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Abstract 

Title: Rescuing the paralysed phenotype of unc-18 (e81) null mutant C. elegans 

Author: Khoula Afzal 
 
 
Munc-18 (also known as STXBP1) functions as a core component of the fusion 

machinery at the presynapse, with a role in several stages of the vesicle cycle. In 

humans, heterozygous de novo mutations in Munc18-1 are associated with infantile 

epileptic encephalopathy, however, there is currently no cure for the disorder. This 

investigation was interested in whether the function of Munc18-1 could be bypassed 

if it was completely dysfunctional. As null mutations in Munc18-1 and its homologues 

in several organisms such as yeast and mammals are unviable, the C. elegans 

nematode was chosen as the model organism. C. elegans remain viable yet 

demonstrate a severely paralysed phenotype. Prior to this work, ethyl 

methanesulfonate mutagenesis (EMS) of unc-18 (e81) null mutants led to the 

discovery of a mutant, termed unc-18 rescue, in which locomotion appeared 

indifferent from wild-type. Whole genome SoLiD sequencing confirmed the presence 

of the unc-18 (e81) mutation in the unc-18 rescue mutant, as well as two novel 

mutations in dgk-1 (ulv1) and sorf-2 (ulv2), and a third mutation in sorf-2 (ulv3), 

which were all hypothesised to be putatively involved in the unc-18 rescue 

phenotype. In this investigation, behavioural analysis confirmed that locomotion of 

unc-18 rescue mutants was successfully restored to wild-type levels when on a 

surface, but not when in solution. Expression of wild-type dgk-1 in unc-18 rescue 

mutants reversed improvements in locomotion, confirming the necessity of the dgk-1 

(ulv1) for the unc-18 rescue phenotype. However, diacylglycerol kinase (DGK) 

inhibition or elevated diacylglycerol (DAG) in unc-18 (e81) null mutants did not 

improve locomotion suggesting the necessity of another gene. Transgenic 

expression of wild-type sorf-2 reduced the rate of locomotion and confirmed the 

necessity of sorf-2. Together, sorf-2 RNAi and dgk-1 inhibition successfully improved 

locomotion in unc-18 (e81) null mutants, but not in unc-18 (e81) null mutants lacking 

the sorf-2 (ulv3) mutations, or in alternative unc-18 null mutants, suggesting unc-18 

(e81) null specificity for the rescue phenotype. Further, 1H nuclear magnetic 

resonance (NMR) spectroscopy was able to successfully identify differences in lipid 

and polar metabolite abundance between wild-type, unc-18 (e81) null, and unc-18 

rescue worms, highlighting the importance of lipid pathways in physiological 

processes. Together these findings confirmed the necessity of the dgk-1 (ulv1) and 

sorf-2 (ulv2 and ulv3) mutations in the unc-18 rescue phenotype and suggest that 

the unc-18 rescue phenotype is produced by the combined efforts of proteins and 

lipids which bypass the function of unc-18 in synaptic vesicle fusion. 
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1.1 Thesis overview 
 

 
Munc-18 (also known as STXBP1) functions as a core component of the fusion 

machinery at the presynapse, with functions in several stages of the vesicle cycle 

(1–4). Through interactions with key proteins on the vesicle membrane 

(synaptobrevin 2) and on the target membrane (syntaxin-1 and synaptosomal- 

associated protein 25), Munc18-1 regulates the fusion and release of synaptic 

vesicles (5–7). In humans, heterozygous de novo mutations in Munc18-1 were first 

described in early infantile epileptic encephalopathy (8) and have since been linked 

to intellectual disorders, neurodegeneration, and movement disorders. To date, there 

have been more than 100 different variants of STXBP1 identified in patients with 

epileptic encephalopathies, including missense mutations, truncating mutations, and 

partial or whole gene deletions (9). Due to lack of understanding of STXBP1-related 

disorders, there is no cure for epileptic encephalopathies, which results in high 

mortality and morbidity (10). This investigation aimed to investigate whether the 

function of Munc18-1/unc-18 could be bypassed if it is completely dysfunctional. Null 

mutations in Munc18-1 and it’s homologues in several organisms have been found to 

be unviable (11–13). However, null mutations in the C. elegans homologue, unc-18, 

result in paralysis yet the worms remain viable. Therefore, C. elegans was chosen as 

the model organism for this investigation. Prior to the work described in this thesis, 

ethyl methanesulfonate (EMS) mutagenesis of unc-18 (e81) null mutants was carried 

out to identify novel mutants with differing phenotypes. EMS mutagenesis led to the 

discovery of a mutant, termed unc-18 rescue, in which locomotion had been 

restored. Whole genome SoLiD sequencing confirmed the presence of the unc-18 

(e81) mutation in the unc-18 rescue mutant, as well as two novel mutations in dgk-1 

(ulv1) and sorf-2 (ulv2), which were hypothesised to be putatively involved in the 
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unc-18 rescue phenotype. Through a series of behavioural, pharmacological and 

metabolomic approaches, the work in this thesis aimed to address the following 

aims: 

 
▪ validate successful restoration of locomotion in unc-18 rescue mutants 

relative to locomotion in wild-type C. elegans 

▪ identify whether the dgk-1 (ulv1) mutation is required for the restoration in 

locomotion, and explore whether it would be sufficient to produce the rescue 

phenotype 

▪ identify whether the sorf-2 (ulv2) is required for the restoration in locomotion, 

and explore whether it would be sufficient to produce the rescue phenotype 

▪ investigate the molecular mechanism involved in the restoration of locomotion. 
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1.2 The secretory pathway 
 
 

 
Eukaryotic organisms rely on a process of membrane trafficking to maintain cellular 

functions. Key to this process is the secretory pathway; the transport of molecules 

from the cellular to the extracellular space. The ability of eukaryotic organisms to 

secrete neurotransmitters, hormones and other secretory substances is vital for 

survival. Particularly for multi-cellular eukaryotes, careful regulation is required for 

the complex organisation and function of the various tissues and organs. In humans, 

the function of the secretory pathway is essential for maintaining normal physiology. 

Dysfunction of this pathway can give rise to several diseases, such as cancer, 

diabetes, congenital neurodegenerative disorders, as well as Parkinson’s disease 

(14). 

 
The transport of vesicles relies on two key processes – the formation of transport 

vesicles, and the fusion of the vesicle carriers with appropriate organelles (15). At 

the end of the vesicle transport pathway is the process of exocytosis through which 

the contents of the vesicles are released into the extracellular space. Exocytosis can 

either occur in a constitutive or regulated manner. Constitutive exocytosis occurs in 

all eukaryotic cell types and provides a continuous flow of secretory molecules. In 

this form of exocytosis, vesicles undergo exocytosis as soon as they reach the 

plasma membrane, in absence of any stimuli. Conversely, in regulated exocytosis, 

vesicles cluster beneath the cell membrane until exocytosis is triggered by a signal 

(16), which allows the release of a high abundance of molecules in a short period of 

time. Regulated exocytosis can occur as two types; slow onset release, which 

usually occurs for the release of hormones, or fast onset which is limited to 
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membrane fusion at neuronal synapses (17). Slow onset release occurs over a large 

cell surface area for a longer period, ranging from seconds to minutes (18), while fast 

exocytosis release occurs at distinct locations at the plasma membrane, releasing 

standardised amounts of neurotransmitters within milliseconds (17). These two types 

of exocytosis also differ in terms of the vesicles that transport the cargo. For slow 

onset release, vesicles known as secretory granules tend to have variable sizes but 

are generally large with diameters >100 nm, while synaptic vesicles are smaller and 

more uniform in size with diameters of approximately <50 nm (5). Generally, 

regulated exocytosis is triggered by Ca2+ influx through voltage gated Ca2+ channels 

following depolarisation of the membrane. This commonly occurs in nerve and 

endocrine cells, however in other cell types, exocytosis is triggered by hormones and 

intracellular messengers (19,20). For synaptic vesicle exocytosis, rapid 

depolarisation and repolarisation produces an action potential which travels to the 

presynaptic terminal (21). Once arrived at the presynaptic terminal, the onset of 

exocytosis occurs within 100 s (22). For this to occur, a pool of readily releasable 

vesicles must be available at the plasma membrane (19). Regardless of differences, 

regulated exocytosis, in any form, is carefully mediated by molecular machinery 

which allows the successful release and recycling of vesicles. 

 

1.2.1 The secretory stages leading to exocytosis 
 

 
Before exocytosis can occur, vesicle cargo must first be synthesised and packaged 

into the vesicles. Once packaged, vesicles are transported to the plasma membrane, 

ready for their release. The majority of transmembrane proteins, except those of the 

mitochondria, will reach their final destination through this pathway, which comprises 

the endoplasmic reticulum (ER), Golgi complex, and plasma membranes. In yeast 
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and plant cells, vacuoles also make up the pathway, while mammalian cells contain 

lysosomes (23). The main entry site for most secretory pathway proteins is the ER, 

which creates an appropriate environment for the folding, assembly, maturation and 

degradation of soluble and membrane proteins. It is an extensive membrane-bound 

organelle made up of a network of cisternae which stretch through the cytoplasm 

and can be subdivided into two structurally distinct domains: the rough ER, covered 

by ribosomes, and the smooth ER. While the cisternae of the two domains can be 

connected and contain similar proteins, some proteins, such as the yeast Sec16p 

complex, are localised only to the rough ER (23,24). This mechanism also applies to 

the control of the secretory pathway for synaptic vesicle secretion, however, there 

are differences in the organisation and distribution of organelles due to the larger 

distances involved (25,26). In addition to the components already mentioned, the 

synaptic vesicle secretory pathway also comprises additional membrane-bound 

intermediates that allow transport between compartments in a highly regulated 

manner (27). Several electron microscopy studies have revealed the presence of a 

continuous endomembrane network of ER spanning the soma, dendrites, axons, and 

even reaching within dendritic spines in some cases (28–31). The ER-Golgi 

intermediate compartment (ERGIC) is composed of structures which form sorting 

stations of anterograde and retrograde cargoes that are interconnected by highly 

mobile elements. Individual ERGIC units communicate laterally through rapidly 

forming and dissipating tubules and vesicles. Important for the activity at the ERGIC 

are protein coats such as COPI and COPII, which function in the early stages of the 

secretory pathway. COPII controls transport from the ER to the ERGIC, while the 

subsequent sorting within the ERGIC is controlled by COPI (32). Furthermore, 

present at the ER are several mechanisms which retain the ‘home’ proteins while 
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allowing other proteins to exit the ER and make their way to the next stage in the 

secretory pathway, which occurs at the Golgi complex (23). Proteins enter the Golgi 

complex at its cis face (entry face) which is usually oriented towards the nucleus 

(33). They are then transported through the complex and undergo post-translational 

modification by processing enzymes such as glycosyltransferases and 

sialyltransferases (34). Following modification, the proteins exit the Golgi through its 

trans face (exit face), packaged in vesicles which are formed by budding. In 

mammalian cells, the complex consists of stacks of cisternae which are connected 

by tubulovesicular regions (35,36). In some yeast however, such as Saccharomyces 

cerevisiae, there are scarce cisternae, and instead, the Golgi units are made up of 

tubular networks (37,38). The role of the Golgi complex is to further process and sort 

proteins for transport to their designated destinations, such as lysosomes or the 

plasma membrane (27). 

 

1.2.2 Synaptic vesicle exocytosis 
 
 

 
Neurotransmitter release is initiated through an action potential, which depolarised 

the resting membrane potential, and results in the opening of voltage-gated Ca2+ 

channels in the presynaptic membrane. Following the opening of these channels, a 

rapid influx of Ca2+ into the presynaptic terminal facilitates the fusion of synaptic 

vesicles to the presynaptic membrane, which then results in the release of 

neurotransmitters into the synaptic cleft. The neurotransmitters diffuse through the 

cleft, binding to their respective receptors on the post-synaptic membrane and 

producing a post-synaptic electrical signal (4). Current models of synaptic vesicle 

exocytosis segment the process into several steps – docking, priming, fusion, and 
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exocytosis – which are carefully regulated by proteins that are present on, and in 

close proximity to the synaptic vesicle and the presynaptic membrane (4,39). Before 

exocytosis can occur, vesicles move towards the presynaptic plasma membrane 

where they are docked and primed for fusion (39,40). The process of docking and 

priming includes a subset of proteins including Rab proteins, CAPS protein, Munc18, 

and tomosyn (41). Following the docking of vesicles to the presynaptic membrane, 

priming alters vesicles from a fusion-incompetent state to a fusion-competent state 

after which they become responsive to Ca2+ (4). Synaptic vesicle exocytosis is 

restricted to the active zone (Figure 1.1), a section of the presynaptic membrane, 

which lies at the interface between the presynaptic membrane and synaptic cleft. 

Here, core synaptic proteins are concentrated and function to transform a 

presynaptic action potential into the release of neurotransmitter signal (21). These 

proteins include Munc18, soluble N-ethylmaleimide-sensitive factor activating protein 

receptor (SNARE) proteins (synaptosomal-associated protein of 25 kDa (SNAP-25), 

synaptobrevin (VAMP), and syntaxin-1) (4,42,43); as well as Rab6 interacting protein 

(ELKS), RIM, and Munc13 (21,44) (Figure 1.1). 



 

 
 
 

 
Figure 1.1. Schematic of the active zone with key proteins involved in synaptic vesicle fusion. At 

the active zone, vesicles are docked and primed before fusing with the presynaptic membrane and 

releasing their neurotransmitter contents. An in-depth description of the proteins involved in these 

processes has been provided in the text. Ca2+=calcium; GTP=guanosine triphosphate; RIM=rab 

interacting molecule; RIM-BP=RIM binding proteins; SNARE=soluble N-ethylmaleimide-sensitive-

factor attachment protein receptor. Adapted from Sudhof et al, 2012. 

2
3
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1.3 Soluble N-ethylmaleimide-sensitive factor attachment protein receptor 

(SNARE) proteins 

 
Soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) 

proteins are characterised by the presence of approximately 60-70 residues in 

length, known as a SNARE motif. Since their first discovery in the late 1980s, 

SNARE proteins have been established as key components of intracellular 

membrane fusion machinery for both general and neuronal forms of exocytosis 

(45,46). Their function lies at the very last step of the vesicle transport cycle, in the 

priming and fusion of vesicles with the membrane (Figure 1.2) (41,47). The neuronal 

SNARE family has been best characterised and includes the proteins synaptobrevin 

(also known as vesicle-associated membrane protein; VAMP), synaptosome- 

associated protein of 25 kDa (SNAP-25), and syntaxin. Originally, these proteins 

were individually identified, but were later found to form a complex (48–53). 

Additionally, it was found that SNAREs are conserved across the secretory pathway 

of organisms, including Saccharomyces cerevisiae and Drosophila (50,54,55). 

Synaptobrevin encodes a 116-amino acid protein anchored to the vesicle membrane 

by its single transmembrane domain and is accordingly known as a v-SNARE. 

Syntaxin and SNAP-25 are known as t-SNARES, which are anchored to the plasma 

(or target) membrane by a single transmembrane helix and lipid anchors, 

respectively (56). The characteristic SNARE motif within these proteins has a high 

tendency to form a tetrahelical bundle. The formed SNARE core complex (also 

known as ‘SNAREpin’) comprise four -helices, one belonging to synaptobrevin, one 

belonging syntaxin and two to SNAP-25 (42,43,57–59), and it’s by formation of these 

complexes that SNARE proteins mediate synaptic vesicle exocytosis (5,6). 
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Figure 1.2. Schematic of synaptic vesicle fusion. Docking involves the process in which the vesicle 

and presynaptic membranes align in a fusion-ready state. Syntaxin-1 exists in a ‘closed’ conformation 

in which the Habc domain folds onto its SNARE motif. Munc18 binds to the N-peptide of syntaxin-1, 

enabling an ‘open’ conformation, which facilitates the formation of the SNARE complex. v-SNARE 

synaptobrevin forms a trans-SNARE complex with t-SNAREs syntaxin-1 and SNAP-25. Once the 

trans-SNARE complex is assembled, complexin binding increases priming of the SNARE/SM protein 

complex. These complexes then provide a substrate for Ca2+-triggered fusion pore opening following 

Ca2+ binding to synaptotagmin. After the opening of the fusion pore, the resulting cis-SNARE complex 

are disassembled through function of NSF/SNAP ATPases. The vesicles then go through a process 

of recycling, ready for another round of fusion. ADP=adenosine diphosphate; ATP=adenosine 

triphosphate; CA2+=calcium; NSF=N-ethylmaleimide sensitive fusion protein; Pi=inorganic 

phosphate; SM=sec1/Munc18; SNAP=synaptosomal-associated protein of 25 kDa; SNARE=soluble 

N-ethylmaleimide-sensitive factor attachment protein receptor. Adapted from Sudhof et al, 2013. 
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1.3.1 SNARE complex formation 
 

 
The importance of the SNARE complex in Ca2+ mediated synaptic vesicle exocytosis 

was demonstrated following evidence that targeted disruption of the SNAREs in 

mice, Drosophila, and C. elegans abolishes action potential evoked neurotransmitter 

release (60–65). The precise mechanisms that enable the formation of the SNARE 

complex have long been debated. Assembled complexes bridging two membranes 

are known as trans-SNARE complexes (46). It is proposed that SNAREs form a 

trans configuration through a zipper-like fashion from the N-terminal to the C-terminal 

region (66), through which the trans-SNARE configuration undergoes a 

conformational change to form a cis-SNARE complex (7). Formation of the trans- 

SNARE complex begins with the four N-terminal SNARE domains which become 

associated with each other. In the initial steps of SNARE complex formation, t- 

SNAREs syntaxin-1A and SNAP-25 form a 1:1 complex before interaction with 

synaptobrevin, acting as a receptor for v-SNAREs (67). However, in vitro, neuronal 

SNAREs syntaxin-1A and SNAP-25 were found to prefer a 2:1 complex (68,69). The 

four helical bundle formation, known as the SNARE core complex or ‘SNAREpin’, 

was discovered using electron paramagnetic resonance spectroscopy and X-Ray 

crystallography, altering the original idea that syntaxin-1A and synaptobrevin-2 align 

in parallel (59,70). This formation consists of 15 layers of interacting hydrophobic 

side chains, with a central ionic layer containing one residue from synaptobrevin-2 

(arginine) and three residues from syntaxin-1A and SNAP-25 (glutamine) – a feature 

that is highly conserved and crucial for SNARE zippering. This discovery resulted in 

the reclassification of SNAREs as Q-SNAREs and R-SNAREs (47,54). Mutations at 

the C-terminus of the hydrophobic layers disrupt fast Ca2+-triggered exocytosis in 
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vivo, and in vitro, and result in two-step thermal unfolding (71). In another study, 

introducing a small hydrophobic molecule, myricetin, into the SNARE complex, led to 

the discovery of a half-zippered SNARE complex in which the C-terminal was frayed 

(72). This half-zippered intermediate can be observed using nanodiscs in which 

synaptobrevin-2 is attached to one disc and a single t-SNARE (syntaxin or SNAP-25) 

attached to the other disc. The trans-SNARE complex is able to form between the 

two discs but is prevented from facilitating membrane fusion due to the rigid structure 

of the nanodiscs (73). This partially assembled state can be maintained under 

mechanical tension, which is interrupted by action of other synaptic proteins which 

facilitate the formation of the final SNARE complex and subsequently membrane 

fusion (73,74). 

 

 

1.3.2 SNARE complex disassembly 
 

 
After successful fusion, the SNARE complex must be disassembled, which allows 

the individual SNAREs to be recycled for another round of fusion. It is widely 

accepted that the process of SNARE complex disassembly occurs through the P- 

type adenosine triphosphatase (ATPase) activity of N-Ethylmaleimide Sensitive 

Factor (NSF), which binds to the core SNARE complex through soluble NSF adapter 

proteins (SNAPs). Initially, it was believed that NSF acted as a fusion protein (53), 

with evidence from microinjection experiments that the protein played a 

 
role in regulating the kinetics of neurotransmitter release (76). However, disruption of 

ATPase activity of NSF in Drosophila resulted in SNARE complex accumulation in 

synaptic vesicles, highlighting the importance of NSF in SNARE complex 

disassembly (77). NSF forms a hexameric ring structure, with each subunit 
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containing three domains – an amino-terminus involved in substrate binding, and two 

AAA superfamily ATP-binding domains, D1 and D2 (78–80). The ATPase activity of 

the D1 domain is vital for the disassembly of the core complex, while the D2 domain 

exhibits little ATPase activity but plays an important role in hexamerisation. Six NSF 

molecules and four α-SNAP molecules bind to the SNARE core complex 

sequentially to form a super-complex referred to as the 20S complex (75). It is 

suggested that NSF, associated with ATP hydrolysis use SNAPs as a lever to 

untwist the tetrahelical bundle of the complex. Biochemical and electrophysiological 

experiments support this model with evidence that the tetrahelical bundle of the 

SNARE complex exists in a left-handed orientation, while the four α-SNAPs which 

surround it form a barrel in the opposite orientation suggesting a twist mechanism is 

involved in the core complex disassembly (81–83). However, questions still remain 

of the exact sequence of SNARE disassembly from the complex (82). 
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1.4 Regulation of exocytosis by Munc13 and related proteins 
 

 
Munc13 and its homologues are large (approximately 200kDa) proteins, 

predominantly located within the cytoplasm of the presynaptic terminal. It plays a 

vital role in most forms of synaptic transmission, regulating the various processes 

through function of its multidomain architecture (41,84). Munc13-1 encodes the 

major neuronal mammalian isoform of Munc13, expressed in an active zone-specific 

manner (85). Within the N-terminal region lies a single C2 (C2A) domain and a 

calmodulin-binding (CaMb) sequence, while the C-terminal region contains a C1 

domain, two C2 (C2B and C2C) domains and a MUN domain (86). The MUN domain 

is characterised as an elongated module which interacts with SNARE proteins 

(67,87). The CaMb region is involved in the regulation of Ca2+-dependent forms of 

short-term plasticity (88). The C1 domain binds to diacylglycerol (DAG), mediating 

DAG and phorbol ester-dependent potentiation of neurotransmitter release (89,90). 

The C2A domain controls neurotransmitter release by forming a heterodimer with the 

Rab3 effectors, known as RIMs (91–93). The C2B domain functions as a 

phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2)- and Ca2+-dependent modulator of 

short-term plasticity (94), while the function of the C2C domain remains enigmatic. 

The structure of Munc13 and its homologues is generally conserved in Drosophila, 
 
C. elegans, and all vertebrates, with the exception that Drosophila lacks the N- 

terminal C2 domain (95,96). Vertebrates contain three Munc13 genes (97), while in 

C. elegans, two isoforms of its homologue, unc-13, exist (98), differing by the 

presence of alternative amino termini. In Drosophila, on the other hand, one gene 

encodes three isoforms (95,96). In C. elegans, unc-13 mutants demonstrate 

impaired neurotransmission despite having normal nervous system architecture and 
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densities of synapses and postsynaptic receptors at the neuromuscular junction 

(NMJ). The mutants also exhibit higher levels of synaptic vesicles at the NMJ with 

almost complete perturbation of evoked release at both GABAergic and cholinergic 

synapses. Additionally, vesicles are docked in these mutants but are not competent 

for release (98). Similar findings are observed in Drosophila and mice lacking 

Munc13-1 (96,99). Together these findings highlight the importance of Munc13 in 

synaptic transmission and implicate it in the priming step of the vesicle cycle. 

 
 
Also important for Munc13 function is its interaction with DAG, highlighted by the 

highly conserved DAG binding C1 domain. The interaction between DAG and 

Munc13 was demonstrated in early work in C. elegans, finding that DAG binding 

drives the membrane association of Munc13 (100). It is this interaction which lowers 

the energy barrier for vesicle fusion and allow exocytosis to occur (89,90). Similar to 

interaction with RIM1, DAG-binding releases Munc13 from its autoinhibitory state, 

positively regulating synaptic transmission (84). Ca2+ influx following high-frequency 

stimulation activates phospholipase C (PLC), which increases levels of DAG and 

activates Munc13-1 (90). Once activated, the MUN domain facilitates the initial 

stages of the SNARE complex formation, involving a Munc18-1/syntaxin-1 complex 

(3,101,102). In unc-13 mutant C. elegans, open syntaxin-1A is only able to partially 

restore neurotransmitter release (103), highlighting the close relationship of Munc13- 

1/unc-13 and SNAREs. It is suggested that Munc13-1 also functions to enable the 

proper configuration of the syntaxin-1A/synaptobrevin-2 complex within the SNARE 

complex when using the syntaxin-1A/SNAP-25 complex as a starting point; a 

function that was identified in absence of Munc18-1 (3). The inclusion of the MUN 

domain in these studies increased the probability of Ca2+-triggered fusion, which was 
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further increased by the presence of the DAG-binding C1 domain, and a PI(4,5)P2- 

binding C2B domain. As the proper configuration of syntaxin-1A/SNAP-25 is 

produced from the syntaxin-1A/Munc18-1 complex, Munc13-1 and Munc18-1 

cooperate to enable to proper configuration of the tertiary SNARE complex. 

Additionally, it is suggested that the role of Munc13-1 in facilitating SNARE complex 

assembly is enabled by the C2C domain and C1-C2B domains which interact with 

the vesicle and plasma membranes, respectively, forming a bridge through the MUN 

domain (104). It is this bridging action of Munc13-1 that is believed to facilitate 

interactions between synaptobrevin-2 and the Munc18-1/syntaxin-1 complex, and 

subsequently successful formation of the SNARE complex (86). Therefore, the 

functional importance of the distinct domains of Munc13 in exocytosis are well 

established. 

 

Successful Munc13 function requires careful regulation by other proteins and second 

messengers. In addition to Munc13-1, RIM1 proteins are also localised to the active 

zone and function in priming through direct interactions with Munc13-1, the 

ubiquitously expressed Munc13-2, and Rab3a (91). However, while their roles in 

synaptic vesicle exocytosis are closely connected, unlike Munc13, RIM proteins are 

not essential for neurotransmitter release (105,106). C. elegans with mutant unc-10 

(RIM1 homologue) are viable yet demonstrate defective behaviours due to synaptic 

dysfunction (107), while Munc13-1 variants lacking RIM1 binding demonstrate 

reduced priming activity compared to the wild-type strain. It is therefore suggested 

that RIM1 positively regulates Munc13-1 (91,105). In addition to regulating priming, 

RIM1 has been found to be important for short- and long-term regulation of 

neurotransmitter release, as abolishing RIM1 expression in mice reduces release 

probability in excitatory neurons and increases release probability in inhibitory 



32  

neurons (108). Additionally, the important relationship between RIM1 and Munc13-1 

is demonstrated by the reduction in Munc13-1 levels in mice following the deletion of 

RIM1 (105). Other studies of RIM1 in mice and its homologue (unc-10) in C. elegans 

have implicated it in determining the size of the readily releasable vesicle pool 

(105,106,109). It is suggested that RIM proteins activate the priming function of 

Munc13 by preventing its auto-inhibitory homodimerization (110). Thus, while RIM 

proteins may not be essential for synaptic vesicle exocytosis, they are important for 

normal Munc13 function. 
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1.5 Functions of other key synaptic proteins in synaptic vesicle 

exocytosis 

 
The presynaptic machinery involves several protein components, many of which are 

conserved across species (111). Firstly involved in docking, the Rab proteins 

constitute a family of monomeric GTPases which regulate intracellular transport 

(4,41). In humans, there are over 60 identified Rab family members, while in C. 

elegans, 31 members of the Rab family exist, of which, 29 exist as human 

orthologues (112). Drosophila melanogaster has 26 members of the Rab family, and 

Saccharomyces cerevisiae has 11 members (113). Synaptic vesicles contain 

proteins from at least three families of Rab proteins – Rab3 (114), Rab5 (115), and 

Rab11 (116). Of these, Rab3 is most abundantly present, localised to synaptic and 

other secretory vesicles (4), and makes up approximately 25% of total Rab GTP 

binding within the brain (117). In C. elegans, neuronal rab-3 is crucial for regulating 

synaptic vesicle-mediated release, with rab-3 mutants exhibiting altered NMJ 

morphology and vesicle abundance at the synapse (118). 

 
 
Additionally, two proteins with specialised roles in release are synaptotagmin and 

complexins. Synaptotagmin encodes a central vesicle protein which interacts directly 

with the SNARE complex, containing two C2 domains (C2A and C2B) which bind 

Ca2+ (119–121). Synaptotagmin-1 is the most abundant Ca2+-sensing protein present 

on the surface of synaptic vesicles, making up approximately 7% of the total vesicle 

protein (121,122). Once vesicles are primed and ready for fusion, synaptotagmin 

acts as a Ca2+ sensor and facilitates the opening of the fusion pore (39). It has been 

found to bind five Ca2+ ions in total, three bound by the C2A domain, and two by the 
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C2B domain (123). Initial studies demonstrated the key function of synaptotagmin in 

secretion using anti-synaptotagmin antibodies and recombinant fragments of the 

gene (124–126). Further studies identified a post-docking function in exocytosis 

following evidence that peptides corresponding to conserved regions of the C2A and 

C2B domain result in a post-docking block in exocytosis (127). Studies in Drosophila 

demonstrated the importance of synaptotagmin as null mutants exhibited impaired 

Ca2+-triggered release, while studies in mice demonstrated that synaptotagmin is 

required for fast release, but not asynchronous release (128–131). Particularly 

studies from invertebrates have shown that synaptotagmin facilitates SNARE 

complex formation, and Ca2+ acts through synaptotagmin to facilitate SNARE 

complex dimerization (119). 

 
 
Like synaptotagmin, complexins also have a selective role in Ca2+-triggering for 

release and bind directly to the SNARE complex. They contain unstructured 

sequences at the N- and C-terminus which flank an accessory and a central -helix 

(132). The N-terminus region is vital for the activation of synaptic vesicle exocytosis 

and priming of synaptic vesicles (72,133,134), while the C-terminus region is 

important for clamping and priming (but not for the activation of synaptotagmin- 

mediated exocytosis) (135). The accessory -helix is important for clamping synaptic 

vesicles, while the central -helix binds SNARE complex and is important for all 

functions of complexin (134,136,137). Complexins are suggested to stabilise the 

primed state of vesicles, and/or increase the fusogeneicity of their primed state. 

Interestingly, complexins were not found to be involved in vesicle docking in 

mammals, however, C. elegans complexin nulls demonstrate impaired vesicle 

docking, suggesting functional differences between mammalian and invertebrate 
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complexins (138,139). With specialised roles, synaptotagmin and complexins act in 

concert to synchronise and promote Ca2+-triggered synaptic vesicle exocytosis 

(140). 

 
 
Tomosyn plays a role in regulating binding between syntaxin, SNAP-25 and 

synaptobrevin during synaptic vesicle priming. First isolated from the rat brain as a 

protein capable of interrupting the Munc18-syntaxin-1 complex (141), tomosyn has 

been implicated in both constitutive and regulated exocytosis. It comprises two 

functional domains – WD40 repeats located at the N-terminus, and a SNARE 

domain, located at the C-terminus; the latter of which shares sequence homology 

with the R-SNARE domain of synaptobrevin (142,143). Tomosyn inhibits synaptic 

release by forming an inhibitory SNARE complex with syntaxin and SNAP-25. Thus, 

tom-1 mutant C. elegans demonstrate increased neurotransmitter release, an 

increased pool of primed vesicles and an increased abundance of unc-13 at the 

synapse. Additionally, tom-1 mutants also demonstrate increased neuropeptide 

release from dense core vesicles (144), highlighting an important function as a 

negative regulator of exocytosis. 

 
 
Another relevant protein is the Ca2+-dependent activator protein for secretion 

(CAPS). It is a multi-domain protein containing a dynactin 1 binding domain (DBD), a 

C2 domain, a pleckstrin homology (PH) domain, a Munc13 homology domain, and a 

dense-core vesicle (DCV)-binding domain (145). Each domain serves a different 

function for the protein. The dynactin-1 binding domain is necessary for CAPS 

sorting (146), while the C2 domain regulates Ca2+-mediated binding to phospholipids 

(147). The PH domain on the other hand interacts with acidic phospholipids and 

binds to the plasma membrane (148). The Munc13 homology domain directly 
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interacts with syntaxin (87), while the DCV binding domain allows CAPS to target 

DCVs (149). In mammals, two isoforms of CAPS exist (CAPS1 and CAPS2), while 

C. elegans contain only one. The mammalian CAPS isoforms are different in their 

spatiotemporal expression, but demonstrate similar functions (146,150). In the C. 

elegans homologue, unc-31, the C2 domain has been found to be essential for the 

function of the nervous system as mutant worms with point mutations in the C2 

domain demonstrate an uncoordinated phenotype (151). In mice, double-knockout of 

CAPS1 and CAPS2 results in priming defects in glutamatergic transmission (152), 

with similar results following loss of the Drosophila homologue dCAPS which 

reduces evoked glutamatergic transmission by almost 50% and leads to the 

accumulation of synaptic vesicles at active zones (153). The roles of Munc13 and 

CAPS are nonredundant in exocytosis, as Munc13 is unable to rescue exocytic 

defects in CAPS knockout neurons, and CAPS is unable to restore neurotransmitter 

release in Munc13 knockout neurons(152,154,155). More recently, structure-

functional analysis of CAPS found that it plays two roles – one as an inhibitor of 

Munc13s ability to catalyse the opening of syntaxin-1, and one which stabilises 

open-state syntaxin-1 for SNARE complex formation (156). Like Munc13, CAPS 

functions in the regulation of SNARE proteins and SNARE complex formation. 
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1.6 Sec1/Munc18 (SM) proteins 
 

 
While the SNARE proteins make up much of the core presynaptic machinery, the 

Sec1p/Munc18 (SM) proteins are also part of the key machinery. At least 4 SM 

proteins exist in yeast – Sec1p, Sly1p, Vps33p and Vps45p (11). Sec1p is involved 

in the fusion steps of protein secretion (157,158), while Sly1p functions in fusion for 

vesicles trafficked between the endoplasmic reticulum and Golgi apparatus (159). 

vps33p functions in transport from the Golgi complex to the vacuole (160), and the 

fourth SM protein, vps45 is essential for vacuolar protein sorting (161). The first 

indication of the importance of SM proteins in membrane fusion was found following 

the observation that above a particular temperature, temperature-sensitive sec1-1 

mutants showed inhibition of invertase and acid phosphatase secretions, resulting in 

vesicle accumulation and disruption of cell growth (162). It was following this finding 

that the role of SM proteins in membrane fusion was solidified. sly1 null mutations 

are lethal (163), while mutations in vps45 result in defects in vacuolar protein sorting 

and intracellular vesicle accumulation (161). Evidence that the yeast homologues of 

syntaxin, SSO1 and SSO2 are multicopy suppressors of the temperature sensitive 

sec1-1 mutation provided the first indication that SM proteins interact with syntaxin 

(164). Despite being mostly cytoplasmic, Sec1 proteins have high affinity with 

syntaxin. Following the finding that in vivo, the two proteins are not stably 

associated, it was suggested that their binding may be highly regulated (165). 

