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Abstract

The peroxisome is an organelle conserved throughout eukaryotes, ranging from single-celled yeast to multi-cellular organisms including flies and humans. Peroxisome biogenesis involves formation of the peroxisomal membrane followed by import of luminal matrix proteins. Peroxisomes can be generated de novo from the endoplasmic reticulum (ER) or by fission of pre-existing peroxisomes. Proteins controlling peroxisome formation are collectively termed peroxins, and over 30 peroxins have now been identified. Peroxisomes depend on a diverse group of mechanisms to ensure the correct targeting of matrix and membrane proteins. However, the membrane biogenesis pathway is poorly characterised and currently limited to only three factors: Pex3, Pex16 and Pex19. Peroxisomal membrane proteins (PMPs) are targeted to peroxisomes by two distinct pathways; directly to peroxisomes or indirectly via the ER. Mutant peroxins are the cause of peroxisome biogenesis disorders in humans so it is essential to characterise their individual molecular mechanisms. Limited peroxisome research has been conducted using Drosophila melanogaster as a model system, but current studies indicate peroxins and cellular pathways are evolutionary conserved. Previously, our lab performed a genome-wide screen in Drosophila S2R+ cells to identify candidate peroxins. No mitochondrial derivative (NMD) was the top hit based on its knockdown phenotype of an import defect of PTS1 proteins.
The AAA+ ATPase NMD is a conserved integral membrane protein that dually localises to peroxisomes and mitochondria. Loss of NMD, via RNAi or CRISPR, led to a lack of PMP import and mislocalisation of Pex3. NMD contains multiple sorting signals, displaying distribution between ER, peroxisomes and mitochondria. NMD was shown to interact directly with Pex16, a well-known peroxisomal membrane biogenesis factor, and that interaction is dependent on ATP binding. Further coimmunoprecipitation studies identified that NMD interacts with multiple peroxins as well as the ER translocon Sec61α. Overexpression of a dominant negative mutant of NMD defective in ATP hydrolysis, led to the mislocalisation of Pex3 and an import defect of PTS1 proteins, demonstrating ATPase activity is essential for function. Homologues of NMD exist in humans (ATAD1) and yeast (Msp1); but function in membrane assembly is not conserved. Analysis of the function of Msp1 revealed a genetic interaction with the yeast peroxin Pex25 in controlling peroxisome numbers. Collectively, the results suggest NMD is a novel component of the PMP import machinery in Drosophila, but that its role is not conserved in other model organisms.
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XIV

Chapter 1: Introduction
1.1 The peroxisome 
In eukaryotes, compartmentalisation into separate membrane bound organelles allows cells to perform a diverse range of cellular functions. Each specialised organelle contains a well-defined set of proteins that segregate specific metabolic pathways to maintain cellular homeostasis. Distinct cellular machinery ensures the correct trafficking of proteins to both the lumen and membrane of organelles. Peroxisomes are dynamic organelles that are conserved throughout multicellular eukaryotes, from humans and fruit flies, to unicellular eukaryotes, such as yeast, but they are absent in prokaryotes. The only eukaryotes lacking peroxisomes are some parasitic species, such as the protozoa of Giardia (Hawkins et al., 2007). Peroxisomes are rounded organelles, varying from 0.1-1µm in size, and are distinctive in that they are enclosed by a single membrane (van den Bosch et al., 1992). In contrast to mitochondria, they do not contain DNA or protein translation machinery and all proteins are nuclear encoded, synthesised on cytosolic ribosomes and imported posttranslationally across the peroxisomal membrane (Brown and Baker, 2008). 
