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Abstract 

N-terminal (Nt) acetylation is one of the most common post-translational modifications of 

proteins, which occurs on 70-90% of human proteins. The effect of Nt-acetylation of the 

Parkinson’s disease associated protein, alpha Synuclein (aS), is poorly understood. Nt-

acetylation of aS is generally believed to increase the helicity of the N-terminal 10-12 amino 

acids of the protein and to effect protein-protein interactions and membrane binding, though 

previous studies are contradictory. It is difficult to investigate the effect of aS Nt-acetylation in 

eukaryote cells, as the knockout of either of the genes (naa20 or naa25) which code for the 

two sub-units of N-terminal acetyltransferase B (NatB), which catalyses the Nt-acetylation of 

aS, also prevents the Nt-acetylation of many other proteins. In this investigation aS was 

produced within E. coli, with or without the co-expression of NatB, using a plasmid coding for 

both naa20 and naa25 from S. pombe, to enable direct comparison of the protein with and 

without Nt-acetylation, in vivo and in vitro. Differences were consistently seen between the 

two forms of aS, in protein-protein interactions and in membrane and lipid interactions. Nt-

acetylation of aS resulted in a different oligomer conformation, which was more stable and 

liable to form amyloid in vivo, compared to oligomers produced when aS was not Nt-acetylated. 

E. coli expressing Nt-acetylated aS form internal structures with a tubular appearance, whereas 

cells expressing non Nt-acetylated aS, produced large extracellular vesicles. The toxic form of 

aS has not been identified and differences identified here may have relevance in the disease 

state. The formation of large aS-induced vesicles, which can be harvested from media, have 

potential for use in the enhancement of therapeutic protein production.  

The effect of knockout, of the recently characterised actin specific N-terminal 

acetyltransferase, NAA80, within C. elegans, was also investigated. No NAA80 knockout-specific 

phenotype could be identified. 
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1.1 Cellular regulation 

Cellular regulation is most commonly thought of in terms of regulation of the cell cycle, 

but includes the interaction of many different cellular pathways involved in the 

maintenance of homeostasis. Regulation can take place at a genetic level, with different 

genes expressed or repressed in response to environmental triggers. Transcription can 

be regulated by histone acetylation, a post-translational modification which is linked 

via Acetyl-CoA to metabolism (Hole et al., 2011; Drazic et al., 2016). Other post 

translational modifications are also vital for cellular regulation, as are protein-protein 

interactions, cyclin-dependant kinases which drive cell cycle progression, are 

serine/threonine kinases that phosphorylate key substrates to promote DNA synthesis 

and mitotic progression. They also as their name suggests, require binding to a 

regulatory protein called cyclin, to gain its enzymatic activity (Barnum and O’Connell, 

2014). Most of the regulatory processes within cells are a triggered response to some 

form of signal. Changes in a cell's environment cause signalling proteins or chemicals to 

bind to signal receptors in order to indicate the need for some form of regulatory 

response. Alternatively a simple ion, as with calcium signalling, can also act via changes 

in cytosolic concentration, as a messenger, regulating numerous and diverse cellular 

processes, for example, transcription and muscle contraction (Bootman et al., 2001). 

 

 

1.2 Post-translational modifications 

Post-translational modifications (PTMs) occur on most proteins, for example  70-90 % 

of human protein is Nt-acetylated (Starheim, Gevaert and Arnesen, 2012). Multiple 

PTMs can occur on the same protein and PTMs may also inhibit other PTMs (Schiza et 

al., 2013). PTMs can be reversible, such as phosphorylation, and lysine acetylation or 

irreversible as for N-terminal acetylation. 

https://en.wikipedia.org/wiki/Cyclin
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The most common PTM is phosphorylation. This involves the addition of a phosphate 

group to the side chain of an Arg, Lys, His, Tyr, Ser or Thr. This is a reversible 

modification, which plays a key role in metabolism, division, organelle trafficking, 

membrane transport, immunity, learning and memory (Audagnotto and Dal Peraro, 

2017). Acetylation is the second most common PTM and involves the addition of an 

acetyl moiety from acetyl Co-A to either the -amino terminal group of the N-terminal 

residue of the -amino group of internal lysine. Glycosylation is a modification where 

glycans such as oligosaccharides or polysaccharides, are attached to Asn, Arg, Ser, Tyr 

or Thr residues of proteins, protein which can effect folding, conformation, distribution, 

stability and activity (Audagnotto and Dal Peraro, 2017). Nitration of Tyr residues is a 

less common modification which can occur for example on alpha Synuclein (Paleologou 

and El-Agnaf, 2012). Ubiquitination is a PTM which involves the addition of Ubiquitin, a 

small protein, to lysine residues. Ubiquitination is targeted according to the Ac/N-end 

rule (Varshavsky, 2011). 

 

 

1.3 Acetylation 

Protein acetylation is one of the major post translational modifications in eukaryotes. 

It involves the addition of an acetyl moiety from acetyl-CoA to a protein, this can be 

either amino terminal acetylation (Nt-acetylation) or lysine acetylation, where the -

amino group of lysines are acetylated. Acetylation of lysine residues was first identified 

in histones and this is why lysine acetyltransferases (KAT’s) are also called histone 

acetyltransferases (HAT’s). There are at least 17 human KAT’s which form three 

different families, including the GCN5 (general control non-derepressible 5)-related 

acetyltransferase (GNAT) family, into which the Nt-acetyltranferases (NATs) belong and 

which share conserved sequence motifs including the Ac-CoA binding motif 

Q/RxxGxG/A. Unlike Nt-acetylation which is not reversible, lysine acetylation is 

reversible with several lysine deacetylases (KDAC’s) (also called histone deacetylases 

(HDAC’s)) able to remove the acetyl moiety from lysine residues. There are two groups 

of KDAC’s, Zn2+ -dependant KDAC’s and NAD+ -dependant sirtuins (Drazic et al., 2016). 
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Most KAT’s belong to multiprotein complexes with various associated subunits, which 

define their catalytic activities and substrate specificities. KAT’s have many targets, the 

best known of which are histone proteins. A high degree of histone acetylation leads to 

increased transcriptional activation. Histone acetylation destabilises DNA-histone 

interactions leading to an open, lightly packed chromatin structure and consequently 

to an increase of gene transcription (Drazic et al., 2016).  

Both hypoacetylation and hyperacetylation have been linked to various 

neurodevelopmental, neurodegenerative and  psychiatric disorders (Malnou, Bonnaud 

and Suberbielle, 2016). Many different transcription factors and transcriptional co-

regulators are modified by KAT’s, these may be general transcriptional factors or 

proteins specific to cellular signalling pathways such as p53, -catenin, NF-B or MyoD 

(Yang, 2004). Acetylation of the cytoskeletal protein actin has been shown to effect 

actin filament stability. Myosin and other actin and myosin interacting proteins are also 

acetylated (Drazic et al., 2016). Acetylation has been shown to be important for 

microtubule architecture and maintaining microtubule integrity, due to recruitment of 

tubulin binding proteins and effects on their localisation(Li and Yang, 2000). 

 

 

1.4 Amino Terminal acetylation (Nt-acetylation) 

 Nt-acetylation is the addition of an acetyl moiety from acetyl-CoA to the N-terminal -

amino group of a protein, eliminating the positive charge (Figure 1.1). This reaction is 

catalysed by N-terminal acetyltransferases (NATs) which Nt-acetylate proteins with 

specific N-terminal sequences. The majority of eukaryote proteins are Nt-acetylated, 

50-70 % of the protein in the lower eukaryote Saccharomyces cerevisiae, 70-75 % of 

protein in the plant Arabidopsis thaliana and 70-90 % of human protein is Nt-acetylated 

(Starheim, Gevaert and Arnesen, 2012).  
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Unlike the acetylation of lysine side chains of proteins by KATs, which can be reversed 

by KDACs, Nt-acetylation is considered irreversible, no N-terminal deacetylase has yet 

been discovered (Ree, Varland and Arnesen, 2018).  

Nt-acetylation affects proteins in various ways including stability, degradation, folding, 

protein-protein interactions, sub cellular targeting and in transcriptional control.  

Nt-acetylation of alpha Synuclein (aS) effects protein folding, with Nt-acetylated aS 

obtained from human red blood corpuscles and Escherichia coli co-expressing the NatB 

complex being more-helically folded, as shown by circular dichroism spectra, 

compared to aS produced in E. coli without Nt-acetylation which has only minimal -

helical content (Bartels et al., 2014). Further membrane-induced -helical folding was 

also enhanced by Nt-acetylation of aS (Maltsev, Ying and Bax, 2012). 

Nt-acetylation effects protein-protein interactions and protein localisation. Within S. 

cerevisiae, Nt-acetylation of the Arl3 GTPase is essential for Golgi targeting, where it 

associates with the Golgi integral membrane protein Sys1p (Setty et al., 2004). 

NatD which specifically Nt-acetylates histones H4 and H2A, has been shown to have a 

role in the control of transcription. Nt-acetylation antagonises histone H4 serine 

phosphorylation which results in elevated expression of the transcription factor Slug 

(Ju et al., 2017). H4 Nt-acetylation blocks dimethylation of Arg3 on H4 in S. cerevisiae 

resulting in ribosomal DNA silencing (Schiza et al., 2013). 

Nt-acetylation can target proteins for degradation via the Ac/N-end rule pathway 

(Nguyen et al., 2018). Conversely Nt-acetylation can have a stabilising effect, an 

increase in protein degradation is linked to a reduction in methionine cleavage and Nt-

Figure 1.1. Nt-acetylation of a protein or peptide is the transfer of an acetyl moiety 

from Acetyl-CoA to the N-terminal -amino group catalysed by a NAT. From 
Starheim, Gevaert and Arnesen (2012). 
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acetylation in Rett syndrome (Sheikh et al., 2017). The N-end rule associates a proteins 

in vivo half life with its N-terminal residue or modifications, this regulated degradation 

is performed by the ubiquitin (Ub)-proteasome-system (UPS). UPS recruits a cascade of 

reactions, Ub-activating E1’s, Ub-conjugating E2’s and Ub-ligase E3’s, which covalently 

attach Ub to the target proteins, following recognition of target substrates termed 

degradation signals (degrons). Polyubiquitinated proteins are targeted to the 

proteasome for degradation (Varshavsky, 2011).  There are two main branches to the 

N-end rule, the Arg/N-end rule, where the dedicated N-degrons include N-terminal Arg, 

Lys, His, Leu, Trp. Phe, Ile, Tyr or Met with a hydrophobic residue at position 2 and Asp 

or Glu following N-terminal arginylation. The second branch of the N-end rule, the 

Ac/N-end rule pathway, conducts the degradation of N-terminally acetylated proteins 

by directly targeting the N-terminal acetyl moiety. Nt-acetylation is an abundant 

protein modification which predominantly takes place co-translationally and thus most 

proteins retain the Ac/N-degron from birth to death, however most Nt-acetylated 

proteins are stable and long lived. This apparent discrepancy could be explained by 

steric shielding of the Ac/N-degron by rapid intramolecular folding and intermolecular 

sequestration by binding partners or subcellular compartmentalisation, protecting the 

Nt-acetylated protein from degradation by the Ac/N-end rule pathway. Nt-acetylation 

has also been shown to impede Ub attachment to the -amino group of Met by linear 

Ub chain assembly complex, E3 ligase or Ub-conjugating Ube2W E2 enzyme, showing 

that competition between Nt-acetylation and Ubiquitination could provide another, 

protein degradation regulatory mechanism (Nguyen et al., 2018). 

 

 

1.5 Acetylation and Disease. 

 Changes in lysine acetylation have been linked to various diseases. Decreases in tubulin 

acetylation have been linked to numerous neurological disorders and both increases 

and decreases in acetylation are linked to cancers, heart disease, lung disease and 

inflammation and immunity diseases (Li and Yang, 2000). Changes in levels of histone 
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acetylation in neurones have been linked to various disorders, including Rett syndrome, 

Rubinstein-Taybi syndrome, Alzheimers, Huntington’s disease, depression and 

schizophrenia (Malnou, Bonnaud and Suberbielle, 2016). 

Changes in levels of Nt-acetylation, either up or down, also affect cells in many ways. 

This can be seen in studies using cells with deletions of the genes encoding for NAT 

subunits and in analysis of cancer cells with increased expression of NAT subunits. 

Deletion of the NatB sub unit, Naa25, in Schizosaccharomyces pombe results in a loss 

of Nt-acetylation of tropomyosin and this is believed to be the major contributing factor 

in a disrupted septation phenotype (Coulton et al., 2010). Links have also been made 

with several human diseases including cancers, developmental conditions and 

neurodegenerative disease. 

 There are numerous studies which have investigated links between NAA10, NatA 

activity and cancer. The majority indicate that NAA10 and NatA are pro-proliferative 

and anti-apoptotic, ensuring the survival of cancer cells, others show NAA10 to be anti-

proliferative and pro-apoptotic (Kalvik and Arnesen, 2013). Human NAA10 potentially 

targets up to 40 % of the human proteome, meaning that numerous pathways are 

simultaneously affected by varying NAA10 levels, thus multiple variables down-stream 

of NAA10 will determine the end point phenotype of cancer cells. 

Nt-acetylation of histone H4 is linked to lung cancer prognosis, where patients with 

more elevated levels of Nat D and Slug were found to have shorter overall survival (Ju 

et al., 2017). 

The first reported human genetic disorder associated with a mutation in a NAT gene 

was Ogden syndrome. This is caused by a Ser37Pro substitution in the gene encoding 

for NAA10 (Rope et al., 2011). This is an X-linked lethal syndrome in males, 

characterised by severe global developmental delays, craniofacial anomalies, 

hypotonia, cardiac arrhythmia and cardiomyopathy resulting in infant mortality. 

Several de novo missense mutations in NAA10 have also been linked to moderate, to 

severe intellectual disability, together with variable other anomalies (Saunier et al., 

2016). 

Rett syndrome, which has symptoms including problems with language, coordination, 

and repetitive movements, is caused by an Ala2Val substitution of Methyl CpG-binding 
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protein 2 which results in a reduction in methionine cleavage and Nt-acetylation, this 

is linked to an increase in protein degradation (Sheikh et al., 2017). 

Investigations have also suggested that together with the chaperone-like protein, 

Huntingtin yeast two-hybrid protein K (HYPK), the presence of functional NatA prevents 

Huntingtin aggregation (Arnesen et al., 2010). Aggregation of aS is associated with 

Parkinson’s disease (PD), studies have shown that Nt-acetylation of aS by NatB 

increases -helicity and small oligomer formation and reduces aggregation (Trexler and 

Rhoades, 2012) (Bartels et al., 2014). 

 

 

 

1.6 N-terminal acetyltransferases (NATs)  

Eight NATs have been identified, each Nt-acetylates proteins with specific N-terminal 

amino acid sequences and thus are responsible for Nt-acetylating differing percentages 

of the proteome. Early research into Nt-acetylation in different species, resulted in 

different names for orthologous genes in different species. Here the nomenclature 

system where by the orthologous genes from different species have the same name is 

used (Polevoda, Arnesen and Sherman, 2009). Five of these NAT’s, A to E, are 

associated with ribosomes where they Nt-acetylate protein co-translationally (Figure 

1.2). NatF associates with the Golgi apparatus, NatG is associated with chloroplasts and 

NatH acts within the cytoplasm. 
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1.6.1 NatA 

NatA is responsible for the largest proportion of Nt-acetylation, approximately 38% of 

the human proteome.  It consists of a catalytic subunit NAA10 and an auxiliary subunit 

NAA15, which can anchor the NatA complex to ribosomes. NAA15 has 37 -helices 

arranged into a ring like tertiary structure, which wraps completely around the NAA10 

subunit (Liszczak et al., 2013) (Figure 1.3). NAA10 and NAA15 are also found without 

ribosome association in humans where NAA10 on its’ own, is able to Nt-acetylate acidic 

N-termini. The NatA complex is responsible for the co-translational Nt-acetylation of 

proteins with the N-terminal amino acids, Ala, Ser, Thr, Cys, Val and Gly, following 

cleavage of the terminal methionine by methionine aminopeptidases (Figure 1.5) 

(Arnesen et al., 2009) NatA has several interaction partners such as Huntingtin 

interaction protein K, the deletion of which or the deletion of NAA10 or NAA15, 

increases the aggregation of Huntingtin (Arnesen et al., 2010). 

Figure 1.2. Ribosome associated NAT’s A to F. Catalytic subunits are shown in pink 
and auxiliary subunits green. NatE, subunit Naa50p (blue) is responsible for altering 
NatA to NatE substrate specificity. Adapted from Starheim, Gevaert and Arnesen, 
(2012). 
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1.6.2 NatB 

NatB Nt-acetylates the second largest proportion of the proteome, approximately 26% 

of the human proteome.  It consists of a catalytic subunit NAA20 and an auxiliary 

subunit NAA25, which can also act as a ribosomal anchor, a large proportion of the NatB 

units can be found in a non-ribosomal associated form in humans. The NatB complex is 

responsible for the co-translational Nt-acetylation of proteins with the N-terminal 

amino acid sequence of Methionine followed by an acidic or hydrophobic amino acid, 

Met-Asp-, Met-Glu-, Met-Asn- or Met-Gln- (Figure 1.5) (Van Damme et al., 2012). 

 

1.6.3 NatC 

NatC is composed of the catalytic subunit NAA30 and auxiliary subunits NAA35 which 

act as a ribosomal anchor and NAA38. NatC Nt-acetylates proteins with the N-terminal 

amino acid sequences, Met-Leu-, Met-Phe-, Met-Ile- and Met-Trp- (Figure 1.5)(Van 

Damme et al., 2016) 

 

 

Figure 1.3. The structure of Nat A. NatA consists of the subunit Naa15, which has 

37 -helices, which form a tertiary structure around the Naa10 subunit (a) and 90o 
rotational view (b). Adapted from Liszczak et al., (2013). 
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1.6.4 NatD 

NatD is a highly selective NAT which consists of just a catalytic unit, NAA40 and only Nt-

acetylates the histones H2A and H4 (Hole et al., 2011). 

 

1.6.5 NatE 

NatE is formed when NAA50 physically interacts with the NatA complex. NatE Nt-

acetylates a completely different set of N-terminal amino acid sequences compared to 

NatA. In vitro studies revealed a partial overlap with NatC specificity and studies using 

human NAA50 produced in S. cerevisiae revealed that NAA50 can potentially Nt-

acetylate methionine followed by a small amino acid, however these N-termini are 

normally Nt-acetylated by NatA following cleavage of the terminal methionine (Figure 

1.5) (Van Damme et al., 2015).  

 

1.6.6 NatF 

NatF is another highly specific NAT which has a single catalytic unit NAA60. This Nat is 

also unusual in that it is anchored to the cytosolic side of the Golgi membrane, where 

it specifically Nt-acetylates transmembrane proteins (Aksnes et al., 2015) (Aksnes et al., 

2017). NatF is only present in higher eukaryotes (Figure 1.5). 

 

1.6.7 NatG 

NatG has a single catalytic unit NAA70, it is a NAT which has been identified within the 

chloroplasts of Arabidopsis thaliana (Dinh et al., 2015). 

 

1.6.8 NatH 

NatH has a single catalytic unit NAA80.  The structure of Drosophila melanogaster 

NAA80, bound to the bisubstrate inhibitor CoA-Ac-DDDI NH2, has a GNAT fold with a 

conserved Ac-CoA binding core region similar to other NAT structures (Goris et al., 

2018)(Figure 1.4). It Nt-acetylates class I,  and  myosin following cleavage of Nt-

acetylated methionine by an unknown acetylaminopeptidase (Drazic et al., 2018) It is 

also expected to Nt-acetylate the class II myosins  following a similar cleavage of Nt-

acetylated cysteine (Arnesen, Marmorstein and Dominguez, 2018) 
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Figure 1.5. The Nt-acetylome of yeast and humans, showing the N-terminal amino 
acid sequences Nt-acetylated by NATs A to F. From Starheim, Gevaert and Arnesen, 
(2012). 

Figure 1.4. The structure of DmNAA80/CoA-Ac-DDDI-NH2. The structure consists 

of four -helices and seven b-strands with a conserved Ac-CoA binding core region 
similar to other NAT structures (Goris et al., 2018). 
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1.7 Co-translational and Post-translational Nt-acetylation. 

Nt-acetylation of the majority of the acetylome occurs co-translationally, where NatA, 

NatB, NatC and NatE are anchored to ribosomes by axillary subunits. NatD may Nt-

acetylate both co-translationally where it is associated with ribosomes, but may also 

Nt-acetylate post-translationally as a large proportion is not ribosome associated and 

some is also found within the nucleus (Hole et al., 2011). NatF post-translationally Nt-

acetylates transmembrane proteins, where it is anchored to the Golgi.  NatG, within 

chloroplasts and NatH, within the cytoplasm, Nt-acetylate post-translationally. 

 

 

1.8 Limitations with in vivo Nt-acetylation research.  

 In eukaryotes the large number of substrates Nt-acetylated by the majority of NAT 

complexes makes investigation into the effect of loss of Nt-acetylation in vivo difficult. 

Knock out of a Nat subunit affects numerous different pathways. Comparisons may be 

made in cells with a Nat subunit deletion, by over expression of the protein of interest 

with or without an acetylation mimic N-terminal (Coulton et al., 2010). However, that 

numerous other proteins will be effected by loss of N-terminal acetylation, often 

effecting cell growth, must be considered. 

Recombinant protein produced in E. coli is commonly used for in vitro investigations as 

this is a fast, easy and relatively cheap method for producing target proteins and can 

also be used for in vivo investigations. However prokaryotes are unable to Nt-acetylate 

most recombinant proteins. Novel recombinant bacterial N-terminal acetylation 

systems, exploit the co-expression of S. pombe NatA or NatB, together with a 

recombinant protein within E.coli. (Johnson et al., 2010). This system can produce Nt-

acetylated protein for in vitro investigation (Trexler and Rhoades, 2012; Bartels, et al., 

2011) and also for in vivo investigations. Consideration must be given to the fact that 

endogenous proteins not normally Nt-acetylated within E. coli, could now be Nt-

acetylated. However investigations examining growth, by measurement of change of 

OD600 with time, show expression of NatA or NatB within E. coli does not appear to have 

any detrimental effect on growth. 
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1.9 NatH/NAA80 substrate specificity 

 NatH, which was recently characterised (Drazic et al., 2018)(Goris et al., 2018), has a 

single catalytic unit NAA80. Nt-acetylation of a representative library of peptides found 

that only peptides with acidic amino acids in the second and third position were Nt-

acetylated, strongly suggesting that NAA80 Nt-acetylates all six human actin isoforms, 

however this has only been formally demonstrated with class I,  and  actin. That 

actins are the target of NAA80 Nt-acetylation was confirmed using N-terminal 

proteomics by quantitatively assessing the N-terminal acetylation status of 402 protein 

N-termini from HAP1 control and NAA80 knockout cell lysates. Only DDDI and EEEI N-

termini corresponding to processed  and  actin showed altered Nt-acetylation levels 

in the knockout cells (Drazic et al., 2018). Unlike the Nt-acetylation of the majority of 

proteins, NAA80 Nt-acetylates actin post-translationally. This occurs following cleavage 

of the N-terminal Nt-acetylated methionine of class I actin, by an unknown 

acetylaminopeptidase (Drazic et al., 2018), or following a similar cleavage of Nt-

acetylated cysteine of class II myosins (Arnesen, Marmorstein and Dominguez, 2018) 

(Figure 1.6). 

 

 

 

 

Figure 1.6. The Co-translational and Post-translational Nt-acetylation of actin. 
Actin Nt-maturation begins with co-translational Nt-acetylation of the N-terminal 
methionine of class I actin or the N-terminal cysteine following cleavage of the N-
terminal methionine of class II actin is followed by cleavage of the N-terminal 
Acetylated methionine or cysteine by an unknown acetylaminopeptidase and finally 
Nt-acetylation of the N-terminal acidic amino acid by NAA80. From Arnesen, 
Marmorstein and Dominguez, (2018). 
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Crystal structures have been obtained for an N-terminal deletion construct of 

Drosophila melanogaster NAA80, bound to either Ac-CoA or the bisubstrate inhibitor 

CoA-Ac-DDDI-NH2. NAA80 has a typical Gcn5-related Nt-acetyltransferase (GNAT) fold 

as found in many acetyltransferases (Goris et al., 2018). The substrate binding region is 

wider in NAA80 than other NAT’s, with an electrostatic surface with many positively 

charged residues, indicating substrate specificity towards acidic residues particularly 

residues 2 and 3 (Goris et al., 2018). NAA80 Nt-acetylates some NatB substrates within 

naa20 yeast, but due to the co-translational mode and high processivity of NatB, the 

only in vivo substrates of NAA80 are processed actins (Drazic et al., 2018). Human 

NAA80 differs from Drosophila melanogaster NAA80 in that it has an extended N-

terminal and a proline rich loop before the C-terminal -strand which may further effect 

the substrate specificity of human NAA80. 

 

 

1.10 Phenotype of HAP1 cells with NAA80 knockout. 

Studies using, mammalian HAP1 cells have identified a phenotype for NAA80 knockout. 

In HAP1 NAA80 knockout cells where actin is not Nt-acetylated, cells are seen to have 

an increase in the number of filopodia and lamellipodia and have an increase in cell 

motility, with at least a doubling of speed for random cellular movement and with the 

gap in wound healing assays closing approximately 12 hours ahead of control HAP1 cells 

(Drazic et al., 2018; Aksnes et al., 2018). 
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1.11 The effect of NAA80 knockout in HAP1 cells on actin 

turnover and cell motility  

The Nt-acetylation of actin was found not to affect actin filament nucleation, however 

a significant effect on polymerisation has been observed. Cytoplasmic actin, a mixture 

of both  and  isoforms, isolated from HAP1 and HAP1 NAA80 knockout cells had 

elongation and depolymerisation rates approximately two-fold faster for Nt-acetylated 

actin compared to Non Nt-acetylated actin. This suggests that Non-Nt-acetylated actin 

filaments may be more stable, cells containing Non Nt-acetylated actin also had a 

decrease in their ratio of monomeric to filamentous actin (Drazic et al., 2018) (Aksnes 

et al., 2018). 

Images of NAA80 knockout cells with decreased monomeric to filamentous actin show 

a fourfold  increase in the numbers of filopodia seen with an average length of 5 m 

compared to those of HAP1 control cells which had an average length of 1 m. NAA80 

knockout cells also formed twice as many lamellipodia compared to controls. 

In NAA80 knockout cells a significant difference was seen in cell motility. In wound-

healing assays, cell front velocity was increased in NAA80 knockout cells, chemotaxis 

and random cell migration assays also show increased motility for NAA80 knockout cells 

with single cell analyses demonstrating at least a doubling in speed for random cellular 

movement (Drazic et al., 2018) (Aksnes et al., 2018). 

 Whole cell effects may also be due to interactions other than actin filament turnover. 

In actin filaments the actin N-termini are exposed and may participate in interactions 

with many actin binding proteins, such as myosin as indicated by cryo-EM structures of 

actin-bound myosin (Arnesen, Marmorstein and Dominguez, 2018) (Mentes et al., 

2018) (Figure 1.7), Changes in proteins binding to actin could also have an effect on cell 

adhesion and contraction thus effecting cell motility.   
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1.12 Actin isoforms 

There are six different human actin isoforms which share 93-99 % sequence identity. 

There are two cytoplasmic class I actins; -cytoplasmic and -cytoplasmic and four class 

II actins; -skeletal, -cardiac, -smooth and-smooth. Despite a high percentage 

sequence identity the different actin isoforms appear to have different cellular 

functions with all knockout mice so far reported having distinct phenotypes, some of 

which are fatal (Perrin and Ervasti, 2010). Different localisation is also seen, with -

skeletal-actin found in the sacromeric thin filament,  and  cytoplasmic actin have also 

been shown to have different localisation within neurones and differentially effect 

neuronal growth (Moradi et al., 2017). Actin forms a variety of different structures 

which are vital in a number of cellular processes (Figure 1.8), including interactions with 

myosin motor proteins, intracellular transport, muscle contraction, cytokinesis, 

Figure 1.7. Actin filament showing exposed actin N-termini with myosin bound in 
a cleft between two actin subunits.  The bound myosin is within contact distance 
of the N-termini of both units. From Arnesen, Marmorstein and Dominguez, (2018) 
(from a cryo-EM structure determined by Mentes et al., 2018) 
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endocytosis and cellular structure and motility, including cell adhesion and contraction 

and the formation of lamellipodia and filopodia.  

The formation, disassociation and regulation of filamentous actin structures are 

controlled by actin-binding proteins (Pollard, 2016). Actin monomers polymerise into 

filaments which when associated with myosin form an arrow shaped complex, the ends 

of the filament are therefore defined as ‘barbed’ and ‘pointed’. Profilin bound to the 

barbed end of actin monomers sterically inhibits nucleation and elongation at pointed 

ends of filaments, high concentrations can promote dissociation. Actin filament 

severing proteins, such as cofilin and some formins, can sever actin filaments. Motility 

and cytokinesis are dependant on actin filament severing by cofilin. Formins interact 

with the barbed end of an actin filament via a formin homology 2 domain. Most formins 

nucleate actin filaments, by stabilising actin dimers, for the contractile ring, stress fibres 

and filopodia. Some formins are associated with the plasma membrane, intracellular 

membranes or microtubules. In addition to nucleation of actin filaments, formins can 

both promote and inhibit actin fibre elongation. Profilin overcomes inhibition where 

the formin has a formin homology 1 domain, such as with the formin mDia1, where 

elongation can be five times faster than for a free barbed end.  

The Arp2/3 complex is formed of seven subunits. The Apr2/3 complex produces actin 

side branches. When Arp2/3 binds to the side of an actin filament it forms the base for 

the growth of a new branch, anchoring the pointed end to the mother filament enabling 

the elongation of the free barbed end. Capping protein prevents elongation of 

filaments at the barbed end of filaments. Arp2/3 also acts as a capping protein on 

disassociated branches, similar to tropomodulin, which is an exclusively pointed-end 

capping protein, preventing the elongation of filaments at the pointed end. Cross 

linking proteins connect actin filaments and also stabilise higher order structures such 

as bundles, as in filopodia, and networks as at the leading edge of motile cells. 
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Tropomyosin is a dimeric -helical coiled coil protein that associates with actin 

filaments. Tropomyosin dimers associate in an end to end fashion, creating an 

unbroken polymer that binds along each of the two long-pitch helices of the actin 

filament. This protects the actin filament from severing by cofilin and influences myosin 

interactions with the actin filament (Figure 1.9).  

 

 

  

Figure 1.9. Tropomyosin binding along an actin filament. Actin filament shown with 
tropomyosin binding and actin capping protein including tropomodulin. Adapted 
from Pollard, (2016). 

Figure 1.8. Actin monomers, filaments, structures and interacting proteins. From 
Pollard, (2016). 
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Cdc8 

Cdc8 is the single tropomyosin isoform produced in S. pombe. Cdc8 can be Nt-

acetylated  to increase its affinity for actin and enhance its’ ability to regulate myosin 

function (East et al., 2011). 

 

1.13 Caenorhabditis elegans as a model organism 

 The model organism used within this investigation was C. elegans.  Model organisms 

such as this are all well understood, they are used to study human disease for a number 

of reasons, including ethical reasons, cost and time. A disease may take several years 

to develop in a human, but in an organism with a much shorter lifespan effects may be 

seen far more rapidly. Model organisms are frequently used due to their speed of 

growth, ease of use and the range of genetic tools that can be used with them. C. 

elegans is well characterised, and its genetic manipulation is relatively easy, making it 

attractive as a multicellular model organism with a simple nervous system and a fast 

life cycle. C. elegans is transparent and its size makes them suitable for localisation 

studies using fluorescent microscopy.  