 

The nematode worm C. elegans unc-18 was the first metazoan Sec1 protein 

homolog to be discovered, sharing 22-28% sequence homology with the yeast 

Sec1 proteins. Brenner (1974) first generated an unc-18 null mutant using EMS 

mutagenesis characterised by a partially paralysed and uncoordinated phenotype, 
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and partial resistance to acetylcholinesterase (AChE) inhibitors (166,167). unc-18 

null mutants however exhibit normal morphology of GABA motorneurons (168). 

These mutants also have a lower growth rate in comparison to wild-type C. elegans 
 
(169). Initial ideas suggested that this was due to a defect in one of the final steps of 

acetylcholine (ACh) vesicular transport affecting the membrane trafficking system of 

the nerve terminal. A role of the gene in neural transmission was then further 

supported by evidence from indirect immunofluorescence localisation experiments 

which showed staining in all ventral cord neurons in newly hatched larva, regardless 

of whether the neurons were GABAergic or cholinergic (170). In unc-18 null mutants, 

presynaptic terminals develop normal with distribution of synapses that is 

indistinguishable from wild-type. However, these mutants exhibit reduction in the size 

of the readily releasable pool and number of docked vesicles (168). These 

physiological changes observed in unc-18 mutant C. elegans support a role of the 

gene in neural transmission and highlight the organism as a key model for 

investigating the presynaptic molecular machinery. 

 
 
The Drosophila homolog of sec1, named rop (Ras opposite), was discovered while 

investigating the unrelated Ras2 gene, as rop was found to be transcribed upstream 

to the Ras2 promoter region. The cloned product rop was found to share 58% 

sequence identity with unc-18, and 21-27% sequence identity with sec1, sly1 and 

slp1 (171), and was expressed strongly within the embryonic central nervous system 

(CNS), particularly in the neuropil, axon bundles and the synapse-rich termini 

(13,171). In Drosophila, rop and syntaxin have been found to be involved in 

successful neurotransmitter release through interaction with the SNARE complex in 
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vivo (172). Loss of function rop mutants exhibit unsuccessful secretion of cellular 

products in embryos, as well as reduced synaptic response to light stimuli in the 

compound eye. Both of these phenotypes can be rescued with an intact copy of 

exogenous rop (13). These findings demonstrate that as well as involvement in 

synaptic transmission, rop also functions in general secretion. 

 
 

The mammalian sec1 homologues were independently isolated by three different 

research groups. One group isolated the protein from rat brain lysate through a pull- 

down assay investigating proteins associated with syntaxin. This study consequently 

discovered the protein which they named Munc18, and confirmed its interaction with 

syntaxin (173). Pevsner et al (1994) and Garcia et al (1994) also isolated Munc18 

using degenerate oligonucleotides which were based on sequence homologies 

among sec1, unc-18 and rop. They termed the discovered protein n-sec1 (neuronal 

sec1) and rbSec1 (rat brain Sec1), respectively (165,174). Differential splicing of the 

C-terminus of the gene then generated the isoform rbSec1B (165). Electron 

microscopy and immunocytochemical localisation studies revealed strong expression 

of the rbSec1 protein in axon rich areas, including the mossy fiber terminal zone of 

the hippocampus and the corpus callosum (165). rbSec1 formed a 1:1 stochiometric 

complex with syntaxin, binding with a very high affinity which was found to be 1000- 

fold higher than the binding affinity of VAMP with syntaxin (175,176). It was through 

structural studies of the Munc18-1/syntaxin-1 complex that the three domains of 

Munc18-1 were revealed. Domain 1 exhibits / architecture, spanning 134 amino- 

terminal residues, and domain 2 has a similar architecture, spanning residues 135- 

245 and 480-592. Domain 3, which spans residues 247-479, comprises a large 

insertion between two strands of domain 2 and can be further categorised into two 
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subdomains. Subdomain 3a constitutes a mixture of  and  structures, and 

subdomain 3b comprises a mixture of -helices. The three domains on Munc18-1 

are organised in an arch shape with a central cavity lined by domains 1 and 3a. The 

crystal structure of Munc18-syntaxin binding revealed that it is the central cavity of 

Munc18-1 to which syntaxin-1 binds (177). Like the Drosophila rop gene, mammalian 

Sec1 proteins are not limited to the nervous tissue but also function in general 

secretion (11), and mutating Munc18-1 or its homologs result in defects in 

neurotransmitter release, or general vesicular secretion (11,178,179). Together, 

these observations from multiple species have implicated a key role of Munc18 in 

membrane fusion, however to date, its exact role remains elusive. 

 

 
1.6.1 The role of Munc18 in exocytosis 
 

 
The role of Munc18 in exocytosis has long been debated. The protein has been 

suggested to have three key functions. One is functioning as a molecular chaperone 

of syntaxin-1, allowing its appropriate localisation and expression (1,180,181). The 

second role is in priming through the promotion of SNARE complex-mediated 

membrane fusion (6,182,183), and the third function is in the docking of large dense- 

core vesicles to the plasma membrane (12,184). 

 
 
Early studies suggested that Munc18-1 acts as a negative regulator of exocytosis 

from evidence that n-sec1 binds with high affinity to syntaxin in a way that prevents it 

from binding to SNAP-25 or synaptobrevin, inhibiting the formation of the SNARE 

complex and thus membrane fusion (174). Binding of mammalian Munc18-1 to 

syntaxin was confirmed following the discovery that syntaxin also adopts a ‘closed’ 
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conformation in which the SNARE binding domain is blocked (176,177,185). The 

idea of Munc18-1 as a negative regulator of membrane fusion was supported by 

evidence that Munc18-1 inhibits syntaxin-1A interaction with synaptobrevin 1 and 

synaptobrevin 2 (186), as well as observations that it is excluded from co- 

immunoprecipitation studies of syntaxin-1A and other SNAREs (165). In Drosophila, 

neurotransmitter release increased following a mutation that reduces the affinity of 

syntaxin for rop (172), while overexpression of rop in Drosophila inhibited 

neurotransmitter release in a syntaxin-dependent manner (187,188). The idea that 

Munc18/unc-18 was inhibitory remained prevalent despite the presence of data 

which supported a positive regulatory role of the protein. In one study, deletion of 

Munc18 reduced membrane fusion rather than producing an increase, as would be 

expected of negative regulators (179). In another, exocytosis increased in chromaffin 

cells following overexpression of Munc18-1 (12). Later, it was proposed that 

Munc18-1 binding to syntaxin stabilises it within its ‘closed’ conformation (189). This 

is one of three different binding modes for the Munc18-1/syntaxin-1A complex 

(177,190). 

 
 

Evidence of the role of Munc18-1 as a chaperone for syntaxin-1 came from studies of 

mutant rat kidney fibroblast cells and other non-neuronal cells in which ectopically 

expressed syntaxin-1 remained trapped in the Golgi and/or endoplasmic reticulum. In 

these studies, co-transfection with Munc18-1 resulted in the localisation of syntaxin-1 

at the plasma membrane (180,191,192). Munc18-1 knockdown in PC12 cells resulted 

in the mislocalisation and accumulation of syntaxin-1 in the perinuclear region, but not 

accumulation of t-SNARE SNAP-25. These defects in syntaxin-1 mislocalisation were 

rescued following expression of wild-type Munc18-1 (1). Similarly, in unc-18 mutant 

C. elegans, anterograde transport of unc-64 is disrupted (181). Together, these 
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findings led to the suggestion that Munc18-1 chaperones syntaxin-1 to the plasma 

membrane by preventing SNARE complex formation in the wrong cellular 

compartments (191,193). Despite all this evidence, the chaperone function of 

Munc18-1 for syntaxin does not seem to be an essential role in neurons or 

neuroendocrine cells (168,194,195). Expression of syntaxin-1A which is unable to 

bind Munc18-1 can still support exocytosis but produces slower release kinetics 

(194). Similarly in C. elegans, constitutively open form of syntaxin can fully support 

neurotransmission and can partially bypass a requirement for UNC-13 (196), but not 

the requirement for UNC-18 (168). This finding adds to the collective evidence that 

the role of Munc18-1 is not as simple as just facilitating a conformational change of 

syntaxin. 

 
 

A role of Munc18-1 in SNARE complex formation was supported by comparing 

differences in crystal structures of isolated t-SNARE SSO1 to the Munc18- 

1/syntaxin-1 complex, suggesting that Munc18-1 may facilitate a conformational 

change of ‘closed’ conformation syntaxin (197). Structural studies initiated the idea 

that either Munc18-1/syntaxin-1 is dissociated by an unidentified factor, or that 

Munc18-1 facilitates core complex formation in a coordinated manner following a 

conformational change (189). Furthermore, studies revealed that Munc18-1 directly 

binds to SNARE complexes containing syntaxin-1 (182,183,198). This is supported 

by findings that yeast Sec1 will only bind to its cognate syntaxin when it is assembled 

into a binary or ternary SNARE complex (199). In vitro studies have identified that 

recombinant Sec1 and Munc18-1 are able to increase SNARE- dependent 

membrane fusion between synthetic liposomes. This effect requires the binding of 

Munc18-1 to the extreme N-terminus of syntaxin and the fully assembled SNARE 

complex (182,200). 
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The absence of Munc18-1 prevents the docking of dense-core vesicles to the 

plasma membrane in both chromaffin cells and mice (12), despite levels of synaptic 

vesicle docking remaining normal in mice (179). Furthermore, a Munc18-1 gain-of- 

function mutation (E466K) in chromaffin cells resulted in increased direct binding of 

Munc18-1 to Rab3a. As a result, an increase in exocytic events was observed; an 

effect that required binding of Munc18-1 to closed conformation syntaxin (201). It 

was suggested that this effect may be due to an increase in vesicle docking resulting 

from interactions between Rab3a and Munc18-1 (202). The same mutation (E466K) 

within domain 3b of UNC-18 results in increased sensitivity to aldicarb. This is  

consistent with increased fusion events observed using carbon fibre amperometry 

traces in chromaffin cells expressing the E466K mutation. Furthermore, a Glu379 

insertion mutation in domain 3b of Munc18-1 disrupted binding to Mint1 and was 

found to reduce the frequency of exocytosis, as measured by amperometry traces 

(203). 

Together, these findings suggest an important role of domain 3b in the recruitment 

and docking of vesicles. In C. elegans unc-18 mutants, defects in vesicle tethering 

and proportion of docked synaptic vesicles are unable to be rescued through the 

expression of constitutively open syntaxin (168,204). Interestingly, an unc-18;tom-1 

double mutation is able to partially ameliorate the docking defects in unc-18 mutants, 

possibly due to competition between TOM-1 and UNC-18 for syntaxin binding during 

the docking process (204). These findings highlight that Munc18-1/unc-18 functions 

in multiple stages of the exocytic cycle. 
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More recently, findings from single-molecule fluorescence resonance energy transfer 

(FRET) assays suggested that Munc18-1 not only acts as a chaperone to syntaxin-1, 

but also the syntaxin-1/SNAP-25 t-SNARE complex, by inducing and modulating 

closed conformation syntaxin-1 (205). The formation of the Munc18-1/syntaxin-1 

complex has been discussed in regard to the initial stages of SNARE complex 

formation, however, mechanisms of the subsequent steps remain controversial. One 

notion suggests a ternary complex formation between Munc18-1, syntaxin-1 and 

SNAP-25, which may act as an intermediate for binding with synaptobrevin 

(3,182,206). However, another notion suggests that the subsequent conformation is 

a template complex in which first Munc18-1 arranges syntaxin-1 and synaptobrevin 

in a cleft of Munc18-1 (102,207–209). The first model was supported by findings that 

Munc18-1 binds to the t-SNARE complex and induces the closed conformation of 

syntaxin-1 (205). Other studies supported the idea that Munc18-1 must first be 

dissociated for SNARE complex formation, identifying RIM (rab3 interacting 

molecule) and UNC-13/Munc13 as key molecules involved in the transition (102). It 

is suggested that when in a complex, Munc18-1 and syntaxin represent an ‘off state’, 

inhibiting each other, and are released through the action of Munc13 and RIM at the 

active zone (210). Furthermore, in C. elegans, UNC-13 displaces UNC-18 from 

syntaxin (169). This evidence supports a role of Munc18-1 in the priming and fusion 

stages of exocytosis. This is further supported by evidence that unc-18 null mutants 

exhibit impaired evoked and spontaneous neurotransmitter release alongside a 

reduction in priming and total numbers of primed vesicles (168). The function of 

Munc18-1 in priming is suggested to involve its interaction with Munc13 and 

syntaxin, which has previously been discussed (Section 1.3) (101,211). In addition 

to Munc13, other factors have been suggested to be involved in Munc18- 1/syntaxin-

1 complex disassembly. Tomosyn displaces Munc18-1 through binding to syntaxin-1 
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(141), while binding of syntaxin to Munc18-1 is inhibited following phosphorylation of 

Munc18-1 by protein kinase C (PKC), and cyclin-dependent kinase 5 (212). 

Phosphorylation of Munc18 by PKC reduces the amount of Munc18 that is bound to 

syntaxin (213). Specifically for regulated exocytosis, phosphorylation of Ser-306 and 

Ser-313 in Munc18 reduced affinity for syntaxin and was found to be important for 

regulating the kinetics of vesicle release. This finding suggested that PKC-mediated 

phosphorylation of Munc18 may allow faster release kinetics and vesicle recycling 

(214). 
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1.7 Diacylglycerol kinases (DGKs) in membrane trafficking 
 

 
Diacylglycerol kinases (DGKs) modulate the balance between the two signalling 

lipids, diacylglycerol (DAG) and phosphatidic acid (PA), through the conversion of 

DAG to PA. DGK activity was first described by early work in the 1950s which 

identified a ‘phospholipid effect’ and characterised the phosphatidylinositol (PI) cycle. 

Key to this cycle, kinase activity which phosphorylated DAG into PA was identified 

(215). The mammalian DGK family is made up of ten distinct isoenzymes - , , , , 

 

, , , , , and . Between them, they share some common features. Each 

isoenzyme contains two or three C1 domains, similar to the structure of PKC, and a 

catalytic domain. The ten isoenzymes can be further divided into 5 subcategories 

according to their structural features. In the type 1 subgroup, DGKs , , and  

contain calcium-binding EF-hand motifs and a recoverin homology domain. The type 

2 subgroup DGKs , , and  contain pleckstrin homology, and sterile  motif (SAM) 

domains, as well as a separated catalytic region. Unlike the other subgroups, type III 

DGK has no recognisable regulatory domain other than the aforementioned C1 and 

catalytic domains. Type IV DGKs  and  are categorised by the presence of a 

myristoylated alanine-rick C kinase substrate (MARCKS) phosphorylation site 

domain (PSD), and four ankyrin repeats, while type V DGK contains three C1 

domains, a Gly/Pro-rich domain, and a PH-domain-like region containing an 

overlapping Ras-associating domain (216). 

 
The catalytic domain resides at the C-terminal region, made up of approximately 325 

amino acids, and has almost identical segments in all DGKs. In type II DGKs, the 

catalytic domain is separated into two regions which are interrupted by a long stretch 
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of non-conserved sequence which is made up of approximately 300 amino acids 
 
(217). Each catalytic domain contains an ATP binding site which has been found to 

be important for DGK function as mutation of a glycine to alanine or aspartate 

completely inhibits DGK function (218–220). The C1 domains contain approximately 

50 amino acids with a conserved core structure which comprises six cysteines and 

two histidines. Like other C1 domain-containing proteins, it is this region that binds 

DAG. 

 
 

Except for DGKs  and , all DGKs are expressed within the brain at levels that are 

higher than or equivalent to in other tissues. Detected in a number of regions, such 

as the hippocampus (, , , , , ), cerebellum (, , , , ), olfactory bulb (, , , ), 

and the retina (, , ) (221), it is evident that DGKs play an integral role within the 

nervous system. Various DGKs can also be found within the lungs, spleen, thymus, 

and several cultured white blood cells (216,221,222). For example, DGK and  are 

expressed in T-lymphocytes, amongst other regions (223). DGK function is 

conserved through evolution as homologues of several DGK isoenzymes have also 

been identified in C. elegans, Drosophila, as well as in several plant species such as 

Arabidopsis, tobacco, wheat, and tomato. In addition to function within the nervous 

system, mammalian DGKs demonstrate a plethora of signalling functions, ranging 

from immune and inflammatory responses to diabetes, heart disease, and cancer 

(223). 

 
The C. elegans dgk-1 is a genetically tractable model which has been used to reveal 

the physiological functions of DGKs in neuronal processes. It is expressed in 

neurons and is 38% identical to the mammalian DGK. In response to dopamine and 
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serotonin, dgk-1 phosphorylates DAG generated by Gq signalling, reducing 

neurotransmission (224). RHO-1 then binds to DGK-1, inhibiting its activity and 

functioning as a presynaptic activator of neurotransmitter release (225). It is now well 

established that dgk-1 functions as a negative regulator of the Gq pathway. 

Accordingly, inhibition or loss of DGK-1 results in increased neurotransmission due 

to the availability of DAG for Munc13. Loss-of-function mutations in the C. elegans 

dgk-1 gene successfully restore DAG levels in egl-30 (orthologue of the 

heterotrimeric G protein alpha subunit Gq) and egl-8 mutants (orthologue of 

phospholipase C 4) (226). In C. elegans dgk-1 mutants, phenotypic effects include 

hyperactive locomotion and egg- laying, and hypersensitivity to aldicarb 

(224,226,227). In Drosophila, DGK activity has been implicated in the mechanism of 

retinal degeneration. rdgA, the Drosophila homologue of mammalian DGK, induces 

degeneration in a light-dependent manner, with observed photoreceptor destruction 

in newborn flies. These defects are rescued in rdgA-Gq double mutants (228,229), 

adding to the evidence that DAG is an excitatory messenger. Overall, the DGK 

pathway is important for the regulation of two key signalling lipids – DAG and PA - in 

different biological functions, particularly within the nervous system. 

 

 

1.8 Lipid signalling at the synapse 
 

 
While research of synaptic function has largely focused on proteins involved in 

exocytosis and endocytosis, over the last few decades the importance of lipids in 

these processes has become evident. Lipids produce a dynamic environment in 

which synaptic proteins can operate (230). During membrane fusion, lipid bilayers 

undergo structural changes, which allows the formation of curved shapes when the 

vesicle and plasma membranes come together (231–233). Importantly, lipid rafts, 
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formed by clusters of cholesterol and sphingolipids in discrete regions of the cell 

membrane (234,235) exist in a less fluid and more structured state compared to the 

glycerophospholipids-rich domains within the membrane (234). It is suggested that 

lipid rafts function in signal transduction pathways by facilitating protein-protein 

interactions (236), as well as in membrane traffic pathways, forming and regulating 

constitutive secretory vesicles (18). 

 
 
Lipids are also involved in the recruitment of exocytic proteins to the plasma 

membrane, which requires carefully coordinated spatial regulation of lipid-protein 

interactions. Particularly, phosphoinositides play important roles in the spatial- 

temporal activation or deactivation of synaptic proteins. PI(4,5)P2 has emerged as a 

key signalling molecule involved in the regulation of vesicle exocytosis and 

endocytosis, and the accompanying actin cytoskeletal rearrangement, with over 20 

proteins involved in regulated exocytosis known to bind PI(4,5)P2 (237–241). 

PI(4,5)P2 levels have been found to determine the rate of vesicle priming, size of the 

readily releasable pool, and the continuous rate of exocytosis in stimulated cells 

(242–244). In the PI(4,5)P2 pathway, phosphatidylinositol-4-phosphate produces 

PI(4,5)P2, phospholipase D (PLD) produces phosphatidic acid, and phospholipase C 

(PLC) catalyses the production of DAG (241). Lipids such as phosphoinositides and 

DAG are enriched on specific membrane compartments and act as direct recruiters 

of proteins involved in membrane trafficking. PI(4,5)P2 and DAG bind synaptotagmin 

and Munc13, respectively, recruiting the proteins to the plasma membrane and 

facilitating synaptic vesicle fusion (231). On the other hand, PA, which has been 

studied less extensively, binds to several synaptic proteins, including the SNARE 

protein syntaxin-1A. It is believed that through these interactions, PA regulates the 
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energetics of membrane fusion and the membrane architecture during fusion 

(245,246). Other proteins that are regulated in the PI(4,5)P2 pathway include adaptor 

protein 2 (AP2), epsin, and dynamin, all of which function in exocytic or endocytic 

processes (245,247,248). 

 
Another function of lipids lies in modifying the localisation and activity of secretory 

proteins. Exocytic proteins are typically palmitoylated, which involves the covalent 

attachment of a 16-carbon palmitate to the thiol group of one or many cysteines 

(231). Palmitoylation of SNAP-25 within four central residues may enhance the 

clustering of the SNARE protein in lipid rafts, and facilitating the formation of exocytic 

active sites (234,249,250). Palmitoylation of synaptobrevin-2 is observed in adult 

brains but not embryonic brains, suggesting that palmitoylation may not be required 

for membrane tethering, but is involved in developmental regulation (251). 

Additionally, palmitoylation of synaptotagmin-1 (120), and cysteine string protein 

(CSP) also occur (252), highlighting importance for the modification of proteins in the 

secretory process. The first report of direct interactions between SNARE proteins 

and signalling lipids was evidence that direct treatment with phospholipase A2 

(PLA2) or administration of arachidonic acid (ARA) enhances SNARE complex 

formation in synaptic membrane preparations (253). Interestingly, ARA was able to 

interact with syntaxin-1 in the presence of Munc18, which is believed to stabilise 

syntaxin-1 (253,254). Further involvement of lipids in SNARE function includes 

interaction of sphingosine with synaptobrevin-2 (255), and in some studies, with 

syntaxin-1, which is thought to facilitate engagement with Munc18 

(256). The multiple interactions of lipids with SNARE proteins are believed to assist 

SNARE complex formation and enhance vesicle secretion (257). Particularly, 
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sphingosine has been shown to modulate the frequency and fusion pore behaviour 

of vesicle exocytosis, suggesting that signalling lipids are important for not only 

modifying synaptic proteins but also controlling the amount of neurotransmitter 

released during secretion (258,259). 

 
 
Moreover, synaptic vesicle membranes are unique due to the high abundance of 

polyunsaturated fatty acids (PUFAs), which generally act as precursors for second 

messengers, and function in the regulation of vesicle trafficking (240,258,260,261). 

This is evident in humans, as mutations in PUFA-related enzymes result in mental 

retardation (262). Similarly, in C. elegans, mutations of FAT-3, a gene encoding a 

fatty acid desaturase which is essential for the production of PUFAs, results in 

development and behavioural defects accompanied by reduced synaptic vesicles 

and neurosecretion (263,264). The activity of PLA2 releases lysophospholipids and 

free unsaturated fatty acids (UFAs) from the sn-2 position of the phospholipid 

molecule (265). Free UFAs diffuse into the cytosol and interact with their targets. 

This is important in several forms of secretion, including neurotransmitter release 

(261,266,267). As such, the understanding of the molecular machinery involved in 

exocytosis is incomplete without understanding the extensive contribution that 

signalling lipids provide in the process. 

 

 

1.9 The discovery of WDR81 and its potential function within neuronal 

processes 

 
 
WDR81 is a protein that was recently implicated in cerebellar ataxia, mental 

retardation, and disequilibrium syndrome (CAMRQ2), a rare form of autosomal 
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recessive cerebellar ataxia following the identification of a missense mutation P856L 

in the gene of Turkish consanguineous family members suffering from the disease 

(268,269). It is predicted to be a transmembrane protein, containing an N-terminal 

BEACH domain, multiple WD repeats at the C-terminus and a major facilitator 

superfamily (MFS) domain. Although the presence of such features are characteristic 

of solute carrier transport proteins, the cellular function of WDR81 remains 

enigmatic. 

 
 
In the original investigation, WDR81 was found to be highly expressed in the mouse 

cerebellum and corpus callosum with expression also observed in the Purkinje cell 

layer of the cerebellum. In the Turkish family, major structural abnormalities were 

observed in these regions (268,269), suggesting an important neuronal function. 

More recent investigations have found consistent findings with WDR81 expression in 

Purkinje and photoreceptor cells. In these studies, WDR81nur5/nur5 mutant mice 

exhibited large, electron-dense, spheroid-like structures in the Purkinje cell 

dendrites. These structures were identified to be abnormal mitochondria with 

disorganised cristae. Additionally, mutating WDR81 in these mice led to early-onset 

photoreceptor cell loss and progressive Purkinje cell death, suggesting that the 

protein is required for the survival of these cells (270). The C. elegans homolog, sorf- 

2, has also been implicated in the regulation of phosphatidylinositol 3-phosphate 

(PtdIns3P) in early to late endosome conversion (271). SORF-2 was found to form a 

complex with SORF-1 (WDR91) which then interacts with the BEC-1 subunit of 

phosphoinositide 3-kinase (PI3K). Deletion of either sorf-2 or sorf-1 enriches BEC-1 

on early endosomes and enhances the activity of PI3K. WDR81 and WDR91 were 

also found to regulate PtdIns3P levels by acting in a complex with Beclin1 and 
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suppressing P13K activity (271). In another study, ablation of WDR81 in adult 

neuronal progenitor cells resulted in impaired hippocampal neurogenesis and 

hippocampus-dependent learning owing to elevated levels of PtdIns3P. WDR81 was 

found to interact with VPS15 and Beclin1; an interaction that was proposed to inhibit 

the assembly of the class 3 PI3K (PI3K-III) complex and prevent the endosomal 

synthesis of PtdIns3P (272), consistent with previous findings. A negative regulatory 

role of WDR81 for the PI3K complex was further supported by evidence that WDR81 

gene silencing increased exosome levels in human glioblastoma cells (273). Thus, 

there is ample evidence to suggest a role for the WDR81 and its homologues in 

autophagy. 

 
 
Other studies of WDR81 demonstrate a role of the protein in aggrephagy as 

inactivation of WDR81 resulted in the accumulation of ubiquitinated proteins and 

autophagy receptor p62 in mouse brains and cells. Through interaction with p62, 

WDR81 was found to promote cargo recognition for aggrephagy. Additionally, 

WDR81 knockdown reduced the recruitment of LC3C to ubiquitinated proteins and 

was found to specifically interact with LC3C but not other family members. This 

suggests that WDR81 may coordinate p62-dependent recognition of ubiquitinated 

proteins with LC3C-mediated assembly of autophagosomes, facilitating the 

clearance of ubiquitinated proteins through autophagy. In contrary to the findings of 

WDR81 in PtdIns3P regulation, its function in aggrephagy seems independent of the 

endosomal WDR91-WDR81 complex, as WDR91 knockdown did not result in 

accumulation of ubiquitinated proteins and p62 loci (274). However, as the co- 

expression of GFP-WDR81 and mCherry-WDR91 perfectly colocalised with 
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endosomal structures, it was suggested that WDR91 may promote the recruitment of 

WDR81 to endosomes (274). 

 
 
A substantial proportion of WDR81 however is not located on endosomes, 

suggesting that it has other functions in addition to intracellular trafficking (274). 

While there is limited available data about WDR81 and its homologues, the protein 

contains several distinct structures which have been investigated widely in other 

proteins. Like other BEACH-domain-containing proteins (BDCPs), WDR81 is a large 

protein containing a BEACH and WD repeat domains. Originally, the BEACH domain 

was identified as a conserved region within the lysosomal trafficking regulator 

(LYST) protein (275). To date, BEACH domains have been identified in eight other 

human proteins: neurobeachin (NBEA), neurobeachin-like 1 (NBEAL1), 

neurobeachin-like 2 (NBEAL2), lipopolysaccharide-responsive, beige-like anchor 

(LRBA) protein, WD and FYVE zinc finger domain-containing protein 3 (WDFY3), 

WD and FYVE zinc finger domain-containing protein 4 (WDFY4), neutral 

sphingomyelinase activation-associated factor (NSMAF), and WDR81 (276). Despite 

their large size and conservation of regions, the exact functions of BDCPs remain 

elusive. Generally, they have been implicated in diverse cellular mechanisms such 

as vesicular transport, apoptosis, membrane dynamics, and receptor signalling. The 

BDCP family demonstrate clinical significance as genetic variations within several of 

the genes have been associated with human disorders. In addition to the disorders 

associated with WDR81 mutations, LYST mutations cause Chediak-Higashi 

Syndrome (CHS) (275), LRBA has been associated with cancer growth (277) and 

generalised autoimmunity syndrome (278), NBEA is implicated in autism (279), 

NBEAL1 in glioma (280), NBEAL2 in gray platelet syndrome (281,282), and WDFY4 
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is associated with systemic lupus erythematosus (283). The disorders caused by 

LYST, LRBA, NBEAL2 and WDR81 all share the property that inheritance of the 

disorder is autosomal recessive and there is no obvious phenotype for heterozygous 

mutation carriers. The clinical outcomes following mutations in BDCPs make it 

evident that this family of proteins serve important physiological functions and 

suggest that WDR81 may serve an important role in normal neuronal processes. 

 

 

1.10 C. elegans as a model organism for membrane trafficking 

 
For decades, the C. elegans nematode has been utilised in research to advance the 

understanding of synaptic transmission. In the 1960s, Nobel laureate Sydney 

Brenner demonstrated the utility of C. elegans as an animal model with in vivo 

investigations of developmental and neuronal processes (284). These non- 

pathogenic animals have a life-span of approximately 20 days, and provide several 

benefits for exploring the neuronal mechanisms involved in ageing and 

neurodegeneration (285). Readily cultured in standard laboratory conditions, C. 

elegans can be easily genetically manipulated and characterised using a range of 

phenotypic assays. Loss-of-function, gain-of-function, and null mutations can be 

easily generated and maintained within the nematode (284,286). Additionally, C. 

elegans exist as two sexes, males and hermaphrodites. Hermaphrodites give rise to 

approximately 300 offspring, while males provide excellent tools for manipulating the 

genome though genetic crossing (285). Following mating, hermaphrodites produce 

hundreds of offspring, making the C. elegans an excellent model for easily 

reproducible experiments. The C. elegans nematode was the first multicellular 

organism to have the complete genome sequenced, and today, the complete 

nervous system of C. elegans, containing 302 neurons has been mapped, making C. 
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elegans a popular choice for studying the complex molecular mechanisms of 

synaptic transmission (287,288). 

 
 
Several standardised techniques are available for the C. elegans organism, allowing 

for the investigation of proteins in more complex pathways. One of the most utilised 

behavioural assays in C. elegans is that of locomotion, in which the worm moves 

along a surface encompassed in a film of water which attaches its body to the 

surface through surface tension (287). Normal locomotion is maintained through 

carefully coordinated dorsoventral sinusoidal bends, which can be interrupted by 

several genetic manipulations resulting in an uncoordinated phenotype. The 

identification of these mutations has advanced the understanding of key molecular 

components of exocytosis, such as Munc18 (unc-18) and the SNARE protein 

syntaxin (unc-64) (284,286). In the neuromuscular junction of motoneurons, the 

three main components are the excitatory cholinergic synapse, the inhibitory 

GABAergic synapse, and the muscle (289). Synaptic transmission at the cholinergic 

synapse can be easily investigated using another common assay known as the 

aldicarb assay. Acetylcholine (ACh) is the major excitatory neurotransmitter released 

from the presynapse into the NMJ of over one-third of neurons in C. elegans (289). 

This release of ACh from excitatory motoneurons facilitates muscle contraction, and 

subsequently, locomotion. Aldicarb acts as an inhibitor of acetylcholinesterase, 

resulting in an accumulation of ACh in the NMJ which leads to hypercontraction, and 

eventually paralysis of the worm. Worms which are defective in neurotransmission 

will have low levels of ACh release from the presynapse, and will take longer to 

paralyse, exhibiting a phenotype known as resistance to cholinesterase inhibitors 

(RIC). Alternatively, mutants with elevated levels of neurotransmission and 
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acetylcholine release will reach paralysis more quickly. Thus, these mutants are 

referred to as hypersensitive to cholinesterase inhibitors (RIC) (290). Thus, aldicarb 

provides a simple method to quantitatively analyse synaptic transmission in mutant 

worms. 