Peroxisomes were first defined as microbodies in electron microscopy experiments using murine kidney cells (Rhodin, 1954). However, they were first biochemically described as new organelles by De Duve et al (1966) in cell fractionation studies using rat liver, where they identified numerous enzymes required for generating and degrading hydrogen peroxide. Contained within this unknown organelle, they discovered urate oxidase which is responsible for reducing oxygen to hydrogen peroxide (H2O2), as well as catalase, which is required for detoxifying the cell of H2O2, findings that ultimately led to the term peroxisome. Collectively, around 50 enzymes have now been discovered within peroxisomes (Wiese et al., 2007).  Although present in all nucleated cells, peroxisomes are more abundant in some tissues than in others including the liver, kidneys and central nervous system (Mast et al., 2011). In flies, peroxisomes are located in the gut and Malpighian tubules (Beard and Holzman, 1987). 
1.2 Conserved and specialised cellular functions of peroxisomes
Peroxisomes are incredibly diverse, performing both a range of conserved functions, as well as a number of more specialised roles that are species specific. Interestingly, such important metabolic pathways require cross talk and cooperation with other organelles, such as the mitochondria, in order to exchange metabolites (Schrader and Yoon, 2007). The major universal function of peroxisomes is in the metabolism of fatty acids (FAs) by β-oxidation, to form acetyl-coenzyme A, which is mainly processed in the citric acid cycle (Wanders and Waterham, 2006). β-oxidation occurs entirely in peroxisomes in yeast and plant cells, whereas in mammalian cells this process is shared with mitochondria. Yeast lacking peroxisomes are able to grow in media containing sugars as the carbon source, but fail to grow on fatty acid carbon sources as peroxisomes then become essential for growth (Erdmann and Kunau, 1992). This feature of yeast makes them a good model organism to study peroxisomes. 
Mitochondrial and peroxisomal β-oxidation pathways have distinct enzymes encoded by different genes, but they perform the same enzymatic reactions. One of the main differences between the two pathways is that they metabolise different length substrates. Hence, only the very long chained fatty acids (VLCFAs), over 22 carbon atoms in length, are metabolised in peroxisomes (Poirier et al., 2006). Another difference is seen at the initial β-oxidation step with mitochondria utilising the cofactor FAD to generate ATP, whereas peroxisomes produce H2O2. After peroxisomal β-oxidation, shortened fatty acids are transported by carnitine into the mitochondria where they are processed by further oxidation (Wanders and Waterham, 2006). Flies possess the enzymes required for peroxisomal β-oxidation, so it is assumed that VLCFAs are also broken down in peroxisomes, as mutant flies devoid of peroxisomes were able to accumulate VLCFAs (Chen et al., 2010). Another major universal function of peroxisomes is in the detoxification of H2O2 that is generated by the oxidation reactions of β-oxidation. Confined within peroxisomes are many reactive oxygen species (ROS) scavenging enzymes, such as catalase and peroxiredoxins, to degrade ROS or reactive nitrogen species (Wanders and Waterham, 2006). 
In mammals, branched chained FAs, such as phytanoyl-CoA contain a methyl group and cannot be immediately processed by β-oxidation, so first of all must undergo α-oxidation in peroxisomes (Wanders and Waterham, 2006). Moreover, the first two steps of plasmalogen biosynthesis occur inside peroxisomes. Plasmalogens are abundant ether phospholipids that are generally concentrated in the brain, kidneys, lung and testis (Wanders and Waterham, 2006). Recent studies by Chen et al (2010) have established a new function for peroxisomes in spermatogenesis in the fruit fly Drosophila melanogaster. Furthermore, more specialised peroxisomal enzymes include luciferase in the firefly Photinus pyralis (Keller et al., 1987) and those required for production of penicillin in the yeast Penicillium chrysogenum (Meijer et al., 2010). Also, peroxisomes are required for the biosynthesis of several plant hormones and signalling molecules such as jasmonate, auxin, and nitric oxide that are essential for plant development (Brown and Baker, 2008). In plants, leaf peroxisomes are required for photorespiration, a process that requires the passage of metabolites amongst peroxisomes, mitochondria and chloroplasts (Schumann et al., 2007).
In addition, specialised peroxisomes exist such as the glyoxysomes in germinating seeