aggregation.  

 

3.2.13	Analysis	of	newly	produced	intramolecular	FRET	sensors	
 

A novel FRET sensor was created using standard PCR based subcloning (see Figure 

3.16) similar to the plasmid construction mentioned previously to produce an 

intramolecular FRET sensor containing both NCS-1 and PQ-type channel fragments. 

The research here aimed to identify whether intramolecular FRET could enhance 

identifiable interactions between NCS-1 and PQ-type channels.  

 

As shown previously in this research, intermolecular FRET was unable to establish an 

interaction between NCS-1 and PQ-type channels (Figure 3.9). The purpose of this 

research was to increase the opportunity for NCS-1 and PQ to interact spatially by 

restricting their localization as part of a contiguous intramolecular FRET sensor similar 

to the CaM based cameleons (Grant et al., 2008, McCue et al., 2013, Miyawaki et al., 
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1999) (Figure 3.16). This is different to individual expression of myr-PQ and NCS-1 

and detection of intermolecular FRET.  

 

 
Figure 3.16: Structure of intramolecular FRET sensors. FRET sensors were produced using 

sequential standard restriction digest techniques. Produced sensors included both NCS-1 and PQ-type 

channel encompassing the IQ domain. A) Full length NCS-1+PQ cameleon included an extended 

portion of the PQ domain from 1898-2035 whilst B) Partial length NCS-1+PQ cameleon contained PQ 

domain 1898-1949.  

 

This study used HeLa cells plated onto 3 cm matek live cell imaging dishes which were 

subsequently transfected with either GCaMP6 (control transfection), ‘PQ-type Full 

cameleon (PQ 1898-2035)’ or ‘PQ-type Partial cameleon (PQ 1898-1949)’ for a 24 

hour time point prior to live cell imaging. Transfected cells were treated as described 

previously using Thapsigargin and Ionomycin to raise intracellular [Ca2+] to allow the 

opportunity for FRET to occur. GCaMP6 was used as a control to identify whether 

Ca2+ was increasing in cells under this perfusion system.  

 

The purpose of this series of experiments was to assess the newly produced cameleon 

constructs to elucidate their ability to measure interactions between NCS-1 and the 

PQ-type fragment by means of intramolecular FRET signaling. In cells transfected with 

GCaMP6 (acting as a control), after drug treatment an increase in GFP fluorescence 

was identified (Figure 3.17). In multiple ROIs present within the cell, a marked increase 

of GFP fluorescence was identified after drug treatment which was not identified in the 

extracellular control ROI (ROI 5).  
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Figure 3.17: The effect of increased [Ca2+] on GCaMP6 GFP fluorescence. HeLa cells were 

transfected with GCaMP6 and subsequently imaged using fluorescence microscopy under perfusion of 

Ca2+ increasing drugs. Fluorescence intensity taken from multiple ROIs were then analysed for 

increases in GFP fluorescence. In this research live cells were treated with 5μM Thapsigargin in Krebs 

buffer at frame 20 (blue arrow) for 30 seconds then with 1μM Ionomycin for 30 seconds before perfusion 

with Krebs (pH7.4). Representative plot from analysed dish shown above. N= 4 experimental dishes.   
 

Here the fluorescence increase varied in the experimental ROIs however each 

showed a similar trend in fluorescence increase. The same experimental procedure 

was applied to HeLa cells transfected with the produced PQ-type variant cameleon 

constructs to identify their activity when exposed to increases in Ca2+ concentration. 

 

In HeLa cells transfected with the ‘PQ-type Partial cameleon (1898-1949) when 

treated with [Ca2+] increasing agents as described previously, varied results were 

obtained for the FRET signals between dishes. Whilst a positive result was obtained 

from one of the treated dishes (Figure 3.18a) other dishes transfected with this 

construct were unable to identify FRET signals (Figure 3.18b).  

 

This variability in the results suggested that the construct does appear to be able to 

reliably measure intramolecular FRET. Results using this cameleon construct possibly 

support evidence for a direct interaction between NCS-1 and PQ-type channels within 
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the region of the IQ domain however this requires further verification (Tsujimoto et al., 

2002, Weiss et al., 2000, Weiss and Burgoyne, 2001, Dason et al., 2009, Lian et al., 

2014).  

 

Methods were employed to increase the intracellular [Ca2+] to measure FRET activity 

in a short time course. Whilst the Partial PQ cameleon does suggest an ability to 

measure intramolecular FRET (and therefore interactions between NCS-1 and PQ), 

experiments using the same experimental procedure with HeLa cells transfected with 

the ‘Full PQ cameleon (1898-2035)’ were unsuccessful in their ability to measure 

intramolecular FRET (Figure 3.19).  
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Figure 3.18: Analysis of intramolecular FRET in response to increased [Ca2+]. HeLa cells were 

transfected with PQ-type Partial cameleon and subsequently imaged using fluorescence microscopy 

under perfusion of Ca2+ increasing agents. Fluorescence intensity taken from multiple ROIs were then 

analysed for increases in YFP fluorescence indicative of FRET signaling. In this research live cells were 

treated with 5μM Thapsigargin in Krebs buffer at frame 20 (blue arrow) for 30 seconds then with 1μM 

Ionomycin (red arrow) for 30 seconds before perfusion with Krebs (pH7.4). Representative plot from 

analysed dish shown above. N= 4 experimental dishes. Panel A represents a working example of FRET 

in the PQ-type Partial cameleon with ROI5 acting as an extracellular control. Panel B showed no FRET 

when using the PQ-type Partial cameleon, suggesting inconsistency in the FRET response.  
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Whilst the ‘Full PQ cameleon (1898-2035)’ was unable to generate a measurable 

FRET signal the reasons behind this are at this time uncertain. As shown previously 

in this research, FRET signals between two molecules (intermolecular FRET) was 

difficult to obtain between myr-PQ and NCS-1 using the experimental measures 

shown previously hence the trial of intramolecular FRET using a longer portion of the 

PQ-type channel fragment.  

 

With no evidence of FRET in the PQ-full cameleon (Figure 3.19), but some evidence 

of FRET in the partial PQ cameleon (Figure 3.18), research at this time suggested that 

these constructs required more in-depth analysis. At this stage of research, some 

preliminary evidence was generated representing the potential functional usage of the 

‘PQ-type Partial cameleon’ in assessing protein-protein interactions using a smaller 

portion of the PQ channel.  

 

 
Figure 3.19: Analysis of intramolecular FRET in response to increased [Ca2+]. HeLa cells were 

transfected with PQ-type Full cameleon (1898-2035) and subsequently imaged using fluorescence 

microscopy under perfusion of Ca2+ increasing agents. Fluorescence intensity taken from multiple ROIs 

were then analysed for increases in YFP fluorescence indicative of FRET signaling. Cells were treated 

as described previously. Representative plot from analysed dish shown above. N= 4 experimental 
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dishes. FRET signals were not identified in the background (ROI 3) or in the experimental ROIs (1,2,4 

and 5).  

 

Whilst the transfected dishes were treated using comparable solutions under similar 

environmental conditions the lack of a FRET signal in the longer cameleon construct 

(‘PQ-type Full cameleon’) suggests this was incapable of producing a replicable 

consistent FRET signal, whilst the shorter cameleon construct presented an example 

of intramolecular FRET interaction between NCS-1 and PQ.  

 

Background FRET in the experimental dish shown in Figure 3.19 (ROI 3) suggests 

some spurious changes were altering the signals however with each dish not 

exceeding >0.15 change in fluorescence intensity in the YFP:CFP ratio this does not 

support the idea of FRET signals which can be seen in Figure 3.18a where the 

YFP:CFP ratio changes by >0.3 in the experimental ROIs in comparison to the control 

ROI present in these experiments.   
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3.3	Discussion	
 

The aim of this study was to identify and document interactions between a C-terminal 

regulatory domain of the Cav2.1 PQ-type VGCC and NCS-1. This work primarily 

focused on using fluorescence based imaging techniques to monitor protein-protein 

interactions. Fluorescence based experiments utilized constructs containing the PQ 

C-terminal residues 1898-2035 as recent research (Lian et al., 2014) had identified 

this region as containing a site involved in interactions with NCS-1. These two proteins 

have been identified to interact in vitro (Lian et al., 2014) hence further research was 

undertaken to investigate a potential ex vivo association that could be examined in 

future functional studies using the model organism C. elegans.  

 

Within the data presented here, some evidence of degradation of the expressed PQ 

constructs (myr-PQ-eYFP or myr-PQ-mCh) was observed as shown in Figure 3.1C, 

however expected membrane localization was apparent when expressed in cells, with 

protein constructs behaving as expected.  

 

Another reason why the partial PQ fragment was used was that whilst the full length α 

subunit of the PQ-type channel could be transfected into cells, the expression of this 

might require additional expression of the β and γ subunits to ensure full function and 

appropriate trafficking of the channel to the PM. To simplify this analysis, a partial 

fragment of the α subunit cytoplasmic C-terminal domain was identified and used in 

these studies. To mimic membrane localization of this domain (as would be found in 

the intact α subunit), a Lck consensus myristoylation motif was incorporated at the N-

terminus of the domain to ensure targeting to the PM (taken from previous research 

(Oz et al., 2013)).  

 

A pool of NCS-1 is also known to be PM localised through myristoylation (Gomez et 

al., 2001, Hilfiker, 2003). Targeting both proteins to the PM places them in a 

physiologically relevant locale and increases the opportunity for relevant interactions 

to be detected.  

 

When transfected into cells these proteins localized to cell membranes consistent with 

the PM and Golgi apparatus, as detailed in previous studies (Ames et al., 2012, 
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McFerran et al., 1999, O'Callaghan et al., 2002). With NCS-1 previously being 

identified as able to modulate Ca2+ signals within neurons (Dason et al., 2009, 

Dragicevic et al., 2014, Rousset et al., 2003), a detectable interaction with the PQ-

type Ca2+ channel might represent a useful functional reporter of such signaling activity 

in intact neurons. Whilst the transfected proteins were able to localize correctly to 

cellular membranes, it was noted in this research that a portion of the proteins 

localized aberrantly within cells, shown in multiple cell types including HeLa (Figure 

3.2E and Figure 3.3) and N2A cells (Figure 3.5-3.7). With the aggregate structures 

appearing in numerous cell lines, one hypothesis generated was that the presence of 

these structures were examples of identifiable domains of NCS-1 interacting with the 

PQ-type channel fragment.  

 

One interesting observation was noticed within transfected HeLa cells co-transfected 

with myr-PQ-eYFP and mCh CaM. Under these conditions, CaM localisation was 

apparently altered in the presence of the myr-PQ-eYFP. Interactions between the PQ 

domain used during the course of this research and CaM have been shown previously 

in vitro (Lian et al., 2014). To further elucidate if this is a genuine interaction, further 

work imaging transfected HeLa cells should be conducted to establish in more detail 

(through Z-stack analysis) in order to distinguish between localisation in a single plane 

and within multiple planes. This would provide supporting evidence for true co-

localisation. 

 

Alternatively, further evidence of this interaction could be established through 

immunoprecipitation assays using cells expressing the PQ-type channel fragment. 

Evidence of this from multiple cell lines would suggest interactions occurring in vitro. 

In addition to this, previous literature has identified that CaM can act to modulate the 

Ca2+ signal from PQ-type channels through modulation and facilitation (DeMaria et al., 

2001). CaM was selected for this research as the localisation of this Ca2+ sensor within 

cells has been extensively studied.  

 

Evidence of localisation onto cellular membranes was noted in different cell lines for 

myr-NCS-1 and other transfected proteins. Through this research, HeLa cells were 

utilized due their ease of transfection, well defined cellular morphology and well 

characterized responses to agonists. HeLa cells do not endogenously express PQ 
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type VGCCs and therefore alternative neuronal like cell culture models which do were 

additionally explored in these studies (Dason et al., 2012, Gomez et al., 2001, Handley 

et al., 2010). For this work, N2A cells (Mouse Neuroblastoma) were transfected and 

protein localization examined. All proteins localized to cellular membranes in a similar 

manner as observed for HeLa cells. Localisation of the constructs employed in this 

study is therefore largely independent of cell type and in other analyses the cell type 

employed was based on ease of transfection and amenability to imaging analysis. 

 

The aim of the present study was to generate in vivo sensors to identify NCS-1 driven 

Ca2+ signals which could then be transferred into the nematode C. elegans acting as 

a biosensor of activity during behavioural assays. Initially the generation of the 

constructs was required, which was achieved using the myristoylation domain 

alongside the PQ-type channel fragment as described previously (Oz et al., 2013). 

 

The progression from this was the testing of these constructs within various cell lines. 

This work established that all the constructs localised correctly ex vivo and targeted to 

cellular membranes. From the acquired data, there are few differences between the 

protein localisations suggesting these proteins can be targeted within different cell 

lines. The formation of aggregate structures suggested an interaction between NCS-

1 and PQ. The imaging technique in live cells aimed to establish a method of 

visualizing this interaction in real time to be further incorporated into C. elegans.  

 

Possible co-localisations were also noted between members of the CaBP family of 

proteins and the transfected myr-PQ constructs. This is in line with previous research 

which identified modulation of CaV2.1 channels (including PQ-type channels) by 

CaBP1 (Few et al., 2005, Lautermilch et al., 2005, Lee et al., 2002). At this stage, the 

co-localisation between CaBP family members and myr-PQ has not been fully 

investigated however I was able to identify evidence of co-localisation in both the cell 

lines used within this research. The aggregation was stronger in cells transfected with 

myr-PQ-eYFP suggesting this construct interacts better with co-expressed targets. 

With evidence of aggregation in cell lines transfected with both myr-PQ and in some 

cases evidence of co-localised CaBP1 within these structures, this supports previous 

research for interactions between PQ-type channels and CaBP family members.  
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Several fluorescence-based techniques were used to investigate changes in protein 

fluorescence or the kinetic profiles of these constructs, based on energy transfer, 

fluorescence restoration or depletion (FRET, FRAP and FLIP respectively). Previous 

research has utilized similar techniques to uncover protein-protein interactions 

(Handley et al., 2010) and to study the effects of protein kinetics as a measure of 

interactions. Numerous studies have implicated NCS-1 and Ca2+ channels to interact 

(Dason et al., 2009, Dragicevic et al., 2014, Gomez et al., 2001, Hui et al., 2007), 

which the present research aimed to expand upon further.  

 

Initially, cells were stimulated using a series of perfusion conditions in order to raise 

Ca2+ levels within cells. Upon stimulation of cells, a consistent replicable FRET signal 

could not be identified. Whilst this argues that NCS-1 and PQ are not interacting, 

however it is possible that FRET is not the ideal test for this interaction. The proteins 

used within this research used the FRET sensor pair of YFP and mCh, whilst this is 

not the most ideal FRET pair (Grant et al., 2008, Miyawaki et al., 1997, Palmer and 

Tsien, 2006, Shaner et al., 2005) this was used during the course of this research due 

to the availability within the laboratory. For this work, a more optimum and promising 

FRET sensor pair would be the use of CFP-YFP FRET pair of fluorophores as 

opposed to using mCh and YFP as these are further apart on the light spectrum and 

provide less optimal donor excitation (Tsien et al., 1991, Tsien, 2009, Wallace et al., 

2008).  

 

In accordance with previous research (Handley et al., 2010), stimulation experiments 

were conducted following similar procedures. Here an example of intermolecular 

FRET was being studied (FRET between two separate constructs). In light of this and 

to optimize this further a construct containing both the PQ-type domain and NCS-1 

were generated containing both the colour tags (Figure 3.1). This cameleon construct 

represents an example of intramolecular FRET.  

 

An intramolecular FRET sensor may alleviate some proximity issues thereby assisting 

in identifying transfected cells. When stimulated, under these conditions, if PQ and 

NCS-1 were to interact this would cause a change in conformation (a shape change), 

resulting in an identifiable FRET response. Further issues which are inherently present 

in FRET based experiments are that this is heavily dependent upon the orientation of 
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the colour tags. The hypothesized outcome from this type of research would be that 

as the proteins interacted, by exciting one protein at a specific wavelength, the 

emission of fluorescence would be from the opposing protein wavelength (Figure 3.8).  

 

When considering the intramolecular FRET signals with the cameleon constructs 

(Figures 16, 18 and 19), the evidence here suggests a potential mechanism for 

identifying interactions between NCS-1 and PQ-type channels (Figure 3.18a) however 

the variability within this suggests that aspects of the experimental design require 

further optimization. Unfortunately some of the dishes containing the cameleon 

constructs were subject to focus drift which caused problems when measuring the 

FRET activity, one example of this is shown previously (Figure 3.18b). Whilst focus 

drift was an issue, evidence of FRET would be clear in transfected dishes and would 

represent a rapid shift in fluorescence ratio (Figure 3.18a).  

 

With these cameleon constructs being novel, as ordinary cameleons include M13 as 

a region as opposed to NCS-1 and PQ, some potential issues could have caused the 

inability to measure FRET in these systems. Firstly in standard cameleon constructs 

M13 is approximately 25aa in length allowing folding and flexibility when exposed to 

higher [Ca2+], however with the PQ region being between 1898-2035 (137aa) in the 

‘Full PQ cameleon’ and between 1898-1949 (51aa) in the ‘Partial PQ cameleon’ issues 

of flexibility in the longer constructs could be apparent. By increasing the linker region, 

this increases the distances between the different colour tags thereby requiring more 

movement to allow FRET signals. An increase in protein separation however would 

decrease chances of observing FRET, identification of a minimal interaction motif in 

the PQ channel would greatly increase the chance of identifying a FRET signal. 

 

Another potential physiological relevance issue is that the NCS-1 in this construct is 

no longer myristoylated (not bound to cell membranes), which could alter the folding 

of the protein and the binding to its interacting partners. With FRET signals being 

complex to obtain due to the specificity of the interaction and the orientation of the 

colour tags this presents further challenges in this research. One issue which is 

alleviated by the use of intramoleular FRET is that of analyte concentration as with the 

two potential interacting partners being in the same construct this reduces the need 
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for co-transfection and therefore the issue of differential transfection of the two 

separate constructs (Held, 2005).   

 

With the ‘Partial PQ’ responding to Ionomycin, this demonstrates this construct can 

identify and respond to increases in [Ca2+] however with numerous experimental 

attempts being made and the variable success of these constructs it was therefore 

determined that ventures down this line of research would be halted.  

 
Whilst this research was unable to establish a consistent, reproducible FRET 

response, other fluorescence based methods identifying the kinetic profiles of 

transfected proteins were tested within this research. When co-transfected cells were 

bleached with a defined region of interest and the restored fluorescence measured 

post-bleach in the defined ROI (using FRAP), it was noted through this research that 

the restored fluorescence between the co-transfected (myr-PQ with NCS-1) and solo 

NCS-1 transfected samples showed no difference in their FRAP kinetic profiles. Some 

issues we noted during these experiments were due to the range of bleaching which 

occurred in each dish as well as inherent issues with focus drift when imaging for long 

periods of time.  

 

Taking into account these experiments were conducted on different days, using 

different passages of cells; a range of bleaching can be partially explained by these 

extraneous factors alongside environmental changes or variation in expression levels. 

When looking at the restoration of fluorescence, in the majority of cases in this 

research, the fluorescence was restored to a plateau after around 10 frames, 

supporting findings from previous literature (Handley et al., 2010). 

 

Cells were treated in the same manner for each experiment, however as no 

discernable difference could be found for the kinetic profiles, this again suggests that 

myr-PQ and NCS-1 were not interacting. One idea is that, as the two proteins were 

bound before bleaching, the ROIs tested, after bleaching were saturated with NCS-1 

bound to myr-PQ which were unable to detach leading to the similar kinetic profiles 

generated. Whilst FRAP is a sensitive measure of protein kinetics, issues of 

photobleaching before or during the experiment can perturb results (Zheng et al., 

2011). When looking at FRAP in more detail, the bleaching destroys the fluorophore 
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however the proteins are still present within this region. If the regions selected for 

analysis are saturated with proteins, this could prevent proteins translocating into and 

out of this region. When investigating Ca2+ dependent interactions, incubator with a 

cell permeable Ca2+ chelator could be used to alter FRAP/ FLIP profiles. 

 

Whilst in this research the FRET and FRAP series of experiments were unsuitable 

methods to identify interactions between myr-PQ and NCS-1 a number of recent 

studies have identified or have postulated of interactions between these proteins (Lian 

et al., 2014, Catterall and Few, 2008, Mochida et al., 2008, Yan, 2014). The aim of 

this research was to identify a technique which would allow the visualization of 

interactions between NCS-1 and myr-PQ containing the IQ/IM domain (1898-2035), 

which preliminary research identified this as the interaction domain (Catterall and Few, 

2008, Mochida et al., 2008, Lian et al., 2014). In the attempt to avoid completing 

quadruple transfections, this research took only a partial region of this transmembrane 

protein channel, which previous research identified as being able to identify 

interactions between PQ and NCS-1 (Lian et al., 2014).  

 

The research outlined to this point suggests that NCS-1 and myr-PQ interactions were 

unable to be identified through FRET or FRAP based techniques, when looking at the 

FLIP profiles of NCS-1 transfected into cells with and without myr-PQ, differing FLIP 

kinetic profiles were identified with NCS-1 co-transfected with myr-PQ showing a FLIP 

profile corresponding with myr-PQ profiles. Through this an interaction between PQ 

and NCS-1 could be identified. It should be noted however that for this aspect of the 

research, the number of experiments completed is relatively low.  

 

One possibility is that the proteins are interacting thereby allowing rapid protein 

translocation, yet it could be that the proteins post-bleach are moving out of the ROI 

and subsequently lowering the fluorescence in the surrounding ROIs. Currently the 

relationship between myr-PQ and NCS-1 in regards to their FLIP profiles have not 

been fully elucidated. One hypothesis as to why co-transfected cells FLIP profiles act 

like myr-PQ transfected cells is that the PQ is ‘more dominant’ therefore the interaction 

is more reducing the level of fluorescence loss.  
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Aspects of this research also identified aberrant aggregation structures within 

transfected cells. From previous research, the NCS-1 constructs used within this 

research are not known to aggregate (Handley et al., 2010), this is supported by 

research within this project (Figure 3.14), whereas cells transfected with myr-PQ 

showed evidence of aggregation in approximately 42% of analysed cells. Interestingly, 

when these protein constructs were co-transfected into cells, the previously un-

aggregated NCS-1 constructs now appear to be present within the aggregation 

structures in approximately 40% of cells imaged, using two independent scorers 

(Figure 3.15). The presence of the NCS-1 within aggregation structures when co-

transfected with myr-PQ provides supporting evidence of interactions between these 

proteins, as myr-PQ has the ability to ‘pull’ NCS-1 into these aberrant structures.  

 

In summary, through this research we were able to produce myr-PQ constructs and 

transfect these into cells to identify their localisation, with further clarification of the 

localisation of the NCS-1 constructs (shown in previous research (Handley et al., 2010, 

Haynes et al., 2005)). This research also studied various mechanisms of interaction 

between NCS-1 and myr-PQ through fluorescence protein-protein interaction 

methods, the results of which suggested that the optimum method of measuring 

interactions was to use FLIP as opposed to FRET or FRAP.   

 

Data generated from this research complements previous research for the kinetic 

profile of NCS-1 in specific fluorescence based procedures (Handley et al., 2010) 
however the kinetic profile has not been studied in conjunction with myr-PQ. To this 

end, it was suggested that myr-PQ and NCS-1 interactions are difficult to identify. 

Through these studies, it is suggested that FRET and FRAP are not able to elucidate 

these interactions whilst FLIP is sufficient enough for these purposes.  These results 

suggest that under consistent bleaching, proteins are able to move between regions 

and be visualized whilst with a short bleaching, protein kinetics are more difficult to 

measure, potentially due to incomplete or insufficient bleaching in these experiments.  

 

Although the present study provides evidence for an interaction between NCS-1 and 

myr-PQ, further investigation is required to fully elucidate the nature of these 

interactions. To this end, research utilizing other fluorescence based procedures such 
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as BiFC assays, electron microscopy to study interactions or NMR to identify structural 

changes when the two proteins undergo an interaction could be utilized.  

 

3.4	Conclusion	
 

In conclusion, work in this project has identified multiple methods for identifying 

interactions between NCS-1 and the PQ-type channel encompassing the IQ domain. 

This supports evidence from previous research regarding interactions between NCS-

1 and PQ-type channels (Tsujimoto et al., 2002, Weiss et al., 2000, Weiss and 

Burgoyne, 2001, Dason et al., 2009, Lian et al., 2014) whilst also building upon the 

techniques and composition of cameleon constructs. This work supports the role of 

the IQ domain on the α1 sub-unit of the PQ-type VGCC in interacting with NCS-1. 

Regarding the aggregate structures present in co-transfected cells, it is probable that 

these represent interaction structures within cells. To fully elucidate these results 

further experimental work is required to de-construct the aggregate structures to 

identify the reasons behind these whilst also optimizing the cameleon transfection and 

analysis to increase the success rate of successful FRET signals from these 

constructs.  
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4.1	Introduction	
 

Changes in [Ca2+]i results in a number of processes depending on the time frame of 

the Ca2+ change. This can result in exocytosis, muscle contraction, fertilization to cell 

death, gene transcription and changes in ion channel functions (Berridge et al., 1998, 

Berridge et al., 2000, Berridge et al., 2003, Bootman et al., 2001a). As well as these 

cellular processes, neural cells use changes in [Ca2+]i to elicit specific behaviours. 

These are a result of neural circuits responding to a stimuli in the environment (Katz, 

2011).  

 

A key aspect to understanding fully how Ca2+ signaling is related to changes in 

neuronal function that lead to alterations in behaviour is the need to identify the 

components of the Ca2+ signaling pathways; including the essential proteins involved. 

Understanding the binding mechanisms and the interacting partners required for 

different behaviours are paramount in decoding neuronal circuits. 

 

Members of the different EF hand containing Ca2+-binding proteins show a broad 

diversity in regards to their cation binding properties as well as their subcellular 

targeting. The NCS family members hold a high affinity for Ca2+ in comparison to CaM, 

and a number of these are associated with membranes through post-translational 

modifications including myristoylation and lipidation (Haynes et al., 2006, Haynes et 

al., 2007). Correct targeting of Ca2+-binding proteins to the subcellular locations is 

crucial for their biological processes such as Neuronal Ca2+ sensor-1 (NCS-1) 

interactions with Golgi apparatus allowing trans Golgi movement (Haynes et al., 2005). 

The NCS family of Ca2+ binding proteins respond to changes in [Ca2+]i to elicit cellular 

changes which can affect overall behaviour of an organism through interacting with 

specific binding partners. 

 

This research used the model organism C. elegans. C. elegans has long been used 

as a model organism for cellular/genetic mechanisms underlying neurosensory 

perception and neuroethology in general. The novel temperature-dependent 

locomotion (TDL) behaviour examined in this chapter potentially reflects a 

cellular/genetic mechanism underlying a neuroecological phenotype that evaluates 



 
  

132 

changing animal behaviour and their consequences within the context of the 

organism’s environment.  