C. elegans is valuable in investigations into possible effects on actin due to changes in 

Nt-acetylation, as it is a tractable multicellular organism with muscles and a simple 

nervous system, which together with general changes in health may highlight 

differences in phenotype due to naa-80 knockout. Many different assays have been 

used to investigate phenotype in C. elegans including brood size, movement and 

sensory assays (Hart, 2006). C. elegans can be either hermaphrodite or male. This 

enables cross mating of strains to establish consistent background genotype of 

knockdown and control strains. Hermaphrodite stocks also produce offspring which are 

genetic clones, ensuring minimal genetic variation within strains used for 

investigations.  
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1.14 E. coli as an in vivo test tube 

E. coli has been used extensively to produce recombinant protein for purification and 

use in, in vitro investigations which has predominantly involved the production of non 

Nt-acetylated protein. E.coli does not however appear to have been used in its own 

right as a system for the in vivo study of aS, i.e. using E. coli as an in vivo test tube. The 

folding of aS within E. coli has been investigated, though this was conducted at a high 

IPTG induction rate which may have had a toxic effect on the E. coli cells (McNulty, 

Young and Pielak, 2006). One other investigation was also carried out into aS 

translocation into the periplasm (Ren et al., 2007).  E.coli provides a very simple system 

for gaining insight into mechanisms regulating protein-protein and protein-membrane 

interactions. It has no internal membranes, only membranes at the periplasmic region, 

which is in contrast to eukaryotic systems. The co-expression of S. pombe NatB and aS 

within E.coli (Johnson et al., 2010) provides a simple system for investigation of the 

effect of Nt-acetylation in vivo on aS protein-protein and protein-membrane 

interactions. 

 

 

1.15 Alpha Synuclein (aS) 

aS is a protein which is highly enriched in the brain and is predominantly distributed in 

the presynaptic terminals of neurones (Baltic, 2004). It can also be found in red blood 

corpuscles (Bartels, Choi and Selkoe, 2011), the heart, muscles and other tissues (Baltic, 

2004). aS is a small 140 amino acid protein, which is coded for on the SNCA gene. aS is 

normally soluble, but forms aggregates in several disease states. aS was first identified 

inamyloid plaques in the brain of patients with Alzheimer’s disease, but is mostly 

associated with Parkinson’s disease. Parkinson’s disease is one of a number of 

neurodegenerative disorders called -Synucleinopathies which also include dementia 

with Lewy bodies and multiple system atrophy (Kim, Kagedal and Halliday, 2014). aS is 

subject to many different post-translational modifications and is also known to interact 

with lipids, phospholipids and other proteins. It is not fully understood how these 

interactions affect aS structure and function (Paleologou and El-Agnaf, 2012).  
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 aS was long thought to exist primarily as a natively unfolded protein monomer, though 

studies are now reporting an -helix structure for approximately the first 10 N-terminal 

residues. The protein is made up of three domains, the N-terminal region (residues 1 

to 60) which contains lysine-rich, imperfect 11 amino acid repeats, which are important 

in membrane binding and -helix formation. The central non-amyloid beta component 

(NAC) region (residues 61 to 95) which is predominantly composed of hydrophobic 

residues and is the region required for aS aggregation. The third domain is the C-

terminal region (residues 96 to 140) which is acidic and proline rich and is found in a 

disordered conformation and has been implicated in interactions with proteins, metals 

and small molecules (Kim, Kagedal and Halliday, 2014)(Pratt et al., 2015).  

The N-terminal region undergoes a change into an amphipathic -helix on membrane 

binding (Maltsev, Ying and Bax, 2012). The lipid composition and curvature of vesicles, 

can affect aS binding to these membranes,  with enhanced binding of aS to vesicles with 

increased curvature and negative charge. Different helical membrane-bound 

conformations have been observed, including a short helix at the N-terminal which is 

membrane bound with most of the N-terminal domain remaining disordered and 

unbound, on phospholipid vesicles. An extended helix of approximately 100 residues 

and a broken-helix conformation in which the extended-helix is broken into two distinct 

helices separated by a non-helical linker region (residues 39 to 45) (Figure 1.10) have 

both been observed in the context of detergent micelles and lipid vesicles (Snead and 

Eliezer, 2014). 

 

 

 

Figure. 1.10. Double helix structure of alpha-Synuclein bound to lipid vesicles. From 

Ritchie and Thomas, (2012).  
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A double anchor mechanism has also been proposed where an N-terminal amphipathic 

-helix anchor can bind to one vesicle and a further amphipathic -helix (residues 65-

97) binds to a second vesicle (Fusco et al., 2016)(Figure 1.11). 

 

                                           

aS has the N-terminal sequence Met-Asp and is therefore Nt-acetylated by NatB. N-

terminal acetylation also increases helicity at the N terminus, electrostatic charge and  

increases membrane affinity with moderately charged vesicles (Dikiy and Eliezer, 

2014)(Maltsev, Ying and Bax, 2012).  

aS is known to oligomerise and to form fibrils and large aggregates, which are 

associated with disease states, though there is ongoing debate as to which form is the 

toxic species. 

 

 

 

 

Figure. 1.11. A proposed aS double anchor mechanism. An N-terminal amphipathic 

-helix anchor (red) can bind to one vesicle and a further amphipathic -helix  

(residues 65-97 within the NAC and C-terminal regions)(cyan) binds to a second 

vesicle Fusco et al.,(2016). 
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1.15.1 Post-translational modifications of aS 

 

There are several post-translational and co-translational modifications that aS can 

undergo, which have been identified in aS from Lewy bodies and in vitro studies, 

including phosphorylation, ubiquitination, nitration and Nt-acetylation (Kim, Kagedal 

and Halliday, 2014)(Pratt et al., 2015)(Schmid et al., 2013) (Figure. 1.12).  

 

 

 

 

 

 

 

 

Phosphorylation is seen as the most common post-translational modification, though 

levels of phosphorylation vary. In dementia with Lewy Bodies, approximately 90% of 

insoluble aS is phosphorylated at S129, compared to 4% in soluble cytosolic aS. 

Phosphorylation also occurs at S87, Y39, Y125, Y133 and Y135. This implicates 

phosphorylated aS in aggregate formation and has led to more research into this 

modification than any other. Other post translational modifications including 

ubiquitination of lysine residues, nitration of tyrosine residues and truncations have 

been investigated (Pratt et al., 2015)(Schmid et al., 2013)(Ritchie and Thomas, 2012). 

Figure. 1.12. Post-translational modifications of aS including Nt-acetylation, 

phosphorylation, ubiquitination, nitration and truncations. Adapted from (Schmid 

et al., 2013). 



Chapter 1: Introduction      

 

24 
 

Nt-acetylation has also been investigated, but with varying results. It has been reported 

that Nt-acetylation does not have prominent effects on the biophysical and membrane-

binding properties of aS, in vitro and in vivo (Fauvet et al., 2012). But other papers have 

reported that Nt-acetylation can have an effect on helicity of the N-terminal, 

membrane interactions (Maltsev et al., 2012; Dikiy and Eliezer, 2014) and oligomer 

formation (Trexler and Rhoades, 2012).  

 

 

1.15.2 Proposed functions of aS 

 

The exact action of aS is unknown, but there are several theories (Figure 1.13) (Snead 

and Eliezer, 2014). As aS is predominantly found in the presynaptic terminals of neurons 

and is known to bind synaptic vesicles it is largely thought to be involved in maintaining 

a supply of synaptic vesicles in presynaptic terminals (Fusco et al., 2016) and to act as 

a chaperone in the formation of SNARE complexes. Experiments using SNCA knockout 

mice have also shown an effect on memory and cognitive function (Kim, Kagedal and 

Halliday, 2014)(Burré, Sharma and Südhof, 2014). However aS is also found in Red 

blood corpuscles (Bartels et al., 2014) and to a lesser extent in other tissues and is also 

thought to potentially interact with other cellular membranes, including the inner 

nuclear membrane, mitochondrial membranes, plasma membrane and with lipid rafts 

and fatty acids. These other potential sites of aS action could indicate a more 

widespread or general function for aS 
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1.15.3 aS association with Parkinson’s Disease (PD) 

 

Parkinson’s Disease (PD) is a neurodegenerative disorder, caused by the selective loss 

of dopaminergic neurones in the substantia nigra. PD has a prevalence of 315  per 

100,000 people aged 40+ The main symptoms are tremor, slowness of movement 

(bradykinesia) and muscles stiffness (rigidity), though there are many other symptoms 

that can vary from person to person.  PD is an age-related condition with prevalence 

increasing from 41 per 100,000 in people aged 40 to 49 years of age to 1087 per 100,000 

people aged 70 to 79 years of age and, 1903 per 100000 people 80+ years of age 

(Prigsheim, Jette, Frolkis, 2014). The cause of Parkinson’s is unknown and there is no 

cure. 

Figure. 1.13. Cellular membranes, targets and pathways, potentially involved in 

the normal, physiological functions of alpha-Synuclein. From Snead and Eliezer, 

(2014) 

MSR            Methionine Sulfoxide Reductase 



Chapter 1: Introduction      

 

26 
 

 A defining feature of PD is the presence of Lewy Bodies, cytoplasmic inclusions within 

the neurones of the substantia nigra, which consist mainly of aS. There is no consensus 

as to when aS is most toxic in PD. Some believe it is the soluble protofibrils or oligomers 

which are the most toxic, whereas others believe it is the matured aggregates (Bengoa-

Vergniory et al., 2017) The concentration of aS within dopaminergic cells, also seems 

to be linked to toxicity, as duplications and triplications of the SNCA gene, which codes 

for aS, are linked to early onset Parkinson’s disease. 

 A small number of people develop early onset or familial PD, which has been linked to 

several point mutations in, as well as duplications and triplications of the SNCA gene 

(Kim et al., 2014; Bengoa-Vergniory et al., 2017) (Figure 1.14) .  

 

 

 

 

Research has primarily focussed on three of these point mutations, A30P and A53T 

which have also been linked to an increase in the production of C-terminally truncated 

aS (Ritchie and Thomas, 2012), which may also play a role in aS aggregation. Truncated 

aS has been found in Lewy bodies, from dementia with Lewy bodies, brains and other 

associated neurodegenerative diseases (Paleologou and El-Agnaf, 2012) and E46K (Fiske 

et al., 2011). Phosphorylation of S129 and S87 has also been the focus of many 

investigations as these residues are phosphorylated in Lewy bodies (Paleologou and El-

Agnaf, 2012; Schmid et al., 2013). Until recently, relatively little research has been 

carried out into the effect of Nt-acetylation and other post translational modifications. 

 

Figure. 1.14. Six SNCA point mutations linked to familial PD and dementia with 

Lewy bodies. Disease associated point mutations are found in the N-terminal region 

of aS but not in the non-amyloid beta component (NAC) or C-terminal regions 

2006. Fiske M. et al 2011). 

 

 

 

 

 

 

 

 

 

Figure 5. Five SNCA missense mutations identified in dominantly inherited 

Parkinson’s disease. 

N-terminal region                     

(residues 1-60) 

NAC region  

(residues 61 to 95) 

C-terminal region   

(residues 96 to140) 

) 

es 96 to 140) 

A30P E46K H50Q G51D A53T 
A53E 
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1.15.4 Nt-acetylation of aS 

 

 Investigations into the effect of Nt-acetylation of aS, on its’ conformation and 

membrane binding, has predominantly used purified protein. One study which 

conducted NMR using live E.coli found that the spectra with and without the presence 

of the NatB construct were nearly identical, but that in lysates obtained from the same 

cells where NatB was co-expressed, aS was quantitatively modified (Fauvet et al., 2012). 

NMR studies using purified aS have found that the impact of Nt-acetylation is seen as 

an increase in helicity, limited to the first approximately 10-12 residues(Trexler and 

Rhoades, 2012; Maltsev et al., 2012; Bartels et al., 2014). An investigation using native 

cell derived aS (therefore Nt-acetylated), found that aS occurs as a helically folded 

tetramer (Bartels, Choi and Selkoe, 2011) and studies using recombinant aS with an 

additional 10 residue N-terminal extension also found that aS formed a dynamic 

tetramer (Wang et al., 2011)(Figure 1.15), as opposed to a disordered monomer as non 

Nt-acetylated recombinant aS has often been described. A different multimeric 

membrane-bound aS structure has also been proposed (Burré, Sharma and Südhof, 

2014) (Figure 1.16). Recombinant Nt-acetylated aS also forms a partially -helical, 

oligomeric form of the protein when purified in the presence of glycerol and -octyl-

glucoside (BOG) (Trexler and Rhoades, 2012). Nt-acetylation of aS has been shown to 

slow aggregation (Bartels et al., 2014; Ruzafa et al., 2017). 
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Figure. 1.15. Model for a compact aS tetramer. Helices are represented as 

cylinders. N indicates the N-terminal of the protein, with the first helix (α1, 

represented by green-ended cylinder) ending at ∼residue 43. The second helix (α2, 

blue ended) starts ∼residue 50 and ends at residue 103 (marked C). The remainder 

of the polypeptide, which is expected to be disordered, is not represented. From 

(Wang W, et al 2011). 

 

 

Figure. 1.16. Proposed structure of Multimeric membrane-bound helical aS. 

From Burré, Sharma and Südhof, (2014) 
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Investigations into the effect of Nt-acetylation on membrane binding show an increase 

in N-terminal helicity on membrane binding of both forms of aS. The majority of these 

also report a greater membrane binding affinity with Nt-acetylated compared to non 

Nt-acetylated aS (Bartels et al., 2014; Maltsev et al., 2012)(Figure 1.17) (Dikiy and 

Eliezer, 2014), however not all studies have found differences (Fauvet et al., 2012). 

Some of these inconsistencies may be due to the investigations using different sizes of 

synthetic vesicles, 40-120 nm which would have differing curvature (Dikiy and Eliezer, 

2014) and different lipid compositions (Bartels et al., 2014; Pirc and Ulrih, 2015; Varkey 

et al., 2010) or rat synaptic vesicles (Fusco et al., 2016). 

Unfortunately investigations into synaptic vesicle assembly promoted by aS (Fusco et 

al., 2016), and into membrane binding to promote SNARE complex formation (Burré, 

Sharma and Südhof, 2014), only used non Nt-acetylated aS, so that the effect of Nt-

acetylation of aS, in these aS membrane binding situations cannot be compared. 

 

 

 
1.16 Tyrosine kinase inhibitors 

 Several drugs used in the treatment of adult cancers are tyrosine kinase inhibitors. 

Gefitinib is an inhibitor of epidermal growth factor receptor's (EGFR) tyrosine kinase, 

Figure. 1.17. Schematic to show ‘initiation-elongation’ model of aS binding to 

vesicles. The N-terminal amphipathic -helix binds to membranes, initiating 

elongation of the -helix and further binding to the membrane. From Maltsev, 

Ying and Bax, (2012). 
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Lapatinib is an inhibitor of EGFR and ErbB-2 (HER-2) tyrosine kinases and Nilotinib 

inhibits Bcr-Abl tyrosine kinase activity. Levels of the tyrosine kinase, Abl, are increased 

in the nigrostriatal region of PD patients and in mouse models lentiviral expression of 

aS lead to Abl activation and lentiviral expression of Abl increased aS levels (Hebron, 

Lonskaya and E-H Moussa, 2013). In mouse models, tyrosine kinase inhibitors, including 

Nilotinib, have been shown to reduce brain and peripheral aS (L. Hebron, 2014). In vitro 

studies have shown that c-Abl exclusively phosphorylates tyrosine 39 of aS, which falls 

within the range of point mutations, A30P to A53T/A53E, which are linked to familial 

PD and dementia with Lewy bodies,. 

 

 

1.17 Bacterial Membranes  

Bacteria are divided into two groups according to their cell wall structure, Gram +ve 

bacteria retain the primary Gram stain, crystal violet, within the thick peptidoglycan 

wall following an alcohol wash step and so appear purple viewed on a microscope 

whereas Gram –ve bacteria loose the crystal violet stain, which is not held in the thin 

peptidoglycan layer and take up the second Gram stain, safranin, and so appear pink 

viewed on a microscope (Figure 1.18).  These two groups also differ in several other 

ways, most significantly Gram +ve bacteria only have one membrane, whereas Gram –

ve bacteria have both an inner and outer membrane which enclose the periplasmic 

space. The outer membrane is an asymmetrical bilayer composed of an inner 

phospholipid layer and outer lipopolysaccharide layer, the outer membrane also 

contains porins. Different bacterial species contain different membrane lipid 

compositions which can also change according to environmental conditions. E. coli as 

used in this study have three major membrane lipids, phosphatidylethanolamine, 

phosphatidylglycerol and cardiolipin, but also contain several other lipopolysaccharides 

including, lysophosphatidic acid, phosphatidic acid and phosphatidylserine 

(Sohlenkamp and Geiger, 2016). Bacterial membranes contain structures similar to the 

lipid rafts found in eukaryotic cells. These structures called functional membrane 

microdomains consist of two structural elements polyisoprenoid lipids and flotillin, 
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which acts as a scaffold protein. The third functional component is the protein cargo, 

which consists of  a number of functional membrane microdomain associated proteins 

that oligomerise into functional complexes and signal transduction cascades (Lopez, 

2015). The periplasm can contain more than 300 proteins and is essential for the 

maturation of many proteins which are translocated into the periplasm in an unfolded 

state. Both membranes contain many different proteins which perform a wide variety 

of functions. 

 

 

 

 

Three membrane proteins were utilised during this investigation: 

 

Cytochrome d, encoded for by CydAB 

 CydAB encodes for CydA which is the cytochrome d, subunit I, and CydB which is the 

cytochrome d, subunit II, together they form an inner membrane trans membrane 

complex. In proteobacteria a third approximately 4kDa subunit, CydS, which has a 

crucial role in enzyme activity is also present, this was not included in the construct 

used in this investigation. Cytochrome d is an aerobic terminal oxidase that catalyses 

the oxidation of ubiquinol-8 and the reduction of oxygen to water (Safarian et al., 

Figure. 1.18. Schematic to show the differences between Gram +ve and Gram –

ve bacteria cell wall structure. From www.easybiologyclass.com. 
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2016).  For use in this investigation the fluorophore mCherry was attached to the C-

terminus. 

 

OmpA 

Outer Membrane protein A (OmpA) is one of the major outer membrane proteins of E. 

coli, it has multiple structural and physiological functions including as a bacteriophage 

receptor, participating in biofilm formation and in maintaining cell shape and stability. 

OmpA is thought to exist as a two-domain structure, with 171 N-terminal residues 

creating an eight -barrel narrow pore in the outer membrane with 154 C-terminal 

residues remaining in the periplasm, where they associate with the peptidoglycan layer 

(Koebnik, Locher and Van Gelder, 2000). However there appears to be some 

disagreement as to whether this is the native state (Reusch, 2012). The fluorophore 

mCherry was attached to the C-terminus for use in this investigation. 

 

MinD 

 MinD forms part of the MinCDE System which is involved in division site placement in 

bacteria and chloroplasts, it is the best conserved of the Min proteins being found in 

bacteria, archaea and eukaryotes (Rothfield, Shih and King, 2001). MinD associates with 

the inner membrane of E. coli, this localisation is mediated by a highly conserved 

sequence at the C-terminal region of the protein which is predicted to form an 

amphipathic helix (Szeto et al., 2002). Due to the C-terminus being essential for 

membrane binding, fluorophores were only attached to the N-terminal of this protein. 

 

 

1.18 Bacterial membrane vesicles 

Several different forms of extracellular bacterial membrane vesicles (MV) have been 

described. The best known of these are Outer-membrane vesicles (OMV) which are 

formed by the outer membrane of Gram-negative bacteria blebbing. Outer-inner 

membrane vesicles (OIMV) are proposed to be formed by explosive cell lysis, where 

OIMV contain chromosomal DNA or by autolysin weakening of the peptidoglycan layer 
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allowing the inner membrane to protrude through the periplasm enabling cytoplasmic 

cell contents to enter the vesicle before it is pinched off from the cell surface with a 

surrounding outer membrane. Explosive outer membrane vesicles (EOMV) are formed 

by self-assembly of shattered membrane fragments and randomly contain cytoplasmic 

contents. Cytoplasmic membrane vesicles (CMV) are formed by Gram-positive bacteria 

and contain cytoplasmic contents (Toyofuku, Nomura and Eberl, 2019) (Figure 1.19). 

These naturally occurring bacterial MVs range in size from 20 to 400 nm and affect 

biological processes including virulence, horizontal gene transfer, export of cellular 

metabolites, phage infection and cell to cell communication. 

Neurone-like cells overexpressing aS, can secrete aS within exosomes (Lööv et al., 

2016), a form of extracellular vesicle released on exocytosis of a multivesicular body 

(Cocucci and Meldolesi, 2015).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Outer 
membrane 
Vesicles 

Outer-inner 
membrane 
Vesicles 

Explosive Outer 
membrane 
Vesicles 

Cytoplasmic 
membrane 
Vesicles 

Figure. 1.19. The formation of different types of bacterial membrane vesicles. 

Adapted from Toyofuku, Nomura and Eberl, (2019). 
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1.19 Microscopy techniques 

1.19.1 Live cell Imaging 

Live cell imaging is used to investigate cellular dynamics and combined with fluorescent 

microscopy is used to investigate protein localisation and interactions within live cells. 

Fluorescent dyes which can be used to fluorescently stain specific structures and the 

use of fluorescent proteins, which can be expressed attached to proteins of interest, 

can be used to visualise the location of these structures and proteins within live cells. 

The wide range of different colour dyes and fluorescent proteins available, means that 

when combined with time lapse imaging, the movements and co-localisation of 

proteins can be observed. During live cell imaging it is important to consider cell 

viability. The environment of the cell must be maintained with regard to media and 

temperature, so as not to induce stress responses, which can alter the cellular process 

of interest. Over expression of fluorescent proteins can also cause a stress response. 

Care must also be taken not to induce stress due to the light being used. Ultra violet 

light can damage DNA, infrared light can cause localised heating and fluorescent 

excitation can cause phototoxicity (Ettinger and Wittmann, 2014).    

 

1.19.2 Widefield Microscopy 

 In widefield microscopy, the whole specimen on the microscope stage is exposed to a 

light source, either white light for brightfield microscopy or of a specific wavelength, 

for fluorescent microscopy. Microscopes can be standard upright or in an inverted 

configuration, with a camera attached. Samples can emit fluorescence outside of the 

focal plane of the objective which can make the capturing of fine detail above out-of-

focus signal difficult, in particular with thicker samples.  

 

1.19.3 Spinning Disk Confocal Microscopy 

 In confocal microscopy, out-of-focus light is rejected by using a pinhole. Only light from 

the focal plane is able to pass through the pinhole, cutting out, out of focus 

fluorescence from above and below the focal plane, allowing imaging of discreet optical 

regions in thicker samples (Figure 1.20 inset) 
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In spinning disk microscopy, a disk is used with multiple pinholes arranged so that when 

it rotates this allows every part of a sample to be imaged (Figure 1.20). This allows rapid 

imaging of samples compared with scanning confocal microscopy and is more suitable 

for imaging live samples. 

               

 

 

 

1.19.4 Structured Illumination Microscopy (SIM) 

  SIM is a super resolution microscopy technique which enables the acquisition of 

images with approximately double the resolution of a conventional fluorescent 

microscope Optical diffraction imposes a limit on resolution in the conventional 

microscope, which is doubled in SIM. Confocal fluorescent microscopes can achieve 

resolutions of approximately 200-250nm, SIM however can achieve a resolution of 

approximately 100nm (Reusch, 2012) 

 SIM is a widefield microscopy technique which involves imaging a grating onto the 

sample to produce Moiré fringes. An algorithm is then used to analyse the data 

Figure. 1.20. Schematic drawing of a spinning disk confocal microscope. 

From Oxford Instruments Learning centre. 

(https://andor.oxinst.com/learning/view/article/spinning-disk-confocal). 
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produced, resulting in an image, enabling more fine structure to be observed. This 

technique is comparatively fast with imaging in the order of seconds and uses much 

lower laser powers than other Super resolution microscopy techniques and hence is 

suited to applications where limiting phototoxicity is important, such as when imaging 

live cells.  

 

1.19.5 Super-Resolution Radial Fluctuations (SRRF) 

SRRF is an analytical program which can be used for live cell super-resolution imaging. 

A sequential series of frames of an imaged structure is required as the input data, this 

can be acquired using a range of different microscopes (Culley et al., 2018).   

 

1.19.6 Deconvolution 

Deconvolution is the use of a computer algorithm to either subtract or reasign out of 

focus blur from a fluorescent microscopy image (Wallace, Schaefer and Swedlow, 

2001). 

 

 

1.20 Forster Resonance Energy Transfer (FRET) and 

Fluorescence Lifetime Imaging (FLIM) 

FRET is a method which can be used to investigate the distance between two 

fluorophores when they are within close proximity (<10nm). FRET occurs when the 

emission spectra of a donor fluorophore overlaps the excitation spectra of an acceptor 

fluorophore. When these two fluorophores are in close proximity and are exposed to 

light at the excitation wavelength of the donor fluorophore, non-radiative energy 

transfer occurs between the fluorophores resulting in the acceptor fluorophore 

fluorescing and a decrease in the donor fluorophore fluorescence lifetime (De et al., 

2015). Various fluorophore pairings may be used  in FRET investigations (Bajar et al., 

2016). 

 FLIM is a way of examining FRET at a single molecule level with minimal variation, 

measurements taken monitor the fluorescent lifetime of a single donor fluorophore. A 
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short pulse of light is used to excite the donor fluorophore with either a single photon 

or two photons where non-linear absorption of two or more photons with a longer 

wavelength is used. Photodamage is reduced in live cells by using longer wavelengths 

to excite the donor fluorophore (Peter and Ameer-Beg, 2004). FLIM has been used 

previously to investigate aS oligomerisation within H4 neuroglioma cells (Klucken et al., 

2006) 

 

 

1.21 Biomolecular Fluorescence Complementation (BiFC) 

BiFC is a method which involves attaching half a fluorophore to a protein and the 

complementary half of the same fluorophore to a protein which is believed to interact 

with the first protein. These can be two different proteins or separate copies of the 

same protein. If the two proteins interact, the two halves of the fluorophore are 

brought into close proximity and can reform creating a functional fluorophore. Several 

different fluorophores have been used including eYFP, eCFP, Citrine, Venus, cerulean 

and eGFP (Shyu et al., 2006; Outeiro et al., 2008). BiFC is most commonly used with 

fluorescent microscopy to visualise the cellular localisation of protein interactions 

within live cells. Within this investigation, BiFC was used in conjunction with a 

fluorescent plate reader to examine differences in levels of fluorescence within whole 

cell cultures over time. This method enables a continuous measurement of differences 

in protein-protein interaction over several hours within live cell cultures and by taking 

simultaneous OD595 measurements these interactions can be compared to cell growth. 

 Within this investigation an improved Venus BiFC construct was used (Yutaka Kodama 

and Hu, 2010). A pET DUET plasmid was used to simultaneously produce aS-N-Venus 

(aS attached at its C-terminal to the first 154 amino acids of the Venus fluorophore) and 

aS-C-Venus (aS attached at its C-terminal to the Venus fluorophore, amino acid 155 to 

the end). Results obtained in this investigation suggest that if an aS oligomer forms in 

a parallel conformations it can bring the two halves of the fluorophore together, 

enabling the production of yellow Venus fluorescence or if anti-parallel oligomer 

formation occurs, holding the two halves of the fluorophore apart, this prevents the 
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formation of Venus fluorescence. A previous study into aS oligomerisation, using GFP-

BiFC observed a lower level of fluorescence on oligomer formation when using C-

terminally tagged aS, compared to when they used one C-terminal tag and one N-

terminal tag joined to aS with a linker region, the method used predominantly within 

their study, which was carried out using eukaryotic cell lines (Outeiro et al., 2008). In 

this investigation aS was only tagged at the N-terminal to allow the effect of Nt-

acetylation to be studied. 

 

 

1.22 Optogenetics 

Optogenetic methods such as the Phy-Pif system used in this investigation use light to 

control cells. The Phy-Pif system uses a light controllable binding interaction between 

a fragment of Arabidopsis thaliana phytochrome B (PhyB) and a fragment of 

phytochrome interaction factor 6 (Pif6) in the presence of phycocyanbilin (PCB) 

(Toettcher et al, 2011). Phy B becomes light-responsive following conjugation with the 

membrane-permeable small molecule chromophore PCB. Once light responsive, PhyB 

associates with Pif6 when exposed to 650 nm red light and disassociated upon exposure 

to 750 nm far red light. By anchoring the larger PhyB to specific areas of the cell, for 

example to the plasma membrane (Levskaya et al., 2009) or mitochondria (Jost and 

Weiner, 2015) proteins attached to Pif6 can be sequestered from other areas of the cell 

by exposure to 650 nm red light, due to the PhyB-Pif6 association. The sequestered 

proteins can then be released by exposure to 750 nm far red light. 

 

 

1.23: Aim of this project 

The aim of this project was to investigate the effect of Nt-acetylation on the 

oligomerisation and membrane interactions of aS and to attempt to identify a naa-80 

knockout specific phenotype in C. elegans. 
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CHAPTER 2: MATERIALS AND METHODS 
2.1: Media and Buffers   

I. Luria Bertani (LB) medium  

Distilled water 1L 

Sodium Chloride 10g 

Tryptone 10g 

Yeast extract 5g 

Agar (optional- if solid media 
required) 

15g 

Antibiotic (as appropriate, 
added after autoclaving) 

25 to 

100g/ml 
as 
appropriate 

 

G. His tag Elution 
buffer 

 Final 
concentration 

Tris Base (1M stock) 5ml 50mM 

Sodium Chloride (5M 
stock) 

10ml 500mM 

Imidazole (1M stock) 15ml 150mM 

Make up to 100ml with distilled water whilst 
adjusting to pH6.0 

 

F. His tag Binding 
buffer 

 Final 
concentration 

Tris Base (1M stock) 5ml 50mM 

Sodium Chloride 
(5M stock) 

10ml 500mM 

TritonX100 1ml 1% 

Imidazole (1M 
stock) 

1ml 10mM 

Make up to 100ml with distilled water 
whilst adjusting to pH7.8 

Add PMSF just 
before use 

  1mM 

 

H. His tag Wash 
buffer 

 Final 
concentration 

Tris Base (1M stock) 5ml 50mM 

Sodium Chloride (5M 
stock) 

10ml 500mM 

TritonX100 1ml 1% 

Imidazole (1M stock) 1ml 10mM 

Make up to 100ml with distilled water whilst 
adjusting to pH6.0 

 D. FPLC Buffer A   Final 
concentration 

Tris Base  2.42g 20mM 

Make up to 1L with distilled water whilst 
adjusting to pH7.5 

 
E. FPLC Buffer B  Final 

concentratio
n 

Tris Base  2.42g 20mM 

   

Sodium Chloride  58.44g 1M 

Make up to 1L with distilled water whilst 
adjusting to pH7.5 

 

C. Coomassie stain Final concentration 

Coomassie brilliant 
blue  

0.1% 

Methanol 50% 

Acetic acid 10% 

 

B. Coomassie gel 
Destain 

Final concentration 

Methanol  50% 

Acetic acid 10% 

 

J. M9 salts (for use with C. 
elegans) 

  

Disodium hydrogen phosphate 7g 

Potassium dihydogen phosphate 3g 

Sodium chloride 5g 

Magnesium sulphate 0.25g 

 Make up to 1L with distilled water  

 

A. C. elegans Lysis 
buffer 

Final concentration 

Potassium chloride 50mM 

Tris (pH 8.3) 10mM 

Magnesium chloride 2.5mM 

NP40 0.45% 

Tween20 0.45% 

Gelatin 0.01% 

Add proteinase K to a final concentration of 
0.1mg/ml before use. 

 

K. M9 salts (for use with E. coli)   

Disodium hydrogen phosphate 12.8g 

Potassium dihydogen phosphate 3g 

Sodium chloride 0.5g 

Ammonium Chloride 1g 

 Make up to 1L with distilled water  
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L. Nematode Growth 
Medium (NGM) agar 

 

Distilled water 1.6 L 

Sodium Chloride 4.8 g 

Agar 27.2  g 

Bactopeptone 4 g 

 Once cooled to 50oC post Autoclaving 

Potassium dihydrogen 
phosphate pH6 

40 ml of 1M 

Magnesium sulphate 1.6 ml of 1M 

Calcium chloride 1.6 ml of 1M 

Cholesterol (in Ethanol) 1.6 ml of 5 
mg/ml 

 
M. PBS  Final 

concentration 

Phosphate buffer    10mM 

K2HPO4 1.82g  

KH2PO4 0.23g  

Sodium Chloride  8.7g 150mM 

Make up to 1L with distilled water whilst 
adjusting to pH7.4 

 

R. Tris Running buffer 
for SDS Page gels 

  

Tris Base  3g 

Glycine  14.4g  

SDS 1g 

Make up to 1L with distilled water 

 

U. Western blot 
transfer buffer 

 Final 
concentration 

Tris Base  3g 25mM 

Glycine  14.4g 200mM 

Make up to 1L with distilled water  

 

S. Western blot 
detection buffer 

 Final 
concentration 

Tris pH9.6  4ml of 1M 100mM 

Sodium Chloride  800ml of 
5M 

100mM 

Magnesium 
Chloride 

200ml of 
1M 

5mM 

Make up to 40ml with distilled water  

 

P. Protein loading 
buffer 

Final concentration 

Tris –HCl pH6.8  50mM 

SDS  2% 

Glycerol 10% 

Mercaptoethanol 1% 

EDTA 12.5mM 

Bromophenol blue 0.02% 

 

Q. TAE buffer Final concentration 

Tris base  0.4mM 

Glacial Acetic acid 0.4mM 

EDTA 0.01mM 

 

T. Western blot 
milk solution 

  

Milk powder  1.5g 

1x PBS  50ml 

Tween20 100l 

 

N. PIP Strip® 
Blocking buffer 

Final concentration 

1xPBS    

Tween 20 0.1% 

BSA 3% 

 
O. PIP Strip® Wash 
buffer 

Final concentration 

1xPBS    

Tween 20 0.1% 

 

Table 2.1. Media and buffer recipes used in 

this investigation 
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2.2: Cell Culture Techniques 

 

2.2.1: E. coli cultures 

  E. coli cultures were grown at 37 oC unless otherwise stated, in Luria Bertani (LB) broth 

(Table 2.1. I.), with shaking at 120 rpm. Plasmid selection was achieved by addition of 

the appropriate antibiotic. Selection antibiotics used were diluted 1 in 1000 to their 

final concentration from stock solutions of, Ampicillin at 100 mg/ml in distilled water, 

Chloramphenicol at 25 mg/ml in ethanol or Kanamycin at 50 mg/ml in water. 

 

 

2.1.2: Preparation of competent cells 

Strains of E.coli (either DH10, BL21DE3 (Table 2.6), or BL21DE3 transformed with 

plasmids 310 or 657 (Table 2.8)), were streaked out onto LB agar plates, containing the 

appropriate antibiotic if the cells possessed a plasmid and grown at 37 oC overnight. 

From this, a single colony was inoculated into 5 ml of LB medium with antibiotic where 

required and grown with shaking at 120 rpm, at 37 oC overnight. 0.5 ml of this pre 

culture was then inoculated into 50ml of fresh LB medium with appropriate antibiotics 

and grown with shaking at 120 rpm at a temperature of 37 oC until an OD600 of 0.6 to 

0.8 was reached. The cells were cooled on ice for 10 minutes, before being centrifuged 

at 1000 rcf at 4oC for 10 minutes. The pelleted cells were resuspended in 10 ml of ice 

cold 0.1M CaCl2 (filter sterilised)/10%Glycerol sterile solution and kept on ice for a 

further 15 minutes. The cells were then centrifuged again at 1000 rcf at 4 oC for 10 

minutes. The pelleted cells were resuspended in 1 ml of the 0.1 M CaCl2 / 10 % Glycerol 

solution and 50 l aliquots (in 500 l sterile prefrozen -80 oC tubes) were frozen in liquid 

nitrogen, then stored at -80 oC. 
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2.2.3: Transformation of chemically competent E. coli 

An aliquot of chemically competent cells were defrosted on ice, then up to 5l of 

plasmid was added and stirred gently with a sterile pipette tip. Cells were incubated on 

ice for 30 minutes, heat shocked for 90 seconds at 42 oC and immediately returned to 

ice for 2 minutes. 100 l of LB medium was added to the cells which were then 

incubated in a shaking incubator (120 rpm) at 37 oC for 1 hour. Cells were plated onto 

LB agar supplemented with the appropriate antibiotic and incubated at 37 oC overnight. 

 

2.2.4 Starter cultures 

5 ml starter cultures were prepared the afternoon prior to assays being carried out 

using E. coli cell cultures. Appropriate plasmid selection antibiotics were added to 5 ml 

of LB broth which was then inoculated with a single colony from a transformation plate. 

This was incubated at 37oC with shaking at 120 rpm overnight to produce a cell culture 

that has reached stationary phase. 

 

2.2.5: Acquisition of growth curves 

Growth curves were obtained using a CLARIOstar fluorescent plate reader. Overnight 

5ml starter cultures were used to inoculate LB broth with appropriate selection 

antibiotics which was then incubated at 37 oC with shaking at 120 rpm until mid log 

phase growth was reached. This log phase culture was sub cultured to the required 

starting OD595 of either 0.1 or 0.01 in LB broth, with appropriate antibiotics. Isopropyl 

-D-1-thiogalactopyranoside (IPTG) was added to the cultures as required and 200ml 

of cell culture was added to the required wells of a sterile 96 well plate, with any 

required additions. A lid was placed on the plate and sealed with parafilm to reduce 

evaporation. The plate was incubated in the plate reader at 37oC with shaking between 

readings, which were taken every 15 minutes. 

 

2.2.6: Staining live cells with Congo red and NIAD-4 

Cell cultures were induced as for small scale protein expression, for the last hour of 

induction 1 l per ml of cell culture of either 1 % Congo Red in sterile distilled water or 

2.5 % NIAD-4 in DMSO was added. 
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2.2.7: Purification of vesicles from cell culture 

 Vesicles were purified from cell cultures, for analysis by Dynamic light scattering (DLS) 

and fluorescent microscopy. 1 ml samples were taken from cell cultures and 

centrifuged at 1000 rcf for 30 minutes. The vesicle containing supernatant was gently 

removed by pipetting. 

 

 

 

2.3: Protein expression and purification 

 

 

2.3.1: Small-scale protein expression for preparation of cell extracts and live cells for 

imaging 

Overnight 5 ml starter cultures were used to inoculate LB broth at a ratio of 1 in 50 with 

appropriate selection antibiotics, this was then incubated at 37 oC with shaking at 120 

rpm until an OD595 of 0.4 to 0.5 was reached. IPTG was then added to a final 

concentration of 100 or 20 g/ml or Rhamnose at a concentration of 0.01 % unless 

stated otherwise. After the required period of time, cells were prepared for imaging or 

1 ml samples were taken for cell extract preparation for protein gels following 

measurement of OD595. 

 

 

2.3.2: Preparation of cell extracts for Coomassie Blue stained SDS-PAGE gels and 

western blots 

1 ml samples were taken from the E. coli cell culture to be examined and their OD595 

measured. The cells were then centrifuged at 0.8 rcf at 4 oC for 5 minutes and the 

supernatant removed, pelleted cells were then frozen at -20 oC. Defrosted pellets were 

then resuspended in 1 x Phosphate Buffered Saline (PBS) buffer according to the OD595 

measured, e.g. a pellet from a culture with an original OD595 of 1.2 would be 

resuspended in 120 l of 1 x PBS.  
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2.3.3: Precipitation of protein from cell cleared media 

 Protein was precipitated from the supernatant removed from centrifuged cell cultures 

during the preparation of cell extracts. 400 l of the supernatant was placed in a 2 ml 

tube with 1.6 ml of acetone, this was then frozen at -80 oC. On thawing precipitated 

protein was centrifuged at 16100 rcf at 4 oC for 30 minutes, and pellet dried. The pellet 

was resuspended in 40l of 1 x PBS ready for analysis. 

 

 

2.3.4: Large-scale expression of protein for purification of aS-Cerulean3-His6 

 1ml of an overnight starter culture was used to inoculate 1L of LB broth with 

appropriate antibiotic in a sterile 2 L conical flask, this was incubated with shaking at 

120 rpm, at 37 oC. Once the culture reached an OD595 of 0.4 to 0.5, protein production 

was induced by the addition of IPTG to a final concentration of 20 g/ml and then 

incubated with shaking at 120 rpm at 25oC for a further 2 to 3 hours. The cell culture 

was then spun at 1800 rcf for 20 minutes and the resultant cell pellet was frozen at           

-20 oC. 

 

 

2.3.5: His tag purification of aS-Cerulean3-His6 

 Frozen cell pellets were defrosted on ice and then resuspended in 16ml of His tag 

Binding buffer (Table 2.1, F). The cells were sonicated on ice for a total of 2 minutes, 

made up of 20 second pulses with a 59 second gap between them. The resulting 

suspension was then centrifuged at 4400 rcf for 30 minutes and the protein containing 

supernatant kept. 

A Cobalt column was prepared for His tag purification by sealing a 5 ml syringe with 

glass wool, approximately 3 ml of TALON® Superflow metal affinity resin, from Clontech 

laboratories Inc, was then added to the syringe. This Cobalt purification column was 

equilibrated with approximately 5 volumes of His tag binding buffer. The buffer ran 

through the column by gravity and the flow was stopped by placing a cap on the syringe. 

At no time was the column allowed to run dry. 
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The protein-containing supernatant was loaded onto the pre-equilibrated column, all 

liquid that flowed through the column was collected in case not all the protein bound 

to the column. Once the protein had bound to the Cobalt column it was washed with 5 

resin volumes of His tag binding buffer (Table 2.1, F.) followed by 5 resin volumes of 

His tag wash buffer(Table 2.1, H.). Protein was then eluted from the Cobalt column by 

the addition of His tag elution buffer (Table 2.1, G.). The elution buffer flow through 

was collected in 1ml fractions until the column had returned to a bright pink colour and 

the flow through returned from green to colourless. The presence of aS-mCerulean3-

His6 in the fractions was confirmed SDS-PAGE analysis, alternatively if placed in UV light 

the mCerulean3 containing fractions were seen to fluoresce. 

The aS-mCerulean3-His6 containing fractions were pooled for further purification by 

FPLC. 

 

 

2.3.6: Purification of aS-Cerulean3-His6 by Fast Protein Liquid Chromatography (FPLC) 

Due to the high salt content of the His tag elution buffer, the aS-mCerulean3-His6, 

pooled post His tag purification protein, was first dialysed into aS FPLC buffer A (Table 

2.1, D.) prior to further purification by FPLC. 

The dialysed protein was then purified by FPLC. The samples were run through a 5 ml 

HiTrapQ ion exchange column using a GE Healthcare, AKTA FPLC system, bound protein 

was then eluted from the column using an increasing concentration gradient of FPLC 

Buffer B (Table 2.1, E.). Protein containing fractions were determined by absorbance at 

260 nm and 280 nm and this was confirmed by fluorescence when exposed to UV light.  
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2.4: Biochemistry Techniques 

 

2.4.1: Gel electrophoresis of proteins 

Protein samples were analysed by gel electrophoresis using 10 % or 17.5 % SDS-PAGE 

gels. Gels were cast using a BioRad minPROTEAN® 3 System 

 10 % resolution 

gel 

17.5 % resolution 

gel 

Stacking gel 

Distilled water (ml) 2.55 0.15 7.0 

1.5M Tris pH8.7 (ml) 3.75 3.75 0 

1M Tris pH6.8 (ml) 0 0 1.25 

10%SDS (l) 100 100 50 

30% Acrylamide (ml) 3.2 5.6 1.7 

APS (l) 100 100 50 

TEMED (l) 15 15 15 

 

  The appropriate percentage resolution gel was mixed (Table 2.2) and pipetted 

between two clean, glass casting plates, to just below the level of the comb insert. 

Isopropanol was gently pipetted onto the surface to level the gel interface. The 

resolving gel was then allowed to set at 37 oC. Once the gel was set the isopropanol was 

poured off and the surface of the resolving gel rinse 6x with distilled water. The Stacking 

gel was then mixed (Table 2.2) and pipetted onto the resolving gel and a well forming 

comb inserted into the stacking gel, which was then allowed to set at 37 oC. Gels were 

run in Tris running buffer (Table 2.1, R.) 

 Protein samples, cell extracts or purified protein, were mixed 4 parts sample to 1 part 

5x Protein loading buffer (Table 2.1, P.) and heated at 95 oC for 30 minutes with 

vortexing. 10 l of each sample was run alongside 5 l of Thermo Scientific PageRuler 

Unstained Protein Ladder (Catalogue number #26614), at 150 volts for 50 minutes.  

Table 2.2. Recipe table for SDS Page gels. 
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When gels were for use in Western Blotting, Thermo Scientific PageRuler Prestained 

Protein Ladder #26616 or Bio-Rad Kaleidoscope Prestained Standards were used. 

Bands were visualised when required using Coomassie Blue stain, gels were placed in 

Coomassie Blue stain (Table 2.1, C.) for at least 1 hour and then in Coomassie Blue gel 

destain (Table 2.1, B.) for at least 24 hours. 

 

2.4.2: Western Blot 

Gels were run as outlined above and protein then transferred to a methanol activated 

PVDF, Imobilon®P Transfer Membrane, using a Bio-Rad Trans-Blot®Semi-Dry 

Electrophoretic Transfer Cell, following the manufacturer’s protocols at 10 volts for 30 

minutes, using western blot transfer buffer (Table 2.1, U.). The membrane was blocked 

using western blot milk solution (Table 2.1, T.) at room temperature for 1 hour. The 

membrane was then incubated in milk solution with primary antibody diluted 1 in 1000 

(abcam ab155038) anti aS primary antibody at room temperature for 1 hour. The 

membrane was rinsed four times in 1 x PBS before having milk solution added until the 

membrane was just covered. 2l of secondary antibody, anti-rabbit IgG Alkaline 

Phosphatase produced in goat (Sigma A9919) was added and this was incubated at 

room temperature for 1 hour. The membrane was then rinsed with 1xPBS and then 

covered with fresh, Western Blot Detection Buffer (Table 2.1, S.) for 5 minutes. 1 ml of 

BCIP®/NBT Purple liquid substrate from Sigma, was then added and colour allowed to 

develop to visualise antigen on the membrane. 

 

2.4.3: Lipid binding assays using PIP Strips™ Membranes 

The membrane was first blocked by covering the membrane with 5-10 ml of PIP Strip® 

Blocking buffer (Table 2.1, N.) and gently agitated for 1 hour at 25 °C or overnight at 4 

°C. The blocking buffer was poured off and protein added at a concentration of 0.5 

µg/ml in 5-10 ml of fresh Blocking buffer and incubated for 1 hour at room temperature 

with gentle agitation. The protein solution was poured off and the membrane washed 

with 5 ml of Wash buffer with gentle agitation at 25°C for 10 minutes, this was repeated 

three times. Primary antibody (abcam ab155038) anti-alpha-Synuclein primary 



Chapter 2:   Materials and Methods 

 

48 
 

antibody was added, diluted 1:1000 in the PIP Strip® blocking buffer and incubated for 

1 hour at 25°C with gentle agitation. The membrane was then washed three times with 

5 ml of PIP Strip® wash buffer (Table 2.1, O.). 

The wash buffer was discarded and secondary anti-rabbit antibody was added to the 

membrane diluted 1 in 1000 in blocking buffer and then incubated for 1 hour at 25°C 

or overnight at 4°C with gentle agitation. The membrane was then again washed three 

times in 5 ml wash buffer and then rinsed in 1xPBS. The membrane was covered with 

fresh western blot Detection buffer (Table 2.1, T.) for 5 minutes, then transferred to an 

empty dish and washed with 1 ml of BCIP®/NBT Purple liquid substrate from Sigma, 

until colour developed visualising the presence of aS on the lipid. The membrane was 

then washed three times in distilled water and scanned. 

 

2.4.4: Size Exclusion Chromatography (SEC)  

Size exclusion chromatography (SEC) also known as gel filtration is used to separate 

molecules according to differences in size. The SEC media consists of spherical particles 

with pores of different sizes. As a sample passes through a column packed with SEC 

media small molecules enter these pores slowing their passage through the SEC media. 

Large molecules are therefore eluted from the column faster that smaller molecules 

(GE Healthcare, 2015) (Figure 2.1). Size exclusion assays were carried out with the help 

of Dr Karen Baker (University of Kent), using a Superdex75 10/300 column (24ml 

volume) run at 0.75 ml/min using PBS. 
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2.4.5: Isothermal Titration Calorimetry (ITC) 

Isothermal titration calorimetry (ITC) is a technique used to study protein binding for 

example to examine interactions with drugs, ITC directly measures the energy 

associated with a chemical reaction triggered by the mixing of two components. In this 

process two identical cells. A reference cell is used as a control and contains the buffer 

in which the sample is dissolved. Proteins to be studied are placed in the sample cell 

and ligand is titrated into the sample cell in precisely known aliquots. An exothermic 

reaction causes the temperature in the sample cell to increases upon addition of ligand 

or to decrease if an endothermic reaction occurs. Sensitive thermopile/thermocouple 

circuits detect temperature differences between the reference cell and sample cell and 

the number of microcalories required to maintain equal temperatures between the 

Figure 2.1. Schematic of a size exclusion column (SEC). SEC media consists of 

spherical particles with pores of different sizes. Small molecules enter these pores 

slowing their passage through the SEC media. Large molecules are therefore 

eluted from the column faster that smaller molecules (GE Healthcare, 2015). 
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sample and reference cells is measured for each aliquot of ligand added. The amount 

of available protein decreases with each aliquot of ligand added and thus the 

temperature change on each addition will decrease until saturation is reached. The 

heat flow pulses are integrated with respect to time, giving the total heat exchanged 

per injection. The pattern of these heat effects as a function of the molar ratio of the 

ligand and protein can then be analysed to give the thermodynamic parameters of the 

interaction under study. ITC was conducted by and data analysed by Charles River Ltd. 

 

 

2.4.6: Dynamic Light Scattering (DLS) 

DLS is a technique that primarily measures the Brownian motion of macromolecules in 

solution and relates this to the size of these particles. The motion of particles depends 

on their size, temperature and solvent viscosity, large particles diffuse slowly compared 

to small particles. To take measurements, a monochromatic beam of light is shone 

through a solution and light is scattered in all directions as a function of the size and 

shape of the macromolecules within it, scattering intensity is recorded by a detector. A 

digital autocorrelator then correlates intensity fluctuations of scattered light with 

respect to time, to determine how rapidly the intensity fluctuates, which is related to 

the diffusion behaviour of particles and thus their size (Stetefeld, McKenna and Patel, 

2016). DLS measurements were obtained with the help of Nyasha Manyanya 

(University of Kent), using either a Malvern Zetasizer nano ZS or Anton Paar Litesizer 

500 Particle analyser.  
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2.5: Molecular Biology Techniques 

 

2.5.1. Plasmid DNA purification 

 5 ml of LB medium with appropriate antibiotic was inoculated with a single colony from 

a transformation plate and grown with shaking at 120 rpm at 37 oC overnight. This was 

then centrifuged at 1000 rcf for 5 minutes and DNA preparation was then carried out 

using a Qiagen, QIAprep® Spin Miniprep Kit, using the manufacturer’s reagents and 

protocol. This kit is based on an alkaline lysis of bacterial cells followed by the use of a 

DNA affinity column purification. 

 

2.5.2: Restriction digests of DNA  

Restriction digests were carried out, either for isolating DNA to subsequently be gel 

purified and ligated to form new constructs (large scale digests) or in order to check 

newly made plasmids produced bands of the correct sizes, after digestion with 

restriction enzymes, when run on agarose gel (small scale digest). Different restriction 

enzymes were used depending on the restriction sites present, restriction enzymes and 

buffers used were manufactured by Promega and New England Biolabs and were used 

at the concentrations supplied. 

 

A typical small scale digest consisted of: 

2 l DNA at least 0.05 g/l 

2 l 10x enzyme buffer 

14/15 l water 

1 l Restriction enzyme 1  

1 l Restriction enzyme 2 (if double digest required) 
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A Typical large scale digestion consisted of: 

10 l DNA at least 0.05 g/l 

10 l 10x enzyme buffer 

76/78 l water 

2 l Restriction enzyme 1  

2 l Restriction enzyme 2 (if double digest required) 

 

2.5.3: Separation of DNA using gel electrophoresis 

In order to check the size of DNA fragments, either from small scale check digests or for 

isolating DNA from large scale digests to subsequently be gel purified, restriction 

digests of DNA were run on agarose gels. 1 % agarose gels were made by dissolving 1 g 

of agarose per 100 ml of 0.5x TAE buffer. This was then heated until the solution was 

completely clear then allowed to cool slightly and poured into a casting tray, where 

Ethidium Bromide was added to a final concentration of 0.001%. The DNA preparation 

was then run alongside 5 l of Bioline Hyperladder™ 1 kb at 50 Volts for 1 hour in 0.5 

% TAE buffer (Table 2.1, Q.). DNA bands were then visualised under ultraviolet light, 

using appropriate safety equipment such as a full face UV visor or enclosed UV imaging 

system. 

 

2.5.4: Gel purification of DNA fragments 

DNA from digests or PCR product was run on an agarose gel as described previously 

and the appropriate band excised from the gel. The gel piece was weighed and then 

purified using the Quiagen QIAquick® Gel Extraction Kit, using the manufacturer’s 

reagents and protocol. 

 

2.5.5: Klenow treatment for blunt end ligation 

Large scale restriction enzyme digests for blunt end ligation were treated with Klenow 

from Promega to truncate the stepped ends of the DNA. 1 l of 10mM dNTPs and 1 l 

of Klenow were added to the 100 l digest and incubated at 25oC for 15 minutes. 2 l 

of 0.5 M EDTA was then added and incubated at 75 oC for 20 minutes to denature the 
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Klenow.  The required DNA fragment was then purified by gel electrophoresis and gel 

purification. 

 

2.5.6: Ligation of DNA fragments 

DNA was used for ligations where clear bands of purified DNA fragments could be seen 

in an agarose gel when compared to bands obtained for Bioline Hyperladder™ 1 kb , 

concentrations were not measured. Ligations of purified insert fragments and vectors 

were typically carried out as follows: 

 

4 l Insert DNA (appropriate amount according to length) 

4 l Vector DNA (at least 0.1g)  

1 l 10x ligase buffer (Promega) 

1 l T4 DNA ligase (Promega) 

 

2.5.7: Polymerase Chain Reaction (PCR) 

PCR was used to amplify genes encoding for target proteins, using Expand™ High 

Fidelity PCR System reagents from Roche, allowing them to be cloned into bacterial 

expression systems.  

 

PCR products were ligated into the pGEM T-Easy vector (Promega) or pCR™4-TOPO® 

(Invitrogen), using the manufacturer’s reagents and protocols. An example of this 

ligation reaction is: 

3 l PCR product 

1 l pGEM T-Easy 

4 l water 

1 l 10x ligase buffer 

1 l T4 DNA ligase 

All ligations were kept at 4 oC overnight before use in bacterial transformations. 
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2.5.8: Quantitative PCR (qPRC) 

qPCR was used to confirm the knock out (KO) of NAA-80 production in C. elegans 

strains.  Wearing gloves at all times and keeping reagents on ice, RNA was first extracted 

from C. elegans, followed by production of cDNA and qPCR.  

 

 

RNA extraction from C. elegans 
 
 For each biological replicate, three NGM plates (Table 2.1. L.), heavily populated with 

non-starved adult and L4 C. elegans, were washed with M9 (Table 2.1. J.) into a 15 ml 

falcon tube. The C. elegans were allowed to settle with gravity, then the supernatant 

carefully removed. 2 ml of M9 was added to wash the C. elegans which were again 

allowed to settle and the supernatant removed. This wash step was repeated twice, 

leaving no more than 5 minutes between washes. The pelleted C. elegans were then 

transferred into a 1.5 ml Eppendorf tube. 

 In a fume hood, 300 μL of Trizol was added to each Eppendorf and inverted to mix 

thoroughly. A Disruptor Genie was then used, 2 x 15 minute cycles, until the C. elegans 

had dissolved. 75 μl of 1-Bromo-3-chloropropane was added within a fume hood and 

inverted to mix thoroughly. The samples were allowed to rest at room temperature for 

3 minutes before centrifugation at 13400 rcf for 15 minutes at 4oC. The top layer, 

approximately 200 μl, was carefully pipetted into a new Eppendorf tube. An equal 

volume of isopropanol was added and inverted to mix, this was then left at room 

temperature for 10 minutes before centrifugation at 13400 rcf for 10 minutes at 4 oC. 

 The majority of the supernatant was carefully removed, taking care not to disturb the 

pellet. The pellet was then washed with 400 μl 70 % ethanol and centrifuged at 15700 

rcf for 5 minutes at 4 oC. As much supernatant as possible was removed from the pellet 

which was then left to air dry until no supernatant was left. The pellet was then 

reconstituted in 10 μl distilled water and heated for 10 minutes at 60 oC to help dissolve 

the RNA. The extracted RNA was stored at -80 oC prior to cDNA synthesis. 
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Complementary DNA (cDNA) synthesis 

DNA complementary to the RNA extracted from C. elegans was synthesised using a 

RevertAid H Minus First Strand cDNA Synthesis Kit from Thermo Scientific, using the 

manufacturers protocol. For each RNA extract, 2 g was used as a template. 

 

Quantitative PCR (qPCR) using cDNA 

Keeping all reagents on ice a Master mix was prepared for each of the primer sets used 

(Table.2.10). Primers O653 and O654 were used to amplify cDNA coding for NAA-80 

together with primer sets for cDNA coding for the genes Cdc-42, Pmp-3 and Y45F10D.4  

as qPCR controls.  

Master mix for each primer set  

 

 

 

 8 l of each master mix was added to 14 wells of a 96 well plate. 2 l of each of the 

three biological replicates, of each of the 4, C. elegans strains being examined and two 

repeats of 2 l of distilled water for no sample controls (NSC) was added one of each, 

to the 14 wells containing master mix. When all 56 samples had been added to wells 

they were sealed with a film cover, shaken vigorously to mix and centrifuged briefly to 

ensure samples were at the bottom of each well. 

The qPCR was then run using a BioRad CFX system. The cycle used was: 

Step Temperature in oC Time in seconds 

1 95 120 

2 95 20 

3 65 20 

4 70 20 

Repeat steps 2 to 4, 44 times then end.  

Data was analysed using BioRad CFX manager software. 

SYBR green 75 l 

Primer mix 6 l 

water 39 l 

Total 120 l 
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2.5.9: CRISPR-Cas9 

CRISPR (Clustered regularly interspaced short palindromic repeats) is a microbial 

adaptive immune system, which can be targeted to a genomic location of choice by the 

use of single guide RNA (sgRNA) (Hsu, Lander and Zhang, 2014). In this study, the 

CRISPR-Cas9 system was used to create naa-80 knockout strains of C. elegans using two 

sgRNAs to guide cutting of genomic DNA by the Cas9 endonuclease and removing 52 

base pairs from the genome. An oligonucleotide donor homology guided repair of the 

cut genome, introduced an early stop (3 frame stop sequence-TAGATAGATAGA) after 

Proline 46, within Exon 2. naa-80 knockout C. elegans strains produced using CRISPR-

Cas9 were obtained from Knudra Transgenics (Utah USA). 

 

2.5.10:  C. elegans Genotyping PCR 

 To confirm the genotype of each new strain of C. elegans, produced by crossing N2H 

with naa-80 disruption C. elegans, a single F2 C. elegans was placed onto an individual 

NGM plate. Once eggs had been laid and larvae started to hatch, the adult parental 

worm was lysed while keeping the eggs and offspring to continue the lines, until 

genotype PCR identification of the required line. 

 Single F2 parental or at least 12, F3 offspring C. elegans were placed in 5 l of C. elegans 

lysis buffer (Table 2.1, A.) with 0.1 mM proteinase K within the lids of PCR tubes, the 

lids were then fixed onto PCR tubes and spun, so that both C. elegans and buffer were 

now in the bottom of the tubes. The “Lysis” protocol on a PCR thermocycler was then 

used to lyse the C. elegans.  

 

Lysis Protocol 

Lid temp 105oC 

Vol: 5 l 

70oC: 60 min 

95oC: 15 min 

12oC: hold 

 



Chapter 2:   Materials and Methods 

 

57 
 

 A master mix was first prepared by using the following volumes, multiplied by the 

number of C. elegans lysates to undergo genotype PCR plus one (Table 2.3).  

 

Master mix-         multiply volumes by the number of samples + 1 

PCRBIO Taq Mix Red from PCR Biosystems 10 l 

Primer mix- containing 2M of each required primer 3 l 

Distilled water 2 l 

  

 15 l of Master mix was added to each tube containing C. elegans lysate and the lids 

resealed.  

Each sample was then run in a PCR thermocycler following the appropriate protocol for 

the primer set used (Table 2.4). 

 

Time Primers 6499 and 5600 Primers 6041 and 6500 

60 seconds 94oC 94oC 

30 seconds 94oC 94oC 

30 seconds 65oC 68oC 

60 seconds 72oC 72oC 

 Repeat last 3 steps x32 

7 minutes 72oC 72oC 

hold 12oC 12oC 

 

The PCR amplified DNA fragments were then separated and visualised using Gel 

electrophoresis. Samples were run through a 2 % agarose gel with a final concentration 

of 0.001% ethidium bromide. This was run at 50 V for approximately 2 hours, DNA 

bands were visualised using UV light (Table 2.5).  

  

Table 2.3. Basic Genotype PCR master mix recipe. 

Table 2.4. Optimised Genotype PCR, thermocycler setting. 
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Primers N2H naa-80 KO 

6499+6500 439 bp 399 bp 

6041+6500 250 bp No band 

 

The PCR protocol was optomised for each pair of primers used. Multiple N2H control C. 

elegans were lysed and PCR mixes prepared as above. These were run in a thermocycler 

using a temperature gradient across the heat block, samples were then run on a 2 % 

agarose gel to identify the optimum temperature set for DNA fragment amplification. 

 

 

2.6: C. elegans Techniques 

 

2.6.1: Maintenance of C. elegans strains  

C. elegans strains were maintained on 60 mm petri dishes containing 15 ml of 

Nematode Growth Medium (NGM) (Table 2.1, L.) agar, surface seeded with 200 l of 

stationary phase OP50 E. coli which has been grown to form a lawn of bacteria to act 

as a food source for the C. elegans (Stiernagle, 2006). Strains were incubated at 20 oC 

unless otherwise stated. Strains were kept in a clean, well fed state, for at least two 

generations prior to use in assays. 

 

2.6.2: Producing and maintaining male C. elegans 

 To produce male N2H C. elegans for back crossing with naa-80 knockout C. elegans, 

NGM plates containing L4 hermaphrodite N2H C. elegans were heat shocked at 30 °C 

for 3-4 hours. All the male offspring produced by the heat shocked parents, were used 

to set up male maintenance plates. A small amount of OP50 E.coli was placed on the 

Table 2.5. Expected DNA fragment sizes for each genotype PCR primer pair. 
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centre of an unseeded NGM plate, approximately 5 males to one L4 hermaphrodite 

were then placed onto this E. coli (Fay, 2013) 

 This process was repeated to produce male LifeActmRFP and mCh-Act-1 C. elegans to 

cross with 6x back crossed, naa-80 knockout O/C C. elegans, to produce strains for 

imaging. 

 

 

2.6.3: Back-crossing naa-80 knockout C. elegans into N2H control strain C. elegans  

 Hermaphrodite naa-80 knockout C. elegans were back crossed with male N2H control 

strain C. elegans six times to achieve >98 % genetic identity with the N2H control strain, 

using a standard genetic cross protocol (Fay, 2013). 

 Hermaphrodite naa-80 knockout C. elegans were placed on a small amount of OP50 E. 

coli with male N2H control strain C. elegans in the ratio of at least 1:5. The First 

generation (F1) progeny were examined, if 25-50 % of the adult offspring were seen to 

be male the cross was deemed to have been successful. As both parents were 

homozygous, Either N2H wild type or naa-80 knockout, the F1 offspring will all be 

heterozygous. 

 6, L4, hermaphrodite F1 offspring were then placed on a fresh NGM plate with a lawn 

of OP50 E. coli. These C. elegans were allowed to produce second generation offspring 

(F2). Following Mendilian genetics, 25 % of the F2 generation will be homozygous N2H 

wild type, 50 % heterozygous N2H wild type and naa-80 knockout and 25% homozygous 

naa-80 knockout.  20 of the F2 C. elegans were then individually plated onto separate 

NGM plates with OP50 and allowed to produce a third generation (F3). The 

Homozygous F2 C. elegans produce identical homozygous (F3) offspring, the 

heterozygous F2 C. elegans produce a mixture of offspring, the same as produced by 

the F1 generation. As soon as the F3 offspring began to hatch, the F2 parental C. elegans 

were removed from the plates and lysed for genotype PCR using primers 6499 and 6500 

to identify homozygous F2 Naa-80 knockout C. elegans. The offspring of these C. 

elegans will all be homozygous for Naa-80 knockout, now called naa-80 knockout O/C, 

following the 6th out cross, and could then be used for further crosses.  
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After the third and sixth crosses, at least 12 adult F3 C. elegans were lysed for each F2 

parental line and the lysates were split into two identical samples which were used to 

preform two separate genotype PCR assays using primer sets 6499 with 6500 and 6041 

with 6500, to both check and confirm the genotype of each F3 population (Figure 2.2). 

 

 

 

 The 6th cross once confirmed to be homozygous for the naa-80 knockout was used to 

repeat the early phenotype assays and was also used to cross with LifeActmRFP or mCh-

Act-1 C. elegans strains, for use in imaging assays. LifeActmRFP or mCh-Act-1 males 

were crossed with naa-80 knockout O/C hermaphrodites. Due to time constraints the 

LifeActmRFP x naa-80 knockout O/C cross was performed four times and the mCh-Act-

1 x naa-80 knockout O/C cross was performed once. 

 

  

Figure 2.2. Schematic showing the procedure for back crossing of C. elegans 

strains. N2H males were crossed with naa-80 knockout hermaphrodites. 

Heterozygous hermaphrodite F1 progeny were allowed to produce a mixed F2 

generation. The F3 generation produced by isolated F2 parental C. elegans were 

analysed by Genotype PCR to identify homozygous naa-80 disruption lines, which 

were then used for the following cross. Six consecutive crosses were performed.   
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2.7: C. elegans Phenotype assays 

 

2.7.1: Brood size assays 

Brood size assays were carried out using age-synchronised parental C. elegans.  20 

gravid C. elegans worms were placed on a NGM plate with an OP50 E. coli lawn and 

placed at 20oC for 2 hour to lay eggs. After 2 hours the parental C. elegans were 

removed from the plate, which was then placed at 20 oC.  Once larvae began to hatch 

12 C. elegans larvae from each strain were placed onto individual NGM plates with an 

OP50 E. coli lawn and placed at 20 oC or 25 oC as specified, these larvae developed into 

synchronised parental C. elegans, the live offspring of which were subsequently 

counted to establish self progeny brood sizes. 

 The age synchronised parental C. elegans were moved onto fresh NGM plates with an 

OP50 E. coli lawn at the same time each day and the plates from which they were 

removed and any eggs laid upon them, were then incubated at 20oC. Each day plates 

were observed and any larvae hatched from these eggs were counted, removed from 

the plate and their numbers recorded. Once no new larvae were observed the total 

number of live offspring produced by each synchronised parental C. elegans was 

calculated. Average self progeny brood sizes were then calculated for each strain. 

 

2.7.2: Age specific fecundity assays 

 Age specific fecundity assays were carried out as part of the brood size assays. As C. 

elegans were moved at the same time each day, the larvae hatched on each plate all 

came from eggs laid within a 24 hour timespan. By comparing the larvae counted from 

each plate, the offspring produced during each 24 hour period can be compared, to 

obtain an Age specific fecundity for each C. elegans and an average for each strain. 

 

2.7.3: Unfertilised eggs assays 

Once hatched larvae were removed from brood size plates, the number of unfertilised 

eggs remaining on each plate were counted and compared. Unfertilised eggs are 

identifiable as they are darker and more spherical than fertile eggs and have a small 

white dot in them. 
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2.7.4: Larvae length comparison 

The length of C. elegans larvae at 1, 2, 3 and 4 days post hatch, were measured and 

compared. Timed egg lays were carried out by placing 20 gravid adults onto a NGM 

plate with an OP50 E. coli lawn for 2 hours, the adult C. elegans were then removed 

and the eggs laid on the plates were incubated for 24 hours. After each 24 hour period 

a portion of the resultant larvae were removed from the plates and used to prepare 

slides for imaging using widefield microscopy. 

One comparison was conducted using synchronised parent C. elegans for this timed egg 

lay, as older gravid C. elegans had been observed to lay more developed eggs. These 

parent C. elegans were obtained from an earlier timed egg lay. 

 

2.7.5: Body bend frequency as a motility assay 

  Investigation comparing body bends were carried out with outcrossed naa-80 

knockout and N2H control C. elegans, to look for differences in motility. One run was 

carried out using the body bend assay protocol as described in wormbook (Hart, 2006). 

For each strain 10 late L4 C. elegans were placed on individual NGM plates with an OP50 

E. coli lawn and incubated at 20 oC. The following day the plates were gently placed on 

a dissecting microscope so as not to mechanically disturb the C. elegans. Over a three 

minute period, each time the part of the worm just behind the pharynx reached a 

maximum bend in the opposite direction from the last bend, this was counted as one 

bend. If a C. elegans dwelled at the edge of the bacterial lawn or the edge of the plate, 

that 3 minute count was discarded. Three separate, three minute counts were obtained 

for each C. elegans. An average number of bond bends per minute per worm and an 

average number of body bends per minute for each strain was calculated. 

 

These measurements included a considerable amount of dwelling time. Two further 

runs were carried out counting body bends during active movement only. In an 

amended protocol young adult C. elegans were observed on a NGM plate with a thin 

OP50 E. coli lawn which covered the entirety of the plate, to prevent dwelling at the 

edge of the lawn. Body bends were counted during a timed period of active movement, 
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of 17 to 24 minutes per run. The number of body bends per minute per strain were 

calculated. 

 

2.7.6: Embryonic developmental timing comparison 

 Time lapse images were taken over a 16 hour 39 minute time period and used to 

compare embryo developmental timings. 10 gravid C. elegans were removed from a 

NGM plate and placed into a drop of M9 salts on a clean microscope slide using a fine 

hypodermic needle attached to a 1 ml syringe.  The edge of the point of the needle was 

then used to cut the C. elegans in half, some eggs were released into the M9 salts at 

this point. C. elegans halves and released eggs were then placed onto a prepared 2% 

agarose pad on a microscope slide. The C. elegans halves were then gently tapped with 

the side of the needle to remove the remaining eggs and the empty half then removed 

from the agarose. The dissected eggs were then used to prepare slides for time lapse 

imaging. 

  For each slide, 999 time lapse images were taken at a rate of 1 per minute over 16 

hours 39 minutes. This is long enough for a healthy embryo to develop from a single 

cell to hatch at 21oC.  

When imaging LifeACT-mRFP and mCHERRY-ACT1 producing C. elegans, fluorescent 

images were taken together with transmitted light images at each time point for direct 

comparison. When taking fluorescent images it was essential to minimise laser intensity 

and exposure times so as to minimise phototoxicity and photobleaching during the 

experiment. 

 Timings were measured from the last image with 4 cells, to three separate 

developmental stages; 1. The end of the first fold, when tail reaches the opposite end 

of the egg. 2. The start of the 2nd fold, when tail starts to move back towards the head. 

3. The start of circling, when the head has moved from one end of the egg to the other. 

Live developing embryos move, bend and stretch, so by measuring three different time 

points for multiple C. elegans, it was hoped to minimise the variation due to this.  
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2.7.7: Microscopy image comparison 

Images were taken of adult and different larval stages of C. elegans, using spinning disk, 

confocal fluorescent microscopy. Images of C. elegans producing LifeAct-mRFP and 

mCHERRY-ACT1 both with and without having been back crossed with naa-80 knockout 

O/C were compared to look for any differences between the strains that could be due 

to the naa-80 knockout. Multiple images were taken of late stage embryos and adult C. 

elegans which were then stitched together using Power Point. 

 

 

2.8: Microscopy techniques 

 

2.8.1: Fluorescent proteins used in this investigation  

 

mCerulean3 

mCerulean3 is a bright photostable cyan fluorescent protein, which has proved to be 

very popular as a donor fluorophore in FRET experiments (Markwardt et al., 2011). It 

was developed via Cyan fluorescent protein, from Green fluorescent protein from the 

hydrozoan jellyfish, Aequorea Victoria. Excitation 433 nm, Emission 475 nm. 

 

mNeonGreen, 

mNeonGreen is a fast maturing, monomeric, bright green fluorescent protein, with 

good photostability. It was developed from the tetrameric fluorescent protein LanYFP 

from the cephalochordate, Branchiostoma lanceolatum (Shaner et al., 2013). Excitation 

506 nm, Emission 517 nm. 

 

Venus  

The Venus fluorescent protein used in this investigation was a mutated version created 

specifically to reduce spontaneous self assembly and thus increase the signal to noise 

ration of the BiFC assay in which it was used. Venus was originally developed from 
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Green fluorescent protein from the hydrozoan, jellyfish, Aequorea Victoria. Excitation 

515 nm, Emission 528 nm. 

 

 Citrine 

Citrine is a yellow fluorescent protein which forms a weak dimer. It was developed from 

the Green fluorescent protein of the hydrozoan, Aequorea Victoria (Griesbeck et al., 

2001). Excitation 516 nm, Emission 529 nm. 

 

mRFP 

mRFP is a red monomeric fluorescent protein which has been reported to be slow 

maturing, it was developed from the tetrameric fluorescent protein DsRed, from the 

corallimorpharia, Discosoma sp.(Campbell, Robert E,et al., 2002). Excitation 584 nm, 

Emission 607 nm. 

 

mScarlet 

mScarlet is a bright, but slow maturing monomeric red fluorescent protein, which is a 

synthetic construct (Bindels et al., 2016). Excitation 569 nm, Emission 594 nm. 

 

mCherry 

mCherry is a fast maturing monomeric red fluorescent protein, with one of the longest 

emission wavelengths of the commonly used fluorescent proteins, 610 nm. It was 

developed from mRFP, which was developed from the tetrameric fluorescent protein 

DsRed, from the corallimorpharia, Discosoma sp. (Shaner et al., 2004). Excitation 587 

nm, Emission 610 nm. 

 

2.8.2: Fluorescent amyloid staining dyes used in this investigation 

 To investigate amyloid formation within live E. coli cells producing aS, two different 

fluorescent dyes were used. Both are commonly used amyloid dyes and fluorescent 

microscopy images with similar areas of staining, were obtained using each.  
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Congo Red 

Congo Red stain, apple-green birefringence under polarised light, is the most popular 

method for detecting amyloid. This method is not always effective for detecting low 

levels of amyloid. The presence of Red fluorescence in samples stained with Congo Red 

and observed by fluorescent microscopy, has been shown to be more sensitive for the 

detection of amyloid (Clement and Truong, 2014). There is some disagreement as to 

the specificity of Congo Red as an amyloid dye, however this dye was found to be very 

useful for staining live cells due to its’ high solubility in aqueous solution and was found 

to be effective when incubated with live cell cultures at 0.001% final concentration. 

 

NIAD-4 

NIAD-4 was used to confirm the results obtained with Congo Red. This is a more 

recently developed amyloid dye (Brandenburg, Berlepsch and Koksch, 2012a). Images 

were obtained showing the same pattern of amyloid staining as seen with Congo Red, 

however this dye was not as easy to use with live cell cultures due to its lower aqueous 

solubility. NIAD-4 was first dissolved in DMSO before adding to aqueous cell cultures. 

This reduction in DMSO concentration resulted in some of the dye falling out of solution 

and creating a higher level of background fluorescence in the images obtained. 

 

 

2.8.3: Preparation of E. coli slides for fluorescent microscopy 

 Agarose slides were used when E.coli had to be kept extremely still for Z stack imaging. 

A spacer slide was prepared by placing three bands of masking tape around a slide to 

form a lower space between the tapes.  2 % agarose was then made in distilled water 

and heated until dissolved. Approximately 30 l of hot liquid 2 % agarose was then 

placed onto the slide being made and the spacer slide placed quickly and firmly on top, 

so as to form a thin flat disc of agarose between the tapes. The spacer slide was then 

slid off leaving the agarose disc on the required slide. 8-15 l of the cells to be viewed 

were then spread across the disc and allowed to dry until sticky, but not completely 

dry, a coverslip was then placed on top and fixed to the slide with masking tape or 

Unibond Repair extreme glue. Unibond Repair extreme glue, N-(3-



Chapter 2:   Materials and Methods 

 

67 
 

(Trimethoxysilyl)propyl)ethylenediamine., was used to adhere glass to glass, as it had 

no detectable toxic effect on the organisms. 

 

2.8.4: Preparation of slides for imaging C. elegans 

  Agarose slides were used for imaging anaesthetised C. elegans. An agarose pad was 

prepared as for imaging E. coli, preparing the 2 % agarose in M9 salts instead of distilled 

water. 15 l of anaesthetic (0.06% tetramisole hydrochloride) was then placed on the 

agarose pad and the C. elegans to be imaged were placed in the anaesthetic. Once the 

anaesthetic had dried/soaked into the agarose to the point of being moist but not wet, 

a coverslip was gently placed on top and held in place with masking tape or glue as for 

E. coli.  

 

2.8.5: Preparation of slides for time lapse imaging of C. elegans 

  Agarose slides were initially prepared as for immediate imaging of C. elegans, however 

a large 22 mm x 50 mm coverslip was gently placed on top of the dissected eggs instead 

of a more normal 22x22 coverslip. This was held in place temporarily with masking tape 

over 3 mm of each end Unibond repair extreme glue was then run along both long sides 

in between, but not touching the masking tape. The masking tape was then removed 

and 1xM9 salts was then placed on the slide touching the coverslip so as the liquid is 

drawn under the coverslip by capillary action. The 1xM9 salts prevents the agarose 

from drying out and the unsealed ends allow for gaseous exchange (Figure 2.3). 

 

 

 

 

 

 

 

 

 

2% Agarose 

in M9 salts 

22x50mm 

coverslip 

Repair Extreme 

Glue by Unibond 

Glass slide 

Sample on 

agarose 

Figure 2.3. Slide preparation for Time lapse imaging of C. elegans. 
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2.8.6: Widefield Microscopy 

 Samples were visualised using an Olympus IX71 microscope with UApoN 100x TIRF 1.49 

NA lens or UPlanFI 20x 0.50NA air lens mounted on a PIFOC z-axis focus drive (Physik 

Instrumente, Karlsruhe, Germany), and illuminated using LED light sources (Cairn 

Research Ltd, Faversham, UK) with appropriate filters (Chroma, Bellows Falls, VT). An 

Optosplit device (Cairn Research Ltd) was used to allow simultaneous acquisition of 

signals from two fluorophores that emitted light of different wavelengths. Samples 

were visualised using a Zyla 4.2 (Andor) CMOS camera and the system was controlled 

with Metamorph software (Molecular Devices). Each 3D-maximum projection of 

volume data for E. coli was calculated from 11 z-plane images, each 0.2 µm apart and 

analysed using Metamorph and Autoquant X software. A single z-plane image was 

taken when obtaining transmitted light images of C. elegans. 

Sample slides were fitted onto an ASI motorised stage (ASI, Eugene, OR) on the above 

system. 

 

2.8.7: Spinning disk Confocal Microscopy 

Samples were visualised using an Olympus IX73 microscope with UApoN 100x TIRF 1.49 

NA lens, 100x TIRF 1.45NA lens or  Plan Apo 60x 1.40 NA lens mounted on a PIFOC z-

axis focus drive (Physik Instrumente, Karlsruhe, Germany) and illuminated using LDI 

light sources (89 North) with appropriate filters in line with a CrEST.optics spinning disk 

unit. Samples were visualised using a Photometrics® Evolve EMCCD camera and the 

system was controlled with Metamorph software (Molecular Devices). Each 3D-

maximum projection of volume data of C. elegans was calculated from 21 z-plane 

images, each 0.2 µm apart and analysed using Metamorph and Autoquant X software. 

A single z-plane image was taken when obtaining transmitted light images of C. elegans. 

Sample slides were fitted onto an ASI motorised stage (ASI, Eugene, OR) on the above 

system. 

 

2.8.8: Transmitted Electron Microscopy (TEM) and Immuno EM 

E.coli cells were fixed, stained and thin sectioned by Ian Brown (Microscopy Suite 

Facility Manager, University of Kent), to allow high resolution visualisation of the 
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interior of the cells.  Two different preparation techniques were used including the use 

of an immunogold-staining technique post thin sectioning, using 1 in 500 anti-aS 

antibody and a secondary anti-rabbit antibody attached to 15 nm gold discs. Methods 

used were as described in (Parsons et al., 2010). 

 

2.8.9: Measurement of Förster Resonance Energy Transfer (FRET) using Fluorescent 

Lifetime Imaging (FLIM) 

FRET was measured using FLIM at the Central Laser Facility (CLF), Research Centre at 

Harwell (RCaH), with the assistance of Prof. S Botchway. Using Single photon FRET-FLIM 

and Multiphoton Confocal –FLIM.   

Single photon FRET-FLIM was used when Cerulean3 acted as a donor fluorophore.  The 

system uses a LEICA SP8 3X SMD inverted microscope, with a HC PL APO 100x oil 

immersion 1.40 NA lens and motorized Märzhäusser stage with Leica Galvo stage. 

Multiphoton confocal-FLIM was used when mNeonGreen acted as a donor fluorophore. 

Multi photon excitation and confocal used near Infra-red to excite the sample and does 

not need a pin-hole as the two-photon excitation arises from a simultaneous absorption 

of two photons in a single quantitised non-linear event within 10E-18 seconds. This 

method uses lower, less phototoxic light levels than standard confocal microscopy. The 

multiphoton Confocal-FLIM system uses an inverted Nikon EC1, EC2, Becker and Hickl 

DCS120 system, with 100x oil immersion 1.49 NA lens.  

 

2.8.10: Structured Illumination Microscopy (SIM) 

Sim was carried out at the CLF (RCaH) with the assistance of Dr Lin Wang using a Zeiss 

Elyra PS1 microscope, with 100x oil immersion lens. 
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2.9: Image analysis 

 

2.9.1: Fluorescent intensity measurements 

 For use in FRET calculations, measurements of Cerulean3 fluorescence intensity within 

cells were taken using Metamorph software (Molecular Devices) using the Region tool 

properties function. A circular region of 10 pixel diameter in the centre of each cell was 

measured. 420 to 700 cells were measured from images of each culture from three 

different slides. 

  
2.9.2: FLIM analysis of FRET 

SPC Image 6.0 (Becker & Hickl GmbH) was used to collect and analyse FLIM data. Mean 

fluorescent lifetime measurements of whole field of view, selected areas within fields 

of view and individual pixel lifetimes were analysed from at least 3 different slides.  

 

2.9.3: Larvae length measurement  

Larvae lengths were measured using widefield microscopy images and Metamorph 

software (Molecular Devices) using the Linescan function. A line was manually drawn 

along the centre line of each C. elegans to obtain lengths in pixels for direct comparison 

between strains (Figure 2.4). 

Figure 2.4. Screen shot of Metamorph software as used for measurement of larval 

lengths. A line was drawn along the centre of larvae to obtain length measurements 

in pixels.  
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2.9.4: Embryo developmental timing measurements  

Time lapse images of developing C. elegans embryos were analysed using Metamorph 

software (Molecular Devices). Individual images were examined to identify four time 

points for each embryo. The time point for the last image where four cells are present, 

the end of the first fold when tail reaches the opposite end of the egg, start of 2nd fold 

when tail starts to move back towards the head and start of circling when head has 

moved from one end of the egg to the other (Figure 2.5). The time taken for each 

embryo to progress from the four cell stage to each of the other stages was calculated 

and compared. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 2.5. Embryo development time lapse images, showing the time points used 

for timing measurements. a. the last image showing 4 cells was used for the start 

time point for each film. b. The end of the first fold (when tail reaches the opposite 

end of the egg) was used as the end time point for the first set of measurements. c. 

The start of the 2nd fold (when tail starts to move back towards the head) was used 

as the end point for the second set of measurements. d. The start of circling (when 

head has moved from one end of the egg to the other) was used as the end point 

for the third set of measurements. Scale bar 10 m. 

a 

c d 

b 

421 min 

423 min 473 min 
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2.10 Safety 

All relevant safety precautions were taken when handling chemicals and equipment. 

Only non-pathogenic strains of E. coli were used during this investigation. 

All organisms used during this investigation were within biological hazard group 1 

defined as unlikely to cause human disease. 

 

2.11: Strains, Plasmids and Oligonucleotides   

 

2.11.1: E. coli strains  

Strain Use 

DH10K-12 F– Δ(ara-leu)7697[Δ(rapA'-
cra' )] Δ(lac)X74[Δ('yahH-mhpE)] 
duplication(514341-627601)[nmpC-gltI] 
galK16 galE15 e14–(icdWT mcrA) 
φ80dlacZΔM15 recA1 relA1 endA1 Tn10.10 
nupG rpsL150(StrR) rph+ spoT1 Δ(mrr-
hsdRMS-mcrBC) λ– Missense(dnaA glmS 
glyQ lpxK mreC murA) Nonsense(chiA gatZ 
fhuA? yigA ygcG) Frameshift(flhC mglA fruB) 

Production of plasmid DNA stock 

JM10 - (lac-proAB), [F’, traD36,proAB, 

laqIqZM15] 

Production of plasmid DNA stock, to prevent 
leaky expression of the Tac promoter in 
pMK-RQpTac-aS-mNeonGreen-FLAG-hGH.  
(Grown in M9 media- 20 % Glucose, 5 mM 
MgSO4, 1 x M9 salts for E. coli (Table 2.1, K.), 
0.1 mM CaCl2, 0.01 % thiamine) 
Production of microcompartments. 

BL21DE3 -  B F– ompT gal dcm lon hsdSB(rB–
mB–) λ(DE3 [lacI lacUV5-T7p07 ind1 sam7 
nin5]) [malB+]K-12(λS) 

Protein expression 

OP50 - Uracil auxotroph. E. coli B. Biosafety 
Level: BSL-1 (The Caenorhabditis Genetics 
Center (CGC) University of Minnesota). 

Food for C. elegans 

 

Table 2.6. E. coli strains used throughout this project and their use. 
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2.11.2: C. elegans strains  

Strain Genotype Short name 

N2H C. elegans wild type CGCH  N2H 

COP1594 C56G2.15(knu548 [early stop]) COP1594 

COP1595 C56G2.15(knu549 [early stop]) COP1595 

COP1596 C56G2.15(knu550 [early stop]) COP1596 

WX8490 YqIs100(Pced-1mCHERRY::ACT1) From Zhang 

lab, National Institute of Biological Sciences, 

Beijing (Huang et al., 2012) 

mCh-Act-1  

BU70 zbIs2(Ppie-1::LifeACT::mRFP) From Zhang lab 

(Huang et al., 2012) 

LifeAct-mRFP  

JMT38 Hum-1(ok634)1:[Phum-1::gfp::hum::hum-1 

3’UTR} yqIs100(Pced-1mCXHERRY::ACT-1) 

Hum-1-GFP;mCh-Act-1 

JMT71 naa-80 KO(knu548) O/C strain naa-80 KO O/C 

JMT72 naa-80 KO;zbIs2(Ppie::LifeACT::mRFP) naa-80 KO LifeAct-mRFP 

JMT73 naa-80 KO;YqIs(Pced-1mCHERRY::ACT-1) naa-80 KO mCh-Act-1 

2.11.3: Plasmids used in this study  

Stock 

Number 

Plasmid Source 

310 pACYC Duet-naa20-naa25      (pNatB) This lab 

567 pJC20 mCherry This lab 

622 pRSFDuet-1   Empty vector Invitrogen 

657 pACYC Duet-naa10-naa15      (pNatA) This lab 

692 pMA-T Nde1cdc8BglII GeneArt 

693 pMA-T NcoICdc8BamHI GeneArt 

694 pMA-T NcoIaSBamHIVC155BglII GeneArt 

695 pMA-T NdeIaSBglIIN Venus154BamHIKpnI GeneArt 

696 pET Duet-1 aS-Cerulean3 This lab 

698 pETpRha-aSkTm This lab 

Table 2.7. C. elegans strains used throughout this project. Column 1 gives the lab stock 

name. JMT strains were produced within the lab of Dr J Tullet. Column 2 gives the strain 

genotypes. Column 3 gives the short name used when referring to each strain. 
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702 pET23bCycABGFP LH 

708 pET Duet-1 aS-C Venus 155 

Nco1, BglII v694 fragment (aS-C Venus 155) into Nco1, BamHI 

vector from v618 (pET Duet empty vector) 

This lab 

712 pET Duet-1 aS-C Venus 155 aS-N Venus 154 (BiFC) 

NdeI, KpnI v695 fragment (aS-N Venus 154) into NdeI, KpnI 

(aS-C Venus 155) vector from v708 

This lab 

713 pGEM SalImCherryNotI  

PCR insert (amplified using primers O548 and O549 and v702 

template) ligated into pGEM (Promega) 

This lab 

714 pGEM NcoICydABSalI  

PCR insert (amplified using primers O550 and O551 and v567 

template) ligated into pGEM (Promega) 

This lab 

718 pET Duet aS-Cerulean3 CydAB 

NcoI, SalI (CydAB) insert from v714 into NcoI, SalI (aS-

Cerulean3) vector from v696 

This lab 

721 pET Duet-1 aS-N Venus154 

NcoI, SacI (aS N Venus 154 only) vector from v712, treated 

with Klenow for blunt end ligation 

This lab 

722/3 pET Duet-1 aS-Cerulean3 CydAB-mCherry 

NotI, SalI (mCherry) insert from v713 into NotI, SalI (aS-

Cerulean3 CydAB) vector from v718  

This lab 

745 pMA-T aS-mNeonGreen-Pif6  GeneArt 

748 pET Duet-1 Cdc8-C Venus 155 

NcoI, BamHI (Cdc8)insert from v693 into (C Venus 155) NcoI, 

BamHI vector from v708 

This lab 

750 pMA-T NdeICdc8BglIIN Venus154BamHIKpnI 

NdeI, BglII (Cdc8) insert from v692 into NdeI, BglII (N Venus 

154) vector from v695 

This lab 

758 pET Duet-1 Cdc8-C Venus 155 Cdc8-N Venus 154 (BiFC) 

NdeI, BamHI (Cdc8-N Venus 154) insert from v750 into NdeI 

BglII (Cdc8-C Venus 155) vector from v748 

This lab 

759 pET Duet-1 aS-mNeonGreen-Pif6 This lab 
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NdeI XhoI (aS-mNeonGreen-Pif6) insert from v745  into NdeI 

XhoI (empty) vector from v696 

760 PRS305_PhyB-mCherry-NLS Addgene 

772 pET Duet-1 aS-mNeonGreen  

NheI SpeI vector ligated to remove Pif6 

This lab 

779 pMK-RQ OmpA-mCherry  Invitrogen 

783/4 

 

pET Duet-1 aS-mNeonGreen-Pif6 PhyB-mCherry 

NotI, AscI (PhyB-mCherry) insert from v787 into NotI, AscI (aS-

mNeonGreen-Pif6) vector from v759 

This lab 

787 pTOPO PhyB-mCherry 

PCR insert (amplified using primers O589 and O551 and v760 

template ligated into pCR™4-TOPO® (Invitrogen)) 

This lab 

798/9 pET Duet-1 aS-mNeonGreen-Pif6 OmpA-mCherry 

BspHI, BglII (OmpA-mCherry)insert from v779 into NcoI, 

BamHI (aS-mNeonGreen-Pif6) vector from v759 

This lab 

800 pET Duet-1 aS-mNeonGreen mCherry 

SalI, NotI (mCherry) insert from v713 into SalI, NotI (aS-

mNeonGreen) vector from v772 

This lab 

813 pCR4-TOPO NcoIaS-Cerulean3BglII 

PCR insert (amplified using primers O593 and M13 and v760 

template ligated into pCR™4-TOPO® (Invitrogen)) 

This lab 

814/5 pET Duet-1 aS-Cerulean3 aS-mNeonGreen 

NcoI, BglII (aS-Cerulean3) insert from v813 into NcoI, BamHI  

(aS-mNeonGreen-Pif6) vector from v759  

This lab 

827 pCR4-TOPO NcoIaS-GGSG*-SalI 

PCR insert (amplified using primers O593 and O594 and v696 

template ligated into pCR™4-TOPO® (Invitrogen)) 

This lab 

832 pET Duet-1 NcoIaSSalI aS-mNeonGreen-Pif6 

NcoI, SalI (aS-GGSG*)insert from v827 into NcoI, SalI (aS-

mNeonGreen-Pif6) vector from v759 

This lab 

834/5 pET Duet-1 aS-mCherry aS-mNeonGreen-Pif6 

SalI, NotI (mCherry)insert from v713 into SalI, NotI (aS-GGSG* 

aS-mNeonGreen-Pif6) vector from v832  

This lab 
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838 pMK-RQ aS-mNeonGreen-FLAG-hGH Invitrogen 

845 pET-Di-C-His-Citrine-MinD-BS  Prof. M Warren,  

UKC 

850/1 pET Duet-1 Citrine-MinD OmpA-mCherry 

NdeI, AvrII (Citrine-MinD) insert from v845 into NdeI, AvrII 

(OmpA-mCherry) vector from v799 

This lab 

857 pETpRha aS-mNeonGreen-FLAG-hGH 

NdeI, BamHI (aS-mNeonGreen-FLAG-hGH) insert from v838 

into NdeI, BamHI (empty) vector from v698  

This lab 

880 pETpRha aS-mCherry-PduABJKNU Dr S. Frank, UCL 

885 pETpRha PduABJKNU Dr S. Frank, UCL 

906/7 pGEM mScarletMinD 

PCR insert (amplified using primers O623 and O624 and O652 

template) ligated into pGEM (Promega) 

This lab 

910 pRSF Duet mScarlet-MinD  

NcoI, BamHI (mScarlet) insert from v907 into NcoI, BamHI 

(empty) vector from v622 

This lab 

913/4 pET Duet-1 Citrine-MinD aS-Cerulean3 

NdeI, AvrII (Citrine-MinD) insert from v850 into NdeI, AvrII 

(aS-Cerulean3) vector from v814 

This lab 

915/6 pRSF Duet mScarlet-MinD aS-mNeonGreen-Pif6 

NdeI, XhoI (aS-mNeonGreen-Pif6) insert from v759 into NdeI, 

XhoI (mScarlet-MinD) vector from v910  

This lab 

 GGSG – Flexible quadra-peptide linker 

 

  

Table 2.8. Plasmids used during this project. Column 1 gives the lab stock number. 

Column 2 gives plasmid information. Column 3 gives the origin of each plasmid. 
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2.11.4:  PCR primers for DNA amplification 

Stock 

No. 

Primer Name Primer Sequence (5’ to 3’) Target 

Gene 

O548 Pci1cydABF ACATGTTAGATATAGTCGAACTGTCGCGC cydAB 

O549 Sal1cydABR GTCGACGTACAGAGAGTGGGTGTTACG cydAB 

O550 Sal1mCherryF GTCGACATGGTGAGCAAGGGCGAGGAGG mCherry 

O551 Not1mCHerryR GCGGCCGCTTACTTGTACAGCTCGTCCATGCC mCherry 

O589 PhyBAscIF GGCGCGCCATGGTTTCCGGAGTCGGGGG PhyB 

O593 NcoIaSF CCATGGATGTATTCATGAAAGG aS 

O594 SalIaSGGSGR GTCGACTCCGCTTCCTCCGGCTTCAGGTTCGTAGTC aS 

O623 pFASTBACK-FOR TCCGGATTATTCATACCGTCCC  

O624 pFASTBACK-REV CCTCTACAAATGTGGTATGGCTG  

O626 M1 rev(-29) CAGGAAACAGCTATGACC  

 

2.11.5: genotype PCR and qPCR primers   

Primer 

name 

Primer sequence (5’ to 3’) Target gene 

6499   TCGGTGAGTTGTATTCTAGAGTGG Naa-80 forwards 

6500  CAATCCATAAGGCATGGTCACTG Naa-80 reverse 

6041  ATGACGAGATACTAGGCCAC Naa-80 reverse within removed 
section of Naa-80 gene 

O653 GTCAGTCCCCTCCAATGTCG Naa-80 transcript checkF 

O654 GTCCAAGGCCACGTTGATCC Naa-80 transcript checkR 

JT212 CTGCTGGACAGGAAGATTACG qPCR control Cdc-42 F  

JT213 CTCGGACATTCTCGAATGAAG qPCR control Cdc-42 R 

JT214 GTTCCCGTGTTCATCACTCAT qPCR control Pmp-3 F 

JT215 ACACCGTCGAGAAGCTGTAGA qPCR control Pmp-3 R 

JT216 GTCGCTTCAAATCAGTTCAGC qPCR control, Y45F10D.4 F 

JT217 GTTCTTGTCAAGTGATCCGACA qPCR control, Y45F10D.4 R 

Table 2.10. Genotype PCR primers for identification of wild type naa-80 C. elegans, 

homozygous naa-80 knockout C. elegans and heterozygous wildtype and naa-80 

knockout C. elegans and primers used for the amplification of cDNA during qPCR. 

Table 2.9. PCR primers and template for amplification of DNA fragments. 
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Chapter 3: The effect of Nt-acetylation 
on aS oligomerisation 
  
 

aS aggregates and fibrils have an established link with PD. There is however a growing 

body of work suggesting that protofibrils and or smaller oligomers may be the toxic 

form of aS (Ross and Poirier, 2004; Guerrero-Ferreira et al., 2018). Several studies using 

purified aS have shown that Nt-acetylation increases the helicity of the N-terminus, 

lipid binding and can effect aggregation into amyloid fibrils (Bartels et al., 2014). To 

examine the affect of Nt-acetylation on aS conformation and oligomerisation, 

investigations were carried out using both in vitro and in vivo techniques.  By using a 

combination of in vitro and in vivo techniques, it was hoped to gain a greater 

understanding of how Nt-acetylation affects aS oligomerisation in a purified state and 

in a cytosolic environment in the presence of other proteins and membranes. 

 

 

 

3.1 The impact of Nt-Acetylation on aS conformation and 

oligomerisation in vitro 

  A two stage purification of both Nt-acetylated and non Nt-acetylated recombinant aS-

Cerulean3-His6 was carried out, for use during in vitro assays. Protein was expressed in 

E. coli BL21 DE3 cells with or without co-expression of the Nat B complex, to produce 

both Nt-acetylated and non Nt-acetylated forms of the protein. An initial purification 

was carried out, making use of the His tag at the C-terminus of this recombinant protein, 

and a cobalt resin, metal affinity column as detailed in section 2.2.5. A second FPLC 

purification using an Anion Exchange Column was then performed and the protein 

containing fractions as shown by coomassie Blue stained SDS-PAGE gel (Figure 3.1) were 

pooled for analysis. A western blot (WB) was also carried out on samples of both 

proteins following each purification step, to confirm the presence of aS, using a rabbit 

polyclonal anti aS primary antibody (Figure 3.2). 
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Figure 3.1.  Coomassie Blue stained SDS-PAGE gel showing post FPLC purification 

fractions. (A) Non Nt-acetylated fractions (B12-C8) and (B) Nt-acetylated aS-

Cerulean3-His6. Fractions (B15-C7) of each protein were pooled for use in in vitro 

studies. Expected molecular weight for aS-Cerulean3-His6 - 42.5 kDa. 
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Figure 3.2. Western blot of post His tag affinity column purification of aS. Nt-

acetylated and Non Nt-acetylated aS-Cerulean3-His6 and post FPLC purified aS-

Cerulean3-His6, pooled fractions C2 to C6, for both Nt-acetylated and Non Nt-

acetylated protein, using Rabbit anti-aS primary antibody. Pooled post FPLC protein 

was used in in vitro analysis. Expected molecular weight for aS-Cerulean3-His6 - 42.5 

kDa. 
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To investigate the possibility of size differences between the two purified proteins, the 

two post Anion exchange column pooled protein samples were run through a size 

exclusion column. The two peaks obtained for the Nt-acetylated aS, indicates two 

different forms are present, with the majority being in a larger state, where the protein 

forms either a larger conformation or oligomeric state which is less able to enter the 

pores of the SEC media. The shoulder and peak obtained for the non Nt-acetylated aS, 

which align with the two peaks obtained for Nt-acetylated aS, indicates the presence 

of the same two different forms but this time the majority is in a smaller state, which 

may be due to most of the protein being in a smaller conformation or monomeric form 

which can more easily enter the pores of the SEC media. (Figure 3.3). 
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Figure 3.3. Graph from size exclusion assays showing the retention volume, 

where either Nt-acetylated or non Nt-acetylated aS-Cerulean3-His6 was 

eluted from the column. Nt-acetylated aS-Cerulean3-His6 was eluted from the 

column at an earlier stage than non Nt-acetylated aS-Cerulean3-His6, indicating 

differences in structure. 



Chapter 3:  The effect of Nt-acetylation on aS oligomerisation 

 

81 
 

additional bands, indicating the possible presence of oligomers, these are seen more 

often with gentle sample preparation techniques and with older stationary cell 

cultures. These additional bands are most clearly seen in Coomassie Blue stained SDS-

PAGE gels and western blots of cell extracts from stationary E.coli Bl21 DE3 cell cultures, 

having expressed either Nt-acetylated or non Nt-acetylated aS for at least 5 hours 

(Figure 3.4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 3.4. Coomassie Blue stained SDS-PAGE gel and western blot of extracts from 

E. coli cells expressing aS-Cerulean3-His6, Nt-acetylated or Non Nt-acetylated for 90 

hours. Western blot carried out using Rabbit anti-aS primary antibody. Expected 

molecular weight for aS-Cerulean3-His6 - 42.5 kDa (*). The western blot suggests the 

presence of larger oligomers (**). 
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3.2 The use of Förster Resonance Energy Transfer (FRET) 

in live E. coli  

 FRET was used to examine whether this size difference is most likely due to a 

conformational change and or due to differences in oligomerisation. A pET Duet vector 

was produced to enable the simultaneous expression of aS-Cerulean3 and aS-

mNeonGreen within E. coli cells (Figure 3.5). As the emission wavelength for Cerulean3 

overlaps the excitation wavelength for mNeonGreen, (Figure 3.6) if these two 

fluorophores are within close proximity (<10nm) then FRET should occur when cells are 

exposed to light at the excitation wavelength of the donor fluorophore, Cerulean3. If 

oligomerisation of aS is occurring within the E. coli cells, bringing the two fluorophores 

within 10nm of each other, excitation at 440nm should result in energy transfer 

resulting in mNeonGreen fluorescence (Figure 3.7).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 AmpR 

Figure 3.5. Vector map of the FRET construct pET1.aS-Cerulean3 aS-

mNeonGreen-Pif6. 
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Figure 3.7. Schematic to show when FRET occurs. FRET occurs where a donor and 

acceptor fluorophore are in very close proximity (<10nm apart) so that a photon 

emitted from the donor fluorophore is able to excite the acceptor fluorophore. 

Where FRET occurs the acceptor fluorophore will fluoresce and the level of 

fluorescence given off by the donor fluorophore will decrease. 

Figure 3.6. eGFP and CFP Excitation and Emission spectra. FRET occurs where the 

emission spectra of a donor fluorophore overlaps the excitation spectra for an 

acceptor fluorophore, as with eGFP and CFP and the two fluorophores are in close 

proximity enabling energy transfer. The spectra for eGFP and mNeonGreen and for 

CFP and Cerulean3 are almost identical. 
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FRET was examined using E. coli cells expressing the FRET construct, or either aS-

Cerulean3 or aS-mNeonGreen alone. Each construct was expressed with or without the 

co-expression of the NatB complex, to produce the FRET construct proteins or control 

single fluorophore proteins with or without Nt-acetylation. Cells were imaged using 

fluorescent microscopy, and samples from the same cultures were used to prepare cell 

extracts, to examine by gel electrophoresis using a SDS-PAGE gel and stained with 

Coomassie Blue, to measure the amounts of aS-Cerulean3 protein per ml of each 

culture.  Using the measured levels of protein, the relative fluorescent intensities 

produced in each cell culture could be calculated (Figures 3.8, 3.9 and 3.10). 

Measurements of relative amounts of protein were made using Scion Image. This gel 

also confirmed the co-expression of the FRET construct proteins (Figure 3.9).  

  The fluorescent images were then used to measure the Cerulean3 fluorescence 

intensity in individual cells (400 to 800 cells per sample from 6 to 8 fields of view) 

(Figure 3.8). The average cell fluorescence intensity was calculated for each cell culture 

using Metamorph software and this was used together with the relative amount of 

Cerulean3 protein in each culture, to calculate the relative average Cerulean3 

fluorescent signal for each culture. 

  In the fluorescent images shown (Figure3.8) the cells producing aS-mNeonGreen 

alone, only produced mNeonGreen fluorescence, showing that no signal at the 

emission wavelength for Cerulean3 fluorescence detected, was due to the 

mNeonGreen protein. The cells producing aS-Cerulean3 alone show a brighter 

Cerulean3 image in comparison with the Cerulean3 image for the FRET construct 

producing cells. The FRET construct mNeonGreen image is brighter than the 

mNeonGreen image obtained for cells producing aS-Cerulean3 alone, the low level of 

fluorescence at the emission wavelength for mNeonGreen is due to the overlap for 

Cerulean3 expression spectra with the mNeonGreen expression spectra. 
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        Once the relative average Cerulean3 fluorescent signal for each culture was 

calculated, a clear reduction could be seen when the FRET construct was expressed, 

compared to when the aS-Cerulean3 alone was expressed. This showed that FRET was 

occurring in cells producing the FRET construct pET Duet-1 aS-Cerulean3 aS-

mNeonGreen (Figure 3.10). 
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Figure 3.10. Corrected relative average aS-Cerulean3 signal of E. coli producing aS-

Cerulean3 or aS-FRET construct. A clear reduction in signal is seen with both Nt-

acetylated and non Nt-acetylated aS-FRET constructs, compared with aS-Cerulean3 

controls, showing that FRET is occurring in both aS-FRET cultures indicating that aS-

Cerulean3 and aS-mNeonGreen are interacting.  

Figure 3.9. Coomassie Blue stained SDS-PAGE gel showing relative amounts of 

protein in E. coli cells producing Nt-acetylated or non Nt-acetylated, aS-Cerulean3 

alone, aS-mNeonGreen alone or our aS-FRET construct which produces each 

fluorophore attached to aS simultaneously. Scion Image was used to measure the 

relative amounts of protein produced for FRET calculations. Protein production was 

induced with 100 g/ml IPTG for 2 hours. Expected molecular weights, aS-

mNeonGreen-Pif6 - 53.1 kDa(*) and for aS-Cerulean3 - 42.5 kDa(**). 

* 
** 
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3.3 Measurement of FRET using Fluorescent Lifetime 

Imaging (FLIM) 

  To confirm the FRET measurements taken using wide field microscopy and to obtain 

further evidence of interactions, FRET was measured using FLIM. FLIM measurements 

were obtained at the Central Laser Facility at Harwell. FLIM is a way of examining FRET 

very precisely at a single molecule level with minimal variation, due to the 

measurements taken, just monitoring the fluorescent lifetime of a single donor 

fluorophore. Preliminary data was obtained using the aS-Cerulean3 with aS-

mNeonGreen FRET construct, used previously, without the co-expression of NatB. As 

Green-Red FRET pairs can offer advantages over Blue-Green/Yellow pairs, including less 

phototoxicity and greater spectral separation (Bajar et al., 2016), a second FRET 

construct to produce aS-mNeonGreen simultaneously with aS-mCherry was created. 

Cell extracts from cells expressing the second construct were run on a Coomassie Blue 

stained SDS-PAGE gel to confirm production of both aS-mNeonGreen and aS-mCherry 

(Figure 3.11).  
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Figure 3.11. Coomassie Blue stained SDS-PAGE gel showing production of aS-

mNeonGreen as a control and the FRET construct producing aS-mNeonGreen 

and aS-mCherry. Expected molecular weights aS-mNeonGreen- 53.1 kDa (*), 

aS-mCherry- 41.5 kDa (**). 
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  The new FRET construct was expressed to produce aS-mNeonGreen simultaneously 

with aS-mCherry in live E. coli, both with or without expression of the NatB complex to 

produce both Nt-acetylated and non Nt-acetylated forms of the FRET construct 

proteins. These cells were examined for FRET using FLIM. Controls could be introduced 

by photo bleaching the acceptor fluorophore within a restricted area of a field of view 

(Figure 3.13) Here the photo bleached rectangle can be seen to have a higher level of 

fluorescence and the fluorescence lifetime image can be seen to have a longer 

fluorescent lifetime. 

  A clear reduction in averaged fluorescent lifetimes between single fluorophore 

controls and FRET constructs was observed, confirming FRET as measured by FLIM. This 

was seen in cells producing both FRET constructs, with and without NT-acetylation, 

when expressed in cells during log phase growth and for stationary cells (Figure 3.12). 

 

       

 

  However when analysing the fluorescent lifetime of individual stationary cells, two 

peaks were obtained for fluorescent lifetime, in cells producing Nt-acetylated aS-

mNeonGreen and aS-mCherry and only one peak was obtained for cells producing non 

Nt-acetylated aS-mNeonGreen and aS-mCherry. This indicates the presence of two  

 

0

500

1000

1500

2000

2500

3000

3500

4000

aS-Cerulean3
alone

aS-Cerulean3
with aS-

mNeonGreen

aS-mNeonGreen
alone

aS-mNeonGreen
with aS-mCherry

aS-mNeonGreen
with aS-mCherry
overnight broths

Fl
u

o
re

sc
en

t 
lif

et
im

e 
in

 p
s

Average fluorescent lifetime

Nt-acetylated Non Nt-acetylated

Figure 3.12. Average fluorescent lifetime in pico seconds (ps) for single fluorophore 

controls and FRET constructs.  



Chapter 3:  The effect of Nt-acetylation on aS oligomerisation 

 

89 
 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

aS
-m

N
eo

n
G

re
en

 f
lu

o
re

sc
en

ce
 

Fl
u

o
re

sc
en

t 
lif

et
im

e 
 

Fl
u

o
re

sc
en

t 
lif

et
im

e 

in
 p

s 

Fi
gu

re
 3

.1
3

. 
FL

IM
 i

m
ag

e
 o

f 
E.

 c
o

li 
ce

lls
 p

ro
d

u
ci

n
g 

n
o

n
 N

t-
ac

e
ty

la
te

d
 a

S-
m

N
e

o
n

G
re

en
-P

if
6

 a
n

d
 a

S-
m

C
h

er
ry

 s
im

u
lt

an
e

o
u

sl
y.

 A
 

ce
n

tr
al

 r
ec

ta
n

gl
e 

h
as

 h
ad

 t
h

e 
m

C
h

e
rr

y 
fl

u
o

ro
p

h
o

re
 p

h
o

to
 b

le
ac

h
ed

 s
o

 t
h

at
 i

t 
ca

n
 n

o
 l

o
n

ge
r 

ac
t 

as
 a

n
 a

cc
ep

to
r 

an
d

 F
R

ET
 c

an
n

o
t 

o
cc

u
r 

in
 t

h
is

 a
re

a 
as

 a
 c

o
n

tr
o

l. 
In

 t
h

e 
le

ft
 im

ag
e

, t
h

es
e 

ce
lls

 c
an

 b
e 

se
en

 t
o

 h
av

e 
a 

b
ri

gh
te

r 
m

N
eo

n
G

re
en

 f
lu

o
re

sc
en

ce
. I

n
 t

h
e 

ce
n

tr
al

 

im
ag

e 
th

e 
co

n
tr

o
l 

sq
u

ar
e 

ca
n

 b
e 

se
en

 t
o

 h
av

e 
a 

lo
n

ge
r 

fl
u

o
re

sc
en

t 
lif

et
im

e,
 t

h
is

 a
ls

o
 s

h
o

w
s 

as
 a

 s
ec

o
n

d
 p

ea
k 

in
 t

h
e 

ch
ar

t 
to

 t
h

e 

ri
gh

t,
 w

h
ic

h
 s

h
o

w
s 

th
e 

n
u

m
b

er
 o

f 
p

ix
el

s 
w

it
h

 e
ac

h
 f

lu
o

re
sc

en
t 

lif
et

im
e.

 



Chapter 3:  The effect of Nt-acetylation on aS oligomerisation 

 

90 
 

 

 

  different forms of oligomerisation when Nt-acetylated aS is produced in older 

stationary cells, but only one when aS is non Nt-acetylated (Figure 3.14).This change in 

the oligomerisation of aS during stationary phase in live cells, in vivo, could correlate 

with the larger size of purified Nt-acetylated aS, as seen in the in vitro size exclusion 

assay. 
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Figure 3.14. Fluorescent lifetime in pico seconds for individual cells in overnight 

stationary E. coli cultures producing either Nt-acetylated or non Nt-acetylated aS-

mNeonGreen-Pif6 and aS-mCherry simultaneously. A single lifetime peak was 

obtained for non Nt-acetylated aS and two for Nt-acetylated aS, indicating the 

presence of two different forms of oligomerisation. 
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3.4 Development of an aS-Venus-Biomolecular 

Fluorescence Complementation (BiFC) construct to 

monitor oligomerisation 

  Having observed differences in oligomerisation due to the presence or absence of Nt-

acetylation of aS, this was further investigated, using Biomolecular Fluorescence 

Complementation (BiFC)(Yutaka Kodama and Hu, 2010). BiFC is a method that enables 

a continuous measurement of differences in oligomerisation over several hours within 

live cells. An aS-Venus-BiFC construct was produced and a pET DUET plasmid was used 

to simultaneously produce aS-N-Venus (aS attached to the first 154 amino acids of the 

Venus fluorophore) and aS-C-Venus (aS attached to the Venus fluorophore amino acid 

155 to the end).  

  If an aS oligomer forms in a parallel conformation it can bring the two halves of the 

Venus fluorophore together, enabling the production of yellow Venus fluorescence. If 

an anti-parallel conformation forms, holding the two halves of the Venus fluorophore 

apart prevents the production of Venus fluorescence (Figure 3.15). 

 

 

 

 

 

 

 

 

 

 

 

  Images were taken of E. coli cells expressing either aS-N-Venus or aS-C-Venus, both of 

which show no Venus fluorescence on their own. Images of E. coli expressing the 

complete aS-Venus-BiFC construct show Venus fluorescence within the cells (Figure 

3.16).  

Figure 3.15. Illustration of how BiFC 

works. If two aS proteins oligomerise 

in such a way as to bring the two halves 

of the Venus protein together, they 

can form a functional fluorophore (a). 

If the two aS proteins do not closely 

interact or oligomerise in such a way as 

to hold the two halves of the 

fluorophore apart, the fluorophore 

cannot reform and no fluorescence is 

seen (b).   

a
. 

b

.

. 
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Figure 3.16. Phase and yellow, Venus fluorescence images of E. coli cells producing 

one half of the Venus  BiFC construct, either aS-Venus-(start-154) or aS-Venus-(155-

end) and cells producing the complete aS-Venus BiFC, [aS-Venus-(start-154) and aS-

Venus-(155-end)]. Venus fluorescence is only seen when the complete aS-Venus BiFC 

construct is expressed. Scale bar 1 m. 
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  By growing E. coli in a fluorescent plate reader, it was possible to follow the 

development of fluorescence within live culture simultaneously with OD595, to monitor 

cell growth. 

E. coli BL21 DE3 aS-Venus-BiFC cell cultures were induced with 100g/ml IPTG both 

with and without the plasmid to produce the NatB complex, enabling production of 

either Nt-acetylated or non Nt-acetylated forms of the protein (Figure 3.17). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Samples were taken from identical cultures at pre-induction and 1, 3, 5 and 7 hours 

post-induction with IPTG, both with and without Nt-acetylation as used in the plate 

reader. Cell extracts were prepared from samples taken and a coomassie stained gel 

and western blot carried out. These gels show no significant difference in the levels of 

protein produced in cells, either able or unable to Nt-acetylate aS (Figure 3.18). Faint 

bars were also seen at a higher than expected level on the western blot, indicating the 

presence of oligomers, these were most clearly seen with cell extracts from cultures 

producing Nt-acetylated aS-Venus BiFC. 
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Figure 3.17. Graphs showing fluorescence and simultaneous OD595 readings over 

time, of E.coli cells producing aS-Venus-BiFC with or without the NatB complex. 

Cells were induced with 100g/ml IPTG to produce either Nt-acetylated or non Nt-

acetylated forms of the protein.  
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Differences were seen in fluorescence, according to whether the NatB complex was co-

expressed enabling the NT-acetylation of the aS produced. This difference in 

fluorescence was shown not to be due to different levels of cell growth or protein 

production (Figures 3.17 and 3.18). 

  Inconsistencies in early assays, where large differences in fluorescence readings were 

seen between plates and between wells of single plates with replicate samples, meant 

that optimisation of this technique was required. 
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Figure 3.18. Coomassie Blue stained SDS-PAGE gel and matching western blot 

using Rabbit anti-aS primary antibody, of extracts from E.coli cells producing either 

Nt-acetylated or non Nt-acetylated aS-Venus BiFC.  Comparable levels of protein 

show this is not the reason for the differing levels of BiFC fluorescence.  Expected 

molecular weights aS-Venus C terminal- 24.1 kDa (*) and aS-Venus N terminal 32.1 

kDa (**).Faint bands at a higher than expected level on the western blot, indicate 

the presence of oligomers(***) 

** 
* 

*** 
*** 

** 
* 



Chapter 3:  The effect of Nt-acetylation on aS oligomerisation 

 

95 
 

 

 

3.4.1: Optimisation of aS induction 

  In order to develop the use of aS-Venus-BiFC into a sensitive, consistently repeatable 

assay, induction rates were first optimised. A culture of E. coli BL21 DE3 cells containing 

a plasmid to produce aS-Cerulean3 was split into 8 separate cultures that were induced 

with varying concentrations of IPTG ranging from zero to 100g/ml. Fluorescence and 

OD595 readings were taken simultaneously to compare cell growth with the 

fluorescence produced. 

  IPTG concentrations from zero to 0.2 g/ml, resulted in maximum rates of growth but 

minimal fluorescence. Concentrations of 2g/ml and 1 g/ml IPTG resulted in 

maximum rates of growth, but a delayed production of fluorescence. An IPTG 

concentration of 100g/ml resulted in a significantly reduced rate of growth and very 

little fluorescence. IPTG concentrations of 10 and 20 g/ml had the fastest rates of 

fluorescence production, despite a reduction in growth rate (Figures 3.19 and 3.20).  

  Cell extracts from samples of E. coli BL21 DE3 cell cultures producing aS-Cerulean3, 

induced for 3 hours with the same IPTG concentrations as used for the growth curves, 

were run on a Coomassie stained gel. This also shows the largest amount of aS-

Cerulean3 being produced within 3 hours, in the cultures induced with IPTG 

concentrations of 10 and 20 g/ml (Figure 3.21) 

  A final concentration of 20g/ml (83.9M) was used for future aS-Venus-BiFC assays. 
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Figure 3.19. Graph showing the level of fluorescence over time of E.coli cells 

producing aS-Cerulean3 having been induced with varying concentrations of IPTG. 

Figure 3.20. Graph showing OD595 over time of E.coli cells producing aS-Cerulean3 

having been induced with varying concentrations of IPTG. Readings were taken 

simultaneously with the fluorescent measurements of the proceeding graph. 100 

g/ml IPTG induction has extremely reduced growth and fluorescence, 20 g/ml has 

high levels of fluorescence and slightly reduced growth so will be used. 
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3.4.2. Optimisation of starting OD595 

To optimise the starting OD595, E. coli cultures at different starting OD595 values, 

expressing the aS-Venus-BiFC construct were incubated in a fluorescent plate reader, 

taking simultaneous readings for Venus fluorescence and OD595. Overnight starter 

cultures of aS-Venus-BiFC with and without the plasmid for production of the NatB 

complex were used to inoculate new cultures which were grown to mid log, these were 

then sub cultured, to obtain cultures with OD595 values of 0.1 and 0.01.  These cultures 

were then induced with 20g/ml of IPTG and placed into 6 wells of a 96 well plate which 

was incubated in a CLARIOstar fluorescent plate reader. Graphs for the OD595 starting 

values of OD5950.1 and OD5950.01 are shown (Figures 3.22 and 3.23). 

  A starting OD595 of 0.01 gave a slightly longer lag phase for both OD595 growth and 

fluorescence, compared to that for a start OD595 0.1. However, the culture with a 

starting OD595 of 0.01 gave the greatest difference in fluorescence values between 

cultures producing Nt-acetylated aS-Venus-BiFC and non NT-acetylated aS-Venus-BiFC.  

   A starting OD595 of 0.01 was used for future aS-Venus-BiFC assays.  

Figure 3.21. Coomassie Blue stained SDS-PAGE gel showing the level of protein 

produced by E.coli cells producing aS-Cerulean3 having been induced for 3 hours 

with varying concentrations of IPTG. IPTG concentrations range from zero to 

100g/ml. The highest levels of protein were produced when a final concentration 

of 2 to 20 g/ml was used to induce protein production. Expected molecular weight 

of aS-Cerulean3 - 42.5 kDa. 
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Figure 3.22. Graph showing the level of fluorescence over time of E.coli cells 

producing either Nt-acetylated or non Nt-acetylated aS-Venus BiFC, with an initial 

OD595 of 0.1 or 0.01. Cells were induced with a final concentrations of 20 g/ml IPTG. 

A starting OD595 of 0.01 gave the greatest difference in fluorescence between Nt-

acetylated and non Nt-acetylated aS-Venus BiFC. 

Figure 3.23. Graph showing OD595 values over time of E.coli cells producing either Nt-

acetylated or non Nt-acetylated aS-Venus BiFC, with an initial OD595 of 0.1 or 0.01. 

Cells were induced with a final concentrations of 20 g/ml IPTG. Readings taken 

simultaneously with fluorescent readings of the previous graph. Similar growth rates 

are seen in both cultures at each starting OD595. 
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3.4.3. Optimisation of 96 well plates and plate position 

  Different types of 96 well plate were compared during aS-Venus-BiFC assays, black-

walled clear bottomed plates, without cell culture coatings, with parafilm sealed lids, 

were found to give the most consistent results, with the best range of fluorescence 

values. 

  It was noted that there was a large difference in fluorescence when comparing results 

from exactly the same cell culture in different well positions. To examine this, a culture 

of E. coli expressing the aS-Venus-BiFC was grown in an temperature controlled, 

fluorescent plate reader, taking both fluorescence and OD595 readings in a 96 well plate. 

A heat map was created for the fluorescence graph according to the level of 

fluorescence, at each plate position (Figures 3.24). The same heat map colour coding 

was applied to the OD595 graph to show how the difference in fluorescence relates to 

cell growth (Figures 3.24 and 3.25).  

  A difference in growth showed an inverse correlation with fluorescence, however only 

a small reduction growth correlated with a large increase in fluorescence. 

  This difference in fluorescence in 3 separate assays was analysed to produce a heat 

map. Using the time point at which the highest fluorescence reading was taken, the 

relative difference from the lowest fluorescence reading was calculated for each well 

(Figure 3.26). A graph showing the average relative difference for each well, with error 

bars added to show the variation between the separate runs, also highlights the high 

level of variation between runs in wells around the outside of the plate (Figure 3.27). 

  Due to the results obtained examining the effect of plate position on aS-Venus-BiFC 

fluorescence, the outside wells were not used in subsequent assays. The relative 

difference figures were also used as a correction factor, to obtain more accurate results 

in further assays. 
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Figure 3.24. Graph showing the level of Venus fluorescence over time of a single culture of 

E.coli cells producing non Nt-acetylated aS-Venus BiFC. Cells at an initial OD595 of 0.01 were 

induced with a final concentrations of 20g/ml IPTG. The level of fluorescence was found to 

vary with plate position as shown by comparing the graph colours to colours on the position 

table which corresponds to the position on 96 well plates. 

Figure 3.25. Graph showing OD595 values over time of a single culture of E.coli cells 

producing non Nt-acetylated aS-Venus BiFC. Cells with an initial OD595 of 0.01 were induced 

with a final concentrations of 20 g/ml IPTG. Readings were taken simultaneously with 

fluorescent readings for the previous graph. OD595 values also varied with plate position as 

shown by comparing the graph colours to colours on the position table. 
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Figure 3.26. Heat map showing the average relative difference in fluorescence from 

the lowest fluorescence value at the time point when the highest level of 

fluorescence was reached, shown as position on a 96 well plate. Results were 

obtained using cultures of E.coli cells producing non Nt-acetylated aS-Venus BiFC, 

with an initial OD595 of 0.01 and having been induced with a final concentrations of 

20 g/ml IPTG. The greatest relative difference is seen at the corners bottom and 

sides of the plate. 

Figure 3.27. Graph showing average relative difference in fluorescence from the 

lowest fluorescence value at the time point when the highest level of fluorescence 

was reached. Shown as position row by row and including S.D. error bars. 
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3.5 Congo Red and NIAD-4 staining of live cells 

  aS is known to form -sheet rich fibrils (Ross and Poirier, 2004). To examine whether 

the change in FRET observed in stationary cells could be due to this -sheet formation, 

fluorescent dyes used in the identification of amyloid were added to live E. coli cultures. 