 
 
The pharynx of C. elegans has become well-utilised for the indirect investigation of 

neurotransmission. Several features of the pharynx make it suitable for 

understanding the cellular and molecular mechanisms of behaviour (291). It 

comprises 60 cells; 20 are muscle cells of 8 different anatomical types, 20 are 

neurons of 14 different anatomical types, and the remainder are structural and 

glandular cells. The pharyngeal neurons only make a connection with one bilaterally 

symmetric pair of extrapharyngeal neurons and so are almost organised as an 

autonomous nervous system (292). Within this region, activity consists of two 

motions – pumps and isthmus peristalses - which bring food into the pharyngeal 

lumen, grind it and pass it towards the intestine (293,294). Pharyngeal pumping can 

be measured using electropharyngeogram (EPG) recordings in which electrical 

events within the pharynx produce transient signals (291). An EPG recording is 

made up of five electrical transients. Positive transients are observed following 

activity of the cholinergic MC motorneurons and depolarisation of the pharynx, while 

repolarisation of the corpus and terminal bulb muscle produce negative transients. 

The depolarisation and repolarisation transients are separated by several negative 

transients corresponding to glutamate release from the M3 motorneurons. Thus, 

EPG recordings provide an excellent insight into electrical activity and synaptic 

transmission between neurons and muscle cells (291,295), albeit interpretations of 

the non-pharyngeal neurons is indirect. 
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Furthermore, metabolomic and lipidomic methods are ever evolving with increasing 

demand in research. The C. elegans organism has become a well-used model to 

investigate the genetic basis for the regulation of fatty acid synthesis and storage 

(296). While the physiologies between C. elegans and mammals are vastly different, 

the proteins involved in synthesizing, oxidising and transporting molecules are 

conserved (297). In recent years, metabolic network models for C. elegans were 

constructed (298,299), owing to accurate and robust metabolomics methods (300). 

The most used methods for metabolite analysis in C. elegans include gas 

chromatography (GC)-MS (301,302), and nuclear magnetic resonance (NMR) 

spectroscopy (302–304). As metabolomics techniques are highly sensitive, using the 

C. elegans model organism provides the most stringent experimental control when 

studying multicellular organisms (305). As a whole, C. elegans offer a great 

opportunity for genetic manipulation with the ability to sufficiently replicate results. 

 
 

 

1.11 Work carried out before this project and the rationale for the current 
investigation 

 
Work leading up to this project aimed to investigate whether it was possible to bypass 

the function of unc-18 if there is a complete loss-of-function of the gene. unc-18 (e81) 

null mutants were chosen as the preferred strain to investigate the complete loss-of-

function of unc-18. These mutants were originally created by Sydney Brenner (284) 

and are believed to be complete nulls due to the premature stop codon in the e81 allele 

(2). unc-18 (e81) null mutant C. elegans were acquired from the Caenorhabditis 

Genetics Center (CGC) and were subjected to a suppressor screen in which worms 

were exposed to ethyl methanesulfonate (EMS) to introduce random mutations within 

the genome. EMS readily penetrates C. elegans, with newly hatched larvae producing 

progeny with several clones of mutants (Figure 1.3). The progeny were analysed for 
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reversion of unc-18 paralysis, identifying a mutant worm (unc-18 rescue) in which 

locomotion was indistinguishable from wild-type (WT). Using the original unc-18 (e81) 

null mutant strain as a reference, whole genome SoLiD sequencing of the unc-18 rescue 

strain was carried out to identify mutations that were novel to unc-18 rescue strain. As the unc-

18 (e81) null mutation contains a host of several other background mutations, each mutation 

was carefully analysed. By subtracting mutations that occur in unc-18 (e81) null mutants, 367 

single nucleotide point mutations were identified as specific to the unc-18 rescue strain. While 

several of the mutations were located in non-coding regions, and deemed to be irrelevant, a 

few mutations were of interest for the investigation. These included mutations in unc-104 

(kinase-like motor protein required for anterograde axonal transport of synaptic vesicles), unc-

44 (ankyrin-like protein involved in axonal guidance during development), unc-51 (protein 

kinase required for axonal outgrowth), and pde-4 (cAMP phosphodiesterase involved in 

control of locomotion rate). However, closer analysis of where the mutations were located led 

to the conclusion that they were unlikely to be involved in the unc-18 rescue phenotype. 

Analysis of the whole genome sequencing did however identify two novel mutations that 

are putatively involved in altering synaptic transmission in the unc-18 rescue strain in 

addition to the original unc-18 (e81) mutation: a nonsense mutation in the kinase 

domain of a neuronal diacylglycerol kinase – dgk-1 (ulv1), and a missense mutation in 

the WDR81 orthologue sorf-2 – sorf-2 (ulv2). The current investigation explored the 

involvement of the two novel mutations in the rescue of locomotion observed in unc-18 

rescue mutants through a series of behavioural and biochemical techniques. 
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Figure 1.3. Ethyl methanesulfonate (EMS) mutagenesis of C. elegans. A) C. elegans are exposed to 

EMS and left to self-fertilise. B) Heterozygous F1 progeny are assessed for different phenotypes and 

individual worms of interest are isolated and left to self-fertilise. C) Homozygous F2 progeny are 

assessed to confirm phenotype. 
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Chapter 2. Materials and Methods 
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2.1 Materials 

 
All materials were obtained from Sigma Aldrich (Poole, UK) unless stated otherwise 

in the text. 

 

 

2.2 C. elegans Maintenance 

 
All C. elegans were grown and maintained on nematode growth medium (NGM: w/v 

2% agar, 0.25% peptone, and 0.3% NaCl) at 20C. Sterile-filtered solutions at final 

concentrations of 1 mM CaCl2, 1 mM MgSO4, 25 mM KH2PO4, and 5 g/ml 

cholesterol were added to molten NGM. Each 60 x 15 mm polystyrene Petri dish 

contained 10 ml NGM and small 35 x 10 mm polystyrene petri dishes contained 5 ml 

NGM, with Escherichia coli OP50 provided as food source. To maintain plates, 

worms were sub-cultured to freshly seeded plates every 3-4 days. In the event that 

worms had become starved, plates were maintained by excising a section of NGM 

from an old plate and placing it onto a freshly seeded plate. A summary of C. 

elegans strains used is shown in Table 1. 

 

 

2.2.1 Freezing and revival 

 
For long term storage of worms, plates were overgrown until worms were starved to 

obtain progenies at the L1 and/or L2 larval stages, which are best to survive 

freezing. Worms were washed off NGM agar plates with 2.5ml M9 buffer (22 mM 

KH2PO4, 1 mM MgSO4, 86 mM NaCl, and 35 mM NA2HPO4) and transferred to a 15 

ml Falcon tube with 2.5 ml of freezing solution (30 % w/v glycerol, 3 mM MgSO4, 5.5 

mM NaOH, 50 mM KH2PO4, and 100 mM NaCl). The worm suspension was then 
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vortexed briefly and aliquoted in 1 ml volumes among 2 ml cryotubes (Appleton 

Woods, Birmingham, UK). Worms were subjected to slow-freezing at -80C 

overnight before transfer into polystyrene boxes for long-term storage at the same 

temperature. When required, frozen aliquots were thawed at room temperature. After 

a brief vortex, the contents were poured onto a freshly seeded NGM plates and left 

to grow. 

 

 

2.2.2 Decontamination 

 
If bacterial or fungal contamination occurred, worms were decontaminated in one of 

two ways. Either sections of the contaminated plates were excised and moved to 

freshly seeded plates, and worms further transferred onto fresh plates once they 

crawled off, or plates were bleached. For bleaching, worms were washed off 

contaminated plates with 3.5 ml dH2O and transferred to a 15 ml Falcon tube with 

0.5 ml 0.5 M NaOH (final concentration) and 1 ml 10% commercial alkaline 

hypochlorite bleach. The tube was briefly vortexed every 2 minutes for 10 minutes, 

and then centrifuged at 1000 g for 1 minute to pellet released eggs. The supernatant 

was aspirated to 100 l, leaving just the pellet. The pellet was washed in 5 ml dH2O, 

re-centrifuged at 1000 g for 1 minute and aspirated to 100 l once more. The 

pelleted eggs were resuspended and pipetted onto a freshly seeded NGM plate. 
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Table 1. List of C. elegans strains used in study 

 

Name Strain Gene (allele) Description Source 

WT Bristol N2 N/A Wild-type CGC 

unc-18 (e81) null CB81 unc-18 (e81) Q to STOP 

mutation 

CGC 

unc-18 rescue AMG199 unc-18 (e81); dgk-1 (ulv1); 

sorf-2 (ulv2); sorf-2 (ulv3) 

unc-18 null 

containing point 

mutations 

Made 

in 

house 

unc-18 rescue + 

dgk-1 

AMG337- 

339 

unc-18 (e81); dgk-1(ulv1); sorf- 
2(ulv2); sorf-2 (ulv3); Ex[Prab- 

3::dgk-1; Prab-3::EGFP] 

unc-18 rescue 

with transgenic 

expression of wt 

dgk-1 

Made 

in 

house 

dgk-1 + sorf-2 AMG349- 

351 

dgk-1 (ulv1); sorf-2 (ulv2) point mutations 

in dgk-1 and 

sorf-2 

Made 

in 

house 

unc-18 + DAG AMG346- 

348 

unc-18 (e81); egl-30 (js126) unc-18 e81 null 

with js126 gof 

mutation 

Made 

in 

house 

rrf-3 NL2099 rrf-3 (pk1426) Homozygous rrf- 

3 deletion 

CGC 

unc-18 true 

deletion 

COP3885 N/A full reading 

frame deletion 

Knudra 

unc-18 ulv12 null AMG361- 

363 

unc-18 (ulv12) 7 base pair 

deletion 

Made 

in 

house 

(306) 

rrf-3 + unc-18 

true deletion 

N/A rrf-3 (pk1426); N/A Contains 

deletions in rrf-3 

and full reading 

frame deletion 

in unc-18 

Made 

in 

house 
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rrf-3 + unc-18 

ulv12 null 

AMG727 rrf-3 (pk1426); unc-18 (ulv12) Contains 

deletions in rrf-3 

and unc-18 

Made 

in 

house 

unc-18 (e81) null 

– ulv3 

 unc-18 (e81); unc-18 null, 

paralysed, slow 

growing 

Made 

in 

house 

dgk-1 null VC1014 dgk-1 (ok1462) Contains a 

deletion 

CGC 

unc-18 rescue + 

sorf-2 

AMG726 unc-18 (e81); dgk-1(ulv1); sorf- 

2(ulv2); Ex[Phsp-16.48::sorf-2] 

unc-18 rescue 

with transgenic 

expression of 

sorf-2 using a 

heat-shock 

promoter 

Suny 

Biotech 

sorf-2 

heterozygous 

null 

FX18261 tm5210/ht2 Lethal null of 

sorf-2, balanced 

by hT2 (qls48) 

Mitani 

lab 

sorf-2 

overexpression 

(global) 

AMG520- 

522 

N2;Ex[Pf52c9.1::f52c9.1 cDNA; 

Prab-3::GFP] 

Overexpression 

of sorf-2 under 

its endogenous 

promoter 

Made 

in 

house 

sorf-2 

overexpression 

(neuronal) 

AMG523- 

525 

N2;Ex[Prab-3::f52c9.1 cDNA; 

Prab-3::GFP] 

Overexpression 

of sorf-2 under 

a rab-3 

promoter 

Made 

in 

house 

CGC= Caenorhabditis Genetics Center; N/A=not assigned 
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2.3 C. elegans assays 

 
Unless otherwise mentioned, all behavioural assays were conducted in a 

temperature-controlled room (20–22C) using young adult hermaphrodite worms 

picked from well-populated, non-starved plates. 

 

 

2.3.1 Assessing locomotion in solution 
 

 
Locomotion of C. elegans in solution was assessed by quantifying the rate of 

thrashing in Dent’s Ringer solution (DRS; pH 7.4, 1 mM MgCl2, 3 mM CaCl2, 6 mM 

KCl, 10 mM HEPES, and 140 mM NaCl). A single thrash was identified as a head to 

tail sinusoidal movement. Single worms were placed in droplets of 0.1% (w/v) bovine 

serum albumin (BSA)/DRS and left for 5 minutes to recover. After recovery, the rate 

of thrashing was quantified for each worm over a period of one minute. Thrashing 

was assessed using a one-way analysis of variance (ANOVA), followed by Tukey’s 

multiple comparison test. 

 

 

2.3.2 Assessing locomotion on NGM agar 

 
The body bend assay was based on the locomotion assay used by Tsalik and Hobert 

(2003) (307). Young adult hermaphrodite worms were moved from their original 

NGM plates to non-seeded plates and left for 5 minutes to recover. Locomotion was 

defined and quantified by counting the number of body bends (defined as one 

complete sinusoidal movement of the worms body from maximum amplitude, to 

minimum, and through to maximum amplitude again) performed by the worm within 1 
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minute. Thrashes were assessed using a one-way ANOVA, followed by Tukey’s 

multiple comparisons test. 

 

 

2.3.3 Acute aldicarb resistance assay 

 
This assay was conducted as previously described by Lackner et al. (1999) and was 

used to measure indirectly the extent of cholinergic transmission at the 

neuromuscular junction. The aldicarb (Sigma Aldrich, Poole, UK) stock solution was 

dissolved in 70% ethyl alcohol at a concentration of 100 mM and then added to 

molten NGM for a final concentration of 1 mM. Approximately 25–50 worms were 

moved to the centre of 60 x 15 mm unseeded NGM plates containing 1 mM aldicarb. 

Acute sensitivity to aldicarb was measured as the time of paralysis onset following 

acute exposure to the drug. This was assessed by lightly prodding worms 3 times 

with a thin tungsten wire every 10 minutes, or every 5 minutes for mutants that are 

characteristically hypersensitive to aldicarb. Paralysis was confirmed after no 

physical response to prodding was observed. The assay was continued until all the 

worms had reached complete paralysis. Aldicarb sensitivity was assessed using a 

log rank test for Kaplan Meier followed by the Bonferroni corrections test. 

 
 
When assessing aldicarb sensitivity in worms following pharmacological treatment, 1 

mM aldicarb plates were made containing the relevant dose of drug under 

investigation. Following treatment with the drug on a separate NGM plate containing 

the drug only, worms were moved to drug-containing aldicarb plates. The aldicarb 

assay was then carried out as normal. Control aldicarb plates such experiments 

were made using 1 mM aldicarb and dimethyl sulfoxide (DMSO) at the equivalent 

concentration to the drug under investigation. 
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2.3.4 DGK inhibitor dose response test 

 
1 M DGK inhibitor II (R59949; Sigma) solution was dissolved in DMSO to produce a 

10 ml stock. The DGK inhibitor solution was added to molten NGM plates at varying 

concentrations (0, 0.001, 0.01, 0.1, 1, 10 and 100 M) either with or without 1 mM 

aldicarb. The volume of NGM was adjusted accordingly to produce plates containing 

a final volume of 20 ml. Control plates were made with the corresponding 

concentration of DMSO only (final concentrations: 0, 0.001, 0.01, 0.1, 1, 10 and 100 

M). 30–50 WT worms were pre-treated for 2 hours on the NGM plates containing 

the DGK inhibitor II only, before being moved to NGM plates containing both the 

DGK inhibitor II and aldicarb. Care was taken to prevent worms escaping the plates 

during the pre-treatment. The acute aldicarb resistance assay was then carried out 

as previously described (Section 2.3.3). 

 

 

2.3.5 Assessing locomotion following drug treatment 

 
30–50 worms were pre-treated for 2 hours on NGM plates made up containing 2 

 

g/ml phorbol 12-myristate 13-acetate (PMA; Sigma) or containing 1 M DGK 

inhibitor II. During this time, care was taken to prevent worms escaping. Following 

pre-treatment, the body bend and aldicarb assays were carried out as previously 

described (Section 2.3.2 and 2.3.3). 

 

 

2.3.6 Electropharyngeogram (EPG) recordings 

 
Prior to recording, worms were washed in M9 Buffer and then collected in a M9 

Buffer and 25% v/v 5-hydroxytryptamine (5-HT; 10 mM) solution for 30 minutes. 

ScreenChips (InVivo Biosystems, Oregon, USA) were preloaded with the M9/5-HT 



69  

solution to stimulate pharyngeal pumping. Worms were gently loaded into the 

ScreenChip using a syringe and polyethylene tubing. By applying gentle pressure 

through the syringe, a single worm was loaded into the recording channel either 

head-first or tail-first. Recordings were made for a minimum of three minutes per 

worm using the NemAcquire Software and analysed using NemAnalysis Software 

(InVivo Biosystems). Analysis conditions are listed in Table 2. Default pump 

parameters set by the NemAcquire Software were used, unless stated otherwise. 

EPG recordings were assessed using a one-way ANOVA, followed by Tukey’s 

multiple comparisons test. 

Table 2. EPG analysis parameters used with NemAcquire Software 

 

Analysis Parameters  

Minimum E SNR 1.8 

Minimum R SNR 2.2 

E Highpass cut-off (Hz) 20 

R Highpass cut-off (Hz) 20 

Minimum Absolute Threshold (uV) 10 

Pump Parameters  

Minimum Pump Duration (ms) 40 

Maximum Pump Duration (ms) 300 

Minimum Intra-pump Distance (ms) 30 

E=excitatory spike; EPG=electropharyngeogram; R=relaxatory spike; SNR=signal to noise ratio 
 
 

 

2.3.7 Genetic crossing for creation of unc-18 RNA interference (RNAi) 
sensitive strains 

 
rrf-3 males were generated through crossing with Bristol N2 (WT) worms, and 

subsequently backcrossing the resultant offspring with rrf-3 hermaphrodites until 
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homozygosity was reached. 25 WT males were placed onto freshly seeded plates 

with 4–5 L4 stage rrf-3 hermaphrodites. 25 rrf-3 males were then crossed with 4–5 

unc-18 mutant worms and left to mate for 5 days. 1 F1 progeny hermaphrodite (non- 

paralysed) was then isolated and left to self-fertilise. Any paralysed F2 progeny were 

then isolated and allowed to self-fertilise before being genotyped for the rrf-3 

mutation. 

 

 

2.3.8 RNAi by feeding 

 
RNAi experiments were conducted according to standard feeding protocols (308). 

Bacterial cultures of the RNAi plasmid sorf-2 (F52C9.1) (Source Bioscience) were 

made in Luria-Bertani (LB) medium containing 100 g/ml ampicillin. NGM plates 

were made according to the standard protocol (Section 2.1) with addition of 1 mM 

isopropyl β-d-1-thiogalactopyranoside (IPTG) and 25 g/ml carbenicillin. An empty 

vector (pG-L4440) was used as a negative control for the RNAi screen. Plates were 

left to dry at 20C for 5–7 days before being seeded with 3 50l droplets of RNAi 

bacterial cultures. Once dry, 5 L3–L4 worms were added to the seeded plates and 

left to self-fertilise. As RNAi plates lose efficacy of RNAi over time, fresh plates were 

prepared for each experiment. Unless otherwise mentioned, phenotypic and qPCR 

analysis was carried out on first-generation progeny fed with the indicated RNAi 

bacterial clones. 
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2.4 Molecular Biology 
 

 
2.4.1 RNA extraction and cDNA synthesis 

 
To perform RNA extraction, 100 C. elegans were picked into 100 l of dH2O in a 

microcentrifuge tube. After a brief centrifuge, 400 l of TRIzol was added and 

samples were frozen at -80C for a minimum of 30 minutes before use. When 

required, samples were thawed at 37C on a shaking block for 30–40 minutes. C. 

elegans RNA was extracted and purified using RNeasy mini kit and RNase-Free 

DNase Set (Qiagen, Manchester, UK) according to manufacturer’s instructions. RNA 

concentration and purity was measured using a DS-11 spectrophotometer (DeNovix, 

USA). cDNA synthesis was then conducted using ProtoScript® II First Strand cDNA 

Synthesis Kit (NEB, Hitchin, UK). <1 g RNA, 2 l Random primer mix, 10 l 2X 

ProtoScript II Reaction Mix, 2 l 10X Protoscript II Enzyme mix, and dH2O were 

mixed to a final volume of 20 l. The components were incubated at 25C for 5 

minutes before being incubated at 42C for 1 hr. The reaction was terminated by 

heating to 80C for 5 min and samples were then stored at -80C. All incubations 

were done in a thermal cycler. 

 

 

2.4.2 Quantitative PCR reaction assembly and thermal cycling 

 
1 l of cDNA template was loaded into each well of a Bio-Rad 96-well hard-shell 

PCR plate with 5 l Sybr green, 0.5 l forward/ reverse primer, and 3 l dH2O 

making a total reaction mix of 10 l. qPCR primers are listed in Table 3. 

Thermocycling was conducted using the Bio-Rad CFX Real-time PCR detection 

system. 40 cycles of thermocycling were conducted as follows: 95C for 30 seconds, 
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95C for 5 seconds, 58C for 30 seconds. Melting curves were measured through an 

increase from 55 to 95C by 0.5C increments every 5 seconds. Data were analysed 

using two-way ANOVA, followed by Tukey's multiple comparisons test. 

 

 
Table 3. Primer sequences for qPCR 

 
Gene Forward sequence Reverse sequence Annealing 

Temp (C) 

Amplicon 
size (bp) 

unc-18 CATCACTCCACTTCT 
CCAT 

GCATTCCTCAGCAAG 
ACT 

58 349 

sorf-2 CATCAATGGTATCA 
GCAATGGAAGTG 

GATCTTAGTCGGAAT 
GTTGAGTCG 

58 233 

dgk-1 TCCTCTCATGATCAG 
CCACA 

TTTGAGCACGTTTTCC 
CTCA 

58 340 

pmp-3 TGGTGTCGCGATTA 
CTGTAG 

GATTTGTTGTCGCAG 
AGTGG 

58 283 

 
 
 

 

2.4.3 Genomic DNA extraction and single C. elegans PCR 
 

 
For C. elegans genotyping, genomic DNA was extracted for sequencing. Individual 

animals were picked into 10 l of lysis buffer (95 l of 5X Phusion® HF Buffer (NEB) 

and 5 l 20 mg/ml Proteinase K). Animals were picked into lids of 0.2 ml PCR tubes 

and briefly spun down in a microcentrifuge before being frozen at -80C for at least 

10 minutes or until they were required for lysis. C. elegans were freeze thawed 

before undergoing worm lysis using a standard protocol of incubation in a thermal 

cycler of 65C for 90 minutes followed by 95C for 15 minutes. 1 l of the lysate was 

used for single C. elegans PCR and genotyping. Single C. elegans PCR was 

completed using Phusion® High-Fidelity DNA Polymerase (NEB) according to the 

manufacturer’s instructions for a 20 l reaction. 1 l worm lysis product, and 1.25 l 
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of each forward and reverse primer from a 10 M stock were used for each reaction. 

 
Primers used for genotyping are described in Table 4. PCR products were separated 

and analysed as described ahead. 

 
Table 4. Primer sequences used for C. elegans PCR 

 
Gene Forward sequence Reverse sequence Annealing 

Temp (C) 

Amplicon 
size (bp) 

unc-18 CACACGAGCAAGTTT 
ACCAATCTTCCC 

CTGTCGGACCCAATG 
ACGACTTC 

60 412 

sorf-2 GCGATTCTTGATGCC 
CGAAATGGAAAG 

CTGGAGCCTATCAGA 
TAGGAGCAATTGAG 

60 891 

dgk-1 CGACTTCGTCTGGAA 
ATCAAACGG 

GAGCTTGGATTGGAT 
GAGTCCCAG 

59 956 

rrf-3 CACGAGCTGCGTACG 
AAGAT 

GATACTTGCAGCATG 
TCCAGACAC 

60 625 

 

 

2.4.4 Agarose gel electrophoresis 

 
Agarose gel electrophoresis was used to separate DNA fragments. 6X DNA gel 

purple loading dye (Bio-Rad Laboratories Ltd, Hertfordshire, UK) was added to the 

samples before being loaded onto an agarose gel made up of 1% (w/v) agarose 

dissolved in Tris-acetate EDTA (TAE) buffer (40 Mm Tris, 20 mM acetic acid, 1 mM 

EDTA), with addition of 0.5 l/ml Sybr® Safe (Invitrogen, UK). 1kb Hyperladder 

(Meridian Bioscience, USA) was loaded alongside the samples as a size reference. 

The gels were placed in tanks containing TAE buffer at 80 V for 45 minutes. The 

resolved DNA was then visualised under UV trans-illumination using a ChemiDoc™ 

XRS system (Bio-Rad), and desired fragments were purified using the Wizard® SV 

Gel and PCR Clean-Up System (Promega, Hampshire, UK) according to the 

manufacturer’s instructions. 
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2.4.5 Plasmid transformation 

 
Plasmid DNA was amplified by transformation into chemically competent E. coli 

strain DH5 using heat shock treatment. 50 l of competent DH5 cells (Invitrogen) 

were thawed on ice before being incubated on ice with 1 l of plasmid DNA for 30 

minutes. The cells were then heat-shocked at 42C in a water bath for 30 seconds 

and immediately re-placed on ice. 250 l of super optimal broth with catabolite 

repression (SOC) media (0.5% w/v yeast extract, 2% w/v tryptone, 10 mM NaCl, 10 

mM MgCl2, 2.5 mM KCl, 20 mM glucose) was added and then incubated at 37C for 

an hour while under continuous agitation at 220 rpm. The transformation was then 

plated out in varying quantities (typically 20 l and 100 l) on LB-agar plates (0.5% 

w/v yeast extract, 1% w/v tryptone, 1% w/v agar, 1% w/v NaCl) containing the 

appropriate antibiotic (100 g/ml ampicillin or 50 g/ml kanamycin). The plates were 

then incubated at 37C overnight. 

 

 

2.4.6 Plasmid DNA preparation 

 
Single colonies of E. coli cells were picked from transformation plates into 8–10 ml 

LB media for mini-preparations, or 200 ml LB media for maxi-preparations. The LB 

media was mixed with the appropriate antibiotic – 100 g/ml ampicillin or 50 g/ml 

kanamycin. Cultures were grown overnight at 37C while shaken at 220 rpm. 

Bacterial cultures were then pelleted by centrifugation at 12,000 g (mini-preps) or 

4,000 g (maxi-preps) and then processed using either the PureYield™ Plasmid 

Miniprep System (Promega), or the PureLink™ HiPure Plasmid MaxiPrep Kit 
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(Invitrogen), each completed by following the manufacturer’s protocols. Plasmid 

concentration and purity were quantified using a nanodrop spectrophotometer. 

 

 

2.4.7 Sub-cloning of plasmids for transgenic expression 

 
Phsp16.48::sorf-2 plasmid for transgenic expression was created using T4 ligation 

followed by the Gateway cloning system. The phsp16.48 DNA to be inserted was 

first amplified by PCR using primers containing SacII and ClaI sites at the 5’ and 3’ 

ends respectively. Punc-17-A destination vector was digested to create 

complementary sticky ends. The two DNA fragments were resolved using agarose 

gel electrophoresis and extracted using methods previously described (Section 

2.4.4). After measuring DNA concentration and purity, the two fragments were 

ligated using T4 ligase (Promega). Vector and insert were mixed in a 5:1 ratio, 

respectively, with addition of 1 l 10X ligase buffer, 1 l T4 ligase, and dH2O to make 

a final concentration 20 l. The reaction was incubated at room temperature for 2 

hours before being heat inactivated at 65C for 10 minutes. The destination vector 

was amplified using DH5 E. coli cells and plasmid purified as previously mentioned. 

Successful ligation was validated by restriction digest. 

 
 
AttL flanking sequences within the entry clone allowed the DNA of interest (sorf-2) to 

be inserted into the destination vector, which contained AttR flanking sequences, 

using LR Clonse II (ThermoFisher) recombinase following the manufacturer’s 

instructions. The resulting expression clone plasmids were amplified using DH5 E. 

coli cells and plasmid purified using the standard maxi-prep procedure previously 

described. 
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2.4.8 Transgenic expression of plasmids 

 
Following successful sub-cloning, phsp16.48::sorf-2 was injected, with a psur-5::sur- 

5::NLSGFP reporter marker into unc-18 rescue mutants, at a concentration of 5 

ng/l. Injections were performed by SunyBiotech (Fuzhou, China). 

 

 

2.5 Analysis of C. elegans with 1D 1H nuclear magnetic resonance (NMR) 
spectroscopy 

 

 
2.5.1 General procedure for metabolite extraction from whole C. elegans 
 
samples and analysis with 1D 1H NMR spectroscopy 

 
C. elegans metabolites were extracted from thawed worms in 50 % (v/v) water and 

ice-cold acetonitrile (AcN). Samples were kept on ice to prevent overheating and 

extraction was performed by sonication for 30 s durations with 30 s intervals at 10 % 

amplitude. Samples were vortexed for 30 s and then centrifuged for 5 min at 21,000 

g, 4C, to pellet insoluble components and cell debris. The metabolite containing 

supernatants were snap frozen in liquid nitrogen for 2 minutes and then lyophilised 

to completion with a Heto PowerDry LL1500 freeze dryer (ThermoFisher Scientific 

Inc). Metabolite containing supernatants and lipid-containing pellet samples were 

kept at -80C for long-term storage, until required. 

 
 

 

2.5.2 Metabolite extraction 

 
After extraction was completed, but immediately prior to NMR acquisition, 200 l of 

NMR buffer (89.8% 2H2O, 10% (v/v) 1 mM sodium phosphate (pH 7.4), 0.1% (v/v) 
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100 mM selectively deuterated (d4) trimethylsilyl-2H4-propionate (TSP), and 0.1% 

(v/v) 1.2 mM sodium azide) was added to each sample. All components were added 

to the buffer after metabolite extraction, except the reference compound, TSP, which 

was added prior to extraction to account for extraction-induced sample loss. After 

NMR buffer was added to samples, solutions were vortexed for 1 min and then 

centrifuged for 2 min at 12,000 g, 20C to pellet remaining cell debris and insoluble 

components. 200 l of the supernatant was then transferred to clean 3 mm NMR 

SampleJet tubes (Bruker BioSpin Gmbh). 

 

 

2.5.3 Lipid extraction 

 
Lipid containing cell pellets were resuspended in 500 l chloroform (C1HCl3, Sigma) 

and vortexed for 30 s. Samples were then incubated for 5 min at 

-20C before being centrifuged for 5 min at 21,500 g, 4C. The lower lipophilic layer 

was transferred to new Eppendorf tubes before being snap frozen in liquid N2. 

Immediately prior to NMR acquisition, 200 l CDCl3 was added to lyophilised 

samples, before being vortexed for 30 s. Samples were centrifuged for 2 min at 

12,000 g, 20C, before transferring 200 l into 3 mm NMR tubes. 

 

 

2.5.4 Spectra acquisition 

 
1D 1H NMR spectra were acquired on a Bruker Avance III HD 700 MHz 

spectrometer equipped with a 5 mm TCI cryoprobe at pH 7.4 and 25C. For polar 

metabolites, 1D 1H standard Carr-Purcell-Meiboom-Gill (CPMG)-type metabolomica 

experiment with optimal water suppression was acquired with cpmgpr1d filters for 
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small molecules via a CPMG sequence. For non-polar (lipid) metabolites, 1D 1H- 

NMR Nuclear Overhauser Effect Spectroscopy (NOESY) standard vendor pulse 

sequence (noesgppr1d – all parameters constant between samples) was used. Polar 

spectra were acquired with 256 transients at 15 ppm spectral width, 32 k points, 9.6 

ms echo time, a 3.1 s acquisition time, and a 4 s interscan delay. Lipid spectra were 

acquired with 256 transients at 25 ppm spectral width at 15C to offset the volatility 

of the chloroform. 

 

2.5.5 Spectra inclusion criteria 

 
All spectra was subjected to strict quality control (QC) (309) using TopSpinTM version 

 
3.6.3 (Bruker BioSpin Gmbh). Baseline phasing was checked and manually 

corrected if required. All polar peaks were referenced to the resonance of TSP at 0 

ppm, and lipid peaks were referenced to the resonance of the chloroform peak at 

7.26 ppm. The reference peak line width for each sample was measured at half 

height to ensure it was within the upper (mean line width + standard deviation) and 

lower (mean line width – standard deviation) limits. In metabolite samples, width of 

the water peak was also measured, ensuring it was present at 7.4 Hz. Any samples 

that failed QC were acquired again on the spectrometer up to a maximum of 3 times. 

 

 

2.5.6 Spectra processing 

 
A representative spectrum was used to create a pattern file, defining ‘bin’ boundaries 

for all peak positions. The pattern file was then validated using the TameNMR 

Galaxy toolkit (https://github.com/PGB-LIV/tameNMR) and used to integrate spectral 

peak data into numerous bins for statistical analysis. 

https://github.com/PGB-LIV/tameNMR
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2.6 NMR statistical analysis 

 
All data was normalised by probabilistic quotient normalisation (PQN), described 

below, and auto scaled (each bin is mean centred and then divided by the standard 

deviation for that bin). One-way ANOVA analysis was performed, followed by 

Tukey’s multiple comparisons test. Multivariate principal component analysis (PCA) 

was performed on all spectra and partial least squares discriminant analysis (PLS- 

DA) was performed if sample number exceeded 6. Statistical analysis was 

conducted using in-house scripts which were implemented using the mixOmics R 

package. 

 

 

2.6.1 Data normalisation 
 

 
Normalisation is essential for omics analysis to correct any variance on sample 

preparation. PQN was the method chosen in this investigation, which normalises 

each spectrum by a reference one such as the median spectrum. The PQN 

normalisation function first includes creating a reference spectrum by calculating the 

median spectrum using the bins in the whole dataset. The quotients are created, and 

all spectra are divided by the reference spectra. The median of the quotients is then 

used to calculate the normalisation factor, after which the raw data is divided by the 

normalisation factor (310). 

 

 

2.6.2 Principal component analysis (PCA) 

 
A PCA is an orthogonal data transformation which returns unobserved variables, 

known as principal components (PC). Each PC demonstrates a proportion of the 
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variance within the data, with the first PC explaining the most variance. The second 

PC then explains the most variance which cannot explained by the first PC. The 

second PC however follows a direction that is orthogonal and not correlated to the 

first PC. This process continues for subsequent PCs (311). As a result, uncorrelated 

PCs explain the variance within the dataset, and will usually only require the first few 

PCs to explain all the variance. This investigation used a PCA to identify any hidden 

structures within the data of different strains, allowing identification of how each 

sample separates out from each other. Furthermore, a PCA loadings plot provides 

an association between differences to metabolites by showing the variability between 

different metabolites within the dataset (310). 

 

 

2.6.3 Partial least square discriminant analysis (PLS-DA) 

 
A PLS-DA is a variation of partial least squares (PLS) regression. It is a supervised 

statistical model often applied to multivariate datasets to make predictive models 

between two matrices. The first matrix is the input data which acts as the predictors 

(training), and the second matrix is the response where the output is observed (test). 

A PLS-DA model projects predicted and observable variables using a linear 

regression model in latent variables known as variates, or PCs. NMR spectra 

demonstrates multicollinearity as single metabolites can often be represented by 

multiple peaks, making a PLS-DA model suitable for establishing variance. 

Supervised statistical models, like the PLS-DA, require the model to be trained on 

data prior to prediction, which has a large impact on the observed outcome. 

Therefore, PLS-DA models benefit from larger data sets with sufficient data for 

training (310). 
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As the PLS-DA uses part of the data for training, the test prediction can return four 

results: true positive, false positive, true negative, and false negative. The sensitivity 

of the model coincides with the true positive rate, while the specificity is associated 

with the model’s ability to correctly rule out the false positive. To understand the 

performance of the model, a receiver operating characteristic (ROC) curve can be 

used, which plots the true positive rate versus the false positive rate for the 

considered classifier at different threshold values. The performance of the classifier 

is measured using the corresponding area under the curve (AUC). A classifier with 

no predicting value (random prediction) would have an AUC of 0.5, while a perfect 

classifier would have an AUC of 1. A classifier with some predictive power would be 

in the region of 0.8 (311). As such, the closer to 1 the AUC value, the better 

predicting power of the model. 
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Chapter 3: dgk-1 loss-of-function is 

necessary, but not sufficient, for the unc- 
18 rescue phenotype 
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3.1 Introduction 
 

 
The neuromuscular system for locomotion in the worm is made up of 75 

motoneurons which are divided into six excitatory cholinergic, and two inhibitory 

GABAergic classes that innervate the dorsal and ventral groups of muscle cells 

(312,313), making the worm an excellent model for studying neurotransmission. The 

alternating wave of contraction and relaxation drives the dorsoventral body bends 

that are characteristic of C. elegans locomotion (289,314). unc-18 is expressed in 

motor neurons and has been implicated as a key part of the exocytic machinery with 

a role at multiple stages of the process such as priming, docking, and fusion (41). 

Mutations that disrupt neurotransmission in C. elegans, such as those in unc-18, 

produce an uncoordinated phenotype and resistance to inhibitors of cholinesterase 

(203,226,284). While the exact role of unc-18 within these processes has been 

heavily debated, unc-18 mutants demonstrate defects in trafficking of unc-64 

(syntaxin-1) and a reduction in the size of the readily releasable pool and number of 

docked vesicles (168,181), highlighting the importance of unc-18 for neurotransmitter 

release. 

 
Coordinated locomotion in unc-18 null mutants can be rescued by wild-type 

expression of unc-18, Munc18-1, unc-18 point mutations that block closed- 

conformation syntaxin, and rescue of mutant Munc18-1 with various chemical 

chaperones (10,181,306,315). However, mutants in which N-terminal binding to 

syntaxin is deficient remain paralysed. In chromaffin cells, Munc18-1 defects in 

docking can be rescued through overexpression of SNAP-25 (316), while in unc-18 

null mutants, docking defects can be partially improved with a unc-18;tom-1 double 
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mutation (204). To date, however, resumption of synaptic transmission in the 

absence of unc-18 has not been demonstrated. 

 
 
Prior work has identified an unc-18 rescue mutant in which locomotion is restored, 

despite the presence of the unc-18 (e81) null mutation. Additionally, the presence of 

two novel mutations in dgk-1 and sorf-2, postulated to be involved in the restoration 

of locomotion in unc-18 rescue mutants, were identified. In this study, I first focused 

on the involvement of dgk-1, the homologue for mammalian DGK, which acts as a 

negative regulator of synaptic vesicle exocytosis by phosphorylating diacylglycerol 

(DAG) into phosphatidic acid (PA) in motor neurons (224). It plays an important role 

in the serotonin inhibition of both locomotion and acetylcholine release (224), 

processes which are severely reduced in unc-18 null mutants (168,317). The 

nonsense mutation (ulv1) in dgk-1 identified in unc-18 rescue mutants resides within 

the kinase domain of the gene. Previously, missense mutations within this domain 

have been found to severely affect dgk-1 function, assessed through egg laying and 

dopamine-induced paralysis, with more severe effects observed in dgk-1 null 

mutants. As dgk-1 functions as a negative regulator of synaptic transmission, its 

loss-of-function results in increased acetylcholine release, likely due to the 

accumulation of DAG (100,224). This investigation hypothesised a role of the dgk-1 

(ulv1) mutation in the unc-18 rescue phenotype through a truncation and/or loss-of- 

function. 

 
 

The C. elegans nematode is a useful organism to study the molecular mechanisms of 

neurotransmission due to its responsiveness to genetic and pharmacological 

manipulations (318). This chapter describes a series of behavioural and 

electrophysiological experiments conducted to characterise the successful rescue of 
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locomotion in unc-18 rescue worms. We then aimed to investigate the necessity of 

the dgk-1 (ulv1) mutation for the rescue phenotype observed in these mutants before 

addressing whether the dgk-1 (ulv1) mutation would be sufficient to produce the 

rescue phenotype if present alone with unc-18 (e81) mutation. 
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3.2 Results 

 
3.2.1 Locomotion of unc-18 (e81) null mutants was successfully restored 
following EMS mutagenesis 
 

 
Quantification of locomotion using body bends is a well-established behavioural 

phenotype to investigate C. elegans strains in which neuronal processes are 

defective. Locomotion rate was assessed to characterise the rescue phenotype 

observed in unc-18 rescue mutants. This was investigated by quantifying the 

number of sinusoidal movements (body bends) produced in one minute on a solid 

NGM surface in the absence of OP50 (E. coli) (Figure 3.1A). Wild-type (WT) 

locomotion was observed to be 14 body bends per minute, consistent with previous 

literature (306). unc-18 (e81) null mutants failed to produce any body bends within 

one minute of measurement, while unc-18 rescue worms moved in a coordinated 

manner similar to WT (12.6 body bends per minute, p>0.05) and significantly better 

than unc-18 (e81) null mutants (p<0.0001) (Figure 3.1C, Figure 3.1D). 

 
 
Following confirmation of the successful restoration of locomotion in unc-18 rescue 

mutants, the necessity of the dgk-1 (ulv1) nonsense mutation was investigated. Wild- 

type dgk-1 was introduced back into the unc-18 rescue mutant through synaptic 

expression driven by the rab-3 promoter (unc-18 rescue + dgk-1). These mutants 

show a reversal in the restoration of locomotion, failing to produce any body bends 

within the measured time (0 body bends per minute). Next, we wanted to assess the 

sufficiency of the dgk-1 (ulv1) mutation through an alternative method, however, as 

unc-18 and dgk-1 both reside on chromosome X, making a compound mutation 

proved to be difficult. Thus, a compound mutation was created with gain-of-function 

egl-30 (js126) (unc-18 (e81) null + DAG) to mimic the hypothesised effects of the 

dgk-1 (ulv1) mutation – excess DAG. Mimicking this effect failed to improve 
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locomotion as worms remained immobile during the time measured (Figure 3.1D). 

 
 
When C. elegans move across an agar surface, body bends are interrupted by 

reversal movements or brief periods of pausing where there is no movement. 

However, when placed in solution, the wavelength and frequency of C. elegans 

locomotion changes and instead the worms move from side to side in the plane of 

their transverse movements (314) (Figure 3.1B). In this medium, locomotion of wild- 

type worms is constant and occurs at a high-frequency (226), so measuring 

locomotion in solution provides an alternative measure to quantify neuronal defects. 

When placed in solution, WT worms swam at a rate of 85 thrashes per minute, while 

unc-18 (e81) null mutants remained immobile and did not produce any thrashes 

(p<0.0001). Similarly, unc-18 rescue mutants thrashed significantly less compared 

to WT worms, producing 1.73 thrashes per minute (p<0.0001). unc- 18 (e81) null + 

DAG and unc-18 rescue + dgk-1 mutants did not thrash significantly different to unc-

18 (e81) null and unc-18 rescue worms as both mutants did not produce any 

thrashes and remained immobile during the assay time (Figure 3.1E). It is interesting 

that unc-18 rescue mutants were not significantly different from unc-18 (e81) null 

mutants in thrashing, despite being significantly different when crawling on a surface. 

Crawling and swimming are distinguished by different kinematics and distinct 

underlying patterns of neuromuscular activity (319) which may explain these results. 

It is possible that some neuromuscular pathways involved in swimming remain 

defective in unc-18 rescue mutants, and so the two assays should be interpreted as 

different mechanisms of locomotion. 
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Figure 3.1 Behavioural analysis of C. elegans. A) Illustration of one sinusoidal body bend movement. 
B) Illustration of a single thrashing movement. C) Video stills of WT, unc-18 (e81) null and unc-18 
rescue worms at 0, 5 and 10 seconds while crawling on an unseeded agar surface. D) Locomotion on 
a surface was quantified by measuring the number of body bends produced per minute while crawling 
on an unseeded agar plate. unc-18 rescue worms show a significant improvement in locomotion 
compared to unc-18 (e81) null mutants. unc-18 rescue + dgk-1 and unc-18 (e81) null + DAG mutants 
failed to produce any body bends during the assay time. E) Locomotion in solution was quantified by 
counting the number of thrashes in Dent’s solution. All mutants thrashed significantly lower compared 
to WT worms, with no thrashes observed in unc-18 (e81) null, and unc-18 rescue + dgk-1 RNAi, and 
unc-18 (e81) null + DAG mutants. A total of 10 worms were analysed in each experiment with a total 
of 3 independent experiments (n=30 worms per strain). Data is shown as mean ± standard error of 
the mean. Statistical data analysis was performed using one-way analysis of variance, followed by 

Tukey’s multiple comparisons test. ****p0.0001. 
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3.2.2 Acetylcholine release is restored in unc-18 rescue mutants 
 

 
C. elegans locomotion is driven by the presynaptic release of GABA and 

acetylcholine, which stimulates muscle contraction (320). Exposure to aldicarb, an 

acetylcholinesterase inhibitor, leads to the accumulation of acetylcholine (ACh) in the 

neuromuscular junction (NMJ), eventually resulting in hypercontraction and paralysis 

(Figure 3.2A). This provides a useful tool to investigate the mechanisms of synaptic 

transmission, as the time taken for paralysis to be reached is dependent on the 

efficacy of cholinergic release (321). It has long been established that mutants with 

defective neurotransmitter release, such as unc-18 mutants, have lower levels of 

acetylcholine at the NMJ and take longer to reach paralysis (226). These mutants 

are termed to be resistant to inhibitors of cholinesterase (RIC), while mutants with 

higher levels of neurotransmitter release reach paralysis quicker in comparison to 

wild-type worms and are termed to be hyper-sensitive to inhibitors of cholinesterase 

(HIC). The latter is characteristic of dgk-1 mutants, with the HIC phenotype being 

attributed to the heightened levels of DAG (224).  

 

As the unc-18 rescue worm is mutant for dgk-1 and null for unc-18, there was a 

question of whether mutating dgk-1 was sufficient to rescue neurotransmitter 

release and alter aldicarb sensitivity in these mutants. Based on characteristics of 

dgk-1 mutants, it was hypothesised that the presence of the dgk-1 mutation would 

result in hypersensitivity to aldicarb in comparison to unc- 18 (e81) null mutants. 

unc-18 (e81) null mutants demonstrated a RIC phenotype and were significantly 

more resistant to 1 mM aldicarb in comparison to WT worms (p<0.0001), in line with 

current literature (226,315,322). The RIC phenotype is rescued in unc-18 rescue 

mutants, and despite the presence of the unc-18 (e81) mutation, the worms 
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demonstrate a HIC phenotype consistent with characteristics of dgk-1 mutants (323). 

unc-18 rescue mutants reached a state of paralysis significantly quicker compared to 

unc-18 (e81) null (p<0.0001) and WT mutants (p<0.01). Next, the necessity of the 

dgk-1 (ulv1) mutation was confirmed as expression of WT dgk-1 in unc-18 rescue 

mutants reversed the HIC phenotype to a level of resistance similar to unc-18 (e81) 

null mutants (p<0.0001 vs unc-18 rescue). Conversely, increasing levels of DAG in 

unc-18 (e81) null + DAG mutants through expression of egl-30 (js126) increased 

hypersensitivity to aldicarb, resulting in a phenotype that was not significantly 

different from unc-18 rescue mutants (p>0.05) (Figure 3.2B). This HIC phenotype 

was consistent with mutants with enhanced egl-30 activity (100), although to a lesser 

extent which is likely due to the presence of the resistant unc-18 (e81) mutation. 

These findings together suggest that the HIC phenotype observed in unc-18 rescue 

mutants is due to the presence of the dgk-1 (ulv1) mutation. 
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Figure 3.2. Neuronal impairments of mutant worms with defective unc-18 A) Schematic of aldicarb 

action. B) Aldicarb sensitivity of mutant C. elegans following treatment with 1 mM aldicarb. 25–40 

worms were assayed in each experiment and a total of 3 experiments were conducted for each strain. 

Curves on the graph are representative of triplicate experiments. Statistical analysis was done using a 

log-rank test for Kaplan Meier followed by the Bonferroni comparisons test. 
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3.2.3 Extracellular recordings of pharyngeal activity 
 
 

 
Following confirmation that locomotion and cholinergic release is improved in unc-18 

rescue mutants compared to unc-18 (e81) null mutants, we next wanted to validate 

these findings through extracellular measurements of pharyngeal activity. 

Electropharyngeogram (EPG) recordings provide information about the activity of the 

pharynx. These recordings measure the excitation and relaxation of the corpus and 

terminal bulbs, while also measuring the activity of M3 motoneurons (291,295), 

providing an indirect measure of neuronal activity. 

 
 
Output measurements of EPGs include the mean frequency of pumping and mean 

pump duration which measures the time from an excitatory peak to a relaxation 

peak. These measurements provide insight into the contraction and relaxation of 

pharyngeal muscles. The output results can also provide information about the 

regularity of pumping by measuring the inter-pump interval duration standard 

deviation (IPI duration SD), which represents the time between one excitatory peak 

to the next (Figure 3.3A). In addition to this, information can be derived from the 

pump parameters, such as the pump duration coefficient of variation, which is a 

threshold set for the maximum amount of acceptable variation in pump duration. Due 

to the defective nature of the mutants studied, the pump duration coefficient of 

variation was set to a threshold of 50% and only recordings that fit within this 

threshold were analysed. Analysis of these different variables can therefore be 

informative of the regularity and efficacy of neuromuscular transmission. 
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Wild-type worms displayed consistent, rhythmic pharyngeal pumping with a mean 

frequency of 3.75 Hz. Pharyngeal pumping frequency in unc-18 rescue mutants was 

significantly increased compared to unc-18 (e81) null mutants (2.79 Hz and 2.20 Hz, 

respectively; p<0.05). unc-18 rescue + dgk-1 mutants show a significant reduction in 

pharyngeal pumping compared to unc-18 rescue worms, with a mean frequency of 

1.31 Hz (p<0.0001) (Figure 3.3B). WT worms pumped with an IPI duration SD of 

76.92 ms. This measure was not significantly different in unc-18 rescue mutants 

(91.95 ms, p>0.05). Pumping in unc-18 (e81) null and unc-18 rescue + dgk-1 

mutants was irregular and IPI duration SD was significantly higher in both mutants 

compared to WT (430.86 ms and 336.22 ms, respectively; p<0.0001) (Figure 3.3C). 

unc-18 (e81) null + DAG mutants were too small to fit in the microfluidic recording 

chamber so EPG recordings could not be made. 

 
 
Furthermore, the mean pump duration of WT and unc-18 rescue worms was not 

significantly different from each other (113.70 ms and 139.29 ms, respectively; 

p>0.05), however, only WT worms were significantly different to unc-18 (e81) null 

mutants which had a mean pump duration of 165.27 ms (p=0.0001). The mean pump 

duration of unc-18 rescue + dgk-1 mutants was significantly higher compared to unc- 

18 rescue mutant worms (184.79 ms; p<0.001), but not significantly different from 

unc-18 (e81) null mutants (p>0.05) (Figure 3.3D). The mean pump duration 

coefficient of variation was significantly higher in unc-18 (e81) null mutants (10.29%) 

compared to WT worms (7.26%, p<0.05). The mean pump duration coefficient of 

variation was 8.88% in unc-18 rescue mutants and 7.66% in unc-18 rescue + dgk-1 

mutants (p>0.05). Neither mutant was significantly different from WT and unc-18 null 

mutants in this measure (p>0.05) (Figure 3.3E). 
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Figure 3.3. Electropharyngeogram (EPG) recordings from unc-18 worms. A) Representative EPG 

traces from wild-type (WT), unc-18 (e81) null, unc-18 rescue, and unc-18 rescue + dgk-1 worms. 

These traces show information from EPG traces such as waveform, excitatory (green circles) and 

relaxatory (blue circles) pumps, pump frequency, pump duration (yellow circles) and amplitude. B) 

unc-18 rescue worms showed significantly increased mean pump frequency compared to unc-18 

(e81) null mutants. This was significantly reduced in unc-18 rescue + dgk-1 mutants compared to unc- 

18 rescue worms. C) The inter-pump interval duration standard deviation (IPI duration SD) did not 

significantly differ between WT and unc-18 rescue mutants, or between unc-18 (e81) null and unc-18 

rescue + dgk-1 mutants. D) unc-18 (e81) null mutants had a mean pump duration significantly higher 

compared to WT mutants. unc-18 rescue + dgk-1 RNAi mutants had a mean duration significantly 

higher than wild-type and unc-18 rescue worms. E) Pump duration coefficient of variation was 

significantly higher in unc-18 (e81) null worms compared to WT worms. There was no other significant 

difference in this measure between mutants. Fifteen animals per strain were analysed and data are 

shown as mean ± standard error of the mean. Statistical analysis was performed using a one-way 

analysis of variance with Tukey’s multiple comparisons test. *p0.05, ** p0.01, **** p0.0001. 
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3.2.4 Phorbol 12-myristate 13-acetate treatment on unc-18 (e81) null 
mutants fails to improve locomotion 
 

Previous investigations of the effects of DAG were conducted genetically through the 

expression of egl-30 (js126). While egl-30 acts in motor neurons and leads to the 

production of DAG, it functions upstream of DAG by activating egl-8 (321). dgk-1 on 

the other hand negatively regulates synaptic transmission by directly phosphorylating 

DAG into PA (224,321). Studies involving egl-30 (js126) therefore provide a limited 

representation of the dgk-1 (ulv1) mutation and its effects. As such, a 

pharmacological approach was deemed to be an alternative method to investigate 

the effects of increased DAG resulting from the dgk-1 (ulv1) mutation. Phorbol esters 

such as phorbol 12-myristate 13-acetate (PMA) are analogues of DAG, which 

directly binds to C1 domains of DAG-binding proteins, such as PKC and the 

subsequently identified, unc-13 (324–326). This leads to their activation, and as a 

result, acetylcholine release at the NMJ is stimulated. Phorbol esters, for this reason, 

have been widely used to investigate the mechanism of DAG and its downstream 

effects. 

 
 
In 1986, phorbol esters were shown to potentiate synaptic transmission in the rat 

hippocampus through activation of PKC (327), a finding that has been supported by 

several subsequent studies (328–331). Evidence that PKC inhibitors failed to block 

the phorbol ester effect of enhanced secretion suggested an alternative mechanism 

of action for these compounds through Munc13 (332,333). This role of phorbol ester 

action was highlighted following the finding that reducing the availability of Munc13 

through binding to a synthetic peptide, reduced the effect of phorbol esters on 

neurotransmitter release (332). Increased synaptic transmission can be clearly 

observed in WT worms treated with PMA, which exhibit hypersensitivity to aldicarb 
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(Figure 3.4A). Similarly, PMA has been found to restore the HIC phenotype in egl-30 

mutants (100). 

 
 
In the current study, increased DAG predicted to result from the dgk-1 (ulv1) 

mutation was mimicked through PMA treatment, addressing the question of whether 

excess DAG is sufficient to produce the rescue phenotype. unc-18 (e81) null 

mutants were treated with 2 g/ml PMA for two hours before being assessed for 

sensitivity to aldicarb. unc-18 (e81) null mutants demonstrated a RIC phenotype, 

which was statistically significantly different from the hypersensitive phenotype of 

unc-18 (e81) null + DAG mutants (p<0.0001). Following PMA treatment, unc-18 

(e81) null mutants demonstrated hypersensitivity to aldicarb at a level that was not 

statistically significant from unc-18 (e81) null + DAG mutants (p>0.05) (Figure 3.4B). 

While PMA resulted in increased hypersensitivity in unc-18 (e81) null mutants, the 

full effect of PMA was muted as hypersensitivity did not reach levels observed in WT 

worms treated with PMA. Similar to unc-18 (e81) null + DAG and unc-18 rescue 

mutants, this muted effect is likely due to the presence of the unc-18 (e81) null 

mutation. 

 
 
Following evidence that neurotransmitter release is increased in unc-18 (e81) null 

mutants, body bends were measured following PMA treatment to investigate whether 

the increase in ACh release results in increased locomotion (Figure 3.4C). WT 

worms treated with PMA demonstrated significantly increased locomotion compared 

to untreated worms (24.9 vs. 14.27 body bends per minute, respectively; p<0.0001), 
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consistent with previous findings of PMA-treated WT worms (100,334). In contrast, 

PMA treatment on unc-18 rescue worms significantly reduced locomotion from 18.17 

body bends per minute to 10.7 body bends per minute (p<0.0001). Locomotion rates 

in unc-18 (e81) null mutants showed no change following treatment with PMA 

despite demonstrating a HIC phenotype. PMA treatment on mutants in which DAG 

levels are already heightened either through egl-30 (js126) expression or with RNAi 

of dgk-1 (unc-18 (e81) null + DAG, and unc-18 null + dgk-1 RNAi) also failed to 

improve locomotion as worms remained immobile for the time measured. 
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Figure 3.4. PMA treatment of unc-18 mutant C. elegans. A) PMA treatment (2 g/ml) on WT worms 

causes hypersensitivity to aldicarb. B) PMA treatment of unc-18 (e81) null mutants increased 

hypersensitivity to aldicarb. C) PMA treatment of WT and unc-18 mutants. For body bends, a total of 

10 worms were analysed in each experiment with a total of 3 independent experiments (n = 30 worms 

per strain). For aldicarb assays, 25-40 worms were assessed in each experiment, with a total of 3 

experiments. Curves on the graph are representative of triplicate experiments. Data are shown as 

mean ± standard error of the mean. Statistical analysis of body bends was performed using a one- 

way analysis of variance followed by Tukey’s multiple comparison test. Statistical analysis of aldicarb 

assays was performed using a log-rank test for Kaplan Meier followed by Bonferroni corrections test. 

****p<0.0001. 
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3.2.5 dgk-1 loss-of-function alone is not sufficient to restore locomotion in 
unc-18 (e81) null mutants 

 
As PMA acts as an analogue of DAG, its exposure results in the activation of 

downstream effectors of DAG. PMA provides a restricted representation of the dgk-

1 (ulv1) mutation itself, as was found with studies which utilised the egl-30 (js126) 

mutation. This is because the use of PMA addresses the hypothesised excess of 

DAG, but does not address loss-of-function of dgk-1. C. elegans treated with PMA 

may have heightened levels of DAG, however, dgk-1 continues to function as 

normal and produces phosphatidic acid (PA) through DAG phosphorylation. This, 

therefore, blocks interpretations which may be drawn from the different effects of 

the ulv1 mutation which cannot be observed through increased DAG alone. To 

address this issue, DGK inhibitor II (R59949) was used to recreate the effects of 

the dgk-1 (ulv1) mutation more accurately, and re-address the question of whether 

the ulv1 mutation alone is sufficient to produce the unc-18 rescue phenotype. 

 
 
As hypersensitivity to aldicarb and an increase in locomotion rate results from dgk-1 

loss-of-function (224), a dose-response assay would allow the determination of a 

concentration that produces a hypersensitive phenotype similar to what is observed 

in dgk-1 null mutant C. elegans. To establish the correct dose of inhibitor for 

treatment, a dose-response assay was performed on WT worms, in which worms 

were exposed to varying concentrations of R59949 for two hours before being 

assessed for aldicarb sensitivity. Increasing the dose of R59949 from 0 M–1 M 

increased hypersensitivity to aldicarb in WT worms. However, exceeding the dose of 

R59949 above 1 M reversed aldicarb sensitivity, with 10 M resulting in an aldicarb 

phenotype similar to that of untreated WT worms (Figure 3.5A). None of the doses 

tested produced a phenotype as strong as that seen in PMA-treated WT mutants or in 
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untreated dgk-1 (ok1462) loss-of-function mutants. Locomotion in WT worms was 

also assessed following treatment with the various doses tested, finding that 

increasing R59949 concentration from 0.01 M to 0.1 M significantly increased 

locomotion rate from 20.4 body bends per minute to 24.5 body bends per minute 

(p<0.01). Further increasing concentration to 1 M only slightly increased locomotion 

rate to 24.7 body bends per minute. Treatment with 10 M R59949 significantly 

reduced locomotion rate to 15.2 body bends per minute (p<0.0001), while 100 M 

resulted in paralysis (Figure 3.5B). 
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Figure 3.5. Dose-response analysis of DGK inhibitor II (R59949) treated WT worms. A) WT worms 

treated with 0.01 M, 0.1 M, and 1 M become more hypersensitive compared to untreated worms. 

0.1 M and 1 M resulted in the most hypersensitive phenotype, while treatment with 10 

M reversed the hypersensitive phenotype back to similar levels in untreated worms. B) Increasing 

R59949 concentration from 0 M to 0.1 M significantly increased body bends. Increasing 

concentration above 1 M significantly reduced body bends. In aldicarb assays, 25–40 worms were 

assessed in each experiment and a total of 3 experiments were conducted for each drug, 

concentration, or strain. Curves on the graph are representative of triplicate experiments. For body 

bends, a total of 10 worms were analysed in each experiment with a total of 3 independent 

experiments (n=30 worms per strain). Data are shown as mean ± standard error of the mean. 

Statistical analysis on body bends was performed using a two-way analysis of variance followed by 

Tukey’s multiple comparisons test. *** p<0.001, **** p<0.0001. 
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Following the results of the R59949 dose-response assays, 1 M was chosen as the 

appropriate dose to use in future assays as this produced the most hypersensitive 

phenotype to aldicarb compared to all the doses that were tested. Consistent with 

observations in PMA-treated WT worms, R59949 significantly increased 

hypersensitivity to aldicarb in WT worms (p<0.0001; Figure 3.6A), and significantly 

increased locomotion from 13.8 body bends per minute to 24.6 body bends per 

minute (p<0.0001). 

 
unc-18 rescue mutants were treated with R59949 to test the hypothesis that the dgk- 

1 (ulv1) mutation results in loss-of-function. A slight hypersensitive phenotype was 

observed in unc-18 rescue mutants yet to a lesser extent compared to WT worms 

(p<0.001; Figure 3.6B). Interestingly, body bends in these mutants increased from 

12.6 body bends per minute to 20.2 body bends per minute following exposure to 

R59949 (p<0.0001; Figure 3.6D). 

 
 
Next, unc-18 (e81) null mutants were treated with R59949 to address the question of 

whether pharmacologically inhibiting dgk-1 is sufficient to rescue synaptic 

transmission defects in unc-18 (e81) null mutants. R59949 treatment resulted in a 

shift towards aldicarb hypersensitivity compared to untreated worms (p<0.01; Figure 

3.6C), yet failed to improve locomotion, as worms remained immobile during the time 

measured (Figure 3.6D). These results are consistent with observations following 

PMA treatment in unc-18 (e81) null mutants (Figure 3.4C). 
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Figure 3.6. Locomotion and aldicarb sensitivity of untreated and R59949 treated worms. A–C) 

Aldicarb sensitivity of N2, unc-18 (e81) null and unc-18 rescue mutants following R59949 treatment. 

D) Locomotion rate of N2, unc-18 (e81) null and unc-18 rescue mutants following R59949 treatment. 

All assays were conducted after 2-hour treatment with R59949. For body bends, a total of 10 worms 

were analysed in each experiment with a total of 3 independent experiments (n=30 worms per strain). 

In aldicarb assays, 25–40 worms were assessed in each experiment, with a total of 3 experiments. 

Curves on the graph are representative of triplicate experiments. Data are shown as mean ± standard 

error of the mean. Statistical analysis on body bends was performed using a two-way ANOVA 

followed by Tukey’s multiple comparisons test. Statistical analysis on aldicarb assays was performed 

using a log-rank test for Kaplan-Meier followed by Bonferroni corrections test. 

****p<0.0001. 
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3.3 Discussion 
 

 
This study aimed to characterise the restoration of locomotion of unc-18 (e81) null 

mutants and investigate the necessity and sufficiency of the dgk-1(ulv1) mutation for 

the rescue phenotype of unc-18 rescue. Previous studies have shown full or partial 

rescue of unc-18 (e81) null mutants with transgenic expression of wild-type unc-18 

(315), human Munc18-1 (306), or unc-18 with point mutations that block closed-form 

syntaxin (181), and rescue of Munc18-1 using various chemical chaperones (10). 

While these studies stabilise or restore the function of the protein, the current study 

investigates a model in which the function of unc-18 has been bypassed through 

alternative mechanisms to restore neurotransmission within unc-18 (e81) null C. 

elegans. 

 

 
The results of this study categorically demonstrate successful restoration of 

locomotion and improved neurotransmission in unc-18 rescue mutants containing 

the unc-18 (e81) mutation (Figure 3.1D, 3.2B, 3.3), suggesting that unc-18 is not 

required for coordinated movement. Additionally, we show that dgk-1 loss-of-function 

through the ulv1 nonsense mutation within the kinase domain, alongside other 

contributing factors, bypassed unc-18 function and enhanced ACh release in unc-18 

rescue mutants. However, the dgk-1 (ulv1) mutation alone is not sufficient to 

produce the rescue phenotype observed, as mimicking the hypothesised effects of 

the mutation through increased DAG genetically, or pharmacologically, failed to 

improve locomotion in unc-18 (e81) null mutants. Understanding the role of dgk-1 in 

synaptic transmission, and how mutating the kinase domain affects transmission is 

vital for understanding how the ulv1 mutation allows the bypass of unc-18 function. 

dgk-1 loss-of-function inhibits the phosphorylation of DAG into PA, leading to DAG 
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accumulation (224), which is consistent with the current findings of this study. DAG 

functions as a positive regulator of exocytosis activating downstream targets such as 

PKC and MUNC13 (89,90,100,335), two proteins that are closely linked to UNC-18 

and its function. PKC-mediated enhancement of neurotransmission occurs through 

the phosphorylation of various substances. 

 

Particularly, PKC has been found to phosphorylate Munc18-1/UNC-18 (336), with 

evidence that this reduces its binding affinity to syntaxin (213,214,337). As a result, 

this positively regulates exocytosis by increasing the availability of syntaxin for 

SNARE complex formation (213). Additionally, phosphorylation of Munc18-1 

increases the vesicle pool replenishment (338), while also regulating exocytosis 

kinetics (214). PKC phosphorylation of Munc18-1 also inhibits interactions between 

SNAP-25 and syntaxin (339) which would enhance exocytosis by dissociating the 

SNARE complex (340). As there is no discernible UNC-18 protein in unc-18 (e81) 

null mutants (168), it is unlikely that this mechanism contributes to the unc-18 rescue 

phenotype. However, PKC is known to phosphorylate a host of proteins. In vitro and 

in vivo, synaptotagmin-1 acts as a substrate for PKC, which potentially increases its 

affinity to bind to Ca2+ or the SNARE complex (340). Another known target of PKC 

phosphorylation is SNAP-25, which impacts its association with syntaxin (339). Other 

substrates for PKC include myristoylated alanine-rich C-kinase substrate (MARCKS), 

neuromodulin, and dynamin-1 (341). Munc13 on the other hand facilitates exocytosis 

by binding to the Munc18-1- syntaxin-1 complex, releasing Munc18-1 and enabling 

SNARE complex formation (101). Both the PKC and UNC-13 pathways have been 

implicated in vesicle secretion (85,335), and it is likely that they facilitate the 

production of the unc-18 rescue phenotype. While many of these functions described 

require functional unc- 18, research has found that Munc13 promotes the proper 
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configuration of syntaxin- 1A/synaptobrevin-2 independent of Munc18-1 (3), 

increasing interest in unc-13 for a potential role in the bypass of unc-18. Future work 

may investigate the involvement of PKC and unc-13 in the unc-18 rescue phenotype 

by examining whether the phenotype remains intact when the function of unc-13 or 

PKC is reduced in these mutants. 

 
 
As one focus of this study is increased levels of DAG in unc-18 rescue mutants, any 

protein containing DAG-binding C1 domains should be considered as a possible 

contributing factor for the restoration of locomotion. In addition to PKC and Munc13-

1, several other C1 domain-containing proteins exist, however not all function in the 

regulation of neurotransmitter release (342). Another potential protein that may play 

a role in the unc-18 rescue phenotype is protein kinase D (PKD), which like PKC, 

belongs to a family of serine/threonine kinases that are activated by DAG and 

regulate various processes including cell differentiation, vesicle trafficking, and 

apoptosis (343–346). PKDs contain two DAG-binding C1 domains (C1a and C1b) 

with preferential binding of DAG to the C1a domain (347) in the trans-Gogli network 

(348). DAG regulates PKD activity by either binding to its C1 domain and regulating 

its localisation, or by inducing its activation by PKC-dependent phosphorylation 

(349,350). It is the binding of PKC to the PH domain of PKDs which phosphorylates 

its activation loop, resulting in its activation (349). Following the production of DAG, 

various DAG receptors are translocated to membrane compartments, where both 

PKD and PKC are present. The role of PKD however has been implicated in the 

endocytic pathway (351) with little evidence of its function in the exocytic pathway, 

and so there is little confidence in a role of PKD in the unc-18 rescue phenotype 

compared to the possible involvement of PKC and/or unc-13. 
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In this study, genetically (gain-of-function egl-30 mutation), or pharmacologically 

enhancing (through PMA) DAG levels in unc-18 (e81) null mutants failed to improve 

locomotion (Figure 3.1D, 3.1E, 3.2C). However, while these methods produced the 

hypothesised effects of the dgk-1 (ulv1) nonsense mutation, they did not directly alter 

dgk-1 activity. dgk-1 activity is vital for maintaining the balance between DAG and 

PA levels (216,352,353). In unc-18 (e81) null mutants in which DAG levels were 

enhanced, dgk-1 remained functional and continued to phosphorylate DAG into PA. 

As this process is hindered in unc-18 rescue mutants, this investigation does not 

accurately encapsulate the exact effects of the dgk-1 (ulv1) mutation. It is possible 

that the rescue phenotype is due to alterations in PA levels rather than the 

enhancement of DAG alone. PA is a second messenger lipid with targets distinctive 

from those of DAG, including Raf-1 kinase (354), PKC- (355), phosphatidylinositol 

phosphate 5-kinase (356,357), and protein tyrosine phosphatase (358,359). 

Additionally, downstream targets of PA exceed the number of targets for DAG, likely 

due to the lack of a common binding motif, such as the DAG-binding C1 domains 

present in DAG-binding proteins (360). Studies of DGKs in mammals have found 

that various species of PA are generated by DGK isoenzymes which are isozyme- 

and cell/stimulation dependent. For example, PA generated by DGK enhances 

mTOR function (361) and PIP5KI (362), while PA generated by DGK strongly 

binds to -synuclein (363). These studies suggest that the downstream effects of PA 

and the consequences of changes in its level may facilitate the unc-18 rescue 

phenotype. Additionally, Xie and colleagues found that PA restored granule 

exocytosis in DGK-inhibited cells in which granule fusion was defective, while 

supplementation with DAG failed to do so (58). This supports the hypothesis that the 

unc-18 rescue phenotype may require alterations in levels of PA, as well as DAG, 

and could explain the lack of improvement observed in unc-18 (e81) null mutants in 
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which DAG levels were elevated, either through genetic manipulation or PMA 

treatment. The complexity of PA and its interactions within cellular processes, 

together, with evidence that PA is involved in membrane fusion (364), suggest an 

important role for PA in producing the unc-18 rescue phenotype, and should be 

explored in future studies. 

 
 
Mimicking the effects of the dgk-1 (ulv1) mutation more accurately using R59949 

treatment in unc-18 (e81) null mutants did not improve locomotion (Figure 3.6D), 

consistent with findings in which DAG levels had been enhanced in unc-18 (e81) null 

mutants (Figure 3.1D, 3.1E, 3.2C). Before discussing the implications of these 

findings, the efficacy of R59949 as a DGK inhibitor must be considered. In C. 

elegans, five classes of DGKs have been identified, while in humans, ten classes of 

the kinase exist, sharing between them conserved regions such as C1 and catalytic 

domains. While all DGKs facilitate the phosphorylation of DAG into PA, it is the 

differences in regulatory domains of the different DGKs which determine localisation 

(353), and ‘when’ and ‘how’ they are activated (223). The expression of DGKs is 

ubiquitous, with differential tissue specificity between isozymes (216,353,360), and 

has been discussed previously (Section 1.6). R59949 inhibition of DGKs is not 

selective and so its use results in a cascade of molecular changes which cannot be 

distinguished from one another. In vitro studies of purified or cloned DGK isozymes 

finding R59949 only inhibits type I, Ca2+ activated DGKs (DGK, , and ), while only 

moderately attenuating the activity of type II DGK and  (365,366). Deletion of the 

Ca2+-binding EF motif of these isotypes did not alter inhibition as R59949 was 

instead found to act on the catalytic domain (365). In C. elegans, dgk-3, the DGK 

homologue, is predicted to be involved in olfactory behaviour and thermotaxis, 

however, there are currently no C. elegans homologues identified for DGK, , and 
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. As the dgk-1 (ulv1) mutation resides within the catalytic domain, R59949 was 

selected as a suitable method to mimic the effects of the mutation. However, 

R59949 has not been investigated in C. elegans, so the exact effects of the 

compound on the five classes of DGKs remain enigmatic and findings from 

mammalian studies cannot be translated to the DGKs existing within C. elegans. It 

is possible that R59949 inhibition of different DGKs in C. elegans generates various 

species of PA which create distinct downstream effects that are not consistent with 

the effects of dgk-1 (ulv1) mutation. 

 

 
In the present study, R59949 treatment results in hypersensitivity to aldicarb in wild- 

type worms, a phenotype that is characteristic of dgk-1 mutants, suggesting that 

R59949 does in fact inhibit dgk-1. However, it should be noted that a R59949 

concentration of 10 M seemed to be toxic to the worms. Therefore, it is a possibility 

that the observed hypersensitivity to aldicarb may in fact be a consequence of the 

toxicity of R59949. Future work may determine the efficacy of R59949 on dgk-1 

inhibition more accurately through quantification of DAG activity in mutants treated 

with the drug. Nonetheless, the lack of improvement in locomotion following R59949 

treatment, together with evidence that increasing DAG in unc-18 (e81) null mutants 

does not improve locomotion, supports insufficiency of the dgk-1 (ulv1) mutation for 

the unc-18 rescue phenotype. Therefore, it is hypothesised that another mutation, 

potentially sorf-2 (ulv2), works alongside or directly with the dgk-1 (ulv1) mutation to 

produce the observed unc-18 rescue phenotype. 

 
 
Another notable finding following R59949 treatment in unc-18 rescue mutants was 

the observed increase in locomotion. This is interesting as a complete loss-of- 

function was hypothesised as a result of the dgk-1 (ulv1) mutation. If this was the 
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case, an effect on locomotion would not be expected in these mutants. As an 

increase in locomotion was observed in unc-18 rescue mutants following R59949 

treatment, it is possible that some dgk-1 activity may be intact in these mutants. 

Therefore, the ulv1 mutation may lead to a truncated and/or partially active form of 

dgk-1 rather than a complete loss-of-function in the gene. However, without 

isolating the dgk-1 (ulv1) mutation on a wild-type background, absent of the sorf-2 

(ulv2) and unc-18 (e81) mutations, the resulting phenotype of the allele cannot fully 

be elucidated. If the ulv1 mutation does result in a partially active form of dgk-1, 

further inhibition of the gene should result in an additional increase in DAG levels, 

which would have been identified through an increased HIC phenotype when 

exposed to aldicarb (Figure 3.6C). Excess DAG following PMA treatment produced 

the most hypersensitive phenotype in wild-type worms with increased locomotion, 

but in unc-18 rescue mutants, resulted in reduced locomotion (Figure 3.4C). The 

different effects on locomotion in unc-18 rescue mutants following PMA and R59949 

treatment further support the idea that the unc-18 rescue phenotype results from 

changes in both DAG, and PA rather than just enhanced DAG. 
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3.3.1 Summary 

 
This study aimed to categorically confirm the successful restoration of synaptic 

transmission within unc-18 rescue mutants and identify the necessity of the dgk-1 

(ulv1) in the production of the rescue phenotype. Unc-18 rescue worms were shown 

to have locomotion and neurotransmission at similar levels to wild-type worms. After 

validating this finding, we confirmed the need of the dgk-1 (ulv1) mutation in 

producing the rescue as wild-type dgk-1 reversed the rescue phenotype. 

Identification that inhibiting dgk-1 or enhancement of DAG is not sufficient to produce 

the rescue phenotype in unc-18 (e81) null mutants confirms the requirement of 

another mutation in the observed phenotype, such as the sorf-2 (ulv2) mutation. This 

raises the question of which changes within the biochemical exocytic machinery 

occur as a result of the ulv1 and ulv2 mutations to bypass the function of unc-18 in 

exocytosis. 
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Chapter 4: The unc-18 rescue phenotype 

requires both sorf-2 and dgk-1 
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4.1 Introduction 
 

 
Following the evidence that dgk-1 does not by itself produce the unc-18 rescue 

phenotype, we aimed to investigate the necessity and sufficiency of sorf-2 for the 

observed improvement in behaviour. Whole genome SoLiD sequencing identified the 

novel ulv2 missense mutation, located at the C-terminus of sorf-2 (C>Y):III: 

5333229G>A, and was validated in unc-18 rescue mutants using Sanger sequencing 

(Figure 4.1). The role of sorf-2 in neuronal processes has not yet been fully 

elucidated, so the exact effects of the ulv2 mutation are unclear. Current literature, 

however, has implicated the gene in processes ranging from trafficking and 

endocytosis to neurogenesis (271,367). While research on sorf-2 is still in its infancy, 

knowledge of its structure provides insight into how the gene functions within various 

biological processes. Generally, BEACH domain-containing proteins (BDCPs) are 

very large and function within vital processes of vesicle trafficking, signalling and 

membrane dynamics (276,368). The presence of WD40 repeats gives the proteins 

the ability to scaffold interactions between proteins for multiprotein complex 

formation (276), with protein functions ranging from signal transduction, vesicular 

trafficking, cell cycle control and cytoskeletal assembly (369,370). 

 
As the ulv2 mutation does not lie within the BEACH domain or WD40 repeats (Figure 

4.1), it is difficult to ascertain the effects of the ulv2 mutation on sorf-2 function. 

Previous studies have identified that sorf-2 loss-of-function partially rescues 

impairments in endosome fusion in various vps deletion mutants, likely due to 

elevated phosphatidylinositol 3-phosphate (PtdIns3P) levels, which may compensate 

for its loss-of-function (271). It was suggested that this effect may occur through the 
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activation of PtdIns3P effectors such as RABS-5 and EEA-1, which facilitate SNARE 

complex formation (271). Thus, we hypothesise that the sorf-2 ulv2 results in the 

loss-of-function of the gene which then aids successful synaptic transmission within 

unc-18 rescue mutants. We further hypothesise a role of sorf-2 in vesicular transport 

and exocytosis, consistent with functions of other BEACH domain-containing 

proteins (276). 

 
 
Confirming a role for sorf-2 in the unc-18 rescue phenotype would identify a novel 

pathway through which the function of unc-18 may be completely bypassed if 

dysfunctional. Investigation of how dgk-1 and sorf-2 work together to achieve this 

bypass would then provide insight into the role of sorf-2 in synaptic transmission. 

This would be useful for understanding the role of its mammalian homologue, 

WDR81, in the neuronal disorders in which it has been implicated. 
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Figure 4.1. A) Schematic of sorf-2 exon structure and location of the ulv2 mutation sequenced in unc- 
18 rescue and WT worms using a reverse primer. B) Chromatogram of the sorf-2 (ulv2) mutation in 
unc-18 rescue mutants. 
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4.2 Results 
 

 
4.2.1 sorf-2 functions in the regulation of behavioural phenotypes 
 
 
To better understand the role of sorf-2 in neuronal mechanisms, I aimed to 

investigate the behavioural effects of sorf-2 over-expression and under-expression 

(Figure 4.2). sorf-2 was overexpressed in Bristol N2 WT through either a rab3 

promoter (sorf-2 OE (neuronal)) or through its own endogenous promoter (sorf-2 OE 

(global)). Under-expression of sorf-2 was investigated using a lethal sorf-2 null 

mutation (271) which is viable as heterozygous through a hT2 genetic balancer. 

Additionally, a novel mutant was isolated (dgk-1 + sorf-2), courtesy of Dr Jeff 

Barclay, in which the dgk-1 (ulv1) and sorf-2 (ulv2) mutations were present together, 

absent of the unc-18 (e81) mutation. Behavioural analysis of the dgk-1 + sorf-2 

mutant allows identification of effects created by the two mutations, without the 

limitation of being masked by the strong behavioural phenotypes resulting from the 

unc-18 (e81) null mutation. 

 
 
Locomotion rate was not significantly different between mutants in which sorf-2 was 

over-expressed neuronally (9.4 body bends per minute) or globally (8.3 body bends 

per minute, p>0.05), however, both mutants moved at a rate significantly lower than 

WT (sorf-2 OE (neuronal) p<0.001, sorf-2 OE (global) p<0.0001) and unc-18 rescue 

worms (sorf-2 OE (neuronal) p<0.05, sorf-2 OE (global) p<0.001). sorf-2 

heterozygous null mutants moved significantly slower compared to all other mutants 

investigated (5.3 body bends per minute), with the most significant differences 

observed in comparison to WT, unc-18 rescue and dgk-1 + sorf-2 worms (all 

p<0.0001) (Figure 4.2A). As both over-expression and under-expression of sorf-2 



118  

reduce the locomotion of worms, combined with previous findings in this 

investigation, it is likely that dgk-1 (ulv1) contributes to the increase in locomotion at 

a greater extent than the sorf-2 (ulv2) mutation. dgk-1 + sorf-2 mutants moved at a 

rate significantly higher compared to unc-18 rescue mutants (17.9 body bends per 

minute vs 12.6 body bends per minute, respectively; p<0.0001). This was also 

significantly higher compared to WT worms which moved at a rate of 13.8 body 

bends per minute (p<0.01). 
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Figure 4.2. Behavioural analysis of sorf-2 mutants. A) Locomotion rate of sorf-2 mutants when 
crawling on a surface. B) Locomotion rate of sorf-2 mutants in Dent’s solution. C) Aldicarb sensitivity 
of sorf-2 mutants. For body bends and thrashing assays, a total of 10 worms were analysed in each 
experiment with 3 independent experiments (n=30 worms per strain). For aldicarb assays, 25–50 
worms were analysed in each experiment, with a total of 3 independent experiments. Data are shown 
as mean ± standard error of the mean. Statistical data analysis for body bends and thrashing was 
performed using a one-way analysis of variance, followed by Tukey’s multiple comparisons test. 

Aldicarb data analysis was performed using a log-rank test for Kaplan-Meier followed by Bonferroni 

comparisons test. *p0.05, ***p0.001, ****p0.0001. 
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unc-18 rescue worms moved significantly slower than WT worms when in solution 

(Figure 3.1), despite moving at a rate that is not significantly different when on a 

surface, so it was considered necessary to investigate the thrashing rate of all 

mutants (Figure 4.2B). This would provide information about whether the low 

thrashing frequency observed in unc-18 rescue mutants is characteristic of sorf-2 

mutants. dgk-1 + sorf-2 mutants thrashed at a rate significantly less compared to WT 

worms (46.5 thrashes per minute vs 85.0 thrashes per minute, p<0.0001), but 

significantly higher in comparison to unc-18 rescue mutants which produced 1.7 

thrashes per minute (p<0.0001). sorf-2 OE (neuronal) mutants thrashed at a rate of 

48.3 thrashes per minute, which was not significantly different to sorf-2 OE (global) 

mutants (55.7 thrashes per minute), sorf-2 heterozygous null mutants (52.3 thrashes 

per minute) or dgk-1 + sorf-2 mutants (all p>0.05). Thrashing in these worms, 

however, was significantly less than WT (p<0.0001) and significantly higher than 

unc-18 rescue mutants (p<0.0001). Similar results were observed in sorf-2 OE 

(global) mutants, with the difference that in these mutants, thrashing was significantly 

higher compared to dgk-1 + sorf-2 mutants (p<0.05). Thrashing in sorf-2 

heterozygous null mutants was significantly lower than WT worms (p<0.0001), but 

significantly higher than unc-18 rescue mutants (p<0.0001). There was no significant 

difference between thrashing in sorf-2 heterozygous null mutants and dgk-1 + sorf-2 

mutants (p>0.05). As unc-18 rescue mutants thrashed significantly lower compared 

with all other mutants for sorf-2 (all p<0.0001), these findings suggest that the defect 

in thrashing is not caused by sorf-2 itself. These observations support the idea that 

only some neuromuscular pathways are restored in the unc-18 rescue mutant, while 

others remain defective due to the unc-18 (e81) null mutation. 

 
 
Next, acute sensitivity to aldicarb was assayed to investigate how cholinergic release 
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differs between mutants with varying expression of sorf-2 (Figure 4.2C). This would 

provide insight into whether sorf-2 functions within the cholinergic pathway. Results 

found that the aldicarb sensitivity of sorf-2 OE (neuronal), sorf-2 heterozygous null 

and sorf-2 OE (global) were not significantly different from WT worms (p>0.05). unc- 

18 rescue mutants were significantly more hypersensitive to aldicarb than sorf-2 

heterozygous null mutants, and both sorf-2 overexpression mutants (p<0.01). This is 

interesting as the unc-18 rescue mutant contains the unc-18 (e81) null mutation 

which has been shown to produce a RIC phenotype. Presence of the sorf-2 (ulv2) 

and dgk-1 (ulv1) mutations, which produce a HIC phenotype, are able to partially 

overcome the effects of the resistance resulting from the unc-18 (e81) null mutation. 

The resistant effects of the unc-18 (e81) mutation can be clearly observed when 

comparing the aldicarb sensitivity of unc-18 rescue mutants to dgk-1 + sorf-2 

mutants, which were significantly more hypersensitive to aldicarb compared to WT 

worms, and all other sorf-2 mutants investigated (p<0.0001), including unc-18 rescue 

mutants. 
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4.2.2 Relative expression of unc-18, sorf-2 and dgk-1 in mutant C. elegans 

 
RT-qPCR was used to quantify the relative expression of unc-18, sorf-2 and dgk-1 in 

mutant animals. This would provide information about whether the mutations present 

in dgk-1 and sorf-2 affect mRNA expression. As the function of dgk-1 is well-

established, the effects of the dgk-1 (ulv1) mutation can be hypothesised with some 

knowledge. However, as the role of sorf-2 is still being established, hypothesising the 

effects of the sorf-2 (ulv2) mutation is more challenging. To better understand the 

role of sorf-2 in neurotransmission, this study included two mutants with sorf-2 

overexpression (sorf-2 OE (neuronal) and sorf-2 OE (global)), and one sorf-2 

deletion mutant, which has been genetically balanced (sorf- 2 heterozygous null). 

The mean relative expression of sorf-2 was significantly higher than WT in unc-18 

(e81) null mutants (1.75; p<0.05) and sorf-2 heterozygous null mutants (0.54; 

p<0.01), but not in unc-18 rescue mutants (1.52), sorf-2 OE (neuronal) (5.59), or 

sorf-2 OE (global) (4.63) mutants (p>0.05). unc-18 relative expression was 

significantly reduced in both unc-18 (e81) null (0.29), unc-18 rescue (0.12), and sorf- 

2 heterozygous null mutants (0.40) (p<0.001), but not in sorf-2 OE (neuronal) (2.00), 

or sorf-2 OE (global) (1.39) mutants (p>0.05). dgk-1 relative expression was 

significantly lower than WT in unc-18 rescue mutants (0.31; p<0.05), and sorf-2 

heterozygous null mutants (0.12; p<0.001), but not in unc-18 (e81) null mutants 

(0.74), sorf-2 OE (neuronal) (1.15), or sorf-2 OE (global) (0.97) mutants (p>0.05) 

(Figure 4.3). 
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Figure 4. Quantitative PCR analysis showing relative expression of sorf-2, unc-18 and dgk-1 in mutant 

C. elegans, normalised against expression in WT worms. Data are displayed as mean values 

± standard error of the mean. n=3 for all results, except for unc-18 (e81) null and sorf-2 OE neuronal 

mutants which have n=2 for dgk-1 analysis, and sorf-2 OE global mutants which have n=2 for unc-18 

and dgk-1 analysis. Data were analysed using one-way ANOVA followed by Tukey’s multiple 

comparisons test. *p0.05, **p0.01, *** p0.001. 
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4.2.3 Present together, dgk-1 (ulv1) and sorf-2 (ulv2) alter pharyngeal 
pumping 
 
 
unc-18 rescue mutants previously demonstrated an improvement in neuronal activity 

through measurements of EPG recordings. Thus, EPG recordings of dgk-1 + sorf-2 

mutants were made to investigate whether the same results were observed when the 

dgk-1 (ulv1) and sorf-2 (ulv2) mutations were isolated without the unc-18 (e81) 

mutations (Figure 4.4). This would provide insight into whether the two mutations 

together result in increased neuronal activity and would support the hypothesis that 

the two mutations are responsible for the improved synaptic transmission observed 

in unc-18 rescue mutants. sorf-2 over-expression and under-expression mutants 

were also recorded to investigate whether altering sorf-2 expression has an effect on 

neuronal activity, as was observed in the investigation of behavioural phenotypes. 

 
 

dgk-1 + sorf-2 mutants pumped at a mean frequency that was not significantly 

different than unc-18 rescue mutants (2.54 Hz vs 2.79 Hz, p>0.05) or sorf-2 

heterozygous null mutants (2.73 Hz, p<0.05). However, in comparison with WT 

worms (3.75 Hz), the mean frequency of pumping was significantly lower in dgk-1 + 

sorf-2 worms (p<0.0001). A similar result was found when compared with sorf-2 OE 

(neuronal) mutants (3.51 Hz, p<0.0001), and sorf-2 OE (global) mutants (3.12 Hz, 

p<0.05). Consistent with findings from locomotion and aldicarb assays, there was no 

significant difference in mean pumping frequency between the two sorf-2 over- 

expression mutants (p>0.05). However, differences were observed when compared 

with the mean pumping frequency of other mutants. In comparison to sorf-2 

heterozygous null mutants, mean pumping frequency was significantly higher in sorf- 

2 OE (neuronal) mutants (p<0.001), however, sorf-2 OE (global) mutants did not 
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significantly differ in this measure. In comparison with WT worms, sorf-2 OE 

(neuronal) mutants were not significantly different, while sorf-2 OE global mutants 

pumped at a mean frequency that was significantly lower than WT (p<0.05) (Figure 

4.4A). 
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Figure 4.4. Electropharyngeogram (EPG) recordings of sorf-2 mutants. A) unc-18 rescue worms and 
dgk-1 + sorf-2 mutants did not significantly differ in mean pump frequency. sorf-2 heterozygous null 
mutants pumped significantly lower compared to sorf-2 OE (neuronal) mutants. B) The inter-pump 
interval duration standard deviation (IPI duration SD) did not significantly differ between any of the 
mutants investigated. C) dgk-1 + sorf-2 had a significantly higher mean pump duration than wild-type 
mutants. sorf-2 heterozygous null mutants had a mean pump duration significantly higher than both sorf-
2 over-expression mutants. D) Pump duration coefficient of variation was significantly higher in dgk-1 + 
sorf-2 worms compared to wild-type worms. There was no other significant difference in this measure 
between mutants. No significant differences were observed between sorf-2 OE (neuronal) and sorf-2 OE 
(global) mutants for any of the outcomes. Fifteen animals per strain were analysed, and data are shown 
as mean ± standard error of the mean. Statistical analysis was performed using a one-way analysis of 

variance with Tukey’s multiple comparisons test. *p0.05, **p0.01, ***p0.001, ****p0.0001 
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As previously mentioned, the inter-pump interval duration standard deviation (IPI 

duration SD) provides information about the regularity of pumping by measuring the 

time between one excitatory pump to the next. There was no statistically significant 

difference found in this measure between any of the mutants investigated (p>0.05) 

(Figure 4.4B). Mean pump duration measures are informative of the contraction and 

relaxation of pharyngeal muscles. Mean pump duration was significantly higher for 

dgk-1 + sorf-2 mutants compared with WT worms (142.6 ms vs 113.7 ms, p<0.01). 

This measure was not significantly different between sorf-2 OE (neuronal) and sorf-2 

OE (global) mutants (126.7 ms vs 133.4 ms, p>0.05), however, both mutants were 

significantly different from sorf-2 heterozygous null mutants, which had a mean pump 

duration of 167.2 ms (p<0.0001 and p<0.001, respectively). The mean pump 

duration of sorf-2 heterozygous null mutants was also significantly higher than WT 

and unc-18 rescue mutants (p<0.0001 and p<0.01, respectively) (Figure 4.4C). 

 
 

The pump duration coefficient of variation provides information about the variation 

between pump durations. This measure was significantly higher in dgk-1 + sorf-2 

mutants compared with WT worms (11.8% vs 7.3%, respectively; p<0.05). unc-18 

rescue mutants had a pump duration coefficient of variation of 8.9%, while this 

measure was 9.2% in sorf-2 heterozygous null mutants (p>0.05). No significant 

difference was found between sorf-2 OE (neuronal) and sorf-2 OE (global) mutants 

(8.4% vs 8.0%, p>0.05) (Figure 4.4D). These findings, along with findings from 

behavioural analysis support a neuronal nature of sorf-2. 



128  

4.2.4 Attempted isolation of the dgk-1 (ulv1) and sorf-2 (ulv2) mutations 
 

 
Thus far, the mutations in dgk-1 and sorf-2 have only been investigated alongside 

each other, or in the presence of the unc-18 (e81) mutation, making it difficult to 

decipher the viability of the two mutations. I now aimed to genetically isolate the dgk- 

1 (ulv1) and sorf-2 (ulv2) from each other to allow a more accurate analysis of the 

individual effects of each mutation on synaptic transmission. To accomplish this, 

dgk-1 + sorf-2 hermaphrodite mutants were genetically crossed with WT male 

worms, and successful heterozygous mutant F1 offspring were isolated and allowed 

to self-fertilise. 

 
 
It was hypothesised that an F1 offspring, heterozygous for both dgk-1 (ulv1) and 

 
sorf-2 (ulv2) would produce offspring with 9 different genotypes (Figure 4.5. 

Following the successful fertilisation of a single F1 heterozygous worm, 

approximately 80-100 F2 worms were isolated and genotyped. Genotyping for sorf-2 

and dgk-1 unfortunately only returned 18 successful results in which both genes had 

been sequenced. Out of 9 expected genotypes, results identified the presence of 

only 3 (Figure 4.5). Double mutant dgk-1 worms were observed as the most 

common, at a higher frequency than expected (66.6%). No wild-type worms were 

identified in the selected offspring. 

 
 

Despite a low number of successful reads for both genes in a worm, we wanted to 

assess the frequency of each allele, as this could provide insight into the nature of 

the mutations. In total, there were 47 successful reads for dgk-1, all of which were 

heterozygous for dgk-1 (ulv1). For sorf-2, there were 28 successful reads, of which 

20 (71.4%) were heterozygous, 2 (7.1%) were homozygous for sorf-2 (ulv2), and 6 
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(21.4%) were wild-type. These findings are interesting as there was no observation 

of wild-type dgk-1 or homozygous dgk-1 (ulv1). The lack of homozygous dgk-1 (ulv1) 

reads suggests that present as a homozygous, the mutation may be lethal. 
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Figure 4.5 Punnett square predicting genotypes of F2 offspring following successful 

genetic crossing of N2 wild-type male C. elegans with dgk-1 + sorf-2 hermaphrodite 

worms. Expected and observed frequencies for each genotype are presented. 18 

worms were successfully sequenced for both genes, dgk-1 and sorf-2. Out of 9 

possible genotypes, 3 were observed, with the initial dgk-1 + sorf-2 heterozygous 

mutant identified at the highest frequency. d=dgk-1 (ulv1); s=sorf-2 (ulv2); +=wild-type. 
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This investigation aimed to isolate the dgk-1 (ulv1) and sorf-2 (ulv2) mutations from 

each other. Given the nature of the experiment, dgk-1 resides on chromosome X and 

sorf-2 resides on chromosome III. Therefore, it would be assumed that the 

separation of the two mutations would be unproblematic. However, this study was 

limited by the low number of samples with successful reads for both dgk-1 and sorf-2 

in a single worm. This reduced the probability of observing genotypes which were 

already expected to exist at a low frequency, such as wild-type worms. In the interest 

of time, it was decided to abort this investigation. 
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4.2.5 Transgenic expression of wild-type sorf-2 in unc-18 rescue mutants 
reverses the rescue phenotype 

 
Next, the necessity of the sorf-2 ulv2 mutation for the unc-18 rescue phenotype was 

addressed. In our hands, isolation of transgenic worms expressing wild-type sorf-2 in 

the unc-18 rescues, under the control of either a neuronal or constitutive promoter 

was not possible, and it was therefore hypothesised that this transgenic expression 

was not viable. This hypothesis fits with the observation that unc-18 + DAG mutant 

worms were poor growing. Therefore, wild-type sorf-2 was subcloned into an 

expression vector under the control of a phsp16.48 heat-shock promoter 

(phsp16.48::sorf-2), which was then injected into unc-18 rescue mutants (unc-18 

rescue + sorf-2). It was hypothesised that if mutant sorf-2 was necessary for the unc-

18 rescue phenotype, a reduction in locomotion would result following the heat-

shock induced expression of wild-type sorf-2 in unc-18 rescue worms. Additionally, 

reduced locomotion would suggest a reduced function of sorf-2 resulting from the 

ulv2 mutation.  

 

Expression of wild-type sorf-2 in the unc-18 rescue worms following heat-shock 

significantly reduced locomotion from 17.2 body bends per minute to 9.4 body bends 

per minute in unc-18 rescue + sorf-2 mutants (p<0.0001). In unc-18 rescue mutants, 

heat shock resulted in a slight yet significant increase in locomotion from 17.2 body 

bends per minute to 18.7 body bends per minute (p<0.05) (Figure 4.6) indicating that 

exposure to the heat shock protocol itself was not deleterious. However, as over-

expression of sorf-2 (in sorf-2 OE (global) and sorf-2 OE (neuronal) mutants), and 

under-expression of sorf-2 (in sorf-2 heterozygous null mutants) result in reduced 

locomotion, these results do not provide complete evidence about whether the sorf-2 

(ulv2) mutation results in a gain-of- or loss-of-function. 
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Figure 4.6. Expression of wild-type sorf-2 in unc-18 rescue mutants significantly reduces the 
locomotion of unc-18 rescue + sorf-2 mutants. A total of 10 worms were analysed in each experiment 
with a total of 3 independent experiments (n=30 worms per strain). Data are shown as mean ± 
standard error of the mean. Statistical data analysis was performed using two-way ANOVA, followed 

by Tukey’s multiple comparisons test. *p0.05, **** p0.0001. 
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Behavioural analysis thus far suggests that the hypersensitive phenotype of unc-18 

rescue mutants is owed to the dgk-1 (ulv1) mutation. Therefore, cholinergic release 

in unc-18 rescue + sorf-2 mutants following heat shock was also investigated to 

address the question of whether the expression of wild-type sorf-2 reversed the 

improved acetylcholine release which is observed in unc-18 rescue mutants. This 

would provide support for sorf-2 function within the cholinergic pathway and would 

support the current findings that sorf-2 is neuronal in nature. Heat-shock induced 

expression of wild-type sorf-2 did not significantly alter aldicarb sensitivity in unc-18 

rescue or unc-18 rescue + sorf-2 mutants (p>0.05) (Figure 4.7A). 

 
 
The expression of sorf-2 was validated and quantified using RT-qPCR. Analysis 

showed that expression of sorf-2 following heat shock was significantly higher in unc- 

18 rescue + sorf-2 mutants (0.71 vs. 2.03, p<0.01) (Figure 4.7B). Relative 

expression of unc-18 and dgk-1 were also analysed to see if sorf-2 expression 

altered the mRNA expression of other genes. There was no significant change in 

unc-18 relative expression following heat shock (0.59 vs 0.79, p>0.05), however, a 

significant increase was observed in dgk-1 relative expression following heat shock 

(0.21 vs 1.40, p<0.01) (Figure 4.7B). 
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Figure 4.7. A) Aldicarb sensitivity of unc-18 rescue + sorf-2 mutants before and after heat shock. Wild- 

type expression of sorf-2 did not significantly alter sensitivity to aldicarb in unc-18 rescue or unc-18 

rescue + sorf-2 mutants. B) Relative expression of sorf-2, unc-18 and dgk-1 in unc-18 rescue and 

unc-18 rescue + sorf-2 after heat-shock, normalised to relative expression before heat-shock. For 

aldicarb assays, 25–50 worms were used in each experiment and a total of 3 independent 

experiments were conducted. For RT-qPCR analysis, n=3, except for unc-18 rescue control mutants, 

which are n=2 for sorf-2 and dgk-1 analysis. Body bend data were analysed using one-way ANOVA, 

followed by Tukey’s multiple comparisons test, and aldicarb data were analysed using a log-rank test 

for Kaplan Meier followed by the Bonferroni corrections test. **p0.001. 
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4.2.6 sorf-2 RNAi and R59949 together rescue locomotion defects in unc-18 
(e81) null mutants 
 

 
Following the evidence that the dgk-1 (ulv1) and sorf-2 (ulv2) mutations are 

involved in the rescue phenotype, we wanted to investigate the possibility of 

reproducing the rescue phenotype through alternative methods. To mimic the dgk-1 

(ulv1) mutation, DGK inhibitor, R59949 was used as previous experiments have 

demonstrated the success of the inhibitor in producing behavioural effects similar to 

those of dgk-1 mutants (Figure 3.5) (226). Despite not accurately reproducing the 

effects of dgk-1 (ulv1) mutation, PMA was also investigated in this study to support 

the hypothesis that DAG is increased as a result of mutant dgk-1 (ulv1). Results 

from this study so far demonstrate that wild-type expression of sorf-2 in unc-18 

rescue mutants reduces locomotion (Figure 4.6), suggesting that the ulv2 mutation 

within sorf-2 results in loss-of-function. Thus, sorf-2 RNAi was selected as the 

method to mimic the sorf-2 (ulv2) mutation. To recreate the effect of the dgk-1 (ulv1) 

and sorf-2 (ulv2) mutation, unc-18 (e81) null mutants were subjected to sorf-2 RNAi 

and then treated with R59949 or PMA, as previously described. 

 

In contrast to what we have previously observed with unc-18 (e81) null mutants 

(Figure 3.4, Figure 3.6), R59949 and PMA treatment alone produced a slight 

increase in body bends in these mutants to 0.47 and 0.67 body bends per minute, 

respectively. However, this difference was not significant (p>0.05). The usual 

feeding E. coli OP50 was replaced with an empty feeding RNAi vector (L4440) 

which may have affected the outcomes of R59949 and PMA treatment. sorf-2 RNAi 

and treatment with R59949 significantly increased body bends in unc-18 (e81) null 

mutants from 0.13 body bends per minute to 3.00 body bends per minute 

(p<0.0001). A significant increase in locomotion to 3.53 body bends per minute was 



137  

also observed with sorf-2 RNAi and PMA treatment (p<0.0001). There was no 

significant difference between PMA and R59949 treatment for either control (empty 

vector – L4440) or sorf-2 RNAi treated worms (Figure 4.8A). The success of sorf-2 

RNAi was validated and quantified using RT-qPCR which found sorf-2 relative 

expression to be 0.52 in unc-18 (e81) null worms following RNAi (Figure 4.8B). 

These findings not only confirm the necessity of dgk-1 (ulv1) and sorf-2 (ulv2) for 

the unc-18 rescue phenotype, but they also suggest that this phenotype results, at 

least in part, from a reduced function of sorf-2 and an increase in DAG. 
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Figure 4.8. A) Locomotion of unc-18 (e81) null mutants subjected to sorf-2 RNAi or L4440 empty 

vector RNAi (control), and treatment with either PMA or R59949. A total of 10 worms were analysed 

in each experiment with a total of 3 independent experiments (n=30 worms per strain). Data are 

shown as mean ± standard error of the mean. Statistical data analysis was performed using one-way 

ANOVA, followed by Tukey's multiple comparisons test. B) Quantitative PCR for sorf-2 following sorf- 

2 RNAi in unc-18 (e81) null mutants. Relative expression of sorf-2 was measured to be 0.52 in unc-18 

(e81) null mutants following sorf-2 RNAi, relative to sorf-2 relative expression in unc-18 (e81) null 

mutant controls. ****p0.0001 
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Previously, this study demonstrated that unc-18 rescue mutants are hypersensitive 

to aldicarb (HIC) in comparison to unc-18 (e81) null mutants which are 

characteristically resistant to aldicarb (RIC) (Figure 3.4). Thus, it was important to 

assess aldicarb sensitivity to determine whether unc-18 (e81) null mutants subjected 

to sorf-2 RNAi and pharmacological treatment with either PMA or R59949 produce 

improvements in cholinergic release consistent with those in unc-18 rescue mutants. 

sorf-2 RNAi alone did not significantly change aldicarb sensitivity in unc-18 (e81) null 

mutants (p>0.05). PMA treatment and sorf-2 RNAi together significantly increased 

aldicarb resistance in these mutants (p<0.0001). An opposite effect was observed in 

mutants treated with R59949 following sorf-2 RNAi, although aldicarb sensitivity was 

not significantly altered (p>0.05) (Figure 4.9). It is evident that PMA and R59949 

increase aldicarb sensitivity, consistent with findings that DAG produces a HIC 

phenotype in unc-18 (e81) null mutants (Figure 3.4, Figure 3.6). The observation that 

sorf-2 had no effect on aldicarb, supports the notion that sorf-2 may function to 

restore the neuromuscular response following successful neurotransmitter release. 
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Figure 4.9 A–C) Aldicarb sensitivity of unc-18 (e81) null mutants following sorf-2 RNAi or L4440 

empty vector RNAi (control) with and without pharmacological treatment with R59949 or PMA. 25–50 

worms were analysed in each experiment, with a total of 3 independent experiments. Data are 

displayed as mean  standard error of the mean. Data were analysed using a log-rank test for 

Kaplan-Meier followed by Bonferroni corrections test. 



141  

Next, this study wanted to investigate more directly the effects of sorf-2 RNAi and 

pharmacological treatment on the neuronal activity of unc-18 (e81) null mutants. 

Thus, EPG recordings were made to assess whether sorf-2 RNAi and treatment with 

either PMA or R59949 could improve pharyngeal pumping as was observed in unc- 

18 rescue mutants. 

 
 

The mean frequency of pumping in unc-18 (e81) null mutants following RNAi 

treatment with an empty RNAi feeding vector (control) was 2.42 Hz, consistent with 

previous results of EPG recordings in unc-18 (e81) null worms (Figure 3.3). In unc- 

18 (e81) null mutants following sorf-2 RNAi alone, the mean frequency of pumping 

was 2.78 Hz, which was not significantly higher compared to control worms (p>0.05). 

In comparison to worms that were not treated with any pharmacological drug, 

R59949 treatment significantly improved the mean frequency of pumping in both the 

control group and sorf-2 RNAi group to 3.89 Hz and 3.69, respectively, (p<0.0001). 

However, there was no significant difference in mean frequency of pumping between 

the two groups following R59949 treatment (p>0.05). Next, the effects of PMA were 

investigated to explore whether increasing DAG could produce changes in 

pharyngeal pumping in line with R59949-mediated dgk-1 inhibition. Unlike R59949, 

PMA alone did not significantly alter the mean frequency of pumping in unc-18 (e81) 

null mutants (2.27 Hz) compared to untreated control mutants (p>0.05). sorf-2 RNAi 

and PMA-treated worms did not significantly differ from those in the control group 

treated with PMA alone (2.32 Hz, p>0.05) (Figure 4.10A). Interestingly, these 

findings are not consistent with investigations of locomotion, which found that PMA 

and R59949 alone increased locomotion, which was then significantly increased by 

the addition of sorf-2 RNAi to both PMA and R59949 treatment (Figure 4.8). 
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No significant differences were found in IPI duration SD within groups following sorf- 

2 RNAi treatment. In untreated control unc-18 (e81) null mutants, the mean IPI 

duration SD was 177.32 ms, which then reduced to 104.29 ms following sorf-2 

RNAi. In the R59949 group, the mean IPI duration SD reduced from 64.97 ms to 

38.99 ms following sorf-2 RNAi. Interestingly, in the PMA-treated group, sorf-2 RNAi 

resulted in an increase in mean IPI duration SD from 164.00 ms to 240.87 ms 

(Figure 4.10B). In these mutants, a significant increase in mean pump duration was 

observed following sorf-2 RNAi from 111.82 ms to 159.79 ms (p<0.01). There were 

no significant differences observed within other groups. Mean pump duration of unc-

18 (e81) null mutants slightly decreased from 150.33 ms to 136.31 ms following sorf-

2 RNAi (p>0.05). In R59949 treated worms, the mean pump duration slightly 

increased from 108.01 ms to 119.91 ms following sorf-2 RNAi (p>0.05) (Figure 

4.10C). The mean pump duration coefficient of variation significantly decreased from 

10.78% to 6.02% when unc-18 (e81) null mutants were subjected to sorf-2 RNAi 

(p<0.05). There were no significant differences observed within other treatment 

groups. In R59949 treated worms, sorf-2 RNAi resulted in a slight decrease in the 

mean pump duration coefficient of variation from 7.99% to 4.38%; while in PMA-

treated worms, a slight increase was observed from 11.20% to 14.82% (p>0.05) 

(Figure 4.10D). 
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Figure 4.10. EPG recordings of unc-18 (e81) null mutants treated with sorf-2 RNAi and either 

R59949 or PMA. A) sorf-2 RNAi did not significantly alter mean pumping frequency in the 

untreated, R59949, or PMA treatment groups. B) sorf-2 RNAi did not significantly alter mean inter-

pump interval duration standard deviation (IPI duration SD) in any of the three treatment groups. 

C) sorf-2 RNAi produced a significant increase in mean pump duration in the PMA treated groups, 

but not in the untreated and R59949 treated groups. D) sorf-2 RNAi resulted in a significant 

decrease in the mean pump duration coefficient of variation of untreated unc-18 (e81) null worms. 

Fifteen animals per strain were analysed and data is shown as mean ± standard error of the 

mean. Statistical analysis was performed using a one-way ANOVA, followed by Tukey’s multiple 

comparisons test. *p0.05, **p0.01, ****p0.0001. 



144  

4.2.7 The unc-18 rescue phenotype may be specific to the unc-18 (e81) 
mutation 
 

 
Following the evidence that sorf-2 RNAi together with R59949 treatment 

successfully improved locomotion in unc-18 (e81) null mutants, we wanted to 

address the question of whether locomotion defects of other unc-18 null mutants 

could also be rescued through the same mechanism. This would provide strong 

evidence towards a novel pathway through which unc-18 function may be 

completely bypassed. To investigate this, two additional unc- 18 null mutants were 

used: unc-18 true deletion (containing a full reading frame deletion) (a kind gift from 

Chris Hopkins, InVivo Biosystems) and unc-18 ulv12 null (containing a 7 bp 

deletion) (306). 

 
sorf-2 RNAi and R59949 treatment failed to improve locomotion in unc-18 true 

deletion and unc-18 ulv12 null mutants, as both strains remained immobile during the 

assay time (p>0.05) (Figure 4.11A). It was hypothesised that the lack of 

improvement in locomotion may be due to insufficient knockdown of sorf-2 following 

RNAi, as previous evidence has shown that sorf-2 RNAi resulted in approximately a 

50% reduction in relative expression (Figure 4.8B). Therefore, to enhance the effects 

of RNAi, double mutants for each unc-18 null strain were made by genetic crossing 

with rrf-3 male mutants and selecting paralysed F2 progeny of a heterozygote F1 

mutant. rrf-3 + unc-18 null double mutants were then subjected to sorf-2 RNAi before 

being treated with R59949, as previously described. 

 

R59949 treatment alone significantly increased body bends of rrf-3 control mutants 

from 17.31 body bends per minute to 22.22 body bends per minute (p<0.0001), 

validating previous evidence from this study that dgk-1 inhibition increases 
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locomotion (Figure 3.6), as well as findings from literature (224,321). sorf-2 RNAi 

alone significantly increased rrf-3 locomotion, yet to a lesser extent (19.96 body 

bends per minute, p<0.01), contrasting with previous findings in this investigation 

which found that sorf-2 loss-of-function in sorf-2 heterozygous null mutants results in 

reduced locomotion (Figure 4.3A, 4.3B). sorf-2 RNAi and treatment with R59949 

together resulted in the largest improvement in body bends (24.52 body bends per 

minute, p<0.0001). This improvement was also significant compared with either 

R59949 treatment or sorf-2 RNAi alone (p<0.01 and p<0.0001, respectively). There 

was no improvement in locomotion observed in any of the unc-18 null mutants for 

any of the conditions investigated (Figure 4.12A), suggesting that the unc-18 rescue 

phenotype may be specific to the e81 mutation. 

 
 
To assess the efficiency of sorf-2 RNAi and dgk-1 inhibition following R59949 

treatment, RT-qPCR was performed to quantify the relative expression of sorf-2 and 

dgk-1. Results found a significant decrease in relative sorf-2 expression in all 

mutants investigated, with the most significant reduction surprisingly observed in 

unc-18 true deletion and unc-18 ulv12 null mutants (0.17 and 0.34, respectively; 

p<0.0001). Relative expression of sorf-2 was similar between rrf-3 + unc-18 true 

deletion (0.40) and rrf-3 + unc-18 ulv12 null mutants (0.46, p<0.001). The least 

significant reduction in sorf-2 relative expression was observed in rrf-3 mutants 

(0.56, p<0.01). 

 
Relative expression of dgk-1 did not significantly change in rrf-3 mutants following 

sorf-2 RNAi (1.06, p>0.05) or rrf-3 + unc-18 ulv12 null mutants (2.04, p>0.05). 

However, the relative expression of dgk-1 in rrf-3 + unc-18 true deletion worms was 

significantly different following sorf-2 RNAi (3.39, p<0.05). sorf-2 RNAi in unc-18 true 
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deletion worms and unc-18 ulv12 null mutants did not significantly alter dgk-1 

relative expression compared to untreated worms (0.55 and 0.47, respectively, 

p>0.05). Relative expression of unc-18 was 0.83 in rrf-3 mutants, 1.64 in rrf-3 + unc-

18 true deletion mutants, 0.96 in rrf-3 + unc-18 ulv12 null worms, 

2.00 in unc-18 true deletion mutants and 0.94 in unc-18 ulv12 null mutants. There 

was no significant change in unc-18 relative expression in any of the mutants 

compared to untreated mutants. 
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Figure 4.11. A) Locomotion rate of unc-18 mutants following sorf-2 RNAi and R59949 treatment. B) 

Quantitative real-time PCR analysis showing relative expression of sorf-2, unc-18 and dgk-1 in unc-18 

mutants following sorf-2 RNAi and R59949 treatment. Data are displayed as mean values ± standard 

error of the mean, n=3. Data were analysed using two-way ANOVA, followed by Tukey’s multiple 

comparisons test. *p0.05, **p0.01, ***p0.001, ****p0.0001. 
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4.2.8 Identification of a second sorf-2 mutation, ulv3, which is necessary 
for the unc-18 rescue phenotype 

 
The results so far show that sorf-2 RNAi in addition to either PMA or R59949 

treatment, significantly improves locomotion in unc-18 (e81) null mutants, while 

failing to produce a significant effect in other unc-18 null mutants (unc-18 true 

deletion and unc-18 ulv12 mutants). These findings suggest that the unc-18 rescue 

phenotype may be strain specific. To further investigate this, the whole genome 

SoLiD sequencing results of unc-18 (e81) null and unc-18 rescue mutants were re-

analysed, finding the presence of a second mutation (ulv3) in sorf-2 which resides 

in unc-18 (e81) null, unc-18 rescue, and dgk-1 + sorf-2 mutants. The ulv3 mutation 

is an N-terminal missense mutation (D>N):III: 5328539G>A, located within the 

BEACH domain. The identification of this mutation suggests that it produces effects 

which were unable to be reproduced in additional unc-18 null mutants using sorf-2 

RNAi. To investigate whether the sorf-2 (ulv3) mutation is required for the unc-18 

rescue phenotype, unc-18 (e81) null mutants were genetically crossed with WT 

worms to isolate the unc-18 (e81) mutation from the sorf-2 (ulv3) mutation (courtesy 

of Dr Jeff Barclay) and will be referred to as unc-18 (e81) null - ulv3 mutants from 

this point forward. unc-18 (e81) null and unc-18 (e81) null - ulv3 mutants were 

treated with R59949 following sorf-2 RNAi to assess whether the improvement in 

locomotion, as has been seen previously (Figure 4.8A), could be produced in the 

absence of the sorf-2 (ulv3) mutation. Results found that sorf-2 RNAi and R59949 

did not produce a change in locomotion in unc-18 (e81) null - ulv3 mutants, 

however, locomotion in unc-18 (e81) null mutants, which contains the ulv3 

mutation, successfully improved to 2.6 body bends per minute (p<0.0001) (Figure 

4.12, consistent with previous findings (Figure 4.8A). Although this increase in 

locomotion is still one fifth of the locomotion rate of unc-18 rescue mutants (12.6 
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body bends per minute; Figure 3.1), this finding supports a role of the sorf-2 (ulv3) 

mutation in the unc-18 rescue phenotype and suggests that the mutation produces 

effects which then facilitate the improvement of locomotion in unc-18 rescue 

mutants. 
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Figure 4.12. Locomotion of unc-18 (e81) null and unc-18 (e81) null - ulv3 mutants following sorf-2 

RNAi and R59949 treatment. sorf-2 RNAi and R59949 significantly improved locomotion in unc-18 
(e81) null mutants but did not alter the locomotion of unc-18 (e81) null - ulv3 worms. A total of 10 

worms were analysed in each experiment with 3 independent experiments (n=30 worms per strain). 
Data are shown as mean ± standard error of the mean. Statistical data analysis was performed using 

a two-way analysis of variance, followed by Tukey’s multiple comparisons test. ****p0.0001. 
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4.3 Discussion 
 

 
The current study aimed to validate a role of sorf-2 in the unc-18 rescue phenotype. 

We then aimed to investigate the effects of the sorf-2 ulv2 and ulv3 mutations in 

order to understand better the function of sorf-2 within neurotransmission. The 

current findings support the hypothesis that the dgk-1 (ulv1), sorf-2 (ulv2) and sorf-2 

(ulv3) mutations are necessary for the unc-18 rescue phenotype. This investigation 

also identified possible unc-18 (e81) specificity for the observed unc-18 rescue 

phenotype, owing to the sorf-2 (ulv3) mutation which resides in both the unc-18 (e81) 

null and unc-18 rescue mutants. 

 
Isolation of the dgk-1 (ulv1), and sorf-2 (ulv2 and ulv3) mutations in dgk-1 + sorf-2 

mutants confirmed that the three mutations together are viable; the latter of which 

was identified in later experiments. Attempts to isolate the dgk-1 (ulv1) and sorf-2 

(ulv2) mutations individually, however, were unsuccessful (Figure 4.5), suggesting a 

synergistic association of the two mutations. The potential lethality of the dgk-1 (ulv1) 

or the sorf-2 (ulv2 and ulv3) mutations cannot, therefore, be ruled out. Current 

evidence of other existing dgk-1 mutants suggests that dgk-1 loss-of-function is not 

lethal, but results in hyperactive locomotion and hyperactive egg-laying behaviour 

(224,321). In mice, ablation of the dgk-1 homologue, DGK, impaired recycling 

kinetics of synaptic vesicles, despite the mice showing no phenotypic defects (371). 

In this investigation, the dgk-1 (ulv1) nonsense mutation resides within the kinase 

domain of dgk-1, with phenotypic effects which may be distinct from other null 

mutations that have previously been investigated. On the other hand, lethality of sorf- 
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2 loss-of-function following a 1189 base pair deletion has previously been confirmed 

(271), supporting the possibility that the ulv2 and ulv3 mutations in sorf-2 may be 

lethal. Detrimental effects of mutations in the sorf-2 homologue, WDR81, have also 

been described. WDR81 mutations in patients with microcephaly implicate the gene 

in normal cell proliferation. Similarly, in Drosophila, downregulation of the sorf-2 

homologue, CG6734, resulted in an increased mitotic index in neuroblasts from the 

central brain (372). Together, the current data suggest a vital role of sorf-2 in 

neuronal processes, increasing the likelihood that the ulv2 and ulv3 mutations alone 

may result in lethality. 

 
 
The necessity of sorf-2 for the unc-18 rescue phenotype was confirmed following 

evidence that wild-type expression of sorf-2 reduced the locomotion of unc-18 

rescue worms (Figure 4.6). Firstly, this experiment was limited due to lack of a WT 

control in which WT sorf-2 was also expressed, allowing identification of any effects 

of the plasmid. In addition, as both overexpression and underexpression of sorf-2 in 

wild-type worms were found to reduce locomotion, this study does not provide a 

clear-cut answer about whether the mutations within sorf-2 result in a loss of- or 

gain-of function in unc-18 rescue mutants. Furthermore, locomotion defects in unc-

18 rescue + sorf-2 mutants were not as severe as those in unc-18 (e81) null 

mutants. Expression of the phsp16.48 promoter, which was utilised in this study, has 

been identified in all stages of the worm lifecycle from embryo to adult, with 

expression found in all cell types such as in neurons, intestine, muscles, and 

hypodermis (373). It is possible that the reduction in locomotion observed in these 

mutants is not at the same levels as unc-18 (e81) null mutants due to the levels of 

sorf-2 expression following heat-shock, as demonstrated by the low increase in 

relative expression (Figure 4.6), however, the general expression profile of 
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phsp16.48 promoter may also be a contributing factor. Wild-type expression of sorf-2 

in unc-18 rescue mutants through a neuronal promoter, such as rab3 would provide 

a more accurate representation of the neuronal sorf-2 function. Nevertheless, the 

difference in locomotion of unc-18 rescue + sorf-2 and unc-18 (e81) null mutants 

supports the idea that the mutations within sorf-2 do not solely produce a loss-of- 

function. 

 
 
This study was limited by the fact that the initial chosen concentration of the 

phsp16.48::sorf-2 plasmid for C. elegans injection (20 ng/l) was deemed to be toxic 

to the worms, producing no viable offspring. The concentration was incrementally 

reduced until a final injection concentration of 5 ng/l was selected and found to be 

successful in producing viable offspring. Reducing the injection concentration may 

have reduced the level of expression of wild-type sorf-2 following heat shock. If 

higher injection concentrations were viable, it is possible that there would be a 

higher level of sorf-2 expression and thus, a larger reduction in locomotion following 

its expression. With this in mind, wild- type expression of sorf-2 in unc-18 rescue 

mutants essentially results in an unc-18 (e81) and dgk-1 (ulv1) double mutant. As 

found previously, increasing levels of DAG in unc-18 (e81) null mutants, such as 

those with gain-of-function egl-30 (js126) expression (unc-18 (e81) null + DAG 

mutants), produce slow-growing and unhealthy worms. This would explain why the 

isolation of unc-18 (e81) and dgk-1 (ulv1) was not viable and necessitated the use of 

a heat-shock promoter. Additionally, this could explain why higher levels of 

transgenic expression of WT sorf-2 was not observed in unc-18 rescue + sorf-2 

worms. 

 
Next, recreation of the unc-18 rescue phenotype was attempted using alternative 

methods which replicate the effects of the sorf-2 (ulv2) and dgk-1 (ulv1) mutations.  
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sorf-2 RNAi paired with either pharmacological inhibition of dgk-1 (R59949), or 

increased DAG (PMA), significantly improved locomotion in unc-18 (e81) null 

mutants. This investigation was pivotal for confirming that the unc-18 rescue 

phenotype requires both mutant forms of dgk-1 and sorf-2. However, the 

improvement in locomotion did not reach the level observed in unc-18 rescue 

mutants (Figure 3.1; Figure 4.8A). Initially, it was thought that extent of sorf-2 RNAi 

knockdown was not efficacious, however, RT- qPCR analysis found that sorf-2 RNAi 

in unc-18 (e81) null mutants resulted in lower levels of sorf-2 relative expression 

compared to that of unc-18 rescue mutants (Figure 4.8B). Reduced expression does 

not necessarily indicate loss-of-function, and so it cannot be said whether sorf-2 

RNAi alters sorf-2 expression to the same extent as the sorf-2 mutations in unc-18 

rescue mutants. sorf-2 RNAi addresses the hypothesis that there is a sorf-2 loss-of-

function in unc-18 rescue mutants. As sorf-2 RNAi with R59949/PMA failed to 

improve locomotion in unc-18 (e81) null mutants lacking the sorf-2 (ulv3) mutation, it 

was hypothesised that the ulv2 mutation produces a loss-of-function, while the ulv3 

mutation produces a change-of or gain- of-function. These findings suggest that the 

use of sorf-2 RNAi replicates the effects sorf-2 (ulv2) mutation but negates the 

opposing effects of the ulv3 mutation. 

 
 

Interestingly, observations of locomotion following R59949 or PMA treatment were 

not consistent with EPG recordings. In the latter, R59949 and PMA treatment alone 

were sufficient to rescue the frequency of pharyngeal pumping (Figure 4.10A), 

however when measuring locomotion, R59949 or PMA treatment has little to no 

effect (Figure 4.8A). The effect of R59949/PMA on locomotion is consistent with 

observations in unc-18 (e81) null + DAG worms which are hypersensitive to aldicarb 

despite remaining completely immobile (Figure 3.2). It is evident that R59949 and 
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PMA are sufficient to increase cholinergic release and potentiate muscular activity 

within the pharynx of unc-18 (e81) null mutants, but not in the body of worm. To 

support this notion, extrapharyngeal activity of other unc-18 null and unc-18 (e81) 

null – ulv 3 mutants following R59949 or PMA treatment should also be investigated. 

This was attempted, with the hypothesis that R59949 and PMA alone would improve 

pharyngeal pumping and cholinergic release in these mutants, as was observed in 

unc-18 (e81) null mutants. However, the number of EPG recordings that passed the 

quality control measures was not sufficient for analysis. 

 
 
Previous literature has found that abolishing pharyngeal neurons does not 

completely inhibit pharyngeal pumping, while the abolishment of cholinergic synaptic 

transmission does (375), highlighting the importance of the cholinergic pathway for 

pharyngeal pumping. In this investigation, locomotion on a surface, specifically, is 

only improved following the addition of the sorf-2 ulv2 and ulv3 mutations, or sorf-2 

RNAi. As unc-18 rescue mutants still demonstrate defects in thrashing, sorf-2 may 

function in the muscular response of locomotion following neurotransmission in 

distinct neuromuscular pathways. This idea is supported by evidence of quadrupedal 

locomotion in patients with mutated WDR81 (269). The alternating activation of 

cholinergic and GABAergic motorneurons controls the contraction and relaxation of 

muscles. Cholinergic neurons form dyadic synapses and innervate both muscles and 

GABAergic neurons projecting to the opposing side of the body (289,376). However, 

as the morphology of GABA motor neurons is normal in unc-18 (e81) null mutants 

(168), it would be assumed that rescue of cholinergic release in these mutants would 

be sufficient to see an improvement in locomotor behaviour. As this is not the case, a 

question remains about how sorf-2 functions in the unc-18 rescue phenotype. 
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The results of this study confirm that both dgk-1 and sorf-2 are involved in the unc-18 

rescue phenotype and implicate the enigmatic sorf-2 in the exocytic pathway. As 

discussed previously, dgk-1 is a negative regulator of synaptic transmission (224), 

thus it is not surprising that its loss-of-function positively regulates synaptic 

transmission. While it is known that dgk-1 resides in ventral cord motor neurons 

(224), the localisation of sorf-2 is not fully elucidated. Available literature suggests 

that sorf-2 is localised in NSM neurons which reside in the pharynx anterior bulb, 

with branches running within the dorsal nerve cord and the subventral nerve cord 

(377). In C. elegans, sorf-2 expression has been observed in coelomocytes (271), 

and in mice, Wdr81 mRNA expression has been identified within several tissues of 

the CNS, including the cerebellum, brain, and spinal cord. Additionally, WDR81 was 

detected in the cerebral cortex where it colocalised with the Purkinje cell marker, 

calbindin (270). The results of this study are in line with current literature, implicating 

sorf-2 in neuronal processes (270,271,367,372). 

 
 

Initially sorf-2 was hypothesised to function in the cholinergic pathway. However, 

sorf-2 RNAi in unc-18 (e81) null mutants, with or without the predicted effects of the 

dgk-1 (ulv1) mutation (dgk-1 inhibition or elevated DAG) did not alter aldicarb 

sensitivity. These findings were inconsistent with a previous study which utilised a 

dgk-1 suppressor screen, finding that sorf-2 RNAi on a dgk-1 mutant background 

produced resistance to aldicarb (374). It is possible that the lack of aldicarb effect is 

due to the unc-18 (e81) null mutant background, with several other mutations 

potentially impacting the outcome of sorf-2 RNAi. For a more definite investigation of 

the effects of sorf-2 RNAi on aldicarb sensitivity, it would be important to subject WT 

worms to sorf-2 RNAi, with and without the presence of R59949 or PMA. However, 

overexpression of sorf-2 (sorf-2 OE mutants) and loss-of-function of sorf-2 (sorf-2 
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heterozygous null mutants) also did not significantly alter aldicarb sensitivity (Figure 

4.4). It is therefore hypothesised that sorf-2 functions extend beyond the cholinergic 

pathway. Currently, sorf-2 is implicated in the endocytic pathway (271), with little 

evidence about its role in the synaptic vesicle exocytic pathway. Nonetheless, 

synaptic transmission relies on careful coordination between the two processes 

(378). After exocytosis, synaptic vesicles must be recycled by endocytosis to allow 

maintenance of successful exocytosis (4). Lipids are vital for this process, 

particularly phosphoinositides which are minority phospholipids within cellular 

membranes (239). These lipids are implicated in the DAG pathway, as well as the 

pathway in which sorf-2 functions. Phosphatidylinositol-4,5-bisphosphate (PI (4,5)P2) 

is a substrate for the DAG-producing phospholipase C, and is also produced from 

PA that results from dgk-1 mediated DAG phosphorylation. PI(4,5)P2 regulates 

synaptic vesicle priming through binding to Munc13 and CAPS (238), while also 

regulating synaptic vesicle recycling through recruitment and activation of molecules 

such as synaptotagmin at the presynaptic membrane (238,378). On the other hand, 

limited evidence suggests that sorf-2 regulates phosphatidylinositol 3-phosphate 

(PtdIns3P) levels, which is important for the fusion of early endosomes, as well as 

the sorting and recycling of lysosomes (271). Interestingly, in studies of yeast 

vacuole fusion, both PtdIns3P and PI(4,5)P2 were found to enhance the capacity of 

membrane-bound SNAREs to drive fusion in the absence of SNARE chaperones 

(379). This provides a potential mechanism that may allow dgk-1 and sorf-2 to 

bypass unc-18 function. Furthermore. PtdIns3P is implicated in the priming stage of 

exocytosis (379); a step in which Munc18-1/unc-18 also functions. During this stage, 

Munc18-1 binds to closed-state syntaxin-1 and enables the conformational transition 

to open-state syntaxin-1, which then allows the formation of the SNARE complex 

(185,206,208). This transition is accelerated by Munc13-1 binding to the syntaxin-1 
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SNARE motif through its MUN domain (101). It can therefore be speculated that the 

unc-18 rescue phenotype occurs through elevation of DAG, and unc-13 activation, 

which then bypasses the function of unc-18 in SNARE complex formation. With the 

knowledge of Munc18/unc-18 and DAG in priming, there is reason to suggest a 

potential role of sorf-2 in priming as well. Given what is known about sorf-2, it is 

likely that the mutations residing within dgk-1 and sorf-2 create distinct changes 

within the lipid pathways which may affect unc-18 function at different stages of the 

exocytic vesicle cycle. Munc18-1/unc-18 interactions with syntaxin and the SNARE 

complex are important for the docking and fusion of vesicles, however, its 

interactions with other accessory proteins such as Mint1, phospholipase D, and 

Rab3 remain under investigation (203). Future investigations may aim to investigate 

the impact of the dgk-1 (ulv1) and sorf-2 (ulv2 and ulv3) mutations on the activity of 

such accessory proteins. 