 

Currently, the interactome of C. elegans NCS-1 has not been fully elucidated, with a 

number of potential binding partners being hypothesized; based on a mammalian 

NCS-1 interactome. Previous work has shown a requirement for the Ca2+ sensor 

protein NCS-1 in thermotaxis responses (Gomez et al., 2001) and in changes in 

locomotion rate following temperature elevation (Martin et al., 2013). 

 

The influence of Ca2+ on the structure of NCS-1 in its N and C-termini and the exposure 

of specific residues of its hydrophobic pocket allow for regulation of interactions. 

Structural studies have been conducted to specify the binding regions between NCS-

1 and a set of its binding partners. In the presence of a binding partner, the C-terminus 

is hypothesized to translocate out of the hydrophobic binding cleft to permit protein 

binding.  

 

The functional importance of NCS-1 and a selection of its binding partners have been 

elucidated including NCS-1 interacting with Dopamine D2 receptors permitting 

sensitization of these receptors (Kabbani et al., 2002, Lian et al., 2011) and with 

neuronal Ca2+ channels permitting synaptic transmission and exocytosis (Dason et al., 

2012, Chen et al., 2001, Dragicevic et al., 2014, Lian et al., 2014). Studies into NCS-

1 have characterised many of the functionally important interactions. It is from one 

such study (Gomez et al., 2001), that emphasized the use of behavioural analysis to 

study the functional relationship of EF hands and Ca2+ binding in neurons to elicit a 

specific behaviour. This study conditioned C. elegans to associate food with a specific 

temperature, when placed on a temperature gradient; C. elegans migrated to this 

temperature and moved isothermally (Isothermal tracking (IT)).  

 

Previous studies have implicated the AIY neuron as the site of action for NCS-1 in 

TDL behaviours (Figure 1.14) (Martin et al., 2013). The focus of this chapter centered 

around the relationship between NCS-1, ARF-1.1 and PIFK-1 in C. elegans, with 

investigations into other hypothesized NCS-1 binding partners including TRP-1, TRP-

2, ARF-1.2 and GRK-2. NCS-1 and Arf-1.1 both interact with and stimulate PI4KIIIβ. 

In non-neuronal cells, over-expression of ARF-1.1 reversed NCS-1 stimulated 
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inhibition of traffic from the Golgi complex, indicating a potential functional interaction 

between these two proteins. To explore further the physiological relevance of an ARF-

1.1/NCS-1 interaction in a TDL behaviour manner, a specific assay was produced to 

investigate temperature dependent changes in locomotion in C. elegans (Todd et al., 

2016).  
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4.2	Results	
	
4.2.1	Characterisation	of	the	TDL	Assay	
 

As preliminary research within the laboratory had identified a novel temporary 

paralysis phenotype (unpublished data), within C. elegans when exposed to a 

heightened temperature, a revised TDLA was formulated to investigate this phenotype 

(as outlined in the methods section). This assay measured two distinct parameters; 

the time to onset of paralysis and the duration of the identified paralysis in different C. 

elegans strains.  

 

Assay characterisation was completed using a range of temperatures to determine the 

optimal conditions for studying the paralysis phenotype. Preliminary characterisation 

of the assay was completed on N2 and ncs-1 (XA406, qa401) null C. elegans to 

identify temperatures which allowed high throughput analysis and denoted differences 

between strains for the assay parameters. Previous studies identified an elevation of 

temperature to ~28.5oC elicited temperature dependent behaviours (Martin et al., 

2013), temperatures between 26oC and 30oC (± 0.5oC) were investigated to fully 

characterise the assay.  

 

Of the temperatures studied, at 30oC (± 0.5oC) both of the strains tested, N2 wild-type 

and ncs-1 null (XA406 (qa401)) animals showed a rapid onset of paralysis which at 

30oC was not significantly different between the wild-type and mutant strain (Figure 

4.1a) albeit a difference was denoted for the duration of paralysis (Figure 4.1b). At the 

lowest temperature measured, 26.0oC (± 0.5oC), approximately 66% of the ncs-1 null 

animals analysed did not paralyse over the time frame of the assay (1 hour), these 

animals were not included in the final analysis (Figure 4.1c), whilst all the N2 C. 

elegans were able to paralyse. Furthermore at this temperature, no difference was 

denoted for the duration of paralysis. These temperatures were each deemed 

unsuitable for high-throughput analysis of animals.  

 

When animals were tested at 28.5oC (± 0.5oC), each animal showed examples of 

paralysis within a suitable timeframe for high-throughput analysis, with significant 

differences noted for each of the two parameters of this phenomenon. Ideally for this 
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research, an optimal temperature was to be found which distinguished wild-type 

worms from their mutant counterparts. Statistical differences in either parameter 

suggested the temperature sensing pathway was no longer working as it should; as 

each parameter was measured against a wild-type background acting as a control. 

Behaviours which diverged from the control were said to be abnormal. 

 

 
Figure 4.1: Characterisation of optimal temperatures for TDLA. Temperature dependent 

locomotion assays were completed on 2 separate C. elegans strains at various temperatures to 

elucidate the ideal temperature for subsequent assays investigating worm paralysis behaviours at 

elevated temperatures. In each case, TDLA was completed as described in the methods section 2.3.2. 

A) Start of paralysis after heated to defined temperatures. B) Duration of paralysis identified using start 

of paralysis subtracted from end of paralysis (seconds). C) Percentage of ncs-1 null worms which failed 

to undergo paralysis at 26oC. Multiple animals were tested for each strain (N ≥ 15 animals), at 26oC 

however of the 15 worms tested for ncs-1 null (qa401) only 5 underwent paralysis; for this condition, N 

= 5 animals. Averages for the different parameters were utilized to assess behavioural responses of 

the various strains. All data sets were compared with N2 control animals at each temperature (*=p≤0.05, 

**= p≤0.01, ***= p≤0.001) for start and duration of paralysis determined using one way ANOVA with the 

use of Sidak correction for multiple comparisons.  
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4.2.2	Temperature	dependent	locomotion	effects	over	an	extended	time	frame.		
 

To analyse further the effect temperature had on the behaviour of different C. elegans 

strains, single animals were measured for their thrashing rates at 20oC over a 10 

minute time frame (following 10 minute acclimatisation in Dents solution). Locomotion 

was measured at 1 minute, 5 minutes and 10 minutes and averages generated for 

each, acting as a measure of neuronal transmission (Figure 4.2).  

 

Previous research within the laboratory has shown that the thrashing rate increased 

in a specific strain ncs-1 null (qa401) when exposed to an elevated temperature than 

their cT  (Martin et al., 2013). This noted behaviour was not present in other C. elegans 

strains tested. From the data collected, no significant difference could be identified 

between N2 and ncs-1 null (qa401) C. elegans at room temperature, suggesting the 

neuronal network was unaltered at this temperature.  

 

 
Figure 4.2: Average basal thrashing rate of C. elegans at 20oC. C. elegans strains were measured 

for baseline thrashing rates under normal conditions. Single animals were placed into a drop of Dent’s 

solution and the thrashing rate measured at 1 minute, 5 minutes and 10 minutes after addition to the 

Dent’s solution. Thrashing rates were measured over a 1 minute period for each animal and an average 

generated.  

 

Short and long term responses to temperature were also measured in respect to 

locomotion. To this end single animals were placed into Dents solution at 20oC and 

the temperature raised slowly to 28oC (± 0.5oC). The thrashing rate of the animals was 
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then measured every 5 minutes over a 90-minute time frame. Averages generated for 

each of the 5 minute intervals (Figure 4.3a). A snapshot of the effect temperature has 

on locomotion was generated, with N2 dying at elevated temperatures earlier than 

ncs-1 null (qa401) C. elegans. Death of the animals was determined at the 90-minute 

time point, nematodes which were not moving were mechanically stimulated with a 

tungsten filament and those which remained immobile were classed as dead. C. 

elegans which were not moving at the 5-minute time points generated a locomotion 

score of 0, which was included in the analysis, due to the nature of reversible paralysis.  

 

Unlike what was shown during the basal thrashing experiment, the ncs-1 (qa401) C. 

elegans showed an increased locomotion compared with N2 in the same conditions. 

N2 also showed a higher percentage of paralysis than the ncs-1 null (qa401) C. 

elegans (Figure 4.3b), duration of paralysis at this stage was not under investigation 

as this was solely looking at the thrashing rates every 5 minutes.  

 

Of the animals tested in this data set; for N2 the levels of paralysis at the different time 

points, paralysis was more erratic than the ncs-1 (qa401) C. elegans, with the final 3 

time points showing 100% paralysis of the N2 animals tested (Figure 4.3b). This is in 

contrast to the ncs-1 null C. elegans which showed some level of motility at the 

elevated temperature at the 90-minute time point. The paralysis timeline provided a 

baseline for this behaviour and also showed differences in the long-term temperature 

sensation for C. elegans when presented with continuous noxious temperatures.  
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Figure 4.3: Effect prolonged exposure to high temperature has on thrashing rates. Single C. 

elegans were measured for their thrashing behaviours over a 90-minute time frame when exposed to 

an increased temperature (approximately 28oC). Thrashing rates were measured every 5 minutes up 

to 90 minutes and the data averaged for each strain. Figure 4.3a shows N2 animals were less motile at 

the increased temperature with complete cessation of motility after 75 minutes for all of the tested 

animals whilst ncs-1 null animals expressed a higher level of motility at the increased temperature and 

also remained motile up to the end of the time points within this experiment. Cessation of motility was 

determined through mechanical stimulation of the individual nematodes using a tungsten filament. 

Paralysis was quantified as any individual worm which failed to thrash more than 5 times within the 

minute of analysis was classified as paralysed at that time point. Error bars indicate ± SEM.  

 
Average locomotion rates were higher in the ncs-1 (qa401) null C. elegans compared 

to N2 C. elegans owing to increased numbers of paralyzed C. elegans for the N2s. 
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The percentage of nematodes which underwent paralysis over the 90-minute time 

frame shows a repeating pattern with N2 C. elegans and ncs-1 null C. elegans showing 

asynchronous pattern of paralysis which differed between the two strains. Whilst N2 

animals paralysed earlier and for longer, ncs-1 null animals paralysed later and 

recovered quicker. 

 

4.2.3	Analysis	of	Rescue	Strains	in	the	TDL	assay.		
	
C. elegans strains with a loss of NCS-1 activity have altered learning patterns including 

isothermal tracking and also altered temperature dependent behaviours (Gomez et 

al., 2001, Martin et al., 2013). Previous research in our laboratory by Dr. Jeff Barclay 

and Dr. Victoria Martin (University of Liverpool) first looked at the locomotive 

behaviours of different C. elegans mutant strains at elevated temperatures compared 

to locomotion at cultivation temperatures. 

 

Re-expression of NCS-1 in the whole organism using a WT ncs-1 promoter (WT 

rescue) or solely in the cholinergic AIY neuron using an AIY specific promoter (AIY 

rescue) was sufficient to rescue thrashing defects, returning this to wild-type N2 levels 

(Martin et al., 2013). The new TDLA was utilized as a quantifiable method to identify 

downstream partner proteins of NCS-1. Assays were completed on multiple animals 

from different strains to form an average for each strain including mutant and control 

strains. From these assay parameters, it was discovered that for the wildtype (N2) 

control strain the onset of paralysis was 457 seconds with a long average duration of 

paralysis of 711 seconds.  

 

In contrast to this, the ncs-1 null XA406 (qa401) mutant strain had a longer onset of 

paralysis (average onset of 790 seconds) and a shorter duration of paralysis (average 

duration of 196 seconds). Significant differences between the strains (N2 and qa401) 

were identified for both parameters. Reintroduction of NCS-1 into qa401 rescued both 

parameters of this assay. For the WT rescue the average onset of paralysis was 332 

seconds with an average duration of 853 seconds with the AIY specific rescue showing 

an average onset of 401 seconds and an average duration of 592 seconds (Figure 

4.4).  
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Figure 4.4: Analysis of NCS-1 rescue strains for paralysis behaviours. Temperature dependent 

locomotion assays were used on various C. elegans strains to elucidate the paralysis behaviours for 

different strains including rescue NCS-1 strains, rescue strains conducted in ncs-1 null (qa401) with 

ncs-1 re-expression using a WT ncs-1 promoter or AIY specific promoter. Paralysis activity measured 

at 28.5oC (± 0.5oC). Multiple animals were tested for each strain (n≥30 animals) and averages for the 

different parameters were utilized to understand the behavioural patterns of the various strains. 

Statistical differences identified using one-way ANOVA (*=p≤0.05, **=p≤0.01 and ***=p≤0.001, *= 

difference compared to N2, += difference compared to XA406 and \= difference compared to WT 

rescue). Multiple comparisons were completed on this data set. Statistical differences for the onset and 

duration of paralysis for each strain was determined using the one-way ANOVA with the use of Dunnetts 

correction for multiple comparisons.  

 

4.2.4	Testing	of	RNAi	as	a	means	to	recapitulate	paralysis	behaviours		
 

The next approach was to identify functional NCS-1 binding partners in the TDLA using 

previously characterized/identified binding partners from other types of assays, 

specifically those present in the nervous system. With the establishment of the 

baseline behaviours for the paralysis phenotype, the next approach was to assess 

knock-out or knock-down of selected binding partners, any which were of functional 

importance in the TDLA were expected to have the same behavioural phenotype as 

the ncs-1 null C. elegans. An initial approach utilized RNAi (RNA interference) of 

potential binding partners with a panel of control genes.  