Congo Red and NIAD-4 fluorescently stain amyloid (Clement and Truong, 

2014)(Brandenburg, Berlepsch and Koksch, 2012b), and both of these dyes were used 

to examine the development of amyloid within live E. coli cells expressing aS-Venus-

BiFC, with and without the presence of the NatB complex, to produce both Nt-

acetylated and non Nt-acetylated forms of the proteins. 

  Live E.coli cells were incubated in media containing each dye, whilst expressing the aS-

Venus-BIFC construct. Images show clear amyloid formation within late log phase/ early 

stationary cells producing Nt-acetylated aS, predominantly at the cell poles. Only a 

small amount of amyloid formation is seen within cells producing non Nt-acetylated aS-

Venus-BiFC (Figure 3.28). 

 

 

 

 

 

 

 

 

 

 

 

 

(Eastwood et al., 2017) 

Figure 3.28. Images of E. coli producing aS-Venus BiFC induced with 100 g/ml IPTG 

for 4 hours, with 0.001% Congo Red. Congo Red, red fluorescence indicates the 

formation of amyloid in areas of the cells producing Nt-acetylated aS-Venus BiFC but 

not in cells producing non Nt-acetylated aS-Venus BiFC. Scale bars 2 m 
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  It was decided to examine this -amyloid formation over time in live E. coli cells, as 

indicated by Congo Red fluorescence, in cells expressing the NatB complex and aS 

tagged with different yellow/green/blue fluorophores, as used during other FLIM and 

BiFC experiments. Congo Red was used in preference to NIAD-4 in further experiments 

due to its better aqueous solubility. 

  Cells expressing the different aS constructs were incubated in media containing Congo 

Red and imaged at 2, 4, 6 and 22 hours after induction with 100g/ml IPTG. All cells 

within 3 fields of view were counted for each construct for each time point (a minimum 

of 381 cells for each) according to whether any red fluorescence could be seen within 

a cell or if only the fluorescence of the fluorophore could be seen. The percentage of 

cells showing red fluorescence and the percentage showing no red fluorescence were 

compared (Figure 3.29). The development of amyloid as indicated by Congo red 

fluorescence was found to be consistent with the different aS-fluorophore constructs. 
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Figure 3.29. The percentage of E.coli cells with some Congo Red fluorescence 

indicating some amyloid formation versus the number of E. coli cell with no red 

fluorescence indicating the absence of any amyloid formation. All cells are 

producing Nt-acetylated aS attached to Cerulean3, mNeonGreen or both of these as 

a FRET construct or Venus BiFC. Similar results were obtained with all fluorophores 

and combinations (n = at least 381 cells per culture). 
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3.6 The use of BiFC to screen for aS-drug interactions 

  To examine the possibility of using the aS-Venus-BiFC assay as a screen to find drugs 

which interact with aS, 130 different drugs from the Selleckchem.com FDA Approved 

Drug Screening Library were screened using the aS-Venus BiFC assay.  

 

 

 

 In initial assays four of the drugs, Gefitinib, Imatinib, Lapatinib and Nilotinib were  

found to have a larger effect on the level of BiFC fluorescence, all four are Tyrosine 

kinase inhibitors (Figure 3.30). New samples of three of these were purchased to 

confirm the original data. 

In a confirmation assay using these drugs at a final concentration of 5M, two drugs in 

particular reduced Nt-acetylated aS-Venus-BiFC fluorescence (Figure 3.31). Gefitinib is 

an inhibitor of epidermal growth factor receptor's (EGFR) tyrosine kinase and Lapatinib 
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Figure 3.30. Graph showing the level of fluorescence over time of E.coli cells 

producing non Nt-acetylated aS-Venus-BiFC + DMSO controls, Nt-acetylated aS-

Venus BiFC + DMSO controls  or with the addition of a FDA approved drug at a final 

concentration of 1M. Cultures were induced with a final concentrations of 20 g/ml 

IPTG,  
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is an inhibitor of EGFR and ErbB-2 (HER-2) tyrosine kinases. Both drugs are used in the 

treatment of adult cancers.  

A further confirmation assay adding Gefitinib and Lapatinib to a lower final 

concentration of 0.5M, also gave a reduction in Nt-acetylated aS-Venus-BiFC 

fluorescence (Figure 3.32). 

 Interestingly the anti-cancer drug Nilotinib, an inhibitor of Bcr-Abl tyrosine kinase 

activity, has been shown to reverse loss of dopamine neurones and improve motor 

behaviour in Parkinson’s disease models (Hebron, Lonskaya and E-H Moussa, 2013). 

  Direct binding of one of these tyrosine kinase inhibitors, Gefitinib, to aS, was 

confirmed using Isothermal Titration Calorimetry (Figure 3.33) with measured binding 

affinities in the low micro molar range. ITC was conducted and data calculated by 

Charles River Ltd. 

  This work gives proof of concept for aS-Venus-BiFC as a potential drug screening 

method. 
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Figure 3.31. Graph showing the level of fluorescence over time of E.coli cells 

producing Nt-acetylated aS-Venus BiFC in the presence of Tyrosine kinase 

inhibitors. Cells were induced with a final concentrations of 20 g/ml IPTG. A final 

concentration of 5 M of each Tyrosine kinase inhibitors was also added. Two of these 

Gefitinib and Lapatinib saw a reduction in Venus BiFC relative fluorescence. 

Figure 3.32. Graph showing the level of fluorescence over time of E.coli cells 

producing Nt-acetylated aS-Venus BiFC in the presence of 0.5M Tyrosine kinase 

inhibitors. Cells were induced with a final concentrations of 20 g/ml IPTG. A final 

concentration of 0.5 M Gefitinib or Lapatinib was added to cultures and a reduction 

in relative fluorescence was seen at this reduced concentration. 
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Figure 3.33. ITC graphs showing energy transfer with time as Gefitinib was titrated 

into non Nt-acetylated aS. A binding affinity of 3.51 M ±1.44 M. was calculated. 

ITC conducted and analysed with Charles River Ltd 
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3.7 Use of Venus-BiFC as a reporter of Nt-acetylation 

effects on Cdc8 

Cdc8 is an  helical coiled coil protein, which forms dimers that then join end-to-end to 

produce polymers which can associate with actin-filaments. The Nt-acetylation of the 

yeast Tropomyosin, Cdc8 enhances these end-to-end contacts. These studies indicate 

that Nt-acetylation of Cdc8 stabilises the -helical conformation of the amino terminus 

and stiffens the protein, resulting in the formation of longer filaments (East et al., 2011) 

(Table 3.1). Other studies have shown that fusing Cerulean3 to the carboxyl terminus 

of Cdc8, disrupts the proteins ability to form end to end contacts and abolishes its 

ability to interact with actin and thus function within a cell (Brooker, Geeves and 

Mulvihill, 2016).   

The use of Venus-BiFC to investigate Cdc8 polymerisation was examined. A Venus-BiFC 

construct was produced attached to the Schizosaccharomyces pombe tropomyosin, 

Cdc8. The Cdc8-Venus-BiFC construct enabled the simultaneous production of Cdc8-

Venus-(start-154) and Cdc8-Venus-(155-end). As Cdc8 dimers form the two halves of 

the Venus fluorophore should form a complete Venus fluorophore, enabling the 

production of Venus fluorescence, and this was seen when the Cdc8-Venus BiFC 

construct was expressed in its non Nt-acetylated form. However a drop in fluorescence 

was seen when the protein was expressed in its Nt-acetylated form (Figure 3.34). This 

change in Cdc8-Venus-BiFC fluorescence is not due to differences in cell growth as 

shown by simultaneous readings for OD595 (Figure 3.35).  

  The theory was proposed that the two halves of the Venus fluorophore being smaller 

than the two complete Cerulean3 fluorophores used in previous studies (Brooker, 

Geeves and Mulvihill, 2016) could be forced apart by the more stable, stiffer Nt-

acetylated Cdc8-Venus-BiFC, but not by the less stable more flexible non Nt-acetylated 

Cdc8-Venus-BiFC (Figure 3.36). This could be investigated further by examining the 

viscosity of each purified set of BiFC proteins, both Nt-acetylated and non Nt-

acetylated. 
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Figure 3.34. Graph showing the level of fluorescence over time of E.coli cells 

producing either Nt-acetylated or non Nt-acetylated cdc8-Venus BiFC. Cells were 

induced with a final concentration of 20 g/ml IPTG. Results show Venus BiFC could 

potentially be used to investigate other protein interactions.  

Figure 3.35. Graph showing the OD595 over time of E.coli cells producing either Nt-

acetylated or non Nt-acetylated cdc8-Venus BiFC. Cells were induced with a final 

concentration of 20 g/ml IPTG. Readings taken simultaneously with fluorescent 

readings for previous graph, show that differences in fluorescence are not due to 

differences in growth. 
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Protein Single 

dimer 

2x dimer 3x dimer 4 or more dimers 

Cdc8 non Nt-acetylated 93.33% 6.67% 0 0 

Cdc8 Nt-acetylated 74.05% 19.62% 5.70% 0.63% 

Figure 3.36. Schematic of proposed theory for differences in fluorescence between 

Nt-acetylated and non Nt-acetylated Cdc8-Venus-BiFC. When a complete 

fluorophore is attached to each Cdc8, polymers are unable to form (A). When half 

of a fluorophore is attached to each non Nt-acetylated Cdc8, polymers are unable 

to form (B). When half of a fluorophore is attached to each Nt-acetylated Cdc8 the 

two halves of the fluorophore can be forced apart enabling the formation of Cdc8 

polymers (C). 

Table 3.1. Polymer lengths of Cdc8 non Nt-acetylated and Cdc8 Nt-acetylated, 

calculated from electron micrographs (n>200). Adapted from East et al., 2011. 

A 

B 

C 

Nt-acetylated cdc8 each 

attached to a complete 

fluorophore 

Non Nt-acetylated cdc8 

each attached to half of a 

fluorophore as a BiFC 

construct 

Nt-acetylated cdc8 each 

attached to half of a 

fluorophore as a BiFC 

construct 
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3.8 Discussion     

  The use of aS-Venus-BiFC in this work has shown the need to optimise the techniques 

used.  The results obtained using aS-Venus BiFC showed how starting cell density, rate 

of induction using IPTG, plate type and plate position, can all have a significant effect 

on the results obtained. By using optimal conditions, not using the outside wells of the 

96 well plate and applying a plate position correction factor, consistent accurate results 

can be obtained using aS-Venus-BiFC. 

  This work has shown that Nt-acetylation causes changes to protein conformation and 

oligomerisation. Differences were shown to exist between both purified proteins in 

vitro, as shown by size exclusion results and in vivo in E. coli, as shown by Congo Red 

and NIAD-4 staining and by aS-Venus-BiFC assays in live E. coli and by FLIM in stationary 

cells. 

  Within E. coli Nt-acetylation enhanced the ability of aS to form oligomers leading to 

amyloid formation in cells, as shown by Congo Red and NIAD-4 staining in live E. coli. 

  The development and optimisation of aS-Venus-BiFC assays enabled this to be used as 

a novel rapid BiFC screen for drugs which may effect aS oligomerisation. Proof of 

concept was confirmed as ITC results show that Gefitinib, a drug identified as 

interacting with and reducing aS-Venus-BiFC fluorescence, interacted with non Nt-

acetylated aS-Cerulean3 at a low micro molar concentration, a binding affinity of 3.51 

M ±1.44 M was measured by ITC. 

Interestingly the tyrosine residue Y39 which can be phosphorylated, lies within the 

known PD related mutations ranging from A30P to A53T. 
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Chapter 4: The effect of Nt-acetylation 

on aS membrane interactions 

 aS binds to membranes with this binding inducing the formation of an amphipathic 

helical structure, which is considered to be functionally important. Different N-terminal 

helical structures have been observed with different amounts of membrane binding 

from just 19 residues binding to approximately 100, and including a broken helix 

structure (Snead and Eliezer, 2014) and this membrane-induced -helical folding, is 

enhanced by Nt-acetylation (Bartels et al., 2014).  

 To examine the effect of Nt-acetylation on aS interactions with membranes, when 

produced within E. coli, fluorescent microscopy was first used to examine the 

localisation of aS fluorescently tagged with Cerulean3, within E. coli cells. It is difficult 

to examine the effect of Nt-acetylation of aS within eukaryotic cells as knockout of the 

NatB complex which Nt-acetylates aS results in the formation of abnormal cell growth, 

as seen with a naa25 deletion S. pombe strain (Coulton et al., 2010). Investigations into 

interactions of non Nt-acetylated aS with membranes within E. coli, which do not 

normally produce the NatB complex, do not encounter these problems. It is possible to 

use an additional plasmid to enable the simultaneous production of the NatB complex 

within E. coli to enable the formation of Nt-acetylated aS. 

 

 

4.1 Comparison of Nt-acetylated versus non Nt-

acetylated aS localisation using Widefield microscopy 

and TEM imaging 

  To compare the localisation of Nt-acetylated and non Nt-acetylated aS within E. coli 

cells, images were taken of E. coli BL21 DE3 cells producing aS-Cerulean3, both with 

and without the co-expression of NatB complex. The images obtained for the two forms 

of aS were very different. Cells producing non Nt-acetylated aS-Cerulean3 appeared to 

be surrounded by large aS-Cerulean3 filled vesicles, whereas cells producing Nt-
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acetylated aS-Cerulean appeared to have areas of concentrated aS-Cerulean3 

fluorescence within cells.  Cells producing both forms of the protein, appeared to have 

areas of membrane binding around the outside of the cell (Figure 4.1). 

 

 

 

 

 

 

 

 

 

 

  To examine whether the vesicles observed around cells producing non Nt-acetylated 

aS were membrane bound and whether the structures inside cells producing Nt-

acetylated aS were membrane associated, aS-Cerulean3 was simultaneously expressed 

with CydAB-mCherry, using a pET Duet plasmid. CydAB encodes for CydA which is the 

cytochrome d, subunit I, and CydB which is the cytochrome d, subunit II. Together they 

form an inner membrane transmembrane complex, which is attached to the red 

fluorophore mCherry, (Figures 4.2 and 4.3). Cytochrome d is an aerobic terminal 

oxidase that catalyses the oxidation of ubiquinol-8 and the reduction of oxygen to 

water.  

    

a b 

Figure 4.1. Widefield images of BL21 DE3 E.coli producing either Non Nt-acetylated 

or Nt-acetylated aS-Cerulean3, 3 hours post induction. Cells induced with 100g/ml 
IPTG showing (a) non-Nt-acetylated aS-Cerulean3 localising to the outside of the cell 
and inside large extracellular vesicles and (b) Nt-acetylated aS-Cerulean3 localising 

to regions within cells. Scale: 1m. 
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Cells producing non Nt-acetylated aS-Cerulean3 with CydAB-mCherry were observed 

associated with large vesicles. Most of these vesicles contained both aS-Cerulean3 and 

CydAB-mCherry indicating that these structures are membrane bound (Figure 4.2).  

Cells producing Nt-acetylated aS-Cerulean3 with CydAB-mCherry in comparison were 

observed to have CydAB-mCherry fluorescence in the cell membranes with a few small 

areas of brighter fluorescence which were not co-localised with the areas of aS-

Cerulean3 localisation which were again seen in cells (Figure 4.3). 

  

Figure 4.2. Widefield images of BL21 DE3 E.coli producing non Nt-acetylated aS-

Cerulean3 with CydAB-mCherry, 3 hours post induction. Cells were induced with 

100g/ml IPTG. Images show non Nt-acetylated aS-Cerulean3 (blue) with CydAB-

mCherry (magenta) large extra cellular vesicles can be seen around the cell, many 

clearly containing both aS-Cerulean3 and CydAB-mCherry. Scale: 1m. 

aS-Cerulean3 CydAB-mCherry 

Combined image 

aS-Cerulean and 

CydAB-mCherry 
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 Anti aS Immuno Electron Microscopy (E.M.) was also used to confirm the localisation 

on aS-Cerulean3 within E. coli cells. This is an immunogold technique where cells were 

induced with 100g/ml IPTG to produce both Nt-acetylated and non Nt-acetylated aS-

Cerulean3 for 2.5 hours, then prepared and treated with a primary antibody, Rabbit 

polyclonal anti aS antibody and then a secondary anti-rabbit antibody attached to 15nm 

gold discs that appear as black spots on the images. The gold discs do not show the 

exact location, due to the length of the two antibodies joined together which separate 

the gold disc and the aS protein that they connect to, which can be 15 to 30nm. The 

images obtained, indicated that aS is localised to the inside of the plasma membrane 

aS-Cerulean3 CydAB-mCherry 

Combined image 

aS-Cerulean and 

CydAB-mCherry 

Figure 4.3. Widefield images of BL21 DE3 E.coli producing Nt-acetylated aS-
Cerulean3 with CydAB-mCherry 3 hours post induction. Cells were induced with 

100g/ml IPTG producing Nt-acetylated aS-Cerulean3 (blue) with CydAB-mCherry 
(magenta) showing aS-Cerulean3 localising to areas within the cell and CydAB-

mCherry mainly restricted to the membrane with a few small foci. Scale: 1m. 
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of cells producing both Nt-acetylated and non Nt-acetylated aS-Cerulean3, localisation 

was observed in areas as seen using fluorescent microscopy (Figure 4.4). 

 

  

 

  

 

 

 

 

 

 

 

 

  

Figure 4.4. Immuno-EM images of BL21 DE3 E.coli producing either Non Nt-
acetylated aS-Cerulean3 or Nt-acetylated aS-Cerulean3, 2 hours 40 minutes post 

induction. Cells were induced with 100g/ml IPTG. Images show Non Nt-acetylated 
aS-Cerulean3 (a) or Nt-acetylated aS-Cerulean3 (b). Black dots located around the 
outside of cells are 15nm gold discs connected to aS by 15 to 30 nm of primary rabbit 
anti aS antibody and secondary anti rabbit antibody. 

a 

b 
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Transmission Electron Microscopy (TEM) was used to examine the vesicles and 

structures seen with fluorescent microscopy. Following initial preparation including 

embedding, cells were thin sectioned and stained with 5% uranyl acetate and 0.1% lead 

citrate. In images of JM109 E. coli cells producing non NT-acetylated aS, membranes 

can be seen deforming both out from and into cells (Figure 4.5). Vesicles which appear 

to be membrane-bound structures are seen around BL21 DE3 E. coli cells induced to 

produce non Nt-acetylated aS-Cerulean3. One larger vesicle seems to be in the process 

of forming, with a membrane that appears continuous around both the vesicle and 

parent cell (Figure 4.6 a and b). BL21 DE3 E. coli cells induced to produce Nt-acetylated 

aS-Cerulean3 however were observed to have tubular structures inside the cell 

membrane in the same areas of the cell as aS-Cerulean3 was shown to be located in 

Immuno E.M. images (Figure 4.6 c, d and e). 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 4.5.  TEM images of JM109 E.coli producing non Nt-acetylated aS. 

Membranes can be seen deforming both out from and into the cell. 
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a c 

b d 

e 

Figure 4.6. TEM images of BL21 DE3 
E.coli producing either non Nt-
acetylated or Nt-acetylated aS-
Cerulean3, 2 hours post induction. 

Cells were induced with 100g/ml 
IPTG. Images show Non Nt-acetylated 
aS-Cerulean3 forming an extracellular 
vesicle (a) or surrounded by smaller 
vesicles (b) or producing Nt-acetylated 
aS-Cerulean3 showing a structure 
forming inside the cell membrane 
with a tubular appearance (c, d and e) 
Red arrow show what appears to be 
membranous structures coming in 
from the plasma membrane.  
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  Time-lapse imaging, using wide field fluorescent microscopy of E. coli BL21DE3 cells 

producing aS-mNeonGreen, using a Cellasics microfluidic system, was carried out to 

capture images of forming vesicles. Images were taken at a rate of 1 per minute. One 

large vesicle was captured forming, this was a rapid process with the vesicle only visible 

for 6 frames before it lefts the cell (Figure 4.7 and Film 1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

4.2 Comparison of vesicle number and size, with varying   

C-terminal fluorophore  

  Observations were made during investigations into both aS membrane interactions 

and into aS oligomerisation, that vesicles formed when aS was attached to different C-

terminal fluorophores, appeared to differ in numbers and in size. To investigate these 

observations, images of E. coli BL21DE3 cells producing aS-Cerulean3 or aS-

mNeonGreen both non Nt-acetylated, were analysed and the size of all vesicles within 

a field of view were measured and counted (Figure 4.8). 

 

Figure 4.7. Montage of time lapse images, showing the formation of an aS induced 

vesicle (green arrows). Images taken at 1 minute intervals. Scale bar 1 m. 
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This simple comparison indicated that the C-terminal fluorophore may have an effect 

on the size and number of vesicles formed. However, it has also been observed that the 

formation of vesicles is a transient stage. Any slight differences in plasmid uptake, 

induction timings, temperature and rate of induction, may also be influencing the size 

and number of vesicles seen at any particular time point. 

  To aid further investigations into vesicle formation, it would be beneficial to find 

optimum conditions and timings for vesicle formation with each different aS 

recombinant protein produced within E.coli. 
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Figure 4.8. Comparison of size and number of vesicles in 1 image each of E. coli 

BL21 DE3 producing aS-Cerulean3 or aS-mNeonGreen-Pif6. Cells were induced with 

100g/ml IPTG. Larger vesicles were seen with cells producing aS-mNeonGreen and 

more, smaller vesicles with cells producing aS-Cerulean3. 
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4.3 The use of FLIM to examine membrane interactions  

  Having shown that the vesicles formed when non NT-acetylated aS is produced in E. 

coli, were membrane bound, it was decided to use FRET measured by FLIM to examine 

whether aS interacts with either the inner, outer or both membranes, when produced 

within E. coli.  

 Two new FRET constructs were produced using the pET Duet vector. The first construct 

was used to produce aS-Cerulean3 simultaneously with Citrine MinD. MinD is a protein 

which interacts with the inner membrane of E. coli due to an amphipathic helix at its C-

terminal (Szeto et al., 2002) which is fluorescently tagged at the N-terminal with Citrine. 

The second construct was created to produce aS-mNeonGreen simultaneously with 

mCherry fluorescently tagged Outer membrane protein A (Reusch, 2012), OmpA-

mCherry. 

Both fluorophore pairs are capable of FRET when in close proximity (less than 10nm). 

The emission wavelength for each donor fluorophore, Cerulean3 or mNeonGreen 

overlaps the excitation wavelength for the corresponding acceptor fluorophore, Citrine 

or mCherry. 

  Each construct was expressed in BL21 DE3 E. coli cells both with and without the NatB 

complex to enable the production of either Nt-acetylated or non Nt-acetylated aS. FLIM 

images were taken of cells from each culture which were then analysed. 

  A variation in FLIM can be seen across images of each type of cell culture by comparing 

colour, however the range of fluorescent lifetime represented by the same colour range 

is very different for different donor fluorophores. Where Cerulean3 acts as a donor 

fluorophore, a large difference was seen in the range of fluorescent lifetimes between 

E. coli producing Non Nt-acetylated aS-Cerulean3 alone, approximately 3150ps to 

3900ps and for E. coli producing aS-Cerulean3 with Citrine-MinD, approximately 2550ps 

to 3200ps (Figure 4.9). A far smaller difference was seen in the range of fluorescent 

lifetimes where mNeonGreen acted as a donor fluorophore, with E. coli producing non 

Nt-acetylated aS-mNeonGreen alone having a range of fluorescent lifetimes of 

approximately and 2300ps to 2650ps and approximately 2250ps to 2600ps, in E.coli 

producing Non Nt-acetylated aS-mNeonGreen with OmpA-mCherry (Figure 4.10).  
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Figure 4.9. Donor fluorophore fluorescent lifetime in pico seconds (ps) in E. coli cells 

producing non Nt-acetylated aS-Cerulean3 alone or aS-Cerulean3 with Citrine-

MinD. Values range from approximately 3150ps to 3900ps in E. coli producing non 

Nt-acetylated aS-Cerulean3 alone and 2550ps to 3200ps, in E.coli producing non Nt-

acetylated aS-Cerulean3 with Citrine-MinD, an inner membrane binding protein. 

Non Nt-acetylated 

aS-Cerulean3 aS-Cerulean3 with Citrine-MinD 

3693.6 
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Figure 4.10. Donor fluorophore fluorescent lifetime in pico seconds (ps) in E. coli 

cells producing Non Nt-acetylated aS-mNeonGreen alone or aS-mNeonGreen with 

OmpA-mCherry. Values range from approximately 2300ps to 2650ps in E. coli 

producing Non Nt-acetylated aS-mNeonGreen alone and 2250ps to 2600ps, in E.coli 

producing Non Nt-acetylated aS-mNeonGreen with OmpA-mCherry, an outer 

membrane. 

aS-mNeonGreen 

Non Nt-acetylated 

aS-mNeonGreen with OmpA mCherry 
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  FLIM measurements were analysed by taking 18 individual pixel FLIM values from a 

line across an individual cell (Figure 4.11). These lines were drawn across cells at a point 

where there was the greatest colour range. The values for each of the 18 positions, 

were averaged between cells to obtain an average FLIM profile (Figure 4.12). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  Very different shaped FLIM profiles were obtained for E. coli cells producing aS-

mNeonGreen and OmpA-mCherry or aS-Cerulean3 and Citrine-MinD. The graphs 

obtained for cells producing aS-mNeonGreen and OmpA-mCherry are relatively flat 

with only a very small reduction in FLIM at the edges of the cells. The FLIM values 

Figure 4.11. FLIM heat map image of E. coli producing non Nt-acetylated aS-

Cerulean3 with Citrine-MinD. White lines show the cross sections along which 18 

individual FLIM measurements were taken. 
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obtained were very close to the FLIM values obtained for aS-mNeonGreen alone. No 

change in FLIM means that FRET is not occurring, the minimal change in FLIM at the 

edges of the cells indicates that aS does not closely interact with the outer membrane. 

The Nt-acetylation of aS in cells producing aS-mNeonGreen and OmpA-mCherry does 

not appear to have any effect on the FLIM values measured.   

 The graphs obtained for cells producing aS-Cerulean3 and Citrine-MinD however have 

an arched shape. Cytoplasmic FLIM values were greatly reduced, from approximately 

3500 ps for aS-Cerulean3 only controls, to approximately 3000 ps for non Nt-acetylated 

aS-Cerulean3 and Citrine-MinD and 2900 ps for Nt-acetylated aS-Cerulean3 and Citrine-

MinD. This large reduction in FLIM indicated that FRET was occurring within the cells 

and that aS and MinD were interacting. The cytoplasmic FLIM values measured were 

very close to the levels measured for E. coli cells producing Non Nt-acetylated aS-

Cerulean3 with aS-mNeonGreen at 3070ps (Figure 3.12).   

An additional sharp decrease in FLIM was seen at the edges of the cells, indicating that 

there was an increase in FRET at the edges of the cell membrane. However the 

fluorescent intensities obtained at the edges of the cells were low and binning to 

overcome this, resulted in a loss of resolution, therefore, there can only be low 

confidence, in the results showing an increase in FRET at cell membranes. Improved 

data, at a higher magnification and with higher fluorescent intensities would need to 

be obtained to confirm this result. 

Nt-acetylation of aS, in cells producing aS-Cerulean3 simultaneously with Citrine-MinD, 

does not appear to affect the shape of the FLIM graph obtained. A general small 

decrease in FLIM was observed across cells producing Nt-acetylated aS compared to 

those producing non Nt-acetylated aS.  
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Figure 4.12. Average donor fluorophore fluorescent lifetimes in pico seconds across 

E.coli cells, producing either Non Nt-acetylated or Nt-acetylated aS-Cerulean3 with 

Citrine-MinD, an inner membrane marker, or Non Nt-acetylated or Nt-acetylated 

aS-mNeonGreen with OmpA-mCherry, an outer membrane marker. A reduction in 

fluorescent lifetime is seen in the cytoplasm of cells when aS-Cerulean3 is produced 

with Citrine-MinD indicating that FRET is occurring, FRET possibly increases further 

at the inner membrane. No significant reduction in fluorescent lifetime is seen when 

aS-mNeonGreen is produced with OmpA-mCherry indicating that FRET is not 

occurring within these cells. Average fluorescent lifetime for donor fluorophores on 

their own are shown as dotted lines. 

aS-Cerulean3 and Citrine-MinD Non Nt-acetylated n=15 cells, Nt-acetylated n=15 

cells. 

aS-mNeonGreen and OmpA-mCherry Non Nt-acetylated n=10 cells, Nt-acetylated 

n=5 cells. 
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4.4 The use of Structured Illumination Microscopy (SIM) a  

Super resolution microscopy technique 

   SIM, a super resolution microscopy technique was used to further investigate the 

interaction of aS with both the inner and outer membranes of the E. coli in which it is 

produced, when both Nt-acetylated and non Nt-acetylated. SIM was used as this 

technique enables the acquisition of fluorescent images with a higher resolution, 

compared with basic fluorescent microscopy techniques, enabling the visualisation of 

fine structures. Confocal fluorescent microscopes can achieve resolutions of 

approximately 200-250nm, SIM however can achieve a resolution of approximately 

100nm (Reusch, 2012) 

 SIM is a widefield microscopy technique which involves imaging a grating onto the 

sample to produce Moiré fringes. This technique is comparatively fast with imaging in 

the order of seconds and uses much lower laser powers than other Super resolution 

microscopy techniques and hence is suited to applications where limiting phototoxicity 

is important, such as when imaging live cells.  

  A new construct was made using a pET Duet vector to produce Citrine-MinD and 

OmpA-mCherry simultaneously to examine whether it was possible to differentiate the 

inner and outer membranes of E. coli (Figure 4.13). The images obtained show that it is 

possible to differentiate between these two membrane markers. Images do not show 

complete separation of the two fluorescent signals, but do show an area of co-

localisation with Citrine fluorescence around the inside and mCherry fluorescence to 

the outside. Estimates of the periplasm thickness of E. coli vary from 10 nm to 50 nm 

(Sochacki et al., 2011). When added to an inner membrane thickness of 7.5 nm and an 

outer membrane thickness of 7.5 nm to 10 nm, this give a total thickness from the 

inside of the inner membrane to the outside of the outer membrane of 25 nm to 67. 

5nm, which is up to about two thirds of the resolution expected for SIM. 

  E.coli expressing the aS-mNeonGreen and OmpA-mCherry construct used in the FLIM 

investigation was imaged using SIM. An image obtained is shown compared with a 

widefield image of the same construct obtained using this labs widefield microscope in 

(Figure 4.14). The improved resolution of the SIM image enabled the clear visualisation 
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of many small vesicles. As seen previously cells producing non Nt-acetylated aS-

mNeonGreen and OmpA-mCherry produced multiple large vesicles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The aS-Cerulean3 and Citrine-MinD construct used in FLIM investigations and a new 

construct using different fluorophores producing, aS-mNeonGreen simultaneously with 

mScarlet-MinD, were used to investigate aS interactions with the inner membrane. 