 
 

We then aimed to investigate whether the same improvement in phenotype could be 

observed in other unc-18 null mutants sorf-2 RNAi and R59949 or PMA treatment 

(Figure 4.11). sorf-2 RNAi and R59949/PMA treatment did not improve locomotion in 

unc-18 true deletion and unc-18 ulv12 null mutants, suggesting that the unc-18 

rescue phenotype may be specific to the unc-18 (e81) null mutation. Evidence that 

sorf-2 RNAi and R59949 treatment failed to improve locomotion in unc-18 (e81) null 

mutants lacking the ulv3 mutation (unc-18 (e81) null - ulv3) confirmed this 

hypothesis (Figure 4.12). sorf-2 RNAi in unc-18 (e81) null mutants provided an 

insight into the possible role of the sorf-2 (ulv2) mutation in the unc-18 rescue 

phenotype, however a gain-of-function was not investigated, leaving a question 

regarding the effects of the ulv3 mutation. 
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One limitation of this study that should be addressed is the use of controls. Often, 

for body bend assays, different strains were analysed on different days. It is 

important that when drawing comparisons between two strains, the data is collected 

at the same time to ensure the control is accurate as possible. Additionally, for 

aldicarb experiments following drug treatments (PMA/R59949), the possible effects 

of the drug on aldicarb sensitivity were not addressed. This could have been 

mitigated through assessment of aldicarb sensitivity of untreated control worms 

alongside those treated with the drug (Figure 4.9). The limitation of controls is also 

evident in analysis of EPG recordings following drug treatment (Figure 4.10). In this 

investigation, the ‘untreated’ controls used were worms subjected to sorf-2 RNAi or 

empty vector feeding, however an additional control which would improve analysis 

would be worms that have not been treated with a drug, and have only been fed the 

original OP50 food source. Moreover, the identified mutations within dgk-1 and sorf-

2 were investigated as the most likely novel mutations within genes with a known 

function, or possible function in neurotransmission. The unc-18 (e81) null mutant 

however contains a plethora of other mutations which were deemed unlikely to be 

involved in the unc-18 rescue phenotype. It is possible that the presence of these 

mutations may provide favourable circumstances which allow mutant dgk-1 and 

sorf-2 to produce the observed improvement in locomotion. One method to test this 

hypothesis would be to express the sorf-2 (ulv3) mutation in other unc-18 null 

mutants and repeat sorf-2 RNAi with R59949/PMA treatment. However, to 

categorically confirm that the unc-18 rescue phenotype is produced by only the three 

genes investigated in this study, the best approach would be to isolate the unc-18, 

dgk-1 and sorf-2 mutations completely on a wild-type background, although based 

on current findings, this may be limited due to the viability of worms. 
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4.3.1 Summary 

 

This investigation aimed to first explore the necessity of the sorf-2 (ulv2) mutation in 

the unc-18 rescue phenotype, which was confirmed by a reduction in locomotion 

following transgenic expression of the wild-type sorf-2. Next, we aimed to determine 

the effects of the sorf-2 (ulv2) mutation, however, isolation of the dgk-1 (ulv2) and 

unc-18 (e81) mutations with wild-type sorf-2 was not possible, suggesting potential 

lethality of the dgk-1 and/or sorf-2 mutations. A third aspect of this investigation aimed 

to recreate the effects of the dgk-1 (ulv1) and sorf-2 (ulv2) mutations through 

alternative methods – DGK inhibition and sorf-2 RNAi, respectively. DGK inhibition 

and sorf-2 RNAi together successfully improved locomotion in unc-18 (e81) null 

mutants, but not in other unc-18 null mutants, resulting in the identification of a third 

sorf-2 mutation – ulv3, required for the unc-18 rescue phenotype. Together these 

findings confirm that dgk-1 and sorf-2 are required together for the unc-18 rescue 

phenotype and suggests the involvement of lipid pathways. To establish whether this 

is the case, differences in lipid composition between unc-18 (e81) null mutants and 

unc-18 rescue mutants should be investigated. 
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Chapter 5: 1H NMR discriminates between 

lipid and polar metabolites in C. elegans 
mutant strains 
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5.1 Introduction 
 

 
Lipids are an abundant class of molecules found in all organisms with a diverse 

range of roles (381). Traditionally, the role of lipids in synaptic transmission has been 

believed to be passive (382). However, there is emerging evidence that lipids are 

essential for cellular processes, ranging from signalling and membrane composition 

to cell metabolism, energy storage, and protein anchoring (383). In the membrane, 

cholesterol and sphingolipids contribute to membrane fluidity and trafficking of 

membrane proteins through the creation of ‘lipid rafts’ (234). At the pre-synapse, 

lipids support protein interactions and function during the synaptic vesicle cycle 

(384,385). In addition to diacylglycerol (DAG) and phosphatidic acid (PA), which 

have been previously discussed, phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) 

functions as a key regulator of vesicle trafficking and synaptic transmission through 

its phosphorylation and dephosphorylation (246). Furthermore, lipids such as 

arachidonic acid (ARA) and sphingosine facilitate exocytosis through direct 

interaction (257). Therefore, understanding lipid composition of mutant organisms 

can provide deeper insight into the functions of the molecular machinery at the 

synapse. 

The results of this investigation thus far have confirmed a role of dgk-1 and sorf-2 in 

the unc-18 rescue phenotype, with evidence to support a reduced function of dgk-1. 

As dgk-1 phosphorylates DAG into PA, there is reason to hypothesise a role of these 

lipids in the restoration of locomotion. The involvement of sorf-2 in the unc-18 rescue 

phenotype also suggests an additional involvement of lipids, given its known function 

as a negative regulator of phosphatidylinositol 3-phosphate (PtdIns3P) in endosomal 

conversion (271). This investigation aimed to explore the lipid profiles of unc-18 

rescue mutants in comparison to unc-18 (e81) null and WT worms. This would allow 
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the identification of any changes within lipid metabolites and would provide further 

insight into the pathway involved in the unc-18 rescue phenotype. 

To date, several techniques exist to investigate lipid profiles of organisms and 

tissues. 1H-Nuclear Magnetic Resonance (NMR) provides a time-efficient and highly 

reproducible method to investigate lipids within a range of samples (383). While 

chromatography-coupled mass spectrometry (MS) provides spectra with better 

molecular separation and sensitivity compared to NMR, it requires complex quality 

control procedures and samples are destroyed during analysis. MS, therefore, lacks 

reproducibility for lipid analysis, which often have variable levels of ionisation, and 

reduces the ability to run multiple analyses on the same sample. In addition to this, 

molecular identification is done more easily with NMR using either databases or self- 

consistent analyses of 1D and 2D spectra between 1H and 13C (386). For these 

reasons, 1H-NMR was chosen as the most suitable method for the initial analysis of 

lipids in unc-18 (e81) null, unc-18 rescue, and WT C. elegans. For accurate analysis 

of spectra, a robust working protocol, developed by Dr. Phelan at the University of 

Liverpool (387), was followed to maximise the quality and reproducibility of spectra. 

Here we used a two-stage extraction method in which the polar and nonpolar (lipid) 

metabolites were separated from each other. DAG is made up of two fatty acid 

chains covalently bonded to a glycerol molecule through ester linkages and would be 

expected to be identified within the lipid subset. However, PA, has a similar structure 

with the addition of a phosphate head group (388), the latter of which would be 

expected to be identified in the polar subset. Likewise, several other polar lipids are 

amphiphilic, containing hydrophobic tails and hydrophilic heads (389). Therefore, it 

was deemed important to analyse both the lipid and polar metabolite profiles of each 

strain. 
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5.2 Results 

 
5.2.1 Strain specific differences were observed in lipid profiles of unc-18 
(e81) null, unc-18 rescue, and wild-type worms 

 
Lipid spectral peaks were separated into 154 bins, of which 59 were unknown 

metabolites. Representative peaks for lipid metabolites were identified according to 

the latest annotation provided by Amiel et al. (2019) (390). The selected peaks 

represented 13 different lipids or lipid classes – fatty acids, unsaturated fatty acids 

(UFA), monounsaturated fatty acids (MUFA), polyunsaturated fatty acids (PUFA), 

free cholesterol, cholesterol ester, arachidonic acid (ARA), eicosapentaenoic acid 

(EPA), linoleic acid, docosahexaenoic acid (DHA), phosphatidylethanolamine (PE), 

phosphatidylcholine (PC), triglycerides (TG), and phospholipids (PL). 

 
 

Differences in lipid profiles of each sample were analysed using a principal 

component analysis (PCA). A PCA is an unsupervised model which uses linear 

transformation to reduce the dimensions of the data. In doing so, a PCA explains the 

variance of the data using ‘principal components’ (PCs), where the first PC explains 

the majority of the data, and subsequent PCs explain the majority of the variance 

that could not explained by the prior PC, in a manner that is orthogonal to the prior 

PCs (311). A PCA, therefore, is a simplified tool to establish the major variances 

within the data. The PCA consolidated over 66.0% explained variance in the first two 

components (PC1, 50.8%; PC2, 16.1%), showing weak clustering of the three strains 

(Figure 5.1A). A total of 6 components were required to explain 95% of the variance. 

Across PC1, approximately half of the variance showed WT samples cluster 

separately to unc-18 (e81) null and unc-18 rescue worms. Interestingly, WT worms 

demonstrated larger variance across PC1 compared to PC2, while both unc-18 (e81) 

null and unc-18 rescue mutants showed larger variance across PC2 than PC1. 
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Figure 5.1. A) PCA scores of PC1 (50.82%) against PC2 (16.11%) from WT (n=6), unc-18 rescue 

(n=5), and unc-18 (e81) null (n=5) samples. A total of 6 PCs were used to achieve 95% explained 

variance. B) PCA loadings plot of metabolites contributing to the variance across PC1 and PC2. 

ARA=arachidonic acid, DHA=docosahexaenoic acid, EPA-eicosapentaenoic acid, 

MUFA=monounsaturated fatty acids, PC=phosphatidylcholine, PE=phosphatidylethanolamine, 

PL=phospholipids, PUFA=polyunsaturated fatty acids, TG=triglycerides, UFA=unsaturated fatty acids. 
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When considering the overall metabolic profile of the samples, two of the five unc-18 

rescue samples separated from the remaining three unc-18 rescue samples across 

PC2. This suggests that the biological variance between the samples across PC2 is 

higher for unc-18 rescue mutants and raised the question of whether the two 

isolated samples should be classed as anomalous. While these samples are 

potential anomalies, it is also possible that this is the natural intrinsic variation within 

the strain. Due to the small sample number, the reason for variation cannot be 

confidently confirmed so the analysis was proceeded with all five unc-18 rescue 

samples. The PCA loadings plot provides information about which metabolites 

contribute to variance observed using PC1 and PC2 (Figure 5.1B). Analysis of the 

loadings plot identified monounsaturated fatty acids, cholesterol ester, and 

phosphatidylcholine as the metabolites contributing to the variation of the three unc-

18 rescue samples which separated from the other two unc-18 rescue mutant 

samples. The loadings plot also identified polyunsaturated fatty acids, unsaturated 

fatty acids, linoleic acid, phosphatidylethanolamine, and phospholipids as the 

metabolites explaining the major variation of WT from the two mutant strains. 

 

 
To gain a metabolite level understanding of differences between the strains, 

metabolite levels were compared using fold-change analysis and visualised using 

heatmaps (Figure 5.2). Significant differences between metabolite levels were 

established using a one-way ANOVA with Tukey’s multiple comparisons test. Of the 

13 lipid groups, 7 were significantly different between the strains. In comparison with 

WT worms, unc-18 (e81) null mutants exhibited significantly lower abundance of 

polyunsaturated fatty acids (p<0.05), phosphatidylethanolamine (p<0.001), 

phospholipids (p<0.001), and unsaturated fatty acids (p<0.05). unc-18 rescue 

mutants however demonstrated significantly lower abundance of linoleic acid 
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(p<0.05), polyunsaturated fatty acids (p<0.01), phosphatidylethanolamine (p<0.001), 

phospholipids (p<0.001), and unsaturated fatty acids (p<0.01). The abundance of 

monounsaturated fatty acids and phosphatidylcholine were significantly higher in 

unc-18 rescue mutants than WT worms (p<0.01 and p<0.05, respectively). ANOVA 

followed by Tukey’s multiple comparisons test did not identify any significant 

differences between unc-18 rescue and unc-18 (e81) null mutants. While some 

differences were hypothesised, this is not surprising as the unc-18 rescue mutant is 

derived from the unc-18 (e81) null mutant. Interestingly, unc-18 rescue mutants 

significantly differed from WT in levels of monounsaturated fatty acids, 

phosphatidylcholine, and linoleic acid, while unc-18 (e81) null mutants did not. This 

suggests that these changes in metabolite abundance may have arisen by novel 

mutations in the unc-18 rescue mutant which are not in the unc-18 (e81) null, such 

as the dgk-1 (ulv1) and sorf-2 (ulv2). Overall, these results confirm that the unc-18 

rescue mutant still shares much of its lipid metabolite composition with the unc-18 

(e81) null mutant and suggest that identification of more subtle differences between 

the samples would require a much larger sample number, which was beyond the 

scope of this study. 
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Figure 5.2. Fold change analysis of key lipids between WT, unc-18 (e81) null and unc-18 rescue 

mutants. A) Lipid changes for unc-18 rescue and unc-18 (e81) null mutants in relation to WT. B) Lipid 

changes for unc-18 (e81) null and WT worms in relation to unc-18 rescue mutants. C) Lipid changes 

for unc-18 rescue and WT worms in relation to unc-18 (e81) null mutants. Red cells indicate a fold- 

change increase, blue cells indicate a fold-change decrease. Statistical analysis was done using a 

one-way ANOVA and Tukey’s multiple comparisons test. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. ARA=arachidonic acid, DHA=docosahexaenoic acid, EPA=eicosapentaenoic acid, 

MUFA=monounsaturated fatty acids, PC=phosphatidylcholine, PE=phosphatidylethanolamine, 

PL=phospholipids, PUFA=polyunsaturated fatty acids, TG=triglycerides, UFA=unsaturated fatty acids. 
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5.2.2 Strain specific differences in polar metabolite profiles of unc-18 (e81) 
null, unc-18 rescue, and wild-type worms 

 
The polar metabolite annotation identified 371 bins, of which 170 were attributed to 

unknown metabolites. 126 bins were attributed to more than one metabolite 

(overlapping peaks), of which 62 overlapped with an unknown metabolite. To simplify 

analysis and reduce the number of variables, a correlation reliability score (CRS) 

(310) was calculated to confirm annotation and select representative metabolite bins 

using the highest correlation score within multiple peaks of the same metabolite. In 

each case, a singlet peak was selected if available, however, if no singlet peak was 

available, the overlapping peak with the highest correlation was selected (Appendix 

1). 65 representative bins attributing to 65 metabolites were selected, of which 43 

were singlet bins and 22 were overlapping bins. Overall differences in polar 

metabolite profiles were analysed using a PCA. The PCA consolidated 43.1% of the 

variance (PC1, 24.7%; PC2, 18.4%), with strong clustering of unc-18 (e81) null and 

unc-18 rescue samples (Figure 5.3). A total of 15 components were required to 

explain 95% of the variation, indicating greater data complexity in comparison to 

lipids. WT worms exhibited the greatest variance across PC1 (with samples 

distributed across the whole component) and PC2, with almost half of WT samples 

clustering separately from unc-18 (e81) null and unc-18 rescue mutants. There was 

no clear separation of unc-18 (e81) null and unc-18 rescue mutants from each other, 

and both mutants showed limited variation across PC1 with more variation in PC2 for 

unc-18 (e81) null mutants than unc-18 rescue mutants. Due to the large number of 

polar metabolites, the PCA loadings plot did not clearly indicate the overall 

differences in metabolites between the three strains investigated. 
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Figure 5.3. PCA scores of PC1 (24.67%) against PC2 (18.42%) from WT (n=18), unc-18 rescue 

(n=13), and unc-18 (e81) null (n=16) samples. A total of 15 PC was used to achieve 95% explained 

variance. 
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Next PLS-DA was performed to probe deeper and uncover effects that may be 

masked by other components. A PLS-DA is a supervised model – which utilises a 

proportion of the dataset to train itself, and then tests the training on the remaining 

dataset – offers better discrimination of the dataset compared to a PCA. However, a 

valid PLS-DA model requires a modest amount of data for adequate training and 

testing (311). In this study, a PLS-DA was only performed if sample numbers 

exceeded 6, which was only the case for the dataset of polar metabolites. 3 PLS-DA 

models were performed to reveal differences between strains. One model to uncover 

differences between WT and unc-18 (e81) null worms, one model to investigate 

differences between WT and unc-18 rescue worms and a third model to investigate 

differences between unc-18 (e81) null and unc-18 rescue mutants. Following a PLS- 

DA models, variable importance in projection (VIP) scores were calculated for all the 

representative bins, with a VIP scores greater than one indicative of metabolites with 

greater than average influence in the model. 

 
In the first WT and unc-18 (e81) null 2-component PLSDA model (Figure 5.4A), 20/65 

(35.1%) bins scored higher than the VIP threshold. A receiver operating characteristic 

(ROC) curve was obtained using cross validation. A perfect discriminatory model 

would score 100% for both specificity and sensitivity. ROC values were 0.88 for 

component 1 and 0.68 for component 2, suggesting a weak-to- moderate model for 

discriminating between the two strains. In the second model, unc-18 rescue and WT 

samples separated out completely from each other using a 2- component PLS-DA 

model (Figure 5.4B). 24/65 (36.9%) bins scored higher than the VIP threshold. Cross 

validation using the ROC curve found the model to score 100% for both specificity 

and sensitivity, with ROC scores of 1 for both components, suggesting that the model 

was a strong model for discriminating between WT and unc-18 rescue samples. 
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Figure 5.4. Variates one and two of PLS-DA models for comparisons between A) unc-18 (e81) null 

and WT samples, B) unc-18 rescue and WT samples, and C) unc-18 (e81) null and unc-18 rescue 

samples. Ellipses represent 95% confidence region. Training samples represent those used to train 

the PLS-DA model, and test models represent those on which the PLS-DA model tested the trained 

discrimination. 
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In the third 2 component PLSDA model, unc-18 rescue, and unc-18 (e81) null 

samples (Figure 5.4C) 23/65 (35.4%) bins scored higher than the VIP threshold. 

ROC scores were 0.8 and 0.9 for component 1 and component 2, respectively, 

suggesting that the PLS-DA was modest in discriminating between unc-18 rescue 

and unc-18 (e81) null samples. 

 
 

Variance in projections (VIPs), and fold change analysis visualised using heatmaps, 

allowed identification of key metabolites for each discriminant model. Significant 

differences between metabolite levels were established using a one-way ANOVA 

and Tukey’s multiple comparisons test (Figure 5.5A). 23/65 (35.4%) bins were VIP 

>1 between the three strains. In addition, there were five significant bins between 

unc-18 (e81) null and unc-18 rescue worms, 18 between WT and unc-18 (e81) null 

mutants, and 22 between WT and unc-18 rescue. In comparison with WT worms, 

unc-18 (e81) null mutants had significantly higher abundance of beta-alanine 

(p<0.05), citric acid (p<0.01), creatine (p<0.0001), DMF (p<0.01), glutathione 

(p<0.001), histamine (p<0.01), L-carnitine (p<0.01), L- tryptophan (p<0.01), N-

carbamoyl aspartate (p<0.05), NADP (p<0.01), O- phosphocholine (p<0.0001), 

phosphocreatine (p<0.05), and TMAO (p<0.05). In contrast, abundance of ADP 

(p<0.01), formate (p<0.05), fumarate (p<.01), L-isoleucine (p<0.01), and 5,6-

dihydrothymine (p<0.01) were significantly lower in unc-18 (e81) null mutants than in 

WT worms (Figure 5.5A). 



 

 

Figure 5.5. Fold change analysis of key metabolites for unc-18 (e81) null, unc-18 rescue, and WT worms. Fold change analysis of A) unc-18 (e81) null 

and unc-18 rescue mutants with respect to WT worms; B) unc-18 rescue and WT worms with respect to unc-18 (e81) null mutants; and C) unc-18 (e81) 

null and WT worms with respect to unc-18 rescue mutants. Metabolites are grouped according to key metabolic processes. Red cells indicate a fold 

increase, blue cells indicate a fold decrease. ADP=adenosine diphosphate, AMP=adenosine monophosphate, ATP=adenosine triphosphate, DMF=N,N- 

dimethylformamide, NAC=N-acetylcysteine, NAD=nicotinamide adenine dinucleotide, NADP= nicotinamide adenine dinucleotide phosphate, 

NADPH=nicotinamide adenine nucleotide phosphate, NDMA=N-nitrosodimethylamine, TMAO=trimethylamine N-oxide, UDP=uridine diphosphate. 

Asterisks represent Tukey’s multiple comparisons p-values - *p0.05, **p0.01, ***p0.001, ****p0.0001. 

1
7
3
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Compared with WT worms, unc-18 rescue mutants had significantly higher 

abundance of beta-alanine (p<0.05), citric acid (p<0.01), creatine (p<0.0001), 

creatinine (p<0.001), DMF (p<0.0001), glutathione (p<0.001), histamine (p<0.0001), 

L-carnitine (p<0.0001), L-leucine (p<0.05), L-tryptophan (p<0.001), N-carbamoyl 

aspartate (p<0.05), N2-acetylornithine (p<0.01), NADP (p<0.01), O-phosphocholine 

(p<0.0001), phosphocreatine (p<0.0001), and TMAO (p<0.05). In contrast, the 

abundance of ADP (p<0.001), AMP (p<0.01), ethanol (p<0.01), formate (p<0.001), 

fumarate (p<0.01), and 5,6-dihydrothymine (p<0.05) were significantly lower in unc- 

18 rescue mutants than in WT worms (Figure 5.5B). In comparison with unc-18 

(e81) null mutants, unc-18 rescue mutants exhibited significantly higher abundance 

of DMF (p<0.05), L-carnitine (p<0.05), L-leucine (p<0.01), N2-acetylonithine 

(p<0.01), and phosphocreatine (p<0.01). No metabolites were found to be 

significantly lower in abundance in unc-18 rescue mutants compared to unc-18 (e81) 

null mutants (Figure 5.5C). 

 
 
Overall, polar and lipid analysis demonstrated differences between the wild-type, 

unc-18 (e81) null, and unc-18 rescue strains, however there was no clear observable 

pattern of difference. 
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5.3 Discussion 
 

 
This investigation aimed to establish differences in metabolite abundance between 

WT, unc-18 (e81) null and unc-18 rescue worms using 1H NMR. In recent years, 

NMR has been widely used in C. elegans to investigate various biological functions 

from gene function to analysis of processes involved in diet and growth 

(297,304,391). However, the use of NMR in C. elegans is still evolving compared to 

its well-established use in mammalians. The current results demonstrate that 1H 

NMR can successfully discriminate between lipid groups in C. elegans, identifying 

significant differences between mutants in several lipid groups with roles in neuronal 

processes. Additionally, 1H NMR was able to successfully quantify the abundance of 

several polar metabolites with good discrimination between the three strains 

investigated. 

 
 
Lipid analysis identified significant changes in the majority of the lipid groups 

attributed to spectral bins. Overall, significant differences were observed between 

the strains in levels of linoleic acid, monounsaturated fatty acids (MUFA), 

polyunsaturated fatty acids (PUFA), unsaturated fatty acids (UFA), 

phosphatidylcholine (PC), phosphatidylethanolamine (PE), phospholipids (PL), and 

triglycerides (TG). In the human brain, fatty acids are abundant, with established 

roles in neuronal processes (392–394). Particularly important for synaptic signalling 

are PUFA, which are released by phospholipase A2 (PLA2) and form important 

structural components of membrane phospholipids (392,395,396). The importance of 

PUFA for neuronal function is evident as disruption in the metabolism of these fatty 

acids has been associated with neurodevelopmental and neurodegenerative 

disorders (392). Several types of these fatty acids exist, however arachidonic acid 
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(ARA) and docosahexaenoic acid (DHA) are the most abundant, and some of the 

most investigated forms (396). In addition to PUFA, this investigation also found 

significant differences in abundance of linoleic acid, which acts as the precursor of 

ARA; while -linoleic acid acts as the precursor of EPA and DHA (396). Of all these 

lipids ARA is particularly important in SNARE function and was the first signalling 

lipid to be identified with a direct interaction with SNARE proteins. In this pivotal 

study, ARA was found to activate syntaxin-1 through a direct mechanism, even in the 

presence of Munc18 (253). It is now well established that ARA are rich at the plasma 

membrane, enhancing exocytosis by targeting syntaxin-1 and facilitating the 

formation of SNARE complexes (254). Additionally, ARA has been found to activate 

PKC which in turn phosphorylates growth associated protein-43 (GAP-43), a protein 

involved in neuronal growth and plasticity (397). This suggests that some differences 

in PUFA composition may be due to the dgk-1 and sorf-2 mutations, however as 

significant differences were also observed in unc-18 (e81) null, other factors would 

be contributing to PUFA abundance, which requires further investigation. 

 
 
In humans, the ARA NMR spectra comprise five peak clusters. Therefore, it is 

possible that differences in ARA abundance may contribute to the significant 

differences observed in PUFA levels between the three strains, despite ARA being 

attributed to a separate bin. Significant differences in PUFA compared to WT were 

observed for both mutant strains, with a larger difference in unc-18 rescue mutants 

than unc-18 (e81) null mutants. Together these findings show that the metabolic 

profile of the two mutants investigated differ from WT, a finding that may be owing to 

the mutations present in each strain. Interestingly, the activity of unsaturated fatty 

acids has been found to be synergistic to DAG activity for the activation of PKC, 
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even when Ca2+ abundance is low (398). Additionally, in C. elegans, synthesis of 

PUFA requires saturated fatty acids obtained from their E. coli diet (263), making 

possible that in addition to the mutations, there may have been intrinsic variance 

within each strain due to different feeding behaviours. 

 
 
The current investigation also identified significant differences between strains in 

abundance of phospholipids, phosphatidylcholine and phosphatidylethanolamine. In 

the brain, phospholipids usually contain two PUFAs (399). Mostly DHA is found in 

ethanolamine plasmalogen, phosphatidylserine and phosphatidylethanolamine, 

whereas ARA is esterified in phosphatidylcholine (400). In association with each 

other, phospholipids and PUFA play important roles in membrane structure by 

determining flexibility and curvature of the lipid bilayer (396). In addition, other forms 

of fatty acids in which significant differences were observed (MUFA and UFA), are 

highly important for membrane fluidity, suggesting alterations in general membrane 

composition. unc-18 (e81) null, unc-18 rescue, and WT worms differ in the rate of 

cholinergic release, with higher levels observed in WT and unc-18 rescue worms. 

Thus, differences in lipids involved in membrane composition were expected. 
 
 
C. elegans are able to synthesise and use a diverse range of head groups, giving rise 

to a number of lipid classes, such as phosphatidic acids, phosphatidylcholines, 

phosphatidylethanolamines, phosphatidylserines, phosophatidylglycerols and 

glycerolphosphates, and phosphatidylinositols (303). In the current investigation, the 

C. elegans lipid spectra labelled representative bins for phosphatidylcholines, 

phosphatidylethanolamines, and also phospholipids more generally; all of which 

were found to be significantly different between the strains. As DAG is associated 

with several of the lipid classes investigated, it is difficult to determine whether 

significant differences observed are solely due to changes in DAG. Nonetheless, 
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both unc-18 rescue, and unc-18 (e81) null mutants were significantly different from 

WT in abundance of phospholipids and phosphatidylethanolamine, however only 

unc-18 rescue mutants differed from WT in abundance of phosphatidylcholine. While 

the presence of many significant differences in these metabolites occur in both 

mutant strains, suggesting that the changes are unlikely due to the dgk-1 and sorf-2 

mutations, the significant difference observed in phosphatidylcholine, 

monounsaturated fatty acids and linoleic acid in unc-18 rescue mutants (and not 

unc-18 (e81) null mutants) mutants suggest that these may be due to the mutations 

which are novel to the unc-18 rescue strain. To now, evidence of this investigation 

suggested an increase in DAG levels in unc-18 rescue mutants compared to unc-18 

(e81) null mutants. Therefore, the original hypothesis of this investigation expected to 

observe differences in DAG, which is generated during a range of metabolic 

reactions. Triacylglycerol is one precursor of DAG which contains three fatty acids 

esterified to the trihydric alcohol glycerol, presenting three possible sites of hydrolysis. 

In result, this produces distinct DAG isoforms. Phospholipase C (PLC) releases the 

phospholipid headgroup from membrane phospholipids, giving rise to DAG which is 

anchored to the membrane by two hydrophobic carbon chains (265). Alternatively, 

hydrolysis of phosphatidylcholine by phospholipase D (PLD) produces the choline 

head group and phosphatidic acid; the latter of which is hydrolysed into DAG by 

phosphatidic acid phosphohydrolase (265). In another pathway, termed the Kennedy 

pathway, phosphatidylcholine is synthesised from choline in a three-step reaction, 

which requires DAG in the final stage (Figure 5.6) (401). This provides a possible 

explanation for the observed changes in phosphatidylcholine abundance in unc-18 

rescue mutants compared to WT worms. Disruption of the dgk-1 mediated 

phosphorylation of DAG to PA may in turn impact related pathways (Figure 5.6). 
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Figure 5.6. The general pathway for phospholipid synthesis through the Kennedy pathway. Two 

branches of the pathway include the synthesis of phosphatidylethanolamine from ethanolamine, and 

synthesis of phosphatidylcholine from choline. In the first pathway, ethanolamine kinase catalyses the 

phosphorylation of ethanolamine in an ATP-dependent manner, forming P-ethanolamine and by- 

product ADP. CTP:phosphoethanolamine cytidylyltransferase uses phosphoethanolamine and CTP to 

form CDP-ethanolamine, releasing pyrophosphate. In the third step, CDP- 

ethanolamine:1,2,diacylglycerol ethanolaminephosphotransferase uses CDP-ethanolamine and DAG 

to form PE, with CMP as a by-product. The second branch of the Kennedy pathway is analogous, 

using similar reactions which involve choline instead of ethanolamine. The DAG used in the third step 

of each reaction is produced by PA. The red line denotes the pathway which is affected by the dgk-1 

(ulv1) mutation, and the green lines denote the pathways which may be affected as a result of the 

ulv1 mutation. CDP-choline=cytidine-diphosphocholine; CDP-DAG=cytidine diacylglycerol; CDP- 

ethanolamine=cytidine-diphosphoethanolamine; DAG=diacylglycerol; PA=phosphatidic acid; 

PC=phosphatidylcholine; PE=phosphatidylethanolamine; PI=phosphatidylinositol; 

PS=phosphatidylserine; TAG=triacylglycerol. 
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Although the polar subset of metabolites was not the primary aim of the study, 1H 

NMR showed potential to discriminate between several metabolites involved in key 

physiological processes. These metabolites were categorised in relation to the key 

processes that they are involved in, with differences identified in metabolites 

involved in all categories except for those involved in tyrosine production. When 

looking at the whole metabolic profile, the PLS-DA found unc-18 rescue samples to 

separate out from WT samples, while unc-18 (e81) null samples failed to separate 

out from either WT or unc-18 rescues. The initial hypothesis expected unc-18 

rescue and unc-18 (e81) null mutants to separate out from each other, however, as 

the physiological roles of polar metabolites vary significantly, these results are of 

little surprise. Some differences in metabolites involved in neuronal process were 

observed, which may have been linked to unc-18, dgk-1 and sorf-2 mutations. 

Glutamate and glutamine function in pathways including energy provision, protein 

synthesis, and the synthesis of chemicals such as N-acetylaspartate, N-

acetylaspatylglutamate, GABA, and glutathione. Investigation of peaks 

corresponding to glutamate and glutamine have been used as markers for 

degeneration in both preclinical and clinical studies (402). Furthermore, glycine is an 

activator of glycine receptors and a co-agonist for glutamate excitatory transmission 

through NMDA receptors, exhibiting a dual role as an inhibitory neurotransmitter 

(403). Compounds containing choline are important for the synthesis of membrane 

lipids, and act as precursors for acetylcholine biosynthesis. However, in the 

mammalian brain, it has been reported that choline levels are below the detection 

limit of NMR, with the majority of the signal attributed to glycerylphosphorylcholine 

and phosphorylcholine (403,404). It is possible that for the C. elegans metabolome, 

the abundance of some metabolites may also have been below the detection limit. 

Nonetheless, the findings of this investigation provide further support that metabolic 
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processes within the two mutant strains are significantly altered compared to WT 

worms. 

 

To date, the use of NMR to investigate the lipidome of C. elegans is limited. While 

several studies have used 1H NMR to understand polar metabolites, there are 

currently very few studies that have used 1H NMR to investigate the lipidome of C. 

elegans. Our findings suggest that following further optimisation, there is potential for 

1H NMR to provide insight into novel pathways affected by genetic mutations in C. 

elegans. We have identified differences between several lipids involved in neuronal 

processes, as well as polar metabolites involved in a range of physiological functions. 

There are however several limitations to the present investigation. Firstly, the protocol 

utilised in this study extracted metabolites from whole worms, rather than from 

neuronal specific regions. In C. elegans, membranes are largely made up of 

sphingolipids and glycerophospholipids, with a smaller abundance of cholesterol 

(302,405). In the metabolites that make up glycerophospholipids, 54.5% contain 

ethanolamine, 32.3% contain choline, 8.1% contain sphingomyelin, and 5.1% contain 

other metabolites. Additionally, the lipid composition of the plasma membrane varies 

between different tissue types and will differ from the lipid composition of organelle 

membranes. For example, mitochondrial membranes are largely made up of 

phosphatidylcholine, phosphatidylethanolamine, and cardiolipin, whereas in 

comparison, the ER consists larger amounts of phosphatidylcholine, with lower 

amounts of phosphatidylethanolamine, and small amounts of phosphatidylinositol 

(406,407). Synaptic membranes on the other hand are highly enriched in 

polyunsaturated fatty acids, as has been discussed (392). These are all factors which 

could have contributed to the significant differences in lipid abundance observed 

between unc-18 (e81) null, unc-18 rescue, and WT worms. Furthermore, lipids are not 

only important for membrane structure and neuronal signalling, but they also play 
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important roles in processes such as inflammation, stress response, and 

development, suggesting that other physiological differences beyond those caused by 

the mutations of interest will have contributed to observed results. It should also be 

noted that the unc-18 (e81) null mutant, from which the unc-18 rescue mutant is 

derived, contained several other mutations which were not investigated in this study. 