 

The control genes tested for the RNAi panel; Heat shock protein 1 (hsp-1 (as a lethal 

positive control)), L4440 (empty vector negative control) and constituent components 

of the SNARE complex Synaptotagmin (snt-1), Synaptobrevin (snb-1) and 
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Uncoordinated-18 (unc-18) to verify sufficient neuronal knockdown in the specific 

conditions and to show the effect of blocking SNARE complex formation (RNAi 

conditions outlined in table 4.1). Primary testing looked at the thrashing rates of the 

RNAi treated animals. 

 
Sample Gene Code Plate Cell Chromosome Obtained from 

1 ncs-1 C44C1.3 N/A N/A X Source Bioscience 

2 hsp-1 f26d10.3 10015 H1 IV C. elegans Vidal RNAi library 

3 L4440 N/A  N/A N/A  N/A C. elegans Vidal RNAi library 

4 snt-1 F31E8.2 10154 F9 II C. elegans Vidal RNAi library 

5 snb-1 T10H9.4 11053 C4 V C. elegans Vidal RNAi library 

6 unc-18 F27D9.1 11053 E7 X C. elegans Vidal RNAi library 

7 pifk-1 F35H12.4 11081 A12 X C. elegans Vidal RNAi library 

8 trp-2 R06B10.4A 11004 C7 III C. elegans Vidal RNAi library 

9 arf-1.1 F45E4.1 11041 C6 IV C. elegans Vidal RNAi library 

10 arf-1.2 B0336.11 11004 C9 III C. elegans Vidal RNAi library 

11 arf-1.2 (2) B0336.2 10051 D11 III C. elegans Vidal RNAi library 

Table 4.1: RNAi conditions utilized during the subsequent RNAi experiments. RNAi conditions 

included a set of controls to test efficiency of RNAi within the different C. elegans strains along with an 

RNAi panel using proteins of interest.  

 

4.2.4.1	Quantifying	thrashing	rates	in	RNAi	treated	C.	elegans	strains	
 

Initial research used the control N2 strain. Upon identifying this was not a suitable 

model, investigations then progressed onto XE1581 (a cholinergic neuron RNAi 

specific strain (Firnhaber and Hammarlund, 2013)) and NL2099 (an RNAi 

hypersensitive strain, pk1426 (rrf-3)). These each had specific properties which were 

useful to elucidate the effect RNAi had upon these different strains. Neuronal activity 

was quantified through thrashing rates of C. elegans, following 2 generations grown 

on RNAi treatment plates to maximize RNAi treatment. Thrashing assays were 

completed as this allows quantification of neurotransmission through C. elegans 

motility.  

 

N2 C. elegans are not predisposed to have a higher RNAi effect, this work tested the 

viability of RNAi in C. elegans (Figure 4.5). Through treatment of N2 worms using the 

RNAi panel (taken from Vidal C. elegans RNAi clones library), it was found that 
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thrashing rates were significantly decreased under certain treatment conditions 

(Figure 4.5).  

 

A partial RNAi effect was shown in the hsp-1 and in the SNARE complex conditions 

which showed a decrease in thrashing rates, interestingly in these conditions, RNAi 

was expected to generate a paralysis or lethal phenotype if sufficient KD was achieved 

(Morley and Morimoto, 2004, Nonet et al., 1993, Nonet et al., 1998, Simmer et al., 

2002, Yu et al., 2013). Similar results were identified in RNAi of a number of the 

interacting partners of NCS-1 (trp-2, arf-1.1 and arf-1.2).  

 

Similar locomotion rates to untreated worms were shown in ncs-1 RNAi, L4440 RNAi, 

pifk-1 RNAi and arf-1.2 RNAi (Figure 4.5). At this stage we attempted RNAi on a novel 

RNAi sensitive neuronal (XE1581) strain, permitting RNAi solely in cholinergic 

neurons, driving RNAi through rde-1 and sid-1 expression of a specialized C. elegans 

negative background lacking rde-1, eri-1 and lin-15b under the expression of Punc-17 

(Firnhaber and Hammarlund, 2013). Our study focused on NCS-1 in the cholinergic 

AIY neuron.  
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Figure 4.5: Analysis of RNAi induced alterations of thrashing. N2 C. elegans underwent feeding 

RNAi for two generations prior to testing in the thrashing assay. To identify the effect RNAi had upon 

the thrashing rates of different C. elegans strains, animals were treated with bacteria expressing 

different RNAi constructs. After the F2 generation, single animals were tested for their thrashing rates. 

Figure 4.5 shows the effect of RNAi on N2 through the thrashing rate quantification. Significant 

differences were shown in worms which were subjected to RNAi of hsp-1, snt-1, snb-1, unc-18, trp-2, 

arf-1.1 and one condition of arf-1.2. Locomotion was quantified by counting thrashes per minute of age 

synchronized day 1 worms at room temperature (20oC) in Dent’s solution (n= 15 animals for each 

condition). All data expressed as average with SEM plotted. Statistical differences were determined 

using a one-way ANOVA from the package GraphPad Prism 6, significant difference for samples with 

*=p≤0.05, **=p≤0.01, ***=p≤0.001 comparing with untreated N2 sample, one-way ANOVA with Tukey’s 

correction for multiple comparisons.  
 

4.2.4.2	XE1581	
 

Recently advanced mechanisms have allowed the formation of RNAi specific C. 

elegans, work by (Firnhaber and Hammarlund, 2013) allowed the production of neuron 

specific RNAi strains, our research used XE1581, as the AIY neuron is the only 

identified cholinergic neuron expressing NCS-1. This would therefore determine the 
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effect RNAi had on NCS-1 and the thermosensory pathway in C. elegans. Thrashing 

rates were recorded over a 1 minute period, following a 10 minute acclimatization 

period.  

 

Comparing thrashing rates against untreated (base-line) thrashing, the different RNAi 

conditions showed an unexpected yet clear reduction in thrashing rates (Figure 4.6). 

Of interest, under ncs-1 RNAi, a significant locomotion reduction was identified along 

with a number of its binding partners. This reduced thrashing rates has not been 

shown in previous studies suggesting the altered thrashing rates could be non-specific 

(Martin et al., 2013). Members of the SNARE complex and hsp-1 also reduced 

locomotion, as expected, albeit not paralyzing or being lethal to C. elegans. Through 

presenting RNAi solely in cholinergic neurons, the expected result would be a 

decrease in the SNARE complex function hence fewer thrashes in the snt-1, snb-1 

and unc-18 RNAi settings, causing paralysis in these animals. Incomplete RNAi can 

be seen here as these remained mobile.  

 

Further research was conducted using a more traditional neuronal RNAi sensitive line 

NL2099 (pk1926 (rrf-3)). Whilst eri-1 is the traditional strain for RNAi, this strain wasn’t 

suitable for potential research into temperature sensitive behaviours as this is itself 

temperature sensitive (Kennedy et al., 2004). 
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Figure 4.6: Analysis of RNAi induced alterations of thrashing. Effects of RNAi upon the thrashing 

rates of C. elegans designed to allow RNAi in cholinergic neurons alone. Animals were treated with 

RNAi constructs through feeding RNAi and locomotion rates were assessed for XE1581 untreated 

compared with XE1581 exposed to an RNAi panel. Significant differences in locomotion rates were 

discovered for all of the RNAi panel excluding L4440 (negative control) and arf-1.2 (condition 10, table 

4.1) For all conditions at least 10 nematodes were assessed, averaged with SEM plotted for each 

condition. Statistical differences were determined using a one-way ANOVA from the package GraphPad 

Prism 6, significant difference for samples with *=p≤0.05, **=p≤0.01 and ***=p≤0.001 compared with 

XE1581 untreated. 

 

4.2.4.3	NL2099	(rrf-3)	
 

With effects noted in N2 and XE1581 C. elegans, analysis was conducted on an RNAi 

susceptible C. elegans strain, NL2099 (pk1426), showing a down-regulation of rrf-3. 

NL2099 contains a loss of function within a putative RNA-directed RNA polymerase 

(RdRP) resulting in a hypersensitivity to RNAi (Simmer et al., 2002, Simmer et al., 

2003, Hamilton et al., 2005, Johnson et al., 2005). 
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A targeted RNAi screen was utilized following on from the previous research. A clear 

effect can be seen in the hsp-1 condition causing a complete cessation of movement 

and reduced growth on plates, as expected. A decrease in locomotion was also noted 

in the SNARE complex proteins RNAi (snt-1 and unc-18), indicating a possible 

reduced level of exocytosis hence lowered locomotion (Figure 4.7) when compared to 

the untreated NL2099 (rrf-3) strain. 

 

 
Figure 4.7: Effect of RNAi on locomotive rates in rrf-3. Thrashing assays were completed on NL2099 

(rrf-3) animals (Simmer et al., 2002, Simmer et al., 2003) after pre-treatment with an RNAi panel for two 

generations. rrf-3 nematodes treated with RNAi against hsp-1 caused a complete cessation of 

movement. RNAi samples taken from Ahringer C. elegans RNAi library. N= 20 worms pre treatment. 

All data expressed as average with SEM plotted. Statistical differences were determined using a one-

way ANOVA from the package GraphPad Prism 6, significant difference for samples with *=p≤0.05, 

**=p≤0.01 and ***=p≤0.001. 
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member of the hsp-70 family) (Heschl and Baillie, 1989, Snutch et al., 1988) 

significantly diminishes protein functions hence leading to death of the organism. 

 

The RNAi panel was not as extensive as when N2 or XE1581 were investigated for 

NL2099 as the RNAi protocol was being tested on a known RNAi sensitive strain, 

acting as a positive control. NL2099 showed the extreme effects which were expected 

to be observed in the other experiments. As RNAi only partially decreases gene 

function, it is possible a more extreme effect would be present through a more severe 

gene attenuation. Whilst hsp-1 RNAi caused cessation of life, suggesting a global 

effect (as hsp-1 is present in non-neuronal pharynx cells) (McKay et al., 2003), C. 

elegans under unc-18 RNAi were motile suggesting incomplete gene function ablation. 

The expression pattern of snt-1 and unc-18 are predominately within the nervous 

system, RNAi within these conditions is a more precise measure of neuronal 

knockdown. A sufficient knockdown in thrashing was identified in the RNAi 

experiments, suggesting it was viable to test in the TDLA.   

 

4.2.5	Analysis	of	the	effect	RNAi	has	upon	Temperature	Dependent	Locomotion	
 

Upon noting an effect on locomotion through feeding RNAi, the next stage was to 

identify whether RNAi could affect TDL paralysis behaviours as shown in previous 

knockout strains (Figure 4.4). NL2099 (rrf-3) C. elegans after the F2 generation grown 

on RNAi feeding plates (Ohkumo et al., 2008) were subjected to analysis through the 

TDL assay to assess behavioural changes.  

 

This was working upon the knowledge that NCS-1 has been shown to be present 

within neurons involved in the thermosensory neural network (AFD, AWC, AFD and 

AIY) being able to regulate TDL (Gomez et al., 2001, Edwards et al., 2012, Martin et 

al., 2013). RNAi treated animals were compared with untreated NL2099 C. elegans. 

Interestingly, untreated NL2099 showed a temperature dependent phenotype, 

different to N2 with a longer onset of paralysis and a shorter duration of paralysis; 

phenocopying the ncs-1 null C. elegans to an extent. A significant difference was also 

generated under ncs-1 and L4440 RNAi treatment regarding onset of paralysis 

although not duration of paralysis when compared to untreated NL2099 (Figure 4.8). 

The parameters of this research suggest an effect on NL2099 in an untreated state, 



 
  

148 

rrf-3 has been shown to have other temperature sensitive phenotypes in a loss of 

function variant (Simmer et al., 2002). As such, RNAi was deemed to not be a valid 

method to assess potential NCS-1 binding partners; as an alternative albeit more 

widely used approach to the TDLA. For this research, of the methods tested, the TDLA 

was shown to be the most viable for testing this identified behaviour.  

 

 
Figure 4.8: The effect of RNAi on TDL behaviour in C. elegans using a targeted RNAi panel. RNAi 

treated F2 generation NL2099 (rrf-3) C. elegans were subjected to the TDL assay, quantifying their 

responses to elevated temperature to assess whether RNAi can recapitulate effects seen in other 

mutant C. elegans strains. Parameters measured in this research encompassed the onset of paralysis 

(time to paralysis (Figure 4.8a)) along with the duration of paralysis (Figure 4.8b). Conditions were 

compared to N2 or NL2099 (rrf-3) untreated C. elegans as controls.  For each condition n= ≥ 10 animals, 

all data expressed as average with SEM plotted. Statistical differences were determined using a one-

way ANOVA from the package GraphPad Prism 6, one-way ANOVA with Tukey’s correction for multiple 

comparisons (*=p≤0.05, **=p≤0.01 and ***=p≤0.001, * indicates difference from N2 whilst + indicates 

difference from untreated NL2099 (rrf-3)). NL2099 (rrf-3) L4440 acted as an empty vector control 

sample. 

 

4.2.6	Identifying	potential	downstream	targets	of	NCS-1	utilising	the	TDLA.		
 

NCS-1 holds a number of interacting proteins permitting a range of downstream target 

processes. To elucidate the downstream functional NCS-1 binding targets in 

determining the TDLA phenotype (Kuhara et al., 2008, Gomez et al., 2001, Martin et 
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al., 2013), the behaviour of various C. elegans strains was monitored using the TDLA 

(adapted from (Martin et al., 2013)), looking for phenocopiers of the ncs-1 null 

phenotype.  

 

Genes of interest were first identified through a preliminary connectome of mammalian 

NCS-1 binding partners, taken from various protein-protein interaction screens, which 

had C. elegans orthologues present within the nervous system (Figure 1.6 adapted 

from (McCue et al., 2010b)). Orthologues which presented a locomotion phenotype 

when absent in C. elegans were omitted as this altered the research parameters. NCS-

1 activity in the AIY neuron alone permits rescue of thermosensory behaviours (Martin 

et al., 2013).  

 

4.2.6.1	Assessing	the	TDL	behaviours	of	an	array	of	potential	NCS-1	interaction	partner	
proteins	mutant	C.	elegans	strains.		
 

Mutant C. elegans for proteins outlined in the mammalian NCS-1 interactome, if 

present within neurons or the AIY neurons as the proposed site of action for NCS-1 in 

TDL behaviours, were obtained from the CGC (Caenorhabditis Genetics Centre), 

which is funded by NIH Office of Research Infrastructure Programs (P40 OD010440)).  

 

Obtained mutant strains from the preliminary screen were assayed for their TDL 

behaviours (Figure 4.9). Strains were compared to N2 animals to identify irregular TDL 

behaviours indicative of their involvement within the TDL pathway as the aberrant TDL 

behaviour could be due to the gene (Hedgecock and Russell, 1975).  
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Figure 4.9: Identifying the TDL behaviour of various mutant C. elegans strains. Temperature 

Dependent Locomotion assays were completed using multiple mutant strains of C. elegans in an 

attempt to identify potential targets of NCS-1 within the thermosensory neural network. a) Time to 

paralysis was measured after worms were placed in Dent’s solution on a peltier heating stage and 

heated to 28.5oC, paralysis was determined as a visible cessation of movement. b) Duration of paralysis 

was identified from the time the animals recovered from paralysis (regain motor functions), the start of 

paralysis point (in seconds) was subtracted from the recovery point (in seconds) to generate a duration 

of paralysis time frame for each animal. Statistical differences were identified by comparing averaged 

data to that of N2 wildtype animals. Statistical difference demonstrated by one way ANOVA with use of 

Dunnett correction for multiple comparison (*=p≤0.05, **=p≤0.01 and ***=p≤0.001). N= ≥ 20 animals. 



 
  

151 

After analysing the mutant strains TDL behaviours, three potential targets were 

identified as being significantly different (and phenocopied ncs-1 null) for both 

research parameters; pifk-1, arf-1.1, trp-1 and trp-2. These strains were taken forward 

within this research. At this time grk-2 and arf-1.2 were discounted as the results were 

unable to identify reproducible significant difference vs N2 animals.  

 

4.2.7	Generation	and	identification	of	double	mutant	lines.		
 

Using the three identified potential targets of NCS-1, genetic crosses were completed 

to generate double mutant C. elegans strains (of ncs-1 with the C. elegans orthologues 

of trp-1, trp-2 and arf-1.1) to establish effects on TDL. Genetic crosses between ncs-

1 and pifk-1 would be problematic as both are present on the X-chromosome. Genetic 

crosses were confirmed and validated through Polymerase Chain Reaction (PCR) of 

the parental C. elegans. Primers were designed to show wildtype (WT) or mutant (Mut) 

variants of the DNA fragment (Figure 4.10). Genetic status was checked and verified 

over multiple generations. Truncated genetic products suggest the gene has been 

deleted according to PCR status. The absence of a band further identified the genetic 

status of these genetic lines.  
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Figure 4.10: PCR validation of Double mutants. A, C, E) Worm lysates from control C. elegans 

strains and newly produced double mutant strains using primers designed against C. elegans ncs-1. 

Single animals were picked to produce worm lysates for PCR. A) A comparison of product size against 

C. elegans ncs-1 primers in control strains and arf-1.1 (ok1840) and ncs-1 (qa401) double mutant lines. 

C) ncs-1 primers for the trp-1 (ok323) and ncs-1 (qa401) double mutants and E) ncs-1 primers for the 

trp-2 (sy691) and ncs-1 (qa401) double mutants. For ncs-1 a loss of the WT band (blue arrow) should 

occur with a size difference for the MUT primers (red arrows) B) Gel using worm lysates for control 

strains alongside double mutant C. elegans lines (ncs-1 and arf-1.1), in total 4 lines were produced 

through genetic crosses, mutant status verified through a size difference when tested using the WT 

primers (blue arrow). D) Gel using worm lysates for control strains alongside double mutant C. elegans 

lines (ncs-1 (qa401) and trp-1 (ok323)), in total 4 independent lines were successfully produced through 

this genetic cross and verified using a loss of the MUT band (red arrow) and a size difference for the 

WT primers (blue arrow). F) Agarose gel using worm lysates for control strains alongside double mutant 

C. elegans lines (ncs-1 (qa401) and trp-2 (sy691)), in total 1 independent genetic line was produced 

through this cross and verified with a loss of the WT band and a size difference for the MUT primers. 

All gels loaded with two samples per strain (wild-type primers and mutant primers). 

 

 
Figure 4.11: PCR validation of double mutant for PIFK-1 (tm2348) and Arf-1.1 (ok1840). A) Worm 

lysates from control C. elegans strains and newly produced double mutants to verify the status of the 

arf-1.1. For arf-1.1 a decrease in size for the WT band was identified (blue arrow). B) Worm lysates for 

control C. elegans strains alongside newly produced double mutant lines verifying the status of the pifk-

1 DNA sequence. To verify double mutant status, a loss of the WT band (blue arrow) was identified 

alongside a smaller DNA fragment for the MUT primers (red arrow). In total 4 independent genetic lines 

were produced for the arf-1.1 and pifk-1 C. elegans genetic cross.   
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4.2.8	Effect	of	induced	double	mutations	on	temperature-dependent	locomotion	
 

Generated double mutants of ncs-1 with trp-1 or trp-2 showed no difference from the 

single mutant counterparts for either parameter, showing a longer onset of paralysis 

and a shorter duration of paralysis (Figure 4.12). Neither a rescue effect or an additive 

effect was shown. This similar behavioural phenotype is indicative of these proteins 

acting within the same phenotypic pathway.  

 
Figure 4.12: Temperature-dependent Locomotion analysis of genetically crossed ncs-1 and trp-

1 / trp-2 C. elegans strains A) TDL behaviours of C. elegans strains generated through genetic crosses 

using standard crossing techniques. Single animals were tested for their time to paralysis after exposure 

to prolonged heat within Dents solution present on a peltier heating stage and exposed to 28.5oC. B) 

TDL behaviours further derived from the duration of paralysis of the various C. elegans strains. Assay 

started after exposure to 28.5oC heat and recovery identified as continued thrashing of the animals. 

Where possible double mutant lines were compiled together (trp-1 double mutants containing 4 

separate lines with 1 independent double mutant line generated from trp-2 genetic crosses with ncs-1). 

All data expressed as means ± SEM. Statistical differences for each strain was determined using one-

way ANOVA with use of Dunnett correction for multiple comparison (*=p≤0.05, **=p≤0.01 and 

***=p≤0.001).  N= ≥ 40 animals. 
 

When assessing the arf-1.1 and ncs-1 double mutant, an intermediate phenotype was 

identified when compared with the single mutant parental strains, significantly different 

for both parameters from N2 or the single mutant counterparts. The start of paralysis 

was increased from N2 levels by ~34% (decreased by ~58% of ncs-1 null paralysis 

onset) whilst the duration of paralysis decreased from N2 levels by ~38% (increased 

by ~150% of ncs-1 null paralysis duration).  
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Figure 4.13: Temperature-dependent Locomotion analysis of genetically crossed ncs-1 and arf-

1.1 C. elegans strains TDL was assessed through analysing time to paralysis (A, C) and duration of 

first paralysis (B, D) for a collection of C. elegans strains at elevated temperatures when immersed in 

Dent’s solution (pH 7.4). Strains assessed included N2 (wild-type), ncs-1 null (XA406), arf-1.1 null 

(RB1535) and double mutant lines of ncs-1 and arf-1.1 C. elegans generated through genetic crossing 

the single mutant worms. A, C) TDL behaviours of C. elegans strains. Onset of paralysis after exposure 

to prolonged heat 28.5oC (± 0.5oC) within Dents solution on a Peltier heating stage. B, D) Duration of 

first paralysis (cessation of movement) of the various C. elegans strains was quantified. Paralysis 

analysed under exposure to heat and recovery identified as continued thrashing of the animals. Double 

mutant lines were compiled together (arf-1.1 and ncs-1 double mutants containing 4 separate lines). All 

data expressed as means ± SEM. Statistical differences determined using one-way ANOVA with use 

of Dunnett correction for multiple comparison (*=p≤0.05, **=p≤0.01 and ***=p≤0.001).  N= ≥ 15 animals 

per strain with N= ≥ 40 for all C. elegans strains. 
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4.2.9	Identification	of	GFP	marker	expression	to	indicate	injected	extrachromosomal	array	
expression.		
 

Mutant C. elegans strains were injected with plasmid DNA to form extrachromosomal 

array constructs to elicit overexpression of genes under specific promoters (as 

described in section 2.2.8.1). Expression of ncs-1 or arf-1.1 under different neuronal 

promoters; rab-3 (pan-neuronal), OSM-6 (sensory neurons) and TTX-3 (AIY neurons 

specifically). Validation of correct promoter localisation was achieved through 

identification of GFP in the correct locations (prab-3::GFP expression in all neurons, 

nerve ring, dorsal and ventral nerve cords) (Figure 4.14 A-C). Rescue experiments 

completed using 40 ng of EGFP and 10 ng of rescue construct. A total of 3 or more 

transgenic lines were generated for each rescue condition.  

 

 
Figure 4.14: GFP expression as a marker for extra-chromosomal injection success for Arf-1.1 at 
different concentrations. Rescue experiments were conducted using EGFP as a marker for 

successful injection of extra-chromosomal array. Neuronal localisation was verified through correct 

EGFP expression through the rab-3a promoter (pan-neuronal). Expression can be seen in the Nerve 

ring (NR), Ventral nerve cord (VC) and Dorsal Nerve cord (DC). Example images show a) N2 [prab-

3::GFP prab-3::arf-1.1] b) RB1535 [prab-3::GFP prab-3::arf-1.1] and c) RB1535 [prab-3::GFP prab-3::arf-1.1], 

panels A and B rescued arf-1.1 using 40ng, panel C rescued using only 10ng. Scale bar represents 10 

µm. 
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4.2.10	Effect	of	overexpressing	Arf-1.1	or	rescuing	Arf-1.1	using	different	promoters	and	
concentrations.		
 

C. elegans with a transgenic overexpression of arf-1.1 were assayed using the TDLA. 

Assayed animals with 40 ng of the overexpression plasmid appeared sick with slower 

growth although near normal locomotion. Data from multiple lines of transgenic 

expressing C. elegans were compiled and compared with wild-type N2, representing 

a normal thermosensory pathway and thermosensory locomotion.  

 

Overexpression of Arf-1.1 in the N2 background decreased the duration of paralysis 

with no change in the onset of paralysis parameter (Figure 4.15A & B). This effect was 

phenocopied in RB1535 (arf-1.1 null) with an overexpression of arf-1.1. The nature of 

ARF-1.1 and its interaction with NCS-1 in the TDL behaviour is yet to be fully 

elucidated. To reduce toxic effects of the rescue plasmid, new rescue lines were 

generated utilizing 10 ng transgenic plasmid, as a non-toxic dose (Mello et al., 1991, 

Evans, 2006, Mariol, 2013).  

 

Rescue experiments were carried out on N2 (wild-type), qa401 (ncs-1 null), ok1840 

(arf-1.1 null) and arf-1.1 & ncs-1 null using GFP expression as a selection marker. 

Adult GFP expressing C. elegans were selected via fluorescence microscopy for 

TDLA analysis.  
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Figure 4.15: Effect of Arf-1.1 rescue and overexpression at 40 ng: A) Temperature-dependent 

paralysis onset of transgenic worms expressing arf-1.1 under various neuronal promoters, osm-6 

(ciliated neurons), rab-3 (neurons) and pAIY (using ttx-3, as an AIY neuron specific promoter) and all 

were compared to N2 as an untreated control. Locomotion was assessed using cessation of movement 

as a marker when placed in Dent’s solution and elevated to 28.5oC. B) Duration of paralysis was 

determined for each line and condition. For all strains and transgenic lines n= ≥40 worms. Each 

transgenic data set presented used a conglomerate of at least 3 separate transgenic lines that were 

pooled together. Statistical difference was determined using Dunnett test (*=p≤0.05, **=p≤0.01 and 

***=p≤0.001). 

 

C. elegans expressing 10 ng of the overexpression construct appeared healthier with 

qualitatively normal brood size, growth and motility. Overexpression specifically under 

the prab-3 and Pttx-3 at the 10 ng concentration was assessed. As in the 40 ng 

expression (Figure 4.15), when injected with 10 ng of the overexpression construct, 

onset of paralysis was unaffected in the N2 background with a significantly shorter 

duration of paralysis (Figure 4.16 A,B), this was also shown in the ncs-1 and arf-1.1 

double mutant with injection of Pttx-3::ncs-1, prab-3::arf-1.1 and Pttx-3::arf-1.1 (Figure 4.16 

G,H). Neuronal overexpression of arf-1.1 in RB1535 showed a partial rescue for both 

onset and duration of paralysis towards N2 levels (Figure 4.16 E,F).  
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Varying effects from arf-1.1 overexpression was found for both the onset and duration 

of paralysis in the different genetic backgrounds. Primarily the duration of paralysis 

was altered in C. elegans lacking ARF-1.1 whilst the onset of paralysis was affected 

in C. elegans lacking NCS-1. In the ncs-1 null C. elegans background, overexpression 

of arf-1.1 in the AIY neuron showed a slight decrease in the time to onset of paralysis, 

with no significant change in the duration of paralysis (Figure 4.16 C,D). 