Figure 4.13. SIM image of E.coli producing Citrine-MinD, inner membrane marker 

(green) and OmpA-mCherry, outer membrane marker (magenta). Scale: 1µm. 

a b 

Figure 4.14. Images of E.coli producing non Nt-acetylated aS-mNeonGreen (green) 

and OmpA-mCherry, (red and magenta) using widefield microscopy (a) and SIM 

(b). Large outer membrane-bound vesicles can be seen around the cells. Scale: 1µm. 
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Similar images were obtained for both constructs, internal structures were seen with 

each construct, with and without the presence of the NatB complex to produce both 

Nt-acetylated and non Nt-acetylated aS (Figure 4.15). The localisation of these 

structures relates with the areas shown to produce structures with a tubular 

appearance in the TEM images obtained. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

One surprising difference was seen between images of E. coli producing non Nt-

acetylated forms of the two sets of recombinant protein. When mScarlet-MinD was 

produced very few vesicles were seen. Those that were seen, were predominantly 

associated with cells with a reduced mScarlet signal. Membrane  localisation of aS was 

also not seen as clearly when  MinD was tagged with mScarlet compared to when it was 

Figure 4.15. E.coli producing non Nt-acetylated aS-mNeonGreen (not shown) and 

mScarlet-MinD inner membrane marker (magenta) obtained using SIM.  Internal 

structures appear to have formed from the inner membrane. Scale: 1µm. 
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tagged with Citrine. This indicates that mScarlet may be interfering with membrane 

binding and that membrane binding is required for vesicle production (Figure 4.16). 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.5 The use of recombinant protein enhanced vesicle 

formation to facilitate large scale protein production 

 Protein-based therapeutics, are an important sector of the pharmaceutical industry 

with 2010 sales of $108 bln (Dimitrov, 2012). Many of these drugs are recombinant 

proteins produced in E. coli. If vesicles containing therapeutic proteins could be 

harvested allowing the protein to remain in a cytosolic environment, this could also 

improve protein stability, storage and drug delivery. If it is possible for recombinant 

therapeutic protein to be recovered from media or vesicles within media, the need to 

harvest biomass could be reduced and more protein could potentially be produced per 

fermenter run, reducing production costs.   

 The possibility of using these large aS induced vesicles to improve therapeutic protein 

production was investigated. Samples were taken from aS-Venus-BiFC cultures 

producing Nt-acetylated or non NT-acetylated aS induced with 100g/ml IPTG, samples 

Figure 4.16. E. coli producing non Nt-acetylated aS-mNeonGreen (green) with 

mScarlet-MinD (red). Two cell showing clear production of mScarlet-MinD. A large 

vesicle is seen on the cells not clearly expressing mScarlet-MinD. Scale: 1m. 
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were taken at 0, 1, 3, 5 and 7 hours post induction. Protein was precipitated from the 

cell cleared media and run on a Coomassie stained gel and western blot using Rabbit 

anti aS 1o antibody. Protein including aS was shown to be present in the cell cleared 

media (Figure 4.17). 

 An induction with 20g/ml IPTG would produce more protein, as shown in the previous 

chapter section (3.4.1: Optimisation of aS induction), but vesicle production has been 

seen most with induction at 100g/ml. This is mainly due to the timing of vesicle 

production which is significantly delayed with a 20g/ml IPTG induction. It is not known 

if this lower IPTG induction would affect the number of vesicles produced or the 

amount of protein released into the media. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.17. Coomassie Blue stained SDS-PAGE gel and matching western blot of 

protein precipitated from cell cleared media from aS-Venus BiFC cultures 

producing Non Nt-acetylated and Nt-acetylated aS. Faint traces of protein were 

detected by both Coomassie Blue stained SDS-PAGE gel and Western blot using 

Rabbit anti aS primary antibody. Expected molecular weights, aS-Venus C terminal -

24.1kDa and aS-Venus N terminal – 32.1kDa. 
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4.6 aS induced vesicles and human Growth Hormone 

(hGH) 

 Having shown the production of large aS induced vesicles and that protein could be 

recovered from cell cleared media, the possibility of improving large scale production 

of human Growth Hormone (hGH) using aS induced vesicles was examined. 

 The first plasmid used in this investigation was, pMK-RQ-aS-mNeonGreen-FLAG-hGH, 

obtained from Invitrogen. This plasmid has the strong, Tac promoter, which has been 

used in large scale fermenters (Rosano and Ceccarelli, 2014). Transformation of this 

plasmid into DH10 and BL21 DE3 E. coli cells proved unsuccessful, due to immediate, 

leaky aS expression by the Tac promoter.  

  To overcome the problem of leaky expression by the Tac promoter, the plasmid was 

successfully transformed into JM109 cells that carry a deletion of the proline 

biosynthetic operon [(lac-proAB)] in the bacterial chromosome and the 

complementing proAB genes on the F’plasmid (obtained from Promega). These were 

grown in M9 minimal media, supplemented with additional glucose, MgSO4 and 

Thiamine. 

 To enable the production of aS-mNeonGreen-FLAG-hGH using LB medium (Table 2.1 I) 

and BL21 DE3 E. coli competent cells and to enable the use of sequential induction with 

NatB (Eastwood et al., 2017) a pETpRha plasmid, which requires the addition of 

rhamnose to induce protein production, was used. The pETpRha-aS-mNeonGreen-

FLAG-hGH plasmid produced allows tightly controlled expression of aS-mNeonGreen-

FLAG-hGH through the addition of varying concentrations of rhamnose.  

 The production of aS-mNeonGreen-FLAG-hGH using the new plasmid in both DH10 

and BL21 DE3 E. coli cells was compared using the addition of varying concentrations 

of Rhamnose (Figure 4.18). A final concentration of 0.01% rhamnose was chosen for 

further investigations. 

 BL21 DE3 E. coli cells induced with 0.01% rhamnose to produce aS-mNeonGreen-FLAG 

hGH were imaged at 5 hours post induction. Large aS induce vesicles were observed 

around cells (Figure 4.19). 
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Figure 4.18. Coomassie Blue stained SDS-PAGE gels of cell extracts from E. coli 

strains DH10 and BL21 DE3 producing Non Nt-acetylated aS-mNeonGreen-FLAG-

hGH. Cells were induced for 2 hours with various Rhamnose concentrations. 

Expected molecular weight of aS-mNeonGreen-FLAG-hGH is 65kDa (*) 
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The pETpRha plasmid was used to produce aS-mNeonGreen-FLAG-hGH within Ambr 

fermenters at Fujifilm-Diosynth. In four separate runs the presence of aS-mNeonGreen-

FLAG-hGH was observed in both cell pellets and in media using an Anti FLAG 1o antibody 

western blot (Figure 4.20). This result shows that E. coli cells containing the pETpRha-

aS-mNeonGreen-FLAG-hGH plasmid can be grown within industrial Ambr250 

fermenters, that aS-mNeonGreen-FLAG-hGH protein production could be induced and 

that vesicles and or aS-mNeonGreen-FLAG-hGH protein can be exported into the 

media. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1m 1m 

Figure 4.19. Images of E. coli induced for 5 hours with 0.01% Rhamnose producing 

non Nt-acetylated aS-mNeonGreen-FLAG-hGH. Images show large fluorescent 

vesicles around cells. Scale: 1m. 

Figure 4.20. Anti-FLAG western shows expression and export to vesicles/media of 

αS-hGH fusion (highlighted by *) in four Ambr250 bioreactor runs. Data acquired by 

Fujifilm-Diosynth. 
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4.7 Purification of vesicles from cell culture 

  The potential to use intact, purified vesicles to improve the storage and delivery of 

therapeutic proteins within a cytosolic environment, was investigated. Initial 

investigations were carried out to see if intact vesicles could be purified from cell 

cultures, where vesicles were shown to be present by fluorescent microscopy. Vesicles 

purified from cell cultures producing aS-mNeonGreen-Pif6 and OmpA-mCherry were 

then compared with naturally-occurring vesicles purified from cell cultures producing 

OmpA-mCherry alone.  

 Samples of cell cultures where vesicles were seen, were centrifuged at various speeds 

for varying amounts of time and the supernatant then examined by fluorescent 

microscopy. 

An optimal speed and time of 1000rcf for 30 minutes resulted in the presence of very 

few cells, but a clear presence of vesicles (Figure 4.21). Speeds above 1000rcf resulted 

in no intact vesicles being observed. 

 Samples of purified vesicles from cell cultures producing non Nt-acetylated aS-

mNeonGreen-Pif6 with OmpA-mCherry, together with a control supernatant from cell 

cultures producing OmpA-mCherry alone, were subjected to Dynamic Light Scattering 

(DLS), a technique that is used to determine the size of small particles within a 

suspension. A monochromatic light source, is shone through a polarizer and into a 

sample. All of the molecules within the solution diffract the light in all directions. The 

scattered light then goes through a second polarizer where it is collected by a 

photomultiplier and the resulting image is analysed. The resultant graph shows the 

number and volume of different size particles. It also shows the intensity of light 

scattering by different sized particles, small numbers of larger particles produce high 

scattering intensities, so the presence of small numbers of large vesicles are shown by 

the intensity trace on the graphs. 

 The control supernatant contained a large numbers of particles of 0.7 to 2 nm and 

small numbers of larger particles from approximately 60 to 1500nm (Figure 4.22). The 

sample of purified vesicles from E. coli cells producing aS-mNeonGreen-Pif6 with 

OmpA-mCherry also had a high number of small particles of 0.6 to 2 nm and a small 



Chapter 4: The effect of Nt-acetylation on aS membrane interactions      

 

136 
 

number of larger particles from approximately 60 nm but in this sample much larger 

particles, possibly vesicles, were also measured up to approximately 5000 nm (Figure 

4.23).  

 The aS induced vesicle containing sample also has another peak for particles of 10 to 

20nm diameter which was not seen in the control sample. Interestingly a recent study 

looking at the Cryo-EM structure of aS fibrils formed from two protofilaments, 

measured their diameter at 10 nm (Guerrero-Ferreira et al., 2018). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.21. Images of supernatant from cell cultures centrifuged to remove cells 

from vesicle containing media. Vesicles produce by E. coli producing non Nt-

acetylated aS-mNeonGreen-Pif6, induced for 5 hours with 100g/ml IPTG. Scale: 

1m. 

No spin 

1000rcf 30 minutes 1000rcf 20minutes 

500rcf 



Chapter 4: The effect of Nt-acetylation on aS membrane interactions      

 

137 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

-2

0

2

4

6

8

10

12

0.1 1 10 100 1000 10000 100000

%

Log Size (nm)
Intensity Volume Number

Figure 4.22. DLS graph of control supernatant from a culture of BL21 DE3 cells 

expressing OmpA-mCherry, centrifuged for 30 minutes at 1000rcf. The graph shows 

volume and number of particles of various sizes. The intensity trace indicates the 

presence of particles of different sizes up to approximately 1500nm diameter. 

Results obtained with the kind help of N. Manyanya.  

Figure 4.23. DLS graph of supernatant from a culture of BL21 DE3 cells expressing 

non Nt-acetylated aS-mNeonGreen-Pif6 and OmpA-mCherry, centrifuged for 30 

minutes at 1000rcf. The graph shows volume and number of particles of various 

sizes. The intensity trace indicates the presence of particles of different sizes up to 

approximately 5000nm. Results obtained with the kind help of N. Manyanya.  
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4.8 Targeting of recombinant protein into vesicles 

To optimise the use of large aS induced vesicles in therapeutic protein production, the 

therapeutic proteins need to be targeted into the vesicles as they form. The cytoplasmic 

protein content in vesicles appears to be random. Observing E. coli BL21 DE3 cells 

producing aS-mNeonGreen simultaneously with cytoplasmic mCherry, using 

fluorescent microscopy, some vesicles can be clearly seen to contain cytoplasmic 

fluorescent protein (Figure 2.24) but others do not.  

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Proteins can be targeted into vesicles by attaching them to aS, as the aS interacts with 

membranes and is thus drawn into vesicles as the membrane forms around. This can 

also be seen in SIM images of BL21 DE3 cells producing aS-mNeonGreen-FLAG-hGH 

simultaneously with OmpA-mCherry (Figure 4.25). 

 

 

 

Figure 4.24. Widefield images of E.coli producing non Nt-acetylated aS-

mNeonGreen (green) and cytoplasmic mCherry (magenta). Cytoplasmic mCherry 

can be seen within vesicles.  Scale: 1µm. 
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 A preliminary investigation was carried out into the possible use of optogenetics, to 

control the location of and target therapeutic proteins into aS induced vesicles. 

Optogenetics is a technique which uses two plant proteins, PhyB and Pif6. In the 

presence of phycocyanobilin (PCB) these proteins associate when exposed to 650nm 

red light and dissociate when exposed to 750nm far red light (Figure 4.26).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.25.  SIM images of E.coli producing non Nt-acetylated aS-mNeonGreen-

FLAG-hGH (green) and OmpA-mCherry (magenta) outer membrane marker, show 

aS-mNeonGreen-FLAG-hGH packaged into the vesicle.  Scale: 1µm. 

Figure 4.26.  Schematic of optogenetics. Optogenetics uses two plant proteins, PhyB 

and Pif6. In the presence of PCB these proteins associate when exposed to 650nm 

red light and dissociate when exposed to 750nm far red light. By producing a 

recombinant protein attached to Pif6 it can be targeted to and released from PhyB 

attached to an anchor protein, thus controlling its location within a cell. From 

(Levskaya et al., 2009) 
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E. coli BL21 DE3 cells producing aS-mNeonGreen-Pif6 simultaneously with PhyB-

mCherry were imaged after exposure to 650nm red light. The recombinant proteins 

were observed to co-localise (Figure 4.27). Unfortunately time restraints meant that 

this investigation was not pursued further 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.27.  Widefield images of E.coli producing non Nt-acetylated aS-

mNeonGreen-Pif6 (green) and PhyB-mCherry (magenta). Images obtained, post 10 

minute exposure to 650nm red light, showing co-localisation (blue arrows).  Scale: 

1µm. 
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4.9 Lipid specific interactions 

  To better understand aS membrane interactions including vesicle formation, 

investigations were carried out to investigate aS interactions with single lipids. 

 PIP StripsTM membranes are designed for the identification of proteins possessing 

phosphoinositide recognition domains and for analysis of their lipid-binding 

specificities. PIP StripTM membranes were used for an initial investigation into lipid 

specific binding. aS was shown to bind to specific lipids and a difference was observed 

between Nt-acetylated versus non Nt-acetylated aS-Cerulean3 in binding to 

Phosphatidic acid (PA) (Figure 4.28).  

Purified aS-Cerulean3, both Nt-acetylated and non Nt-acetylated, was sent to Nyasha 

Manyanya for addition to single lipid vesicles formed from the membrane lipids, 1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) or 1,2-distearoyl-sn-glycero-3-

phospho-(1'-rac-glycerol) (DSPG) and analysis by DLS. The size of POPC vesicles did not 

change when either protein was added to them. However, when non Nt-acetylated was 

added to DSPG vesicles, an increase in size was observed which was not seen when Nt-

acetylated aS-Cerulean3 was added to the same vesicles (Figure 4.29). This indicates 

that aS interactions with membranes may differ according to the lipid content of the 

membrane and whether the aS is Nt-acetylated or not.  

 

 

 

 

 

 

 

 

 

 

Figure 4.28. PIP strips showing aS-Cerulean3 binding to specific lipids. Non Nt-

acetylated aS (green arrow) has a stronger affinity for Phosphatidic Acid compared 

to Nt-acetylated aS (red arrow). 
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Figure 4.29.  DLS measurements of vesicle size when either Nt-acetylated of non 

Nt-acetylated aS is added. No difference is seen in1-palmitoyl-2-oleoyl-sn-glycero-

3-phosphocholine (POPC) vesicles when either Nt-acetylated of non Nt-acetylated 

aS is added. No difference in size is seen when Nt-acetylated aS is added to 1,2-

distearoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (DSPG) vesicles. However an 

increase in size is seen when non Nt-acetylated aS is added to DSPG vesicles. Results 

obtained with the kind help of Nya Manyanya. 
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4.10 aS and Microcompartments 

  Bacterial microcompartments are functional analogues of eukaryotic organelles, 

formed of a selectively permeable protein shell encapsulating an enzymatic core. 

Bacterial microcompartments can provide a defined microenvironment and are the 

subject of increasing interest in synthetic biology. The production of 

microcompartments within vesicles could potentially provide extra rigidity and stability 

to them, improving vesicle purification and a vesicle membrane surrounding a 

microcompartment could offer protection of microcompartment proteins from 

protease activity.  

 The possibility of producing microcompartments within aS-induced vesicles was 

investigated.  

 A construct to produce microcompartment proteins with aS-mCherry was obtained 

from Dr S.Frank (Parsons et al., 2010). aS-mCherry-PduABJKNU was produced in E. coli 

JM109 cells which were imaged using widefield microscopy (Figure 4.30) and TEM 

(Figure 4.31). The TEM images obtained show aS induced vesicles larger than those 

seen previously by TEM, indicating that vesicle stability may be improved by the co-

expression of microcompartment proteins. Cell extracts from this cell culture were run 

on a Coomassie stained gel to compare with a published SDS-page gel showing these 

microcompartment proteins (Figure 4.32). 

 

 

 

 

 

 

 

 

 

 

Figure 4.30. Widefield images of JM109 E.coli producing non Nt-acetylated aS-

mCherry-PduABJKNU. A few vesicles were seen and lots of dark internal areas 

where cytoplasm appears to be excluded. Scale bar 1m. 
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Figure 4.32.  17% SDS PAGE gel stained with Coomassie Blue, showing protein 

present in cell extracts from JM109 E.coli producing non Nt-acetylated aS-

mCherry-PduABJKNU. Samples were taken at 2.5 and 6 hours post induction with 

0.2% Rhamnose. Protein bands identified by comparison with a published SDS-page 

gel of Microcompartment proteins in Parsons et al, (2010). 

Figure 4.31.  TEM images of JM109 E.coli producing non Nt-acetylated aS-mCherry-

PduABJKNU. Extracellular vesicles larger than previously seen by TEM were 

visualised, which appear to be attached to cells. 
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4.11 Discussion 

 This investigation has shown that aS possibly interacts with the inner membrane of the 

E. coli in which it is produced, when either Nt-acetylated or non Nt-acetylated, but not 

with the outer membrane. aS interacts with MinD, an inner membrane binding protein 

and that this interaction possibly changes on membrane binding. 

Clear differences were seen between the membrane interactions of Nt-acetylated and 

non Nt-acetylated aS. It was observed that when Nt-acetylated aS is produced within 

E. coli cells the formation of internal structures with a tubular appearance is more 

predominant, this was seen most clearly with TEM. It was also observed that vesicle 

formation predominantly occurs at dynamic membranes when non Nt-acetylated aS is 

produced within E. coli cells, this was seen most clearly with fluorescent microscopy.  

  Both vesicles and tubular structures are formed predominantly at dynamic 

membranes. The lipid content of different areas of cellular membranes varies. It has 

been shown with PIP StripTM membrane assays and in DLS assays with single lipid 

vesicles, that Nt-acetylated and non Nt-acetylated aS interact with different lipids. This 

lipid specificity could potentially be a reason for aS localisation and the differing 

interactions with Nt-acetylated and non Nt-acetylated aS. This then raises the question 

as to whether different bacterial strains with different membrane lipid content would 

be more effective for vesicle formation.   

Future use and development of aS induced vesicles for therapeutic protein production 

requires optimisation of vesicle formation for each required constructs, including 

optimisation of timings, induction rate and bacterial strains used. Future investigations 

could also look into improving targeting of therapeutic proteins into vesicles, for 

example by attachment to membrane proteins. The plasmid selection antibiotic used 

may also have an effect on vesicle formation, either directly by affecting the cell wall or 

indirectly through the loss of selection and should be further investigated. 
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Chapter 5: The effect of naa-80 
knockout in C. elegans 
 

 NatH which is comprised of a single unit N--acetyltransferase-80 (NAA-80) is a 

recently described, highly specific Nat, which post-translationally Nt-acetylates -actin 

and-actin. The  and -actin Nt-acetylation increases the ratio of monomeric to 

filamentous actin, reduce the number of lamellipodia and filopodia and reduces cell 

hypermotility in studies using HAP1 and HAP1 NAA80-KO cell lines (Drazic et al., 2018). 

The Mulvihill lab has an interest in Nt-acetylation and the actomyosin cytoskeleton in 

yeast and C. elegans. 

The aim of this investigation was to examine the effect of naa-80 knockout (KO) on the 

regulation of actin in C. elegans, to look for any naa-80 KO specific phenotype.  

 

5.1 Acquisition and generation of a naa-80 deletion allele 

in C. elegans 

  To understand the physiological role of naa-80 in a whole organism model the naa-80 

gene was targeted for knockout in C. elegans. Three naa-80 knockout C. elegans strains 

were obtained from Knudra Transgenics (Utah USA).  Each of these strains was 

produced using CRISPR-sdm transgenesis. This method uses two sgRNAs to guide 

cutting of the genome by Cas9 protein. An oligonucleotide donor homology guides 

repair of the cut genome, introducing an early stop (3 frame stop sequence-

TAGATAGATAGA) after Proline 46, within Exon 2. The transgene remains 40bp shorter 

than the endogenous DNA sequence. 

To confirm the knockout of naa-80 in each of the acquired strains quantitative PCR 

(qPCR) was used. RNA was extracted from three biological replicates of the N2H control 

strain and each of the new naa-80 KO strains and used to generate cDNA. qPCR was 

performed using each of these samples with control and naa-80 specific oligo mixes. 

The extremely low relative amount of naa-80 mRNA was detected for the acquired 
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strains compared with the N2H controls confirmed that they were all naa-80 knockout 

strains (Figure 5.1).  

       

 

5.2 Initial brood size and age specific fecundity assays with 

knockout strains at 20oC 

  Fertility is a good read out of organismal health. This is easy to determine in C. elegans 

by counting the number of progeny they produce over their reproductive lifespan. To 

determine whether naa-80 contributes to fertility the brood sizes of N2H controls were 

compared to that of all three naa-80 knockout strains. No significant difference in 

brood size was seen in two out of three knockout strains, a difference was seen with 

the third strain, as calculated by students t test, p=0.006 against N2H controls (Figure 

5.2). Total progeny counts from control and knockout strains demonstrated that in 

general naa-80 does not contribute to the total progeny production of C. elegans. 

 It was noted after initial brood size assays that there were differences in the timing of 

when eggs were laid. This suggested that naa-80 knockout C. elegans reached 

adulthood earlier and started laying eggs before their wild type counterparts.  The 

results for the initial brood size assays were analysed on a day-to-day basis to compare 

age-specific fecundity (Figure 5.3). Age specific fecundity assays compare the number 
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Figure 5.1. qPCR showing relative amounts of naa-80 mRNA in N2H control and 

naa-80 KO C. elegans strains COP1594, COP1595 and COP1596. Only very low values 

were obtained for the knockout strains, confirming the knockout of naa-80. Three 

biological repeats were used for each strain. 
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of live offspring from eggs laid each day by parent C. elegans, which are of the same 

age. This is a way to compare the rate of development of parental C. elegans which 

were all hatched from synchronised, 2 hour, timed egg lays. Each repeat was analysed 

separately as parent worms used for the initial brood size assays were moved between 

plates at slightly different times of the day and so runs were not directly comparable 

with each other. Taken together the data suggests that naa-80 may have an impact on 

developmental timing of the C. elegans larvae. 

 During these assays a high incidence of internal hatching was observed in the N2H 

controls, it was therefore decided to repeat brood size assays changing the incubation 

temperature from 20oC to 25oC which can reduce this phenotype. As all three naa-80 

knockout strains showed low levels of naa-80 mRNA transcript (Figure 5.1) and all 

showed similar fecundity profiles only one was chosen to proceed with, COP1594. 
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Figure 5.2. Average number of offspring for brood size assays carried out at 20oC using N2H 

control and naa-80 knockout C. elegans strains COP1594, COP1595 and COP1596. Only 

strain COP1596 had a statistically significant difference using Student’s t-test against N2H 

controls, N2H n=34, COP1594 n=31 p=0.119, COP1595 n=32 p=0.137, COP1596 n=30 

p=0.006. 



Chapter 5: The effect of naa-80 knockout in C. elegans      

 

149 
 

 

5.3 Initial assays at 25oC using a single knockout strain 

 Brood size assays were repeated at 25oC in an attempt to reduce the number of C. 

elegans experiencing internal hatching. A reduction in internal hatching when 

increasing the incubation temperature from 20oC to 25oC is a phenomenon previously 

observed by senior researchers within this lab. Parent C. elegans were moved at the 

same time each day so that comparable age specific fecundity results could be obtained 

for all runs. As larvae were counted, a number of unfertilised eggs were observed on 

the plates, these were also counted and compared. Larvae were also imaged  at 1, 2 

and 3 days post timed egg lay, these images were analysed using Optomorph software 

to measure larvae lengths in pixels. 

 A large difference was seen in brood size between N2H controls and the naa-80 

knockout strain (Figure 5.4) which appears to be due to very low brood sizes being 
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Figure 5.3. Age specific fecundity assay from a timed egg lay, at 20oC using N2H 

control and naa-80 knockout C. elegans strains COP1594, COP1595 and COP1596. 

N2H control C. elegans parents were found not to lay eggs until placed on plates at 

3 days after they were eggs themselves, compared with 2 days for the naa-80 

knockout strains and to reach peak egg laying rates a day later. N2H n=10, COP1594 

n=10, COP1595 n=11, COP1596 n=11. 
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obtained for the N2H controls, far below what would be expected. Possible problems 

with the control strain as highlighted by the very low brood size must be taken into 

account when analysing the results obtained at 25oC.  

                 

Again a clear difference in age specific fecundity was seen with the naa-80 knockout strain 

reaching peak egg lay a day before the N2H controls (Figure 5.5).  

 The average number of unfertilised eggs counted was much higher for the naa-80 

knockout strain compared to N2H controls. There was a large amount of variation in 

the number of unfertilised eggs laid between individual parent C. elegans, resulting in 

a very large standard deviation (Figure 5.6). This result may also have been affected by 

the N2H controls producing a low brood size. 
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Figure 5.4. Brood size assays carried out at 25oC using N2H control and naa-80 

knockout C. elegans strain COP1594. N2H control C. elegans appeared to be 

unhealthy with reduced brood size, below what would normally be expected. N2H 

n=35, COP1594 n=34 
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As the age specific fecundity results obtained at both 20oC and 250C indicated a possible 

difference in the rate of C. elegans development from embryo to egg laying, larvae 
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Figure 5.5. Averaged results from three Age specific fecundity assays at 25oC using 

N2H control and naa-80 knockout C. elegans strain COP1594. N2H control C. 

elegans parents were found to reach peak egg laying rates a day later than the KO 

strain. N2H n=35, COP1594 n=34 

Figure 5.6. Average number of unfertilised eggs laid during the 25oC brood size 

assays. A large difference was seen between N2H controls and naa-80 knockout C. 

elegans despite only small numbers of eggs being counted, a large S.D. was seen and 

the large difference in brood size should also be taken into consideration. N2H n=35, 

COP1594 n=34 
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lengths were measured at 1, 2, and 3 days post timed egg lay, to compare the rate of 

larval development. The larvae lengths measured at 1, 2 and 3 days post timed egg lay 

all gave longer lengths for the naa-80 knockout C. elegans compared with the N2H 

controls of the same age (Figure 5.7). The results for 1 and 2 days post timed egg lay 

were significant according to Student’s t-test. Day 1 p=7.2x10-7, Day2 p=0.03, at day 3 

the difference was not found to be significant, Day3 p=0.18. This indicates that larvae 

development is accelerated in the naa-80 knockout strain compared to the N2H 

controls for the first two days post hatching but that this accelerated development 

slows by day 3, when the difference in larvae length is no longer significant. 

 

 

5.4 Production of outcrossed strains  

 In order to show that any phenotype observed during initial assays was solely due to 

the naa-80 knockout the acquired naa-80 knockout strain COP1594 was back crossed 

into N2H C. elegans. This was completed 6 times to ensure that all C. elegans used in 

further assays had the same genetic background. It was necessary to ensure that only 
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Figure 5.7. Average larvae lengths in pixels of N2H control and naa-80 knockout 

larvae. The naa-80 knockout C. elegans strain COP1594 had longer lengths than N2H 

controls at the same age from timed egg lay. Day 1 N2H n=23, COP1594 n=22, Day 2 

H2H n=37 COP1594 n=40, Day 3 N2H n=39 COP1594 n=45. 
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outcrossed C. elegans homozygous for the naa-80 knockout were used for each 

following outcross. To ensure this, following each cross F2 generation C. elegans which 

had been individually isolated and allowed to lay eggs were lysed and used for 

Genotyping PCR using primers 6499 and 6500. If the outcrossed C. elegans are 

homozygous a single band of 399bp should be seen, whereas a 439bp band would be 

seen for wild type and heterozygous C. elegans. After every third cross, genotype PCR 

were carried out using multiple F3 generation C. elegans and splitting the lysate to use 

two different sets of primers 6499 and 6500 and 6500 and 6041, where the reverse 

primer initiates DNA replication within the section of naa-80 which was deleted by 

CRISPR/CAS9. This means that no band should be seen for homozygous C. elegans and 

a 250bp band will be seen for wild type and heterozygous C. elegans (Figure 5.8). After 

the 6th outcross this was carried out with duplicate N2H and COP1594 naa-80 knockout 

controls and with three separate 6th outcross plates (Figure 5.8). 

Once this final 6th outcross was confirmed, it was used to repeat the previous assays. A 

new N2H hermaphrodite control strain line was produced from the N2H strain that the 

naa-80 knockout strain was crossed into. 

The 6th outcrossed strain was then also outcrossed once into two other strains BU70 and 

XW8490, producing either LifeAct-mRFP or mCHERRY-ACT-1 for use in fluorescent microscopy 

imaging. 

 LifeAct-mRFP is a peptide marker for imaging of filamentous actin LifeAct binds to filamentous 

actin only, the attached monomeric Red Fluorescent Protein allows filamentous actin to then 

be imaged in live C. elegans using fluorescent microscopy. ACT-1 is a single actin isoform which 

is produced in C. elegans. The expression of mCHERRY-ACT-1 enables the imaging of ACT-1 

within live C. elegans using fluorescent microscopy, it can be seen in various structures but 

predominantly in striated muscle of the body wall.  
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6041+6500 250bp No band 

Figure 5.8. Genotyping PCR. Positioning of primers used for Genotyping PCR, 

showing the lengths of oligonucleotide produced with each primer pairing, for both 

wild type and naa-80 disruption C. elegans. Genotype PCR, on 2% agarose gel, giving 

final confirmation of naa-80 knockout in C. elegans from three separate plates of the 

6th outcross of naa-80 knockout into N2H background. Duplicates of N2H control and 

COP1594 naa-80 knockout controls included. Expected band sizes are included in the 

table. 
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5.5 Assays with the outcrossed knockout strain 

 Brood size, age specific fecundity and larvae length assays were repeated with the 

outcrossed naa-80 knockout strain and new N2H controls. Both of these strains 

appeared healthy and did not have a problem with internal hatching, because of this 

the assays were repeated at the more commonly used temperature of 20oC. 

Three brood size assays were repeated at 20oC and although a slight difference was 

seen this was not significant according to student’s t-test, p=0.10 (Figure 5.9). 

The averaged results for age specific fecundity show the N2H control C. elegans 

producing live offspring slightly ahead of the naa-80 knockout C. elegans, contrary to 

the initial assay results. This difference was shown to be small but significant according 

to student’s t-test on days 2 (p=0.0002) and 3 (p=0.0125) (Figure 5.10). However this is 

not a reliable result as only one of the three individual assay had any significant 

differences. 
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Figure 5.9. Results of brood size assays carried out at 20oC using N2H control and 

outcrossed naa-80 knockout C. elegans strain. No significant difference in brood 

size was seen. N2H n=36, naa-80 knockout n=36 
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 Very few unfertilised eggs were seen, this assay was not repeated as there were not 

enough unfertilised eggs to be statistically significant. 