Therefore, as 1H NMR identifies differences in the whole metabolome, it is possible 

that the background mutations present and differences in physiology between strains 

considerably contributed to the differences observed. 

 
 

Secondly, the lipid analysis was limited due to low sample number, meaning a PLS- 

DA could not be performed. Therefore, interpretation of differences in lipid profiles 

between the strains was limited to the unsupervised PCA. A supervised PLS-DA 

model would have shown better discrimination between the samples and may have 

resolved differences that were not observed in the PCA. Despite preparing over 30 

samples per strain for lipid analysis, the low sample number arose from difficulties 

during the sample preparation. Lipid samples are highly temperature sensitive and are 

required to stay frozen during sample preparation. In the currently study, these 

samples were prepared in large batches, resulting in some samples defrosting during 

the process of transfer for lyophilisation. As a result, several samples were degraded 

and following NMR acquisition, failed spectra quality control. Another factor which 

reduced the sample number is variation in spectra quality between batches. As 

samples were prepared across several days, large amounts of variation in the worm 

cultures were found to affect spectra quality, consistent with previous findings of NMR 

in C. elegans (391). These variances may have arisen from differences in the 

cleanliness of plates, age of worms, or feeding behaviour. For instance, the protocol 

used for metabolite extraction involved several washes of the worm plate to remove 
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any unwanted debris, exposing worms to a level of stress (391). This suggests that 

worms on dirtier plates may have been more stressed due to more washes required to 

gain a clean sample. Therefore, for the final analysis, only the spectra of highest 

quality were selected. 

 
 

This study also utilised a scoring system based on the correlation of signals – 

correlation reliability score (CRS) – to identify representative bins for each polar 

metabolite (310). While this method allows selection of the best representative peak 

for a metabolite, this approach is limited to metabolites which are represented by 

more than one peak. Metabolites represented by a singlet peak always scored 100% 

using the CRS, even if the signal was not accurate. Therefore, analysis of these 

metabolites should be interpreted with caution. Furthermore, a common limitation of 

1H NMR spectroscopy is the presence of overlapping peaks in both polar and lipid 

spectra. This adds complexity to the data as individual levels of metabolites are 

represented in several peaks within the spectra. Interpretations of 1D NMR can be 

enhanced through extension to 2D NMR which can validate interpretations and 

improve identification of metabolites. Particularly, the identification of metabolites 

relies on a well-established pattern file of known metabolites, however, there is 

currently no centralised database for the C. elegans lipidome (303). In the present 

analysis, the lipid pattern file was adapted from Danio rerio annotation (408). As the 

annotation was not specific to C. elegans, the lipid and polar spectra in the present 

investigation contained a high number of unknown peaks, especially within the lipid 

sample. The high number of unknowns limited the number of peaks which were 

analysed. This increased the possibility that important differences in metabolite 

abundance between the strains could not be attributed to specific metabolites, and 

statistical power could not be improved by subsetting data for single representative 



184  

peak per identity via CRS. This study aimed to investigate differences between 

strains in abundance of DAG and PA. However, the ability of 1H NMR to detect 

individual lipids is limited due to several factors including the presence of overlapping 

peaks, the complexity of lipids and the sample, and the sensitivity of NMR. Therefore, 

the use of 1H NMR in this investigation failed to address the question of interest. To 

investigate individual lipid levels, 1H NMR may be complimented with more robust 

techniques such as mass spectrometry.  

 
The use of model organisms in biological research has enhanced our understanding 

of physiology and disease and has advanced the medical field. Establishing robust 

metabolomics and lipidomic methods in model organisms, such as C. elegans can 

further contribute to these advancements. In 2015, the Metabolomics Society’s 

Model Organism Metabolomes (MOM) task group was launched with aims to identify 

and map all metabolites onto metabolic pathways, develop quantitative metabolic 

models for several model organisms, and to relate metabolic pathways within the 

context of evolutionary metabolomics (409). This study utilised a previously 

optimised protocol for C. elegans polar metabolite extraction (410), however the 

current C. elegans lipid analysis will be informative for future lipidomic studies to 

further optimise and utilise the benefits of 1H NMR. With a C. elegans specific pattern 

file, and a larger sample number, 1H NMR may be able to distinguish additional polar 

and lipid metabolites with increased sensitivity. Additionally, with more time, and 

better mapping of metabolic pathways in C. elegans, outcomes of 1H NMR may be 

cross-validated with 2D NMR and orthogonal techniques such as mass-

spectrometry. 1H NMR is usually the preferred method of choice for metabolic 

profiling due to the nuclei’s high natural abundance (99.9%), and prevalence in 

endogenous metabolites compared to other nuclei such as 13C, 15N, and 31P. A 

caveat for 1D NMR is the presence of overlapping peaks in which less abundant 
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metabolites are hidden beneath peaks of those that are more abundant (411). 2D 

NMR may therefore offer a more optimal technique to separate different metabolites. 

MS on the other hand offers increased sensitivity to NMR, as well as the ability to 

detect a higher number of metabolites (412). Future work therefore should not 

replace the use of 1H NMR but take advantage of other techniques to enhance its 

findings. 

 

 

5.3.1 Summary 

 
The aim of this investigation was to utilise 1D 1H NMR to investigate the 

metabolome of unc-18 (e81) null, unc-18 rescue and WT C. elegans, with a focus on 

DAG and PA. In doing so, we aimed to identify possible pathways involved in the 

unc-18 rescue phenotype. As there is currently no annotation for the 

C. elegans metabolome using NMR, this investigation utilised a Danio rerio 

annotation of metabolites. 1H NMR identified significant differences in the abundance 

of polar and lipid metabolites between the strains investigated, many of which were 

involved in neuronal processes. However, 1H NMR was unable to detect individual 

lipids and did not address the question of whether DAG and/or PA levels were 

different between strains. While it was not possible to identify specific metabolic 

changes owing to the dgk-1 and sorf-2 mutations, this investigation supports the idea 

that with a collective research effort, a 1H NMR approach for the investigation of C. 

elegans can be established in which the variation of external confounding factors is 

minimised, allowing accuracy in discrimination of genetic differences. 



186  

 
 
 
 
 
 
 
 
 

 
Chapter 6. General discussion 
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6.1 Summary of findings 
 

 
Munc18-1 (also known as STXBP1) has been established as an indispensable 

protein, with a crucial role in synaptic vesicle fusion and neurotransmitter release 

(198,202,205,210). As such, mutations in Munc18-1 have been linked to several 

epileptic neurodevelopmental disorders (known as STXBP1-encephalopathy), 

schizophrenia, movement disorders (Parkinson’s disease), and neurodegeneration 

(Alzheimer’s disease) (8,413,414, 415). Null mutations of Munc18-1 and its 

homologues in several organisms are unviable (13,179). However, in C. elegans, null 

mutations are viable yet result in neurotransmitter and locomotor defects (paralysis). 

Previous studies have demonstrated rescue of locomotor defects in these organisms 

through expression of wild-type unc- 18 or Munc18-1, unc-18 point mutations that 

block binding to closed-conformation syntaxin, or chemical chaperones which restore 

gene function (10,181,306,315). 

 

This investigation wanted to identify and characterise whether Munc18-1/unc-18 

function can be bypassed if it is completely dysfunctional. Due to their viability with 

unc-18 null mutations, genetic tractability, and reproducible nature, C. elegans were 

chosen as the optimal organism for this investigation. Prior to the work carried out in 

this project, ethyl methanesulfonate (EMS) mutagenesis of unc-18 (e81) null 

mutants identified a novel mutant (unc-18 rescue) in which locomotion had been 

restored. Whole genome SoLiD sequencing identified three mutations with putative 

involvement in the alteration of synaptic transmission in unc-18 rescue mutants – a 

novel mutation, ulv1, in diacylglycerol kinase-1 (dgk-1), a novel mutation, ulv2, in 

suppressor of organelle function-2 (sorf-2), and a second mutation (ulv3) in sorf-2 

which is also present in the unc-18 (e81) null mutant. In this study, the successful 
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restoration of locomotion (rescue phenotype) in unc-18 rescue mutants was 

validated and the necessity of both the dgk-1 and sorf-2 mutations in the rescue 

phenotype was confirmed. In unc-18 (e81) null mutants containing the sorf-2 (ulv3) 

mutation (but not in those lacking the mutation), inhibition of dgk-1 or mimicking 

excess DAG using PMA, in addition to sorf-2 RNAi significantly improved locomotion 

suggesting that the dgk-1 (ulv1) mutation results in a loss-of-function, likely altering 

DAG levels, while the sorf-2 (ulv2 and ulv3) mutations pointed towards a loss-of-

function, and change of function, respectively. 

 

 

6.2 Contributions to the field 
 

 

To date, it is widely accepted that unc-18 plays two key functions during the synaptic 

vesicle cycle, one as a chaperone for syntaxin-1 (1,180,181), and one as an 

activator of SNARE-mediated fusion during the priming stage (6). unc-18 binding to 

the N-terminus of syntaxin-1 has been shown to be essential for normal locomotion 

and neurotransmitter release (181,416), while other studies have shown that 

Munc18-1 and Munc13, together, chaperone SNARE complex assembly and prevent 

SNARE complex misassembly (3,67,101). Together, these studies suggest that 

Munc18-1/unc-18 function for vesicle fusion and coordinated locomotion is an 

absolute. The findings of this investigation identify the existence of an alternative 

mechanism through which the function of unc-18 may be bypassed, challenging the 

idea that unc-18 is required for coordinated movement. The identified mechanism 

may compensate for the function of unc-18 on syntaxin-1 and SNARE complex 

assembly. This investigation also found evidence supporting a crucial role of lipids 

(i.e., DAG) within neuronal signalling, as demonstrated by the successful use of 

PMA to enhance locomotion in unc-18 (e81) null mutants subjected to sorf-2 RNAi. 
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The use of 1H NMR further complimented the findings through discovery of lipid 

differences between wild-type worms and mutant C. elegans in which synaptic 

transmission was altered. This study is among the first studies to show the utility of 

1H NMR for lipid analysis in C. elegans, demonstrating that with correct optimisation, 

the technique has potential to discriminate between several lipids within the C. 

elegans. 

 
 
Furthermore, the present work contributes to the understanding of sorf-2, which is 

still in its infancy. Following identification of its mammalian homologue, WDR81, in 

2011, WDR81/sorf-2 has been suggested to function in endosomal fusion, 

autophagy, aggrephagy, mitosis and neurogenesis (270–272,274,417). Our findings 

add to the evidence of its role in fusion and suggest that sorf-2 may also function 

within the exocytic pathway, with direct or indirect association with dgk-1 and unc-18. 

This is a novel finding which requires further exploration to better understand sorf-2 

function within neurons. 

 
 
The outcomes of this study challenge what is currently understood about the unc-18 

(e81) null mutation, and its effects on overall unc-18 function, with evidence that unc-

18 function can be bypassed. So, what is the mechanism of bypass? While the exact 

mechanisms remain unclear, the present findings have highlighted possible molecular 

components which may play a role (Figure 6.1). In current literature, dgk-1 and sorf-2 

have not been directly associated with each other, however both are associated with 

phospholipids. Based on the current findings, we emphasise a role of signalling lipids 

in the unc-18 rescue phenotype, such as excess DAG resulting from dgk-1 loss-of-

function. In addition, loss-of-function of dgk-1 presumably also affects levels of 

phosphatidic acid at the presynaptic membrane. phosphatidylinositol 3-kinase (PI3K) 
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phosphorylates phosphatidylinositol (4,5)- bisphosphate (PI(4,5)P2) into 

phosphatidylinositol (3,4,5)-biphosphate (PIP3). Hydrolysis of PI(4,5)P2 produces 

DAG and inositol (1,4,5)-trisphosphate (Ins(1,4,5)P3). PI(4,5)P2 is particularly 

essential for the priming stage of the vesicle fusion cycle, with evidence that sites at 

the plasma membrane containing both PI(4,5)P2 and CAPS have a likely chance 

(70%) of containing docked vesicles. Also, an inhibitory role of PI(4,5)P2 on SNARE-

dependent fusion was identified in the absence of CAPS (418). The importance of 

PI(4,5)P2 is also demonstrated through its function to recruit syntaxin-1, 

synaptotagmin-1 and Doc to the plasma membrane (419). It is now well established 

that PI(4,5)P2 is a key lipid component for synaptic transmission, and should be 

investigated further in regard to the unc-18 rescue phenotype. 

 
Furthermore, once DAG is produced, it activates PKC and PKD. Activation of PKD 

produces a series of signalling reactions, including the production of 

phosphatidylinositol 4-phosphate. This allows the delivery of cholesterol and 

ceramide to the Golgi complex, where they are converted to sphingomyelin and DAG 

(345). Alternatively, and possibly more relevant to the current investigation, DAG binds 

the C1 domain of PKC, while Ins(1,4,5)P3 releases intracellular Ca2+, facilitating the 

tethering of PKC to the membrane. At the membrane, PKC phosphorylates 

Munc-18/unc-18, a process which is believed to be essential for DAG-dependent 

synaptic transmission (420). Specifically in C. elegans, phosphorylation by PKC in 

vitro on UNC-18 Ser322 reduces binding to closed-conformation syntaxin (421). In 

addition to PKC, DAG facilitates synaptic transmission through binding to the C1 

domain of Munc13, while the C2 domain of Munc13 binds PI(4,5)P2. Through 

C1C2 domain binding, Munc13 plays a crucial role in bridging the vesicle and 

plasma membrane. In addition, Munc13 cooperates with Munc18 to facilitate the 
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transition of the Munc18-1/syntaxin complex to the tertiary SNARE complex 

(3,67,87,90,94,101). Like PI(4,5)P2, it is predicted that both PKC and Munc13 

exert their functions during the priming stages of the synaptic vesicle cycle. As 

Munc18 is believed to be required for vesicle priming and chaperoning syntaxin-1 

to the plasma membrane, the role of PKC and Munc13/unc-13 in the unc-18 

rescue phenotype should also be investigated in future studies. It is possible that 

through the action of Munc13 and/or PKC, along with lipid activity, the priming 

defects owing to the unc-18 (e81) null mutation are rescued, sufficient to increase 

vesicle exocytosis. This hypothesis would support a bypass of unc-18 function, as 

unc-18 loss-of-function has been found to partially reduce syntaxin levels at the 

synapse (168,181,204), suggesting that some syntaxin is still available for SNARE 

complex formation in unc-18 null mutants. Thus, it would be assumed that the dgk-

1 and sorf-2 mutations compensate for the role of unc-18 in priming rather than the 

role of a syntaxin chaperone.  

 

In another line of research, sorf-2 has been found to negatively regulate 

phosphatidylinositol-3-phosphate levels in endosomal conversion, with sorf-2 loss-

of-function resulting in elevated PI3K levels (271). This investigation has identified 

clear differences in phospholipid abundance in unc-18 (e81) null and unc-18 

rescue mutants compared with WT worms. While the conclusions are speculative, 

the involvement of dgk-1 and sorf-2 both indicate that phospholipids may also play 

a key role in the unc-18 rescue phenotype and should be explored further. It is 

important that future studies aim to better dissect the individual dgk-1, sorf-2 and 

unc-18 pathways to understand the mechanism through which the bypass of unc-

18 function occurs. 
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Figure 6.1. Schematic of potential lipid pathways affected by the dgk-1 and sorf-2 mutations. A 

detailed description of the pathways is provided in the text. There are several sources of DAG within 

the cell – it is produced through de novo biosynthesis of TAG and PL, and during catabolism of TAG 

which is stored in cytoplasmic or ER-associated lipid droplets, or PL within the plasma membrane of 

Golgi complex. It is also produced from hydrolysis of PIP2 by PLC. DAG then activates PKC and PKD. 

ATGL =adipose triglyceride lipase; DAGK=diacylglycerol kinase; DAGL=diacylglycerol lipase; 

DGAT=diglyceride acyltransferase; ER=endoplasmic reticulum; HSL=hormone-sensitive lipase; 

MAG=monoacylglycerol; MGAT=monoacylglycerol-O-acyltransferase; PA=phosphatidic acid; 

PC=phosphatidylcholine; PI(4,5)P2=phosphatidylinositol (4,5)-bisphosphate; PIP3=phosphatidyl 

(3,4,5)-biphosphate; PI3K=phosphatidylinositol 3-kinase; PKC=protein kinase C; PKD=protein kinase 

D; PLC=phospholipase; SMS=sphingomyelin synthase; TAG=triacylglycerol. Adapted from 

Kolszynsca et al. 2020. 
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6.3 Evaluation of methodology and future directions 
 

 
While this investigation presents novel findings, it is important that the limitations of 

the study are acknowledged. Firstly, the C. elegans was the only organism utilised 

for the investigation and so general limitations of the organism will first be discussed. 

C. elegans were the first multicellular organism in which the whole genome was 

sequenced, and has since often been used as the first point of investigation for 

genetic studies (422,423). C. elegans are a relatively simple organism with a limited 

number of tissues, making it difficult to investigate the effects of mutations on more 

complex organ systems that are found in other organisms. Additionally, these 

nematodes do not usually exceed 1 mm in length and are difficult to use in cell 

culture. Therefore, biochemistry and metabolomic studies will rely on whole worm 

extracts, which increases difficulty in identifying tissue-specific signalling and 

pathways. 

 

The viability of unc-18 null C. elegans is unlike other organisms. Therefore, it cannot 

be said with certainty that the conclusions drawn from this investigation will be 

applicable in other invertebrate or mammalian models. While the function of SM 

proteins is conserved between species, like any study, it is important that findings 

are validated using different models to establish biological relevance. The unc-18 

(e81) null mutant contains an excessive number of other mutations which were also 

found in the unc-18 rescue mutant, however their role was not analysed any further. 

Therefore, conclusions regarding the possible roles of the dgk-1 and sorf-2 

mutations should still consider either direct or indirect influence from one or many of 

the other mutations present. This possibility was highlighted by the finding that 

R59949 and sorf-2 RNAi, together, significantly improved locomotion in unc-18 (e81) 
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null mutants, but not in other unc-18 null mutants. As a result of this, our 

investigation identified the ulv3 mutation in sorf-2, which is present in both unc-18 

(e81) null, and unc-18 rescue mutants and is required for the unc-18 rescue 

phenotype (Figure 4.12). This raises the question of which other mutations may be 

present which aid the rescue phenotype. Due to the complexity of the genetic profile 

of unc-18 rescue mutants, this investigation found it difficult to isolate the individual 

mutations (Figure 4.5). Outcomes from the analysis of the offspring following 

crossing suggested that the mutations in isolation as single or double mutants may 

be unviable. Additional difficulty arose from the absence of a direct observable 

phenotype (except for the loopy phenotype of dgk-1 mutants) or visual marker to 

identify the required mutations, resulting in reliance on Sanger sequencing. To 

increase the probability of identifying mutants in which the dgk-1 and sorf-2 

mutations were isolated, approximately 100 offspring were selected for sequencing 

before the plate became outgrown. Therefore, if the results were inconclusive, or did 

not return the desired genotype, the genetic cross had to be reperformed. Due to 

these limitations, C. elegans research will often remain broad and will always require 

further validation in higher organisms. 

 
 

An aspect of this investigation, which was not possible in the time available, aimed 

to validate the findings using a mammalian cellular model and electrophysiology. 

This would provide more certainty that the current observations are not specific to 

the C. elegans organism and would support the idea that the mechanism of bypass 

identified may be conserved between species. Further investigation in cellular 

models from other organisms will allow more complex biochemistry and will 

enhance the understanding of the association between these mutations beyond the 

behavioural level. Future approaches may also utilise more targeted methods such 
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as CRISPR-Cas9 or expressing the mutations with the aid of a genetic balancer. 

Additionally, incorporation of a visual marker, such as a fluorescent tag, to identify 

each mutation would streamline future investigations further. 

 
 
Another limitation to this study arose from the level of understanding of sorf-2. To 

understand the contribution of a mutation to a particular phenotype often requires 

some understanding of the physiological role of a gene, especially in cases where 

the phenotype is formed by the combined function of several genes. We initially 

hypothesised a loss-of-function of sorf-2 resulting from the ulv2 mutation, and so 

approaches to recreate the effects of the mutation focused on this outcome. sorf-2 

RNAi, alongside DGK inhibition, improved locomotion in unc-18 (e81) null mutants 

but not in other unc-18 null mutants (Figure 4.8, Figure 4.11). As dgk-1 alone failed 

to improve locomotion in unc-18 (e81) null mutants (which contain the sorf-2 (ulv3) 

mutation), it was hypothesised that sorf-2 (ulv2) mutation produces a loss-of- 

function, while the sorf-2 (ulv3) mutation produces a change of function. However, 

understanding sorf-2 function in present analysis was further convoluted following 

the finding that overexpression of sorf-2, and loss-of-function of sorf-2, both reduced 

locomotion in wild-type worms (Figure 4.3). Therefore, it is important for future 

approaches to investigate a potential gain-of-function owing to the ulv2 and/or ulv3 

mutations. 

 
 
Furthermore, the approaches utilised in this study were largely focused on 

behavioural phenotypes and indirect methods to investigate neurotransmitter release. 

While it is presumed that the paralysed phenotype of unc-18 null mutants is due to 

reduced neurotransmitter release (168,416), there are several other molecular 

abnormalities present at the synapse which may contribute to the phenotype. These 
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include mislocalisation of syntaxin-1 (181), and reductions in the number of primed 

and docked vesicles (168); defects which are also present in Munc18-1 knockout 

models (1,179). To identify a mechanism through which unc-18 function is bypassed 

would be to investigate more closely its role within vesicle fusion. From the observed 

improvement in cholinergic release in unc-18 rescue mutants, it may be inferred that 

the number of primed and docked vesicles has improved. However, the effects of the 

dgk-1 and sorf-2 mutations on synaptic transmission were not investigated at the 

cellular level. For this reason, these claims cannot be made and require more 

thorough investigation. This investigation has focused on and drawn conclusions 

regarding the presynaptic molecular machinery. The use of PMA and R59949 

increased aldicarb sensitivity and altered pharyngeal pumping in mutant strains. As a 

result, it was concluded that the two compounds are sufficient to increase cholinergic 

release. However, the potential effects of the compounds on postsynaptic machinery 

were not addressed. It is possible that PMA and/or R49949 increase the sensitivity 

of ACh receptors on the postsynapse. Therefore, the observed changes in 

behavioural phenotypes may be a result of increased receptor sensitivity rather than 

increased ACh release. Future studies may aim to investigate the differential effects 

of PMA and R59949 on presynaptic and postsynaptic machinery to allow clearer 

conclusions to be drawn. Additionally, in the present analysis, locomotion was 

successfully restored in unc-18 rescue mutants, however, the thrashing rate 

remained defective. This suggests that some defects in the synaptic physiology of 

unc-18 rescue mutants may still be present. Addressing this was not possible within 

the scope of this investigation, leaving a question of whether these defects are also 

completely restored in unc-18 rescue mutants. 

 

 
Finally, the key limitations of the NMR should be reviewed. 1H NMR showed 
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potential to discriminate between lipid and polar metabolites in C. elegans, despite 

using a low number of samples. However, the conclusions drawn from the 

investigation remain speculative. One major limitation of the investigation was the 

low sample number used, which may have lowered the power of comparisons 

between the strains and reduced accuracy of the statistical models used (PCA and 

PLS-DA). This said, the use of a PLS-DA model in this study has its own caveats. A 

PLS-DA model relies on using a part of the data to train the model and the 

remainder of the data to validate and test the model. Ideally, 60% of the data is used 

for training, 20% for validating and 20% for testing (310). This requires larger 

amounts of data than was attained in this project, reducing the validity of the model 

used. Future studies should consider these limitations when using 1D 1H NMR in C. 

elegans research. To enhance the use of NMR in C. elegans, it is important that the 

C. elegans research community continue to build on what is currently known about 

the metabolic profile of this organism. 

 
6.4 Final remarks 

 
 
 
The work presented here accentuates the benefits of C. elegans as a model 

organism for investigating synaptic function and exocytosis, while also highlighting 

the potential of 1H NMR for investigating the metabolome of the organism. We have 

identified a mutant C. elegans strain in which the paralysed phenotype resulting from 

the unc-18 (e81) mutation has been rescued, while unc-18 function remains 

defective. Currently, treatments for early infantile encephalopathy rely on seizure 

and behavioural control, however, there is no treatment that specifically targets 

Munc18 (9). In recent years, research has attempted to restore Munc18 function 

through wild- type expression, or the use of chemical chaperones (10,306). Our 
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findings suggest that unc-18 function can be bypassed, likely through the function of 

dgk-1 and sorf-2. Particularly, the importance of lipids has been emphasised 

throughout this study and should not be overlooked when understanding the 

pathway through which unc-18 function is bypassed. The mechanism of bypass may 

offer a potential novel therapeutic target for early infantile epileptic encephalopathy, 

which would allow better treatments of the disorder that goes beyond symptom 

control. 
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Appendices 

Appendix 1: CRS scores of polar metabolites 
 

Metabolite Bin CRS (%) Representative bin 

NAD 1 
15* 
16* 
55 
56 

64.90 
62.21 
69.07 
46.78 
67.89 

56 

AMP 6* 
12 
51 
52* 
53* 
77* 
78* 
79* 

48.07 
45.57 
31.52 
42.05 
39.64 
28.91 
22.34 
22.90 

12 

ADP 7* unique 7 

Formate 8 Unique 8 

ATP 13* 
52* 
53* 
73* 
74* 

33.96 
15.82 
14.48 
37.01 
30.19 

13 

Adenine 14* 
16* 

69.37 
69.37 

14 

UDP-glucuronic acid 23* 
24* 
65* 

58.19 
56.02 
15.70 

23 

UDP-glucose 23* 
24* 
59* 
65* 

62.04 
60.17 
60.17 
10.40 

23 

Histamine 25* 
181* 
183* 

211* 
213* 

79.34 
87.95 
92.34 

90.40 
90.45 

183 

L-tryptophan 26* 
32* 
38* 
177 
178* 

85.44 
61.98 
85.27 
84.09 
86.03 

177 

L-phenylalanine 35 
36* 
37* 
38* 

99.56 
99.40 
99.53 
99.42 

35 

L-tyrosine 41 
44* 
107* 

89.60 
86.94 
88.70 

41 

Carnosine 42* unique 42 

Anserine 42* 
135* 
136* 

90.93 
94.86 
93.68 

135 

Tyramine 44* 
187* 
188* 
215* 
217* 

83.46 
67.28 
82.97 
81.86 
79.44 

44 

Fumaric acid 48 unique 48 

NADPH 50* 
59* 

70.96 
70.96 

50 
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Maltose 69* 
102* 
116* 
119* 
143* 
146* 
155* 
167* 
184* 

39.66 
76.42 
77.37 
75.80 
76.19 
73.22 
68.49 
48.88 
73.87 

102 

Glucose 69* 
111* 
112* 
114 
115 
116* 
119* 
121* 
137* 
163 
164 
165 
166 
170* 
171 
172 
187* 
188* 

55.08 
83.84 
74.44 
88.25 
88.96 
83.02 
73.09 
85.16 
81.40 
84.16 
84.18 
87.78 
68.02 
79.14 
85.31 
84.55 
83.06 
80.16 

114 

NADP 73* 
74* 

95.77 
95.77 

73 

Sn-glycero-3- 
phosphocholine 

80* 
143* 
189* 

84.24 
85.56 
80.10 

143 

N-carbamoyl-aspartate 82 
83 
234* 
235* 
236* 
253* 
255* 

86.42 
86.42 
84.78 
88.16 
78.82 
83.56 
86.53 

83 

L-threonine 84 
154 
337 
339 

89.27 
90.89 
90.90 
89.59 

337 

O-phosphocholine 87 
153 
190 

87.60 
85.15 
76.17 

87 

L-lactic acid 89 
338 
340 

78.99 
89.17 
89.36 

340 

Fructose 92* unique 92 

Myo-Inositol 93 
94* 
150 
151* 
152 
157 
158* 
160 
183* 
184* 
185* 

92.51 
92.40 
93.83 
93.02 
93.61 
82.07 
91.46 
93.18 
91.26 
91.08 
80.00 

152 

Creatinine 94* 
206 
208* 

93.26 
91.68 
95.10 

206 

Serine 101* 
103 

95.48 
96.93 

103 
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 104 
105* 
107* 
120 

96.89 
96.53 
94.92 
94.03 

 

Nicotinurate 101* unique 101 

Phosphocreatine 105* 
207 

96.73 
96.73 

207 

Glycylproline 105* 
155* 
269* 
290* 
291* 
292* 
294* 
295* 

91.23 
76.80 
92.31 
93.68 
87.84 
94.41 
93.92 
93.09 

292 

Glycolate 106 unique 106 

Creatine 108 unique 108 

Betaine 111* 
185* 

93.96 
93.96 

111 

Glutathione 126* 
127* 
128* 
129* 
130* 

212 
214 
215* 
217* 
218* 
219* 
237* 
238 

239 
240 
241* 
243 
244* 
246* 
248 
277* 
278* 
279* 
282 

80.83 
76.46 
80.74 
78.64 
80.43 

89.12 
87.47 
70.91 
63.07 
75.27 
87.93 
86.70 
88.54 

89.69 
89.66 
88.99 
86.49 
87.10 
87.70 
87.06 
88.50 
87.52 
86.82 
83.22 

240 

Guanidinoacetate 128* unique 128 

L-alanine 128* 
130* 
132* 
325 

91.65 
94.48 
92.44 
88.27 

325 

NDMA 128* 
196* 

88.26 
88.26 

196 

L-glutamine 130* 
131* 
133* 
250 

251* 
252 
253* 
254* 
255* 
257 
258* 
260* 
277* 
278* 
279* 
280* 

85.13 
84.36 
83.48 
89.42 

89.34 
88.23 
73.02 
90.66 
78.16 
90.40 
85.70 
83.78 
90.33 
87.08 
87.14 
87.24 

257 
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 281* 88.94  

Glutamic acid 131* 
132* 

133* 
134 
261* 
262* 
263* 
264 
265 
266* 

279* 
280* 
283 
284* 
286 
287* 

80.59 
78.49 

84.36 
82.98 
82.70 
83.61 
85.28 
83.51 
85.43 
82.28 

76.86 
84.40 
77.64 
0.71 
81.02 
85.36 

265 

N-acetyl-glycine 136 unique 136 

L-isoleucine 145* 
294* 
295* 
346* 
368 
372 
374 
375* 
376* 

71.53 
86.58 
87.01 
20.76 
85.36 
86.24 
86.40 
85.79 
86.57 

374 

Ethanol 146* 
167* 
351 
352 
354 

28.58 
57.44 
63.31 
70.00 
70.64 

354 

L-valine 151* 
269* 
366 
367 
369 

96.35 
98.19 
98.21 
98.29 
98.37 

369 

Glycine 156 unique 156 

Pantothenic acid 162* 
375* 

376* 
379* 

81.56 
92.72 

91.33 
91.41 

375 

Taurine 168 
169 
185* 
186 

82.35 
80.10 
80.24 
76.73 

168 

Trimethylamine N-oxide 
(TMAO) 

185* unique 185 

cis-Aconitic acid 187* unique 187 

 189* 
254* 
256* 

78.80 
88.86 
84.93 

254 

Choline 191* Unique 191 

DL-acetylcarnitine 191* unique 191 

beta-Alanine 193 
194 
196* 
241 
242 
245* 

90.53 
88.94 
85.31 
89.54 
92.92 
89.09 

242 

N,N-Dimethylformamide 
(DMF) 

208* 
218* 

93.37 
93.37 

208 

N-acetyl-L-cysteine 
(NAC) 

216 
217* 
218* 
284* 

81.23 
84.16 
80.08 
53.55 

216 
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Aspartate 225 
227 
232* 

97.32 
97.08 
94.56 

225 

Citric acid 232* 
234* 
244* 
245* 
246* 
247 

88.57 
84.77 
90.36 
91.89 
91.56 
91.72 

247 

Malate 234 
258 

260 
261 
263 

74.78 
91.63 

91.67 
92.71 
93.33 

261 

Pyruvate 262 
263 

97.45 
97.45 

262 

N-acetyl-glutamine 287* unique 286 

N2-acetylornithine 287* 
312 
313 
314 

97.59 
98.10 
98.74 
98.07 

313 

N-acetyl-L-aspartic acid 291* unique 291 

L-leucine 310 
311 
312* 
313* 
314* 
315* 
317* 
370* 
371* 

96.44 
98.22 
97.96 
97.80 
96.90 
98.26 
97.07 
97.00 
97.13 

311 

N-alpha-acetyl-L-lysine 315* 
317* 

99.30 
99.30 

317 

5,6-dihydrothimine 348 
349 

93.18 
93.18 

349 

Isopropyl alcohol 353 
355 

99.88 
99.88 

355 

4-hydroxyisopentanoate 370* 
371* 

99.98 
99.98 

371 
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