Overexpression of arf-1.1 in the N2 background (Figure 4.16 A,B) had a significantly 

detrimental effect on the duration of paralysis, increasing its duration further with no 

change in the onset of paralysis suggesting these are two separate mechanisms 

working to evoke the reversible paralysis phenotype. 
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Figure 4.16: Effect of Arf-1.1 overexpression at 10 ng: Overexpression of Arf-1.1 or NCS-1 using 

different promoters rab-3 (pan-neuronal), Osm-6 (ciliated neurons) and pAIY (using ttx-3 as an AIY 

specific neuron promoter). Overexpression of these constructs was completed using a number of 

different genetic backgrounds N2 (A, B) XA406 (qa401) (C, D), RB1535 (ok1840) (E, F) and ncs-1 

(qa401) & arf-1.1 (ok1840) double mutant (G, H). A, B) Temperature-dependent paralysis onset (A) and 

duration (B) of transgenic worms with overexpression of arf-1.1 under the rab-3 promoter or ttx-3 

promoter within the N2 backbone. C, D) Temperature dependent paralysis onset (C) and duration (D) 

of ncs-1 null (qa401) C. elegans with arf-1.1 rescue within the AIY neurons pAIY (using ttx-3 as an AIY 

specific neuron promoter) specifically. E, F) Temperature dependent paralysis onset (E) and duration 

(F) of arf-1.1 null (ok1840) C. elegans overexpressing arf-1.1 under the rab-3 and ttx-3 promoters (pan 

neuronal or AIY specific) G, H) Temperature dependent paralysis onset (G) and duration (H) of a 

genetically manipulated double mutant C. elegans strain (ncs-1 (qa401) & arf-1.1 (ok1840) 

overexpressing NCS-1 under the pAIY (using ttx-3 as an AIY specific neuron promoter) and arf-1.1 

under the rab-3 and ttx-3 promoters. Locomotion was assessed using cessation of movement as a 

marker when C. elegans were placed into Dents solution on a Peltier thermotransduction plate and the 

temperature raised to 28.5 oC. All strains and transgenic lines n= ≥40 worms. Transgenic lines were 

produced in triplicate and data pooled for this experiment. Statistical difference was determined using 

Dunnett test (*=p≤0.05, **=p≤0.01 and ***=p≤0.001) Samples were compared to each other using a 

multiple comparisons one way ANOVA.  
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4.2.11	Thrashing	rates	of	C.	elegans	used	in	this	thesis	
 

To establish the TDL effects shown were not due to a change in locomotion, C. 

elegans of the strains used during this research were measured for their locomotion 

rates, as a measure of neuronal transmission. Locomotion was recorded at room 

temperature with thrashes recorded over a 1 minute period, following 10 minutes in 

Dents solution allowing the C. elegans time to acclimatize. When compared to N2 

animals, as a control strain, the other strains were not significantly different to the 

control strain. The effects identified in the TDLA were therefore unaffected by a 

change in the locomotive rate of the C. elegans.  

 
Figure 4.17. C. elegans thrashing rates: Thrashing data for all lines used, no statistical difference 

was identified for any of the lines used throughout this thesis. Locomotion was unaffected in the double 

mutants or in the over-expression lines, C. elegans were tested at room temperature for 1 minute after 

a 10-minute acclimatization period. For all strains tested, n ≥40 C. elegans.  



 
  

163 

4.2.12	Effect	of	a	mammalian	PI4K	inhibitor	on	TDL	behaviours	in	C.	elegans	
 

Creation of a double mutant of pifk-1 and ncs-1 would have certain technical 

difficulties, as such experiments sought to use a pharmacological inhibitor. A 

pharmacological inhibitor of pifk-1 (PIK-93) was used to assess changes in TDL 

behaviour. The vehicle for PIK-93 exposure was DMSO. Primary experiments tested 

whether DMSO at set concentrations altered TDL behaviours. Initial experiments to 

test optimal DMSO concentration took place using N2 following 1 hour exposure to 

DMSO using DMSO concentrations between 0.5 % and 2 %. At 1% DMSO no change 

was identified in the onset or duration of paralysis whilst onset of paralysis was altered 

at 0.5 % DMSO and duration of paralysis altered at 2 % DMSO (Figure 4.18A & B). 

Concentration of DMSO remained at 1 % for later assays.   

 

 
Figure 4.18: Influence of DMSO on TDLA variables. TDL behaviour was assessed in N2 C. elegans 

under different concentrations of a vehicle drug (DMSO) for later PIK-93 experiments. The 

characterised TDL behaviours of onset of paralysis (A) and duration of paralysis (B) were analysed, 

compared to untreated N2 as a baseline. At 0.5 % and 2 % DMSO, altered TDL behaviours were 

identified (onset and duration of paralysis respectively). At 1 % DMSO, no difference was identified 

when compared with untreated N2 animals. For each group, n ≥12 C. elegans assessed. Experiments 

completed at 28oC ± 0.5oC. Significance indicated as *=p≤0.05, **=p≤0.01 and ***=p≤0.001 compared 

to untreated N2 controls.  

 

After obtaining the optimal DMSO concentration for TDL assays, exposure time and 

PIK-93 concentration (19 μM or 19 nM) were assessed for their effects on TDL, using 

N2 C. elegans for assay optimisation. Exposure time ranged from 30 minutes to 2 
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hours to investigate a ‘build-up’ effect of PIK-93; longer exposure time induced 

negative adverse effects on locomotion. After 1 hour PIK-93 exposure at a 

concentration of 19 μM, onset of paralysis was significantly extended; with a reciprocal 

decrease in duration of paralysis phenocopying the TDL phenotype identified in ncs-1 

null C. elegans. Longer exposure to PIK-93 returned onset of paralysis to basal levels 

at varying concentrations of PIK-93 (Figure 4.19A & B). These concentrations were 

selected following a C. elegans bioaccumulation model suggesting a poor 

bioaccumulation of PIK-93 (-7.8224) in C. elegans (Burns et al., 2010, Monet et al., 

2012). 

  

Over the time course, the TDL behaviour was significantly altered after 1 hour, upon 

exposure to 19 μM PIK-93. The duration of paralysis in the 2 hour treated C. elegans 

was lower than the 30-minute treatment and the onset of paralysis was slightly 

lengthened, however due to the extended time point, this may be due to other factors. 

After testing the pharmacological agent and deducing the optimal conditions to induce 

a phenocopy of the pifk-1 null C. elegans, assays were completed on a number of C. 

elegans strains.  

 
Figure 4.19: Time and drug concentration. N2 C. elegans assessed for their TDL behaviours in the 

presence of PIK-93 over different time frames. A) N2 C. elegans onset of paralysis analysed through 

TDLA, paralysis defined as cessation of movement. B) N2 C. elegans duration of paralysis analysed 

through TDLA, visible thrashing defined the end-point of paralysis. For each group, n ≥ 17 C. elegans 

assessed. Experiments completed at 28oC ± 0.5oC. Significance indicated as *=p≤0.05, **=p≤0.01 and 

***=p≤0.001 compared between N2 at same time point 
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From the previous research (Figures 4.17 and 4.18), we deduced the optimal 

conditions for PIK-93 effects in C. elegans; 1 % DMSO, 1 hour at a concentration of 

19 μM PIK-93. Tested strains included N2 (wild-type), qa401 (ncs-1 null) and tm2348 

(pifk-1 null). A TDL phenotype was previously identified in the pifk-1 null C. elegans 

strain tm2348 (Figure 4.9). When incubated with PIK-93, neither ncs-1 null or pifk-1 

null C. elegans displayed additive effects to the characterised TDL behaviours 

(extended onset of paralysis and shorter duration of paralysis). The lack of a response 

in the presence of a PI4K inhibitor, suggests that NCS-1 and PI4K (pifk-1) are present 

within the same behavioural pathway (Figure 4.20).  

 

 
Figure 4.20: Optimal conditions in different C. elegans strains. A) Onset of paralysis under PIK-93 

exposure in N2, ncs-1 null and pifk-1 null C. elegans. B) Duration of paralysis under PIK-93 exposure. 

No additive effect shown for ncs-1 null or pifk-1 null C. elegans. PIK-93 condition compared to the 

DMSO condition for the same strain. For each group, n ≥ 30 C. elegans assessed. Experiments 

completed at 28oC ± 0.5oC. Significance indicated as *=p≤0.05, **=p≤0.01 and ***=p≤0.001 compared 

to DMSO treated N2 controls 

 

4.2.13	Effect	on	ncs-1	gene	expression	in	mutant	and	rescue	C.	elegans	strains.		
 

A potential relationship between NCS-1, ARF-1.1 and PIFK-1 in the TDL behaviour 

pathway has been established. To investigate this relationship at an mRNA expression 

level further, initial experiments were conducted to identify the expression levels of 

ncs-1 in various C. elegans strains through quantitative PCR (qPCR). Investigation of 

ncs-1 expression was identified in N2, qa401 (ncs-1 null), ok1840 (arf-1.1 null), 
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tm2348 (pifk-1 null) and ncs-1 & arf-1.1 double mutant, along with a number of over-

expression controls strains; WT rescue, AIY rescue (Figure 4.4) and N2 over-

expression NCS-1.  

 

Preliminary experiments showed an overall increase in the mean gene expression of 

ncs-1 in each of the tested strains except qa401; however, a significant difference was 

only present in the WT rescue strain (Figure 4.21 A and B). As these are preliminary 

experiments, firm conclusions cannot be made at this time regarding the ncs-1, arf-

1.1 and pifk-1 interaction at a gene expression level. The overall increase in the mean 

gene expression is indicative of a successful over-expression of ncs-1 in the rescue 

lines.  

 
Figure 4.21: Initial qPCR of ncs-1 in C. elegans strains. Levels of gene expression of ncs-1 was 

compared to that of the N2 wild-type C. elegans. Gene expression levels were calculated using their 

∆∆ct values to calculate fold change. Fold change was acquired after assessment against three internal 

controls (PMP1, CDC42 and Y45F10D.4) Each strain contained at least 3 separate samples, and fold 

changes were generated as a conglomerate of the different C. elegans samples. All data expressed as 

mean ± SEM. Significance denoted by *=p≤0.05, compared with N2 samples. Statistical difference was 

assessed using one-way ANOVA with Tukey correction. 
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4.3 Discussion 

 

Owing to its simple neuronal setup of 302 neurons, C. elegans has been a critically 

important model organism for behavioural research. Work into the thermosensory 

neural network has greatly expanded since the work by Russell and Hedgecock (1975) 

(Hedgecock and Russell, 1975). Studies have identified the importance of NCS-1 in 

the AFD and AIY neurons in temperature dependent locomotion (Edwards et al., 2012, 

Aoki and Mori, 2015, Wang et al., 2013, Martin et al., 2013). Failure to develop the 

AIY neuron via ttx-3 ablation resulted in a cryophilic behaviour and an impaired ability 

to sense and respond to elevated temperatures (Hobert et al., 1997). C. elegans which 

are exposed to prolonged elevated temperatures present with a temporary paralysis 

phenotype, this is delayed and shortened in ncs-1 null C. elegans. This suggests loss 

of NCS-1 has a detrimental effect on C. elegans in their ability to adapt to noxious 

temperatures, a defect in their learning and memory processes; intriguing for 

elucidating the thermosensory neural network.  

 

Whilst structural analysis has been completed on NCS-1 regarding TDL and the 

thermosensory neural network (Martin et al., 2013, Gomez et al., 2001), the 

downstream target of NCS-1 in this behaviour is yet to be identified. Preliminary 

research from our laboratory (unpublished) suggested that PIFK-1 (an orthologue of 

PI4KIIIβ) was the downstream target of NCS-1 in this behaviour. Through a novel 

assay, a number of NCS-1 interacting proteins were assessed in regards to the 

paralysis phenotype. The assay was thoroughly characterised over a range of 

temperatures using a control and ncs-1 null mutant strain to identify reproducible 

effects, significant differences and high throughput analysis.  

 

Computational analysis of previously identified partner proteins of mammalian NCS-1 

were checked for the presence of C. elegans homologues (Lian et al., 2011, McCue 

et al., 2010b, Weiss and Burgoyne, 2001, Weiss et al., 2010). Exposure to a prolonged 

elevated temperature in a liquid solution allowed assessment of locomotion changes 

and behavioural alterations. Each of the C. elegans strains used in this research at 

room temperature showed normal thrashing rates, suggesting the liquid environment 

was not detrimental to the nematodes (Figure 4.17). 
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Previous research showed a slight but significant increase in locomotion when ncs-1 

null (qa401) animals were exposed to elevated temperatures (Martin et al., 2013), this 

was shown to be affected by the rhythmic temporary paralysis phenotype when 

assessed over a longer time frame, with N2 paralysing earlier than ncs-1 null (qa401) 

C. elegans. Thrashing was monitored every 5 minutes for 90 minutes, presenting a 

snapshot of the effect the paralysis phenotype has on C. elegans locomotion. The 

TDLA was adapted to specifically investigate the temporary paralysis phenotype 

through the time to paralysis and duration of first paralysis at elevated temperatures. 

Previously produced rescue strains, were able to recapture normal TDL behaviours 

close to N2 levels, suggesting NCS-1 in the AIY neuron is sufficient to rescue TDL 

behaviours.  

 

Using numerous C. elegans backbones, our attempts to recapture the TDL behaviours 

through RNAi, a process to disrupt mRNA transcription and hence protein synthesis 

(Fire et al., 1998), were unsuccessful. Using locomotion as the output, the positive 

controls which we expected to result in lethality or paralysis remained motile, albeit 

significantly decreased in the N2 and a cholinergic neuron specific RNAi strain (Wang 

et al., 2005, Firnhaber and Hammarlund, 2013); XE1581 C. elegans strains, with only 

hsp-1 RNAi having the complete desired effect in NL2099 (rrf-3) (Snutch et al., 1988). 