 The Imaging and measurement of larvae lengths from timed egg lay was repeated, but 

inconsistent results were obtained. In the 1st run N2H control C. elegans lengths were 

consistently longer than for naa-80 knockout C. elegans. In the 2nd run C. elegans of 

both strains were of very similar length and in the 3rd run the N2H control C. elegans 

lengths were consistently shorter than for naa-80 knockout C. elegans (Figure 5.11). 

 It had been noticed by this point in the investigation that older C. elegans parents often 

laid eggs which were more developed, the ultimate expression of this being internal 

hatching in some older C. elegans. A further larvae length assay was performed using 

age synchronised parent C. elegans for the timed egg lay. Very similar results were  
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Figure 5.10. Averaged results from three Age specific fecundity assays at 20oC 

using N2H control and outcrossed naa-80 knockout C. elegans. N2H control C. 

elegans parents were found to reach peak egg laying rates the same day as the 

knockout strain, but had higher rates of egg lay on days 2 and 3, though this was 

only significant in one of the three individual runs. N2H n=36, naa-80 knockout n=36 
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N2H 27 29 29 30 34 45 27 17 44 39 25 

naa-80 
knockout 

27 29 29 30 29 26 37 23 38 28 25 

Figure 5.11. Average larvae length in pixels. Outcrossed naa-80 knockout and N2H 

control C. elegans varied in length at the same age from timed egg lay. One run had 

no significant differences, however the other two runs did, in opposing directions. 
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obtained for both C. elegans strains and a reduction in standard deviation values was 

seen (Figure 5.12). 

  It was noticed whilst taking measurements that some of the slides imaged appeared 

to have two different populations of C. elegans. This was possibly due to a sudden 

increase in size when larvae went through moult. Moulting is a complex developmental 

step which involves extensive tissue remodelling. The first stage of moulting, Lethargus, 

is characterised by a gradual decrease in general activity and feeding, followed by 

separation of the old cuticle and eventual shedding and emergence from the old cuticle. 

Due to these large changes over a relatively short space of time, a small difference in 

timing could possibly result in a clear difference in larvae length.  

  A further investigation comparing body bends was also carried out with the 

outcrossed naa-80 knockout and new N2H control C. elegans to look for differences in 

motility. One run was carried out using the body bend assay protocol as described in 

wormbook. This measurement included a considerable amount of dwelling time. Two 

further runs were carried out counting body bends during active movement (Figure 

5.13). A very small difference was seen for the first run (p=0.26) and results for the 

second and third runs were almost identical (<1bend per minute different) for the two 

strains.  
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 Day1 Day2 Day3 

N2H                    n= 32 44 43 

naa-80 knockout        n= 22 46 46 

Students t.test 0.998 0.006 0.445 

 

 

100.00

200.00

300.00

400.00

500.00

600.00

Day1 Day2 Day3

le
n

gt
h

 in
 p

ix
el

s

Larvae age from timed egg lay

N2H

naa-80 knockout

0

5

10

15

20

25

30

35

40

Old protocol New protocol Run1 New protocol Run2

N2H naa-80 knockout

Figure 5.12. Average larvae length in pixels of outcrossed naa-80 knockout and N2H 

control C. elegans from age synchronised parents. Larvae show no significant 

difference in length on days 1 and 3. A small but significant difference was seen on 

day 2. S.D. values were reduced by using synchronised parents for the timed egg lay. 

Figure 5.13. Average number of body bends per minute, of outcrossed naa-80 

knockout and N2H control C. elegans. Body bends were measured using the 

wormbook protocol (3 sets of 3 minutes for 12 of each worm strain) including 

dwelling time and the amended protocol counting body bends only during active 

movement (17 to 23 minutes per run per strain). 
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5.6 Optimisation of conditions for Time lapse imaging 

 Before time-lapse microscopy could be used for the comparison of embryo 

developmental timing and actin dynamics, both slide preparation and imaging 

conditions needed to be optimised.  

Initially problems were encountered keeping embryos healthy and growing on a slide, 

over the long timespan needed to image embryos from 4 cells to hatch, approximately 

11 to 12 hours. Eggs needed to be kept moist, but slides couldn’t be sealed completely 

due to the need for gaseous exchange. Tapes and glues used to partially seal slides also 

had to be non-toxic. Eventually a successful technique for slide preparation was 

developed, as detailed in Methods and materials, section 2.7.5. 

The optimum timing for time lapse imaging of embryo development was found to be 

999 time lapse images at a rate of 1 per minute, over 16 hours 39 minutes. This is long 

enough for a healthy embryo to develop from a single cell to hatch at 21oC. 

When imaging LifeAct-mRFP and mCHERRY-ACT1 producing C. elegans, it was also 

necessary to minimise laser intensity and exposure times so as not to damage embryos 

or photo bleach the fluorophore.  

 

5.7 Embryo developmental timing  

 16 hour 39 minute time-lapse images were used to compare embryo developmental 

timings. 

By the time eggs had been dissected, slides prepared and the microscope focused on 

eggs, many had reached 2 or 4 cells before imaging began. The last image with 4 cells 

was used as the starting point for all time measurements.  Time lapse films of both N2H 

control (n=12) and outcrossed naa-80 knockout (n=11) C. elegans were made (Film 2. 

and Figure 5.14). 3 different time points were used for measurements. Measurements 

were taken from 4 cells until the end of the first fold (when tail reaches the opposite 

end of the egg), start of 2nd fold (when tail starts to move back towards the head) and 

start of circling (when head has moved from one end of the egg to the other). Live 

developing embryos move, bend and stretch, so by measuring three different time 
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points for multiple C. elegans it was hoped to minimise variation due to this. No 

significant difference was seen in embryonic developmental timing (Figure 5.15). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.14. Single frames from a time lapse film of an outcrossed naa-80 knockout 

C. elegans embryo. Bright field Images from every 80 minutes during development. 

Scale bars 10m.  
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Time lapse images of C. elegans embryos producing LifeAct-mRFP both with and 

without having been outcrossed also showed no difference in developmental timings 

(Film 3 and Figure 5.16). No difference in the development of filamentous actin within 

the embryos of these two strains could be seen either. 

A timelapse film of C. elegans producing mCHERRY-ACT-1 showed that mCHERRY-ACT-

1 fluorescence only started to be seen at a late point during embryo development, just 

before the embryo began to move within the egg (Film 4 and Figure 5.17). This meant 

that this strain was not useful for comparing early embryo development and it was not 

used for any further time lapse investigations. 
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Figure 5.15. Average minutes until three different embryonic developmental stages 

are reached in N2H controls (n=12) and outcrossed naa-80 knockout (n=11) C. 

elegans. 
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Figure 5.16. Single frames from a time lapse film of a C. elegans embryo producing 

LifeAct-mRFP. Images from every 80 minutes during development showing, Bright field 

images (a) and mRFP fluorescence images (b). Scale bars 10m.  

a 

b 
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Figure 5.17. Single frames from a time lapse film of a C. elegans embryo producing 

mCHERRY-ACT-1. Images from every 80 minutes during development showing, 

Bright field images (a) and mCHERRY fluorescence images (b). Scale bars 10m.  
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5.8 Rapid time lapse imaging to examine actin dynamics in 
early embryo development 
Streaming, was used for rapid time lapse imaging, taking 10 frames per second to 

capture rapidly changing filamentous actin dynamics. C. elegans embryos were imaged 

producing LifeAct-mRFP both with and without having been crossed with the 

outcrossed naa-80 knockout strain. Again no difference was seen in filamentous actin 

development or developmental timings (Film 5). 

 

5.9 Comparison of images of C. elegans larvae and adult  

 Fluorescent images of C. elegans larvae and adults, producing LifeAct-mRFP both with 

and without having been crossed with the outcrossed naa-80 knockout strain, were 

produced and compared. No differences beyond those due to positioning of the larvae 

or adults on the slides could be seen. Images of whole L2 larvae (Figure 5.18), adult 

heads (Figure 5.19) and central body sections of adults containing eggs with early stage 

developing embryos within them (Figure 8.20) are shown as examples. 

Fluorescent images of C. elegans larvae and adults, producing mCHERRY-ACT-1 both 

with and without having been crossed with the outcrossed naa-80 knockout strain, 

were produced and compared. No differences beyond those due to positioning of the 

larvae or adults on the slides was observed in images of L3 larvae (Figure 5.21). Close 

up images of L4/young adult heads (Figure 5.22) and of complete L4/young adults one 

producing HUM-1-GFP and mCHERRY-ACT-1 and one producing mCHERRY-ACT-1 

crossed with the outcrossed naa-80 knockout strain, (Figure 5.24) also show no 

differences beyond those due to positioning. Differences in the brightness of the 

spermatheca are believed to be partly due to differences in the brightness of the 

individual images, but mainly due to differences in the degree of stretch of the muscles 

forming them. The two strains could be differentiated due to the HUM-1-GFP structures 

seen in the head of the Hum-1;gfp::hum-1;mCH::act-1 C. elegans. (Figure 5.23) HUM-1 

is the C. elegans homolog of H. sapiens myosin 1E. It was used during this investigation 

to identify C. elegans producing mCHERRY-ACT-1 and wild type NAA-80 from C. elegans 

producing mCHERRY-ACT-1 without NAA-80. 



Chapter 5: The effect of naa-80 knockout in C. elegans      

 

166 
 

  Figures showing larger C. elegans have been stitched together using power point. 
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Figure 5.19. Heads of adult LifeAct-mRFP C. elegans (left) and outcrossed naa-80 

knockout x LifeAct-mRFP C. elegans (right). Images show filamentous actin. No clear 

difference was observed between the images, only minor differences due to 

positioning. Scale bars 10m 

Figure 5.20.  Developing embryos inside adult of LifeAct-mRFP C. elegans (left) and 

outcrossed naa-80 knockout x LifeAct-mRFP C. elegans (right). Images show 

filamentous actin. No clear difference was observed between the images, only minor 

differences due to positioning. Scale Bars 10m. 

naa-80 knockout 

x LifeActmRFP  LifeActmRFP 

naa-80 knockout 
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Figure 5.22. Heads of L4/young adult mCherry-Act-1 C. elegans (top) and outcrossed 

naa-80 knockout x mCherry-Act-1 C. elegans (bottom). Images show mCherry-ACT-

1. No clear difference is seen between the images, only minor differences due to 

positioning. Scale Bars 10m. 

mCherry-Act-1 

naa-80 knockout 

x mCherry-Act-1 

mCherry-Act-1 

naa-80 knockout 

x mCherry-Act-1 

Figure 5.23. GFP image of L4/young adult mCherry-Act-1 C. elegans heads (top) 

and outcrossed naa-80 knockout x mCherry-Act-1 C. elegans (bottom). Images 

show HUM-1-GFP structures in the head of the Hum-1;gfp::hum-1;mCH::act-1 C. 

elegans, enabling differentiation of the  two strains. Scale Bar 10m. 
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5.10: Discussion 

 Despite early promising results it has so far not been possible to show a clear change 

in phenotype due to the knockout of naa-80. 

This study has highlighted the need to create and use appropriate controls, as the 

difference in background genetics of the Knudra produced strains and the N2H control 

strains used, resulted in a difference in phenotype that was not due to the naa-80 

knockout. 

Both the BU70LifeAct-mRFP and XW8490, strains producing LifeAct-mRFP and 

mCHERRY-ACT-1 that were crossed into were used as they were readily available 

strains, both though have limitations. LifeAct is known to affect actin filament dynamics 

(Courtemanche, Pollard and Chen, 2016) so should only be compared with and without 

the naa-80 knockout and not with any other strains. The mCHERRY-ACT-1 having an N-

terminal fluorophore cannot be Nt-acetylated. However as this is produced from an 

integrated transgene which does not affect the endogenous ACT-1, which will also be 

produced with or without NAA-80 Nt-acetylation. It should be noted that the N-

terminal fluorescently tagged ACT-1 would not affect the Nt-acetylation of  or -actin.   

Further work to discover a change in phenotype due to the knockout of naa-80 could 

still be carried out, investigating other aspects of movement such as velocity, resting 

times, reversals, degree of body bend, exploratory behaviour and defecation 

frequency. Investigations could also be carried out into motoneuron development as  

and  actin have both been shown to have specific roles in motoneuron development 

(Moradi et al., 2017) 

Investigations could also be divided according to developmental stage. 
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Chapter 6: Discussion 

 

6.1. The effect of naa-80 knockout in C. elegans 

 In the investigation into the effect of naa-80 knockout in C. elegans, brood size and fecundity 

were investigated first, as fertility is a good indicator of organismal health. The use of 

developmental assays, comparing time taken by embryos to reach different developmental 

points, was also a good place to start to look for possible naa-80 knockout phenotypes. 

Filamentous actin is important in cell division, the build-up of filamentous actin can be seen 

around cells and across the site of cell division in early embryos (Film 5.) within this 

investigation. The Nt-acetylation of actin has been found to have a significant effect on the 

turnover of filamentous actin. Cytoplasmic actin, a mixture of both and isoforms, has 

elongation and depolymerisation rates approximately twofold faster for Nt-acetylated actin 

compared to Non Nt-acetylated actin. Non-Nt-acetylated actin filaments appear to be more 

stable, and cells containing Non Nt-acetylated actin also have a decrease in their ratio of 

monomeric to filamentous actin (Drazic et al., 2018) (Aksnes et al., 2018). It was thought that 

changes in the stability, turnover and ratio of monomeric to filamentous actin, might 

therefore have an impact on this early embryonic cell division. Early assays with naa-80 

knockout strains prior to outcrossing into the N2H control strain, also indicated that there 

may be a change in developmental timing during larvae growth, this was investigated by 

comparing larvae length. 

Although NAA80 has only been formally demonstrated to Nt-acetylate class I,  and  actin. 

NAA80 is predicted to Nt-acetylate all actins, including muscle actin. Images of C. elegans 

expressing mCHERRY-ACT-1, the single muscle actin isoform found in C. elegans, or 

LifeActmRFP, to visualise filamentous actin, both with and without naa-80 knockout were 

therefore compared.  

Unfortunately no change in phenotype associated with naa-80 knockout in C. elegans could 

be found during this investigation. There are numerous other assays that could be used to 

investigate movement, including defecation assays and the use of computer software which 

can be used to examine many other aspect of movement including reversals, degree of body 
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bend, dwelling time, forwards velocity and which can be used to examine both adults and 

different larval stages.  

 and  actin have roles in axon growth and collateral branch formation in motoneurones 

(Moradi et al., 2017).  HAP1 NAA80 knockout cells also show a fourfold increase in the 

numbers of filopodia seen and formed twice as many lamellipodia compared to controls. 

HAP1 NAA80 knockout cells also show increased motility with at least a doubling in speed for 

random cellular movement (Drazic et al., 2018) (Aksnes et al., 2018). With this in mind, 

sensory assays such as touch, chemotaxis and food sensing, may be good areas for further 

investigations into naa-80 knockout phenotype. 

One thing that was shown very clearly in this investigation, was the need for genetic 

background controls.  Within this study naa-80 knockout C. elegans were back crossed into 

N2H controls 6 times to produce a strain with >98% genetic identity, with the N2H control C. 

elegans used. This is a very time consuming, but essential process, as was shown in this 

investigation. Erroneous results were obtained from early assays with naa-80 knockout C. 

elegans, as received from Knudra, due to background genetic variation. 

 In actin filaments, the actin N-termini are exposed and thus Nt-acetylation status may effect 

interactions with many actin binding proteins, such as myosin (Arnesen, Marmorstein and 

Dominguez, 2018) (Mentes et al., 2018) (Figure 1.7). Changes in proteins binding to actin 

could also have an effect on many individual cellular processes. 

 

 

6.2 Contradictory aS research  

 Papers publishing research into aS, in particular into protein structure, oligomerisation and 

membrane interactions are contradictory. Many of these differences may be in part explained 

by differences in the techniques and materials used. Much of the in vitro work carried out 

previously, has used recombinant protein produced in E. coli, which was not Nt-acetylated 

(Burré, Sharma and Südhof, 2014), some was produced in eukaryotic cells or as recombinant 

protein in E. coli with co-expression of NatB and was thus Nt-acetylated (Bartels et al., 2014). 

Investigations into membrane binding in vitro have also used different sizes of synthetic 

vesicles, 40-120 nm (Dikiy and Eliezer, 2014) with different lipids (Bartels et al., 2014)(Pirc and 
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Ulrih, 2015)(Varkey et al., 2010) or rat synaptic vesicles (Fusco et al., 2016), the differing 

compositions of which may contribute to difference seen in aS binding and or conformation. 

Differences in concentrations of IPTG added to cultures to produce recombinant aS also vary 

widely, from 0.05mM (Burré, Sharma and Südhof, 2014) to the most commonly used 1mM 

(Barinova et al., 2017) often using IPTG concentrations, which could result in aS being 

produced at a rate which may have a toxic effect on E. coli and could impact on overall protein 

production. A 1mM IPTG induction has been shown to result in a high level of Tyr136Cys 

substitution, resulting in increased dimerization and reduced amyloid formation (Barinova et 

al., 2017).   

 

6.3: BiFC development  

BiFC was found to be a very useful technique during this investigation and has the potential 

to be used in investigations into other protein-protein investigations, such as into Cdc8 

polymer formation. It is particularly useful for measuring reactions in real time as readings 

are taken every 15 minutes. However this is a very sensitive assay where induction rate and 

starting OD595 may need to be optimised for each investigation. Variations due to plate 

position are also likely to differ between incubating fluorescent plate readers and therefore 

variations due to plate position and correction factors will should be investigated for each 

machine used. 

 

6.4: aS Oligomerisation 

In the investigation into aS oligomerisation, clear and consistent differences were seen 

between Nt-acetylated and Non Nt-acetylated aS. The size exclusion assays using purified 

protein showed that two different forms of aS were present in both protein samples. Nt-

acetylated aS was present, predominantly in a larger state, where the protein forms either a 

larger conformation or oligomeric state, whereas Non Nt-acetylated aS was predominantly 

present in a smaller state, which may be due to most of the protein being in a smaller 

conformation or monomeric form. It was not possible to say from this whether the larger 

form was due to a conformational change or oligomerisation.   
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The investigations examining FRET, both in house and using FLIM to investigate FRET, show 

that with both forms of the protein FRET was occurring in vivo. This shows that the two 

fluorophores are being brought into close contact, within 10nm of each other. The average 

FLIM values for actively growing cultures did not differ much between Nt-acetylated and non 

Nt-acetylated aS producing cultures. A change was seen however in aS producing cultures 

which were held in stationary phase. By grouping FLIM values for individual cells into 100 ps 

bands it became clear that the cells producing Nt-acetylated aS formed two separate groups, 

one of which had an increase in fluorescent lifetime and thus a reduction in FRET. Cells 

producing non Nt-acetylated aS which were held in stationary phase, only produced one 

population, in which FRET was occurring.   

The BiFC assay which was used to examine oligomerisation in vivo, also indicated that a 

different form of oligomerisation was occurring with the two different forms of aS.  Similar 

levels of aS-Venus BiFC protein, produced approximately double the level of fluorescence 

then aS was not Nt-acetylated compared to when aS was Nt-acetylated. One possible 

explanation for this is that aS oligomers have a different conformation according to their Nt-

acetylation status, with aS oligomers more often forming in an anti-parallel fashion when Nt-

acetylated and thus holding the two halves of the Venus fluorophore apart and reducing the 

level of fluorescence. 

A third method used to investigate differences in in vivo oligomerisation was the use of 

Fluorescent amyloid staining dyes. Live cells producing Nt-acetylated or non Nt-acetylated aS 

were incubated with Congo red dye. Imaging using fluorescent microscopy showed the 

development of red fluorescence, indicating the presence of amyloid in cells producing Nt-

acetylated aS. This red fluorescence developed predominantly in areas of cells with dynamic 

membranes. Red fluorescence was rarely seen in cells producing non Nt-acetylated aS, which 

also suggests the presence of a different aS oligomeric state, which is resistant to amyloid 

formation. The development of Congo red, red fluorescence was seen to be consistent in cells 

producing four different forms of fluorescently tagged Nt-acetylated aS. 

Although FRET, FLIM and BiFC assays indicate the presence of aS oligomerisation in vivo with 

both forms of aS, evidence of this is not often seen with non Nt-acetylated aS on Coomassie 

stained SDS-PAGE gels and western blots, bands of sizes expected for oligomeric non Nt-

acetylated aS were only seen consistently in extracts from cultures held in stationary phase 
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for days. The size exclusion assay also showed purified non Nt-acetylated aS to be in a smaller 

form compared to Nt-acetylated aS.  In contrast western blots of extracts from cells producing 

Nt-acetylated aS, especially those which have been producing Nt-acetylated aS for over 5 

hours, showed aS at higher molecular weights indicating the presence of oligomeric species. 

One possible explanation for this is that Nt-acetylated aS forms a more stable oligomeric 

structure and that non Nt-acetylated aS forms a different, less stable oligomeric structure, 

which is broken down during protein purification and or preparation for Coomassie stained 

SDS-PAGE gels and western blots. This also indicated that changes in Nt-acetylated aS 

oligomerisation occur as cells become stressed, in stationary phase. Several Tyrosine kinase 

inhibitor drugs were seen to reduce BiFC fluorescence of the aS-Venus BiFC construct, 

indicating an effect on aS oligomerisation. ITC results for one of the drugs investigated, 

Gefitinib also confirmed an interaction with aS. This shows that several drugs may directly 

interact with aS and effect aS oligomerisation and behaviour in vivo. 

 

 

6.5: aS Membrane interactions 

Both Nt-acetylated and non Nt-acetylated aS are seen to localise at membranes, this is seen 

both with fluorescent microscopy and with immuno EM. However investigations into 

membrane interactions, show clear differences between how each form of aS effects 

membranes. 

Widefield fluorescent microscopy images, show E. coli cells producing Nt-acetylated aS, 

predominantly develop areas of concentrated aS within the cell. Fluorescent SIM images of 

cells co expressing aS-mNeonGreen and mScarlet-MinD or aS-Cerulean3 and Citrine-MinD 

show internal structures which appear to be formed from the inner membrane. TEM images 

of E. coli producing aS-Cerulean3 also support this theory, as what appear to be membranous 

structures can be seen to originate at the plasma membrane and to form in the same areas 

as aS was shown to be present by immuno EM. 

Cells producing non Nt-acetylated aS are also seen to develop areas of localisation, but to a 

far lesser extent. Cell producing non Nt-acetylated aS are however seen to produce large 

numbers of small outer membrane vesicles, as well as a number of large extracellular vesicles, 
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often in excess of 1m, these have been seen up to approximately 5m in diameter. These 

vesicles are commonly seen to contain fluorescently tagged aS and can also contain 

cytoplasmic protein, though this is not always seen. These aS induced vesicles differ from 

naturally occurring vesicles in several ways. Firstly in size, aS induced vesicles often exceed 

1m in diameter whereas naturally occurring vesicles are normally 20-400nm (Toyofuku, 

Nomura and Eberl, 2019). Secondly aS induced vesicles will often contain fluorescently tagged 

aS and can also contain cytoplasmic proteins, naturally occurring outer membrane vesicles do 

not normally contain cytoplasmic proteins. Thirdly naturally occurring Outer-inner membrane 

vesicles and Explosive outer membrane vesicles, which can contain cytoplasm, are produced 

by explosive lysis. Many cells producing aS induced vesicles commonly appear undamaged 

and able to continue growing as seen in widefield fluorescent microscopy of live cells, 

including time lapse images (Figure 4.14) (Film. 1). 

The timing of vesicle production was found to vary with the rate of aS induction and to a lesser 

extent with the construct being used.  Induction with 100g/ml IPTG would typically result in 

the formation of vesicles from approximately 3 hours post induction, whereas induction with 

20g/ml IPTG would typically result in vesicle formation from 5 hours post induction. Imaging 

of cells producing aS induced vesicles was predominantly carried out with an induction of 

100g/ml to allow for imaging to be completed the same day, due to a more rapid vesicle 

formation. 

A potential use of aS induced vesicles, for the improvement of therapeutic protein 

production, was identified and investigated in collaboration with Fujifilm-Diosynth. Despite 

early problems with toxicity, which highlighted the need for tight control of expression, it was 

shown to be possible to scale up production to produce aS-mNeonGreen-FLAG-hGH within 

their Ambr250 bioreactors and that this protein was exported to vesicles and or media. 

As cytoplasmic proteins are only seen in approximately 50% of aS induced vesicles a 

preliminary investigation was carried out into the possible use of optogenetics to target 

therapeutics to vesicles. On exposure to 650nm red light PhyB-mCherry was seen to co-

localise with aS-mNeonGreen-Pif6 but these investigations were not continued with, due to 

time constraints. For the remainder of this investigation the attachment of the therapeutic 

protein, hGH to aS-mNeonGreen via FLAG was found to be sufficient for targeting into aS 

induced vesicles. 
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As well as potentially increasing the yields of therapeutic protein produced per fermenter run, 

due to harvesting protein from media rather that by harvesting biomass, there are potential 

benefits to harvesting protein packaged within vesicles. The harvesting of therapeutic protein 

within a vesicle could improve the storage and delivery of these proteins, due to their being 

stored within a cytosolic environment. It is possible to purify intact vesicles, as shown by 

fluorescent microscopy and DLS. It has also been shown that it is possible to express the 

proteins for the formation of bacterial microcompartments tagged with aS-mCherry, this 

resulted in larger possibly more stable vesicles being imaged by TEM.   

The vesicles induced by the production of non Nt-acetylated aS were predominantly seen to 

form at dynamic membranes, at the poles and what appeared to be sites of cell division, this 

was reminiscent of the Congo Red amyloid staining seen in cells producing Nt-acetylated aS, 

which was also seen predominantly at cell poles. This raised the question of why interactions 

were seen to occur at specific locations. It was decided to investigate whether Nt-acetylated 

and non Nt-acetylated aS had different binding affinities for different single lipids. Assays with 

single lipid vesicles and specific lipids on PIP strips™ were carried out and these indicated 

different lipid binding affinities. When non Nt-acetylated aS was added to DSPG vesicles this 

resulted in an increase in vesicle size, reminiscent of the vesicle assembly seen in Fusco et al., 

(2016) (Figure. 6.1) when non Nt-acetylated aS was added to small unilamellar vesicles.    

         

   

Figure. 6.1. A proposed scheme for the stepwise mechanism of vesicles assembly. From Fusco 

et al., 2016 
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FLIM results indicated that aS does not interact directly with the outer membrane, but that it 

does interact directly with MinD, an inner membrane binding protein. A decrease in FLIM was 

seen within the cytoplasm of cells producing aS-Cerulean3 and Citrine MinD. A further 

decrease in FLIM was also indicated at the cell membrane, however low confidence can be 

given to this result due to the low intensity readings at the very edge of cells. Binning of pixels 

which would improve intensities, resulted in an unacceptable loss of resolution when 

analysing the images obtained. It may be possible to obtain statistically significant results by 

imaging cells with a higher magnification to allow binning without such a large loss of 

resolution or a higher level of induction may be used to try to increase fluorescent intensities.  

The use of the slow maturing fluorophore, mScarlet, in membrane interaction investigations, 

was found not to be a good choice. Red fluorescence could not be seen in all cells and where 

it was seen, no membrane localisation could be seen, suggesting that steric hindrance may 

have been occurring. 

 

 
 

6.6: Summary of aS findings 
 
 

Finding Evidence 

Both Nt-acetylated and non Nt-acetylated aS form oligomers. FRET, FLIM, SDS Page gel, 

WB, BiFC 

Nt-acetylated and non Nt-acetylated aS form oligomers with 

different conformations. 

BiFC, SEC.  

Nt-acetylated aS dimers and oligomers are more stable than 

non Nt-acetylated aS dimers and oligomers. 

SEC, SDS-PAGE gel, WB 

3 Tyrosine Kinase inhibitors were found to effect dimer 

conformation with Nt-acetylated aS. 

BiFC 

Gefitinib a Tyrosine kinase inhibitor interacts with aS ITC 

Changes occur in oligomeric structure in older stationary cells 

producing Nt-acetylated aS but not in cells producing non Nt-

acetylated aS. 

FLIM 

Areas of aS localisation are commonly seen in E. coli cells 

producing Nt-acetylated aS, these are only occasionally seen 

in E. coli cells producing non Nt-acetylated aS. 

Fluorescent microscopy 
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E. coli producing Nt-acetylated aS form internal structures 

with a tubular appearance which are rarely seen in cells 

producing non Nt-acetylated aS. 

TEM 

E. coli producing Nt-acetylated aS show red fluorescence 

predominantly at their poles, when stained with Congo red 

indicating the presence of amyloid , this staining is rarely seen 

in cells producing non Nt-acetylated aS. 

Congo red staining 

Both Nt-acetylated and non Nt-acetylate aS localise at E. coli 

membranes 

Fluorescent microscopy, 

Immuno EM 

Non Nt-acetylated aS production in E. coli induces formation 

of large, membrane bound, extracellular vesicles, which can 

contain cytoplasm. These vesicles are only rarely seen with 

cells producing Nt-acetylated aS. 

Fluorescent microscopy, 

TEM, DLS 

aS induced vesicles can form rapidly, over approximately 7 

minutes 

Time lapse Film.1 

aS induced extracellular vesicles can be purified from media. Fluorescent microscopy, 

DLS 

aS-mNeonGreen-FLAG-hGH can be exported into vesicles and 

or media when produced in large scale fermenters. 

WB 

Purified Nt-acetylated and non Nt-acetylated aS, have 

different binding affinities for Phosphatidic acid. 

Pip strips 

Non Nt-acetylated aS causes DSPG vesicles to increase in size, 

whereas Nt-acetylated aS does not. 

DLS with single lipid 

vesicles 

Toxic effects of both forms of aS, on E. coli are effected by 

induction rates.  

Fluorescence and OD595 

growth curves 

 

6.7: Future work 

The investigation into the effect of naa-80 knockout in C. elegans was unable to identify a 

knockout specific phenotype. Only a limited number of investigations could be carried out 

during the time available, leaving many different assays which could be carried out in future 

investigations. Future investigations could include more detailed movement assays and 

sensory assays, in the search for a naa-80 knockout specific phenotype. 

Table. 6.1. Summary of aS findings. 
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Further investigations into aS oligomerisation could focus on the effect of cell stress, on 

oligomerisation. The changes in FLIM in stationary cells producing Nt-acetylated aS and the 

higher molecular weight proteins seen more often in extracts from cells producing Nt-

acetylated aS, which have entered stationary phase, indicate that cell stress may influence 

Nt-acetylated aS oligomerisation. The effect of stress caused by rate of induction, holding cells 

in stationary phase as opposed to repeatedly sub-culturing and environmental stress could 

be investigated. 

The main area for further investigation is the use of aS induced vesicles for the enhancement 

of therapeutic protein production. Investigations could look at optimising induction rates and 

how induction rates effect vesicle size and stability. Slightly smaller but more stable vesicles 

could be more desirable if they are easier to purify. The timing of vesicle production could 

also be examined with regard to slower induction and vesicle production and loss of antibiotic 

selection. The use of different selection antibiotics, may also have an influence on vesicle 

production due to their differing modes of action. The reason for the predominant localisation 

of vesicle production at dynamic membranes also requires further investigation, If 

interactions with specific lipids localised to these areas of membranes are promoting vesicle 

production, the use of different strains which have higher levels of these specific lipids in their 

membranes may be  beneficial.  

One area which will be the subject of future investigation in tandem with optimisation of aS 

induced vesicle production, is the scaling up of these processes for therapeutic protein 

production in large scale industrial fermenters. This is to be carried out with Fujifilm-Diosynth. 

Further into the future, the production of other therapeutic proteins, the use of other 

methods for targeting proteins into vesicles, purification methods and the use of a FLAG tag 

and sequential production of more than one protein construct could be investigated.  
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