This is unsurprising as feeding RNAi has a low effect on neurons owing to their 

resistance (Timmons et al., 2001, Kamath et al., 2001, Kamath and Ahringer, 2003, 

Asikainen et al., 2005). Whilst XE1581 was thought to be ideal for testing the effect 

loss of NCS-1 had upon TDL behaviours, as the AIY neuron is the only cholinergic 

neuron expressing NCS-1, in this work we were unable to elucidate the optimal RNAi 

conditions. The absence of rrf-3, a putative RNA-directed RNA polymerase (RdRP) in 

the NL2099 C. elegans strain is designed for increased sensitivity to RNAi (Simmer et 

al., 2002, Simmer et al., 2003). This study identified and tested a number of potential 

targets for NCS-1 in the thermosensory neural network which are suitable for testing 

in the TDLA.   

 

Preliminary research suggested NL2099 to have a TDL phenotype, similar to that of 

ncs-1 null C. elegans. To date no temperature sensitive locomotive behaviours have 

been identified in NL2099 however the result from this study could be due to a small 
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sample size or through adult starvation affecting responses in their progeny (Rechavi 

et al., 2014). It is known that NL2099 has temperature sensitive sterility above 25oC 

(Simmer et al., 2002, Simmer et al., 2003). NL2099 is hypersensitive to somatic RNAi, 

whilst neuronal cells are more resistant to the RNAi treatment however loss of RdRP 

affects transcription and translation of many genes (Jia et al., 2009), it is unsurprising 

a TDL phenotype was identified in this strain, making this unsuitable for our TDL 

research. 

 

Research has already identified a role for TRP channels in relation to thermosensation 

in C. elegans (Chatzigeorgiou et al., 2010, Montell, 2005, Xiao et al., 2015, Xiao et al., 

2013, Zhang et al., 2015), this primarily focuses upon cold sensation and sensation 

using nocireceptors. Other NCS-1 binding partners in C. elegans have not been 

researched in depth in respect to thermosensation. Through the TDLA, strains from 

the CGC were assessed for their TDL behavioural patterns, with grk-2 and arf-1.2 not 

being significantly different from N2 wild-type nematodes for the outlined parameters. 

Loss of these proteins might be rescued by other non-redundant proteins however 

without more detailed structural data regarding the protein-protein interactions at 

elevated temperatures, no firm conclusions can be made regarding this.  

 

Binding partners which did replicate the ncs-1 null phenotype included pifk-1, arf-1.1, 

trp-1 and trp-2 without being lethal, with pifk-1 null worms showing a remarkable delay 

in the onset of paralysis. It is known that NCS-1 and PIFK-1 interact (Kapp-Barnea et 

al., 2003, Zhao et al., 2001, Taverna et al., 2002). It is also intriguing that arf-1.1 which 

is known to interact with of both NCS-1 and PIFK-1 (Petko et al., 2009, Haynes et al., 

2005, Haynes et al., 2007) also had a mutant thermosensory behaviour phenotype. 

As ARF-1.1 has roles in vesicle transport, dysfunction in this could lead to abnormal 

behaviours.  

 

Of interest, the arf-1.1 mutant worms grew slower than other worms suggesting an 

important role in development and growth for arf-1.1. Double mutants were generated, 

where possible from the initial TDLA hits to identify if these were operating through a 

single or separate pathways. Here the research was not looking at thermoavoidance 

but rather thermosensation, which are controlled by two different neuronal circuits 

(Ghosh et al., 2012, Glauser, 2013). 
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A double mutant between pifk-1 and ncs-1 was not generated as these are both 

present on the X-chromosome of C. elegans in close proximity. Using XA406 (ncs-1 

null) as the genetic backbone, double mutants with trp-1, trp-2 and arf-1.1 were 

generated and assayed for their TDL behaviours and compared to their single mutant 

counterparts. Double mutants including trp-1 or trp-2 did not alter TDL behaviours yet 

those with arf-1.1 showed an intermediary phenotype in this assay. Both NCS-1 and 

ARF-1.1 interact with PIFK-1. The TDL effect of the ncs-1 and arf-1.1 double mutant 

suggests a relationship between PIFK-1, ARF-1.1 and NCS-1. At this time more 

research is needed to confirm a genetic interaction between these proteins and their 

effects on TDL behaviours.  

 

In summary, a number of proteins could be involved in TDL as removal of these alter 

the paralysis phenotype parameters. This is unsurprising as multiple neurons are 

required for correct locomotive processes (Gjorgjieva et al., 2014). During this 

research, in an attempt to remove bias, N2 animals were tested on each experimental 

day alongside the test animals and were blinded before experiments were conducted. 

This reduced the likelihood of bias and ensured that any extraneous variables which 

occurred between experimental days were accounted for.  

 
Injection of overexpression plasmids containing arf-1.1 or ncs-1 was thought to be 

successful through correct expression of EGFP in progeny. To fully confirm presence 

of the over-expression construct, qPCR should be completed. Initial qPCR 

experiments were conducted using primers designed against the ncs-1 deletion site 

outlined in (Gomez et al., 2001) however, at this time further research is required to 

elucidate the relationship present between NCS-1, ARF-1.1 and PIFK-1 in the C. 

elegans TDL behaviour phenotype at a genetic level. Rescue using 40 ng was deemed 

to be detrimental as it resulted in poor growth and fewer progeny, hence a more 

significant rescue may have been masked by this toxicity. When rescuing with 10 ng 

of the overexpression construct, arf-1.1 overexpression in N2 decreased paralysis 

duration with no effect on the onset of paralysis. This may infer two distinct 

mechanisms controlling thermosensitive paralysis.  
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Rescue experiments in qa401 (ncs-1 null) resulted in a decreased onset of paralysis 

with no change in the duration of paralysis. With NCS-1 and ARF-1.1 both able to 

regulate PIFK-1, an interplay between these may control different aspects of the 

thermosensory paralysis phenotype. Unsuprisingly, expression of arf-1.1 within the 

arf-1.1 mutant backbone showed a partial rescue for both start and duration of 

paralysis towards N2 levels, albeit incomplete as arf-1.1 is expressed elsewhere in C. 

elegans.  
 

When analyzing the ncs-1 and arf-1.1 double mutant rescue effects, arf-1.1 re-

expression caused no alteration regarding the onset of paralysis however the duration 

of paralysis was decreased, similar to the ncs-1 single mutant levels, supporting the 

hypothesis of two distinct mechanisms for thermosensory paralysis. In these 

experiments, rescuing effects seemed dependent on the genetic backbone.  

 

From the information gathered for the paralysis phenotype, we are left with two 

hypotheses. Firstly that the start and duration of paralysis are controlled by two 

different mechanisms as rescue effects did not affect both parameters. Secondly the 

temporary paralysis could be a decision making process, when stressed to save 

energy; nematodes stop moving to save energy whilst the stress is present, since the 

stress is prolonged C. elegans regain movement to avoid the stressor. This second 

hypothesis is however difficult to assess, with the assay being dependent on 

thermosensation which is affected by many factors, including humidity and the 

gradient at which temperature is altered (Kimata et al., 2012, Hedgecock and Russell, 

1975, Jurado et al., 2010). 

 

Finally, the relevance of testing a mammalian PI4K inhibitor (PIK-93) on C. elegans 

assists in elucidating whether PI4K acts within the TDL pathway downstream of NCS-

1. Optimal conditions were characterised through using 1 % DMSO and treating C. 

elegans in 19 μM PIK-93 for 1 hour. Metabolomic studies could be used to investigate 

further the accumulation of PIK-93 in the treated C. elegans. With no additive effect 

shown in the ncs-1 null (qa401) or pifk-1 null (tm2348) C. elegans, under these 

conditions for either the onset or duration of paralysis; this is supporting evidence for 

these both being present in the TDL pathway.  
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4.4 Conclusion 
 

In conclusion, TDL behaviours in C. elegans require NCS-1 expression in the AIY 

neuron. Loss of NCS-1 perturbs the thermosensory neural network. In this research 

we were unable to use RNAi to recapitulate the ncs-1 null TDL phenotype however 

through the TDLA, a number of potential NCS-1 binding partners were analysed for 

their TDL behaviour patterns. Of those, a sub-set were taken forward and double 

mutants generated with ncs-1. Through this, arf-1.1 and ncs-1 showed an interesting 

phenotype. It is possible a complex interplay between NCS-1, ARF-1.1 and PIFK-1 is 

present in respect to TDL behaviours. 
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5.1	Discussion	
 

To fully understand how Ca2+ signaling relates to changes in neuronal function and in 

turn how this drives behavioural responses, the first task is to fully map Ca2+ dependent 

signaling pathways and to identify the essential proteins involved. Previous work in 

model organisms has shown the critical importance of the Ca2+-sensor protein NCS-1 

in thermotaxis and locomotion changes in response to an elevated temperature 

regime (Gomez et al., 2001, Martin et al., 2013). C. elegans has proven extremely 

useful in the study of cellular and genetic mechanisms underlying neurosensory 

perception and neuroethology and work using this system has increased our 

knowledge of these processes in recent years. The ability to genetically manipulate 

protein expression specifically in C. elegans, and with a completed neuronal network 

map, cellular mechanisms underlying specific behaviours have begun to be elucidated 

at the organismal level in C. elegans.  

 

Use of the novel TDLA developed over the course of this thesis, allowed a more 

detailed examination of potential genetic/cellular mechanisms which permit C. elegans 

to adapt to harsh temperatures. Whilst the TDL phenotype is an adaptive response it 

is also a thermosensory-driven behaviour in an extended exposure to a lethal high-

temperature environment. Initially the nematode acts normally at the elevated 

temperature, thrashing when placed in Dents solution. After some time, however, the 

worms stop moving. We hypothesise that this is to conserve energy or an attempt to 

endure the stressful environment. Upon further exposure to the elevated temperature, 

the animals begin to move normally, potentially to escape the environmental stress.  

 

This new assay provides quantitative assessment of both the time to paralysis and in 

an extension to this, the duration of the initial paralysis before the animals resume 

movement. Through this it was feasible to compare temperature dependent 

phenotypes between different C. elegans strains. The assayed behaviour uses the 

thermotaxis response of C. elegans involving the AIY and AFD neurons (Nishida et 

al., 2011, Kimata et al., 2012, Mori et al., 2007, Sasakura and Mori, 2013, Sasakura 

et al., 2013). The TDL behavioural assay differs in respect to its genetic requirement 

when compared to the thermotaxis and temperature avoidance behaviour as 
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temperature avoidance lacks the requirement for NCS-1 whilst thermotaxis is affected 

by genes not necessary for the TDL response.  

 

A number of NCS-1 binding partners have been identified including PI4KIIIβ 

(Hendricks et al., 1999), IP3R (Weiss et al., 2010, Bootman, 2007, Burgoyne, 2007, 

Burgoyne and Haynes, 2010, Burgoyne and Haynes, 2014), Dopamine D2 receptor 

(D2R) (Lian et al., 2011) and IL1RAPL1 (Handley et al., 2010). Other interactions have 

been postulated through various functional and protein-protein binding analyses 

including ARF-1.1, TRP channels and the PQ VGCCs as part of the CaV2.1x family. 

As PQ null C. elegans present a paralysed phenotype, two different approaches were 

incorporated in this work to characterise NCS-1 interactions resulting in the identified 

TDL behaviour.  

 

The first portion of this work, investigating the PQ type channels interacting with NCS-

1 used cell culture based techniques and cameleon FRET sensors to potentially study 

Ca2+ signals in C. elegans without presenting a lethal/severe paralysis phenotype 

whilst the second part of this work used physiological studies of C. elegans to analyze 

behavioural patterns.  The PQ interaction was initially identified using the Drosophila 

form of NCS-1 (frequenin) through reverse genetics (Dason et al., 2009, Dason et al., 

2012). The development of novel cameleons as tools to investigate the NCS-1 & PQ 

interaction in the living nematode was one of the primary aims of this section of 

research, to develop a new FRET sensor which could be used in the nematode, we 

first wanted to establish an interaction in cells.  

 

Using biochemical methods, the first aims of the project were to create unique 

myristoylated vectors with colour tags which then had NCS-1 or the IM/ IQ domain of 

the PQ VGCC added into them; cloning and protein expression were confirmed 

through sequencing and Western blotting respectively. The addition of the 

myristoylation domain assisted in producing a physiologically relevant pool of NCS-1 

and PQ as both are present on PMs. These tools were then applied to identify potential 

interactions between NCS-1 and PQ in cells. Proposed interactions between the EF-

hand containing Ca2+-sensor proteins, including NCS-1, and the PQ VGCC have 

previously been identified through functional studies (Lian et al., 2014, Yan, 2014) 

however prior to this project the interaction was merely proposed. In respect to CaM, 
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CaBP-1 and VILIP-2; these bind to the IQ/ IM domain and / or the CBD domains 

present on the C-terminal tail of the channel (Burgoyne and Haynes, 2012, Lee et al., 

1999, Lee et al., 2000, Lee et al., 2002, Kim et al., 2008, Liang et al., 2003, DeMaria 

et al., 2001, Peterson et al., 1999, Yang et al., 2006).  

 

Using myristoylated constructs in co-transfection experiments, co-localisation of the 

colour-tagged plasmids was observed in a number of cell lines. HeLa cells and a 

neuronal cell line (N2A) showed examples of co-localisation of PQ with members of 

the CaBP family, NCS-1 and also a potential interaction between PQ and CaM. This 

interaction is based on mammalian systems however with the NCS family showing 

high conservation, it may be possible this interaction is conserved through evolution.  

 

Through a range of live cell imaging techniques, an altered kinetic profile of membrane 

localisation was identified when co-transfection of myr-PQ and myr-NCS-1 were 

present within cells. Due to the complexity of FRET and FRAP based techniques these 

were unable to distinguish a kinetic profile change. FRET is a sensitive method for 

studying dynamic protein-protein interactions in cells. This technique is based on the 

close proximity (1-10nm) of donor-acceptor fluorophores, a parameter that can be 

influenced by a number of factors including fluorophore orientation and relative 

mobility.  It should therefore be noted that absence of a FRET response is not definitive 

proof of a lack of protein-protein interaction.  

 

FRAP, like FRET relies on protein-protein interactions with the added issue of protein 

translocation within a specific area as well as protein quantity. With FRAP, the kinetic 

profiles of the proteins are under scrutiny as is the membrane fluidity. This could 

therefore not show an interaction between proteins if the proteins are too far from each 

other or in the incorrect orientation. These are also transient interactions as the 

proteins are moving into a photobleached region. The kinetic profiles of the bleached 

proteins may prevent identification of protein-protein interactions in FRAP 

experiments.  

 

If the cameleon constructs had been reproducible in cells, future work in this section 

of the project would be to create neuronally targeted plasmids for C. elegans to study 

Ca2+ changes and interactions between NCS-1 and the PQ channel in more detail in 
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specific neurons. This would allow the study of Ca2+ signaling in living C. elegans under 

different environmental conditions e.g. extreme heat, changed humidity or when 

placed in starved / overcrowded environments. Developmental and behavioural 

insights could be extracted from this work if the constructs worked reproducibly. As 

mammalian proteins can also be expressed in C. elegans this base model could be 

used to study protein-protein interactions which would be directly applicable to 

humans and other mammalian species.  

 

Through the course of these experiments, a kinetic change of their membrane mobility 

was observed for NCS-1 with PQ through FLIP based live cell experiments. This was 

further supported by the identification of punctate structures present in co-transfected 

cells which appeared to co-localise NCS-1 into these structures, NCS-1 positive 

punctate structures were not present when myr-NCS-1 was transfected into cells on 

its own indicating a positive interaction between NCS-1 and PQ (Lian et al., 2014). 

This further supports that the interaction domain between NCS-1 and PQ is the IM/ IQ 

domain on the PQ VGCC (Lian et al., 2014, Burgoyne and Haynes, 2014, McCue et 

al., 2010b). Protein interactions using live cell techniques were problematic and do not 

provide any information regarding the structural changes when interactions occur. For 

the purpose of this thesis, our focus was upon identifying whether the two proteins 

were able to bind within cells and not specifically investigating the structural changes 

which occur upon binding. 

 

Based on the results of FLIP analyses it was decided that a novel NCS-1 based 

cameleon related probe would be developed with the intention of generating a high-

resolution cell based sensor for NCS-1/PQ interactions which could be introduced into 

C. elegans in future functional studies. This construct incorporated a short variant of 

the PQ channel C-terminal domain containing the IQ/ IM domain and the full length 

NCS-1 in an example of intramolecular FRET (Allen et al., 1999, Atkin et al., 2009, 

Hendel et al., 2008, McCue et al., 2013, Nagai et al., 2004, Palmer and Tsien, 2006). 

This NCS-1 based FRET probe contained a PQ domain that was still greater than 

double the length of the M13 peptide present in the original cameleon probes. This 

potentially increased the distance between the CFP/YFP donor acceptor fluorophores 

which could account for difficulty in detecting FRET using this construct. We were able 

to identify a partial effect when using the cameleon which included the shorter version 
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of the PQ domain yet not when the longer PQ domain was added to the cameleon 

construct.  

 

This first part of this thesis provides, with the proven interaction between NCS-1 and 

PQ at the IQ/ IM domain, a biochemical foundation for further functional research to 

be conducted. Future work will aim to optimize the NCS-1 cameleon constructs for 

future cell based studies. This would also allow detailed analysis of in vivo NCS-1/PQ 

specific calcium signaling in various behavioural pathways including the TDL 

behaviour investigated in the second half of this thesis.  

 

The second part of this thesis carried on from previous work in the laboratory (Martin 

et al., 2013) to further characterise the TDL behaviour identified in C. elegans when 

placed under extreme prolonged high temperature. C. elegans has been extensively 

used as a simple neuronal model and has also been used to characterise the functions 

of a number of proteins including NCS-1. Throughout the past 40 years the 

thermosensory neural network and the requirement of NCS-1 in this has been studied 

intensely (Gomez et al., 2001, Hedgecock and Russell, 1975). Localisation of NCS-1 

is predominately in sensory neurons of C. elegans and its expression in the AIY 

neurons is required for its functions in IT, memory and elevated locomotion at a raised 

temperature (Gomez et al., 2001, Martin et al., 2013).  

 

Through the modified version of the TDLA, the reversible paralysis phenotype was 

investigated further following on from the knowledge that the N2 animals showed an 

earlier onset of paralysis which was longer in duration than the ncs-1 null C. elegans. 

With this identifiable behavioural phenotype between different C. elegans strains and 

with the knowledge that NCS-1 regulated TDL behaviours in the AIY neuron, a number 

of proposed NCS-1 binding partners were investigated for their involvement in this 

pathway based on clues from the mammalian interactome. By testing a number of C. 

elegans strains with mutations in different proteins taken from the mammalian 

interactome, potential downstream partners of NCS-1 in the TDL behaviour were 

investigated for their TDL behavioural phenotypes. 

 

Multiple potential targets for NCS-1 regulation in response to Ca2+ signaling have been 

identified, with the most characterised target being the dopamine D2 receptor which 
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has a clear effect on  behaviour in mice (Pandalaneni et al., 2015, Saab et al., 2009, 

Ng et al., 2016). Prior to this research, no NCS-1 target protein interactions have been 

directly examined through cellular or biochemical assays specifically for C. elegans 

proteins, with the majority of research being completed on mammalian proteins. With 

C. elegans, the ability to use genetic approaches to study the involvement of potential 

target proteins in a behavioural phenotype at an organismal level, allows assignment 

of a functional role for NCS-1 interacting partners in a specific physiological process. 

 

Interestingly, the C. elegans NCS-1 shares 76% identity with the human protein. It is 

therefore worth investigating orthologues of the other partner proteins present in C. 

elegans. Those which were established and tested in this thesis were ARF-1.1 (61% 

identity), ARF-1.2 (94% identity), GRK-2 (67% identity), PIFK-1 (31% identity), TRP-1 

(40% identity) and TRP-2 (47% identity). These proteins show high conservation and 

therefore we can postulate that the interactions could be conserved between C. 

elegans and humans as has been established for many other protein-protein 

interactions. It is relevant to establish whether the functional interaction between NCS-

1 and PI4KIIIβ orthologues is conserved from Yeast to mammalian proteins.  

 

Through biochemical approaches a three-way interaction has been established 

between NCS-1, ARF-1.1 and PI4KIIIβ, and shown to affect secretory function in non-

neuronal mammalian cells (Petko et al., 2009, Haynes et al., 2005). The interaction 

between NCS-1 and ARF-1 in a neuronal functional role is yet to be established.  

Through this current project we identified a role for ARF-1 in the TDL behaviour and 

to be involved in this behaviour within the AIY neuron, where NCS-1 also functions in 

TDL behaviours. Mutant strains which were analysed contained mutations for four of 

the potential NCS-1 targets (arf-1.1, pifk-1, trp-1 and trp-2) as these showed similar 

phenotypes to the ncs-1 null C. elegans. One issue which was present within this 

project was that for pifk-1 and trp-2 only one mutant strain was tested. Further support 

for pifk-1 as the potential target was through the use of PIK-93 (an inhibitor of PI4KIIIβ) 

which extended the time to paralysis and shortened the duration of paralysis when N2 

C. elegans were treated while this had no effect on the ncs-1 null or pifk-1 null C. 

elegans. This suggests an involvement of pifk-1 in the TDL behaviour in the same 

pathway as ncs-1.  
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In the TDLA, three of the mutants tested had the most similar phenotype to the ncs-1 

null C. elegans (arf-1.1, trp-1 and trp-2). Double mutants were generated and tested 

using the TDLA. For the trp-1 or trp-2 double mutants with ncs-1, no additive effect 

was shown in regards to the phenotype suggesting these operated in the same 

pathway. When considering the arf-1.1 ; ncs-1 double mutant however this showed 

interactions of an intermediate phenotype when compared to their single mutants. This 

genetic interaction is a form of reciprocal sign epistasis whereby two deleterious 

mutations or genes are more beneficial when together than when mutated alone as 

both mutations impact on the same process. From these results we can hypothesise 

that both NCS-1 and ARF-1.1 act together to regulate the TDL behaviour.  

 

Through over-expression experiments, testing to see if ARF-1.1 acts in the AIY 

neurons, we established that over-expression of ARF-1.1 in the AIY neurons alone 

was sufficient to rescue the TDL phenotype to a similar extent as the pan-neuronal 

rab-3 expression of ARF-1.1. Whilst ARF-1.1 is expressed in many cells, our focus 

was solely on the neuronal expression of ARF-1.1. The arf-1.1 dependent phenotype 

is dependent on the ARF-1.1 function in the AIY neurons. The physiological relevance 

of an interaction at a genetic level could strengthen future proposed methods of action 

regarding TDL behaviours. Overexpression of ARF-1.1 in AIY neurons when 

introduced into the ncs-1 null C. elegans was able to rescue the onset of paralysis to 

a greater extent than the duration of paralysis, paralleled in the ncs-1 over-expression 

in the ncs-1 null C. elegans. With this we can suggest that the AIY neurons are more 

important in respect to regulating the onset of paralysis as opposed to the duration of 

paralysis in the TDL assay.  

 

It is unsurprising that the pathway for onset and duration of paralysis remains to be 

fully elucidated as this behaviour most likely involves many stages from temperature 

sensation through to processing the sensation, motor output and muscle contraction. 

The two parameters most likely involve multiple genes and cells, some common 

between the two processes and some being distinct to each parameter. As NCS-1 

expression within the AIY neurons alone is sufficient to rescue both parameters, it 

appears more complex than this as our data suggests different cells and genes are 

involved as the rescue experiments only appeared to produce a partial rescue; this 
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was shown with the arf-1.1 rescue experiments potentially suggesting an involvement 

of non-neuronal arf-1.1 in this behaviour.  

 

The work outlined in this thesis provides a good basis for future work to further 

characterise the downstream target protein of NCS-1 in TDL behaviours. Of interest 

directly to this project would be the generation of a triple mutant C. elegans through 

Clustered Regularly interspaced short palindromic repeats (CRISPR) and identify the 

effect this has on the TDL behaviours. One would expect no change to occur in the 

TDL behaviour in the triple mutant as these all appear to act in the same pathway, 

however with the effect seen in the arf-1.1 ncs-1 double mutant, a triple mutant would 

be of interest within the scope of this research. With this data more targeted 

experiments could be conducted looking at different cells and the proteins within those 

cells to form a more complete TDL pathway. As these have all been identified as 

physiologically important in C. elegans TDL behaviour, more specific rescue 

experiments could be conducted i.e. rescuing pifk-1 in AIY neurons and identifying 

whether this rescued the TDL behaviour. Further future work from this project would 

look at further targeting cameleons constructs into C. elegans neurons and 

investigating the Ca2+ signal under elevated temperatures in the AIY neuron and pan-

neuronally to identify neuronal responses in this stressor and in response to other 

stressors such as humidity. 
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5.2	Proposed	mechanism	of	action	
 

From the information gathered during this project, the relationship between NCS-1, 

ARF-1.1 and PIFK-1 is yet to be fully elucidated. It is thought that in C. elegans NCS-

1 acts in the AIY neuron, supported by previous research (Martin et al., 2013). A 

potential genetic interaction has been identified between NCS-1 and ARF-1.1 

suggesting these are acting in the same neuronal pathway resulting in the identified 

paralysis behaviour. From this research, the proposed model is identified below with 

NCS-1, ARF-1.1 and PIFK-1 all acting within the AIY neuron.  

 

NCS-1 in the C. elegans nervous system acts to generate a plethora of downstream 

behaviours, many of which are yet to be fully elucidated. With the model organism C. 

elegans being heavily researched, mechanisms of action of specific proteins are 

beginning to be understood however much remains to be elucidated. In respect to the 

identified paralysis phenotype, a complex interaction between NCS-1, ARF-1.1 and 

PIFK-1 has been proposed with NCS-1 signaling upstream of PIFK-1, potentially 

through ARF-1.1, however more research is required to fully establish this overall 

pathway.  

 
Figure 5.1: Proposed mechanism of action for NCS-1 in TDLA. From the information gathered in 

this project, NCS-1 is thought to act within the AIY neuron in a signaling pathway involving both ARF-

1.1 and PIFK-1 resulting in downstream signaling which results in the paralysis phenotype. Loss of 

NCS-1 delays the onset of paralysis and extends the duration of paralysis, phenotypes which are both 

copied in the ARF-1.1 and PIFK-1 null C. elegans. This model is still preliminary as more research is 

required to fully elucidate this pathway. PIFK-1 is believed to be the terminal protein of the three 

analysed as part of this project.  
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5.3	Conclusion	
 

In conclusion, this study has also confirmed an interaction between NCS-1 and PQ in 

a cellular setting through fluorescence based optical techniques. This study has also 

characterised a quantifiable assay for TDL behaviours utilizing a newly identified novel 

paralysis phenotype. Significantly, work in this thesis has investigated the significance 

of a number of potential downstream target proteins of NCS-1 in the TDL behaviour 

and as such has provided a more detailed functional role for NCS-1 partner proteins 

in a physiological context.  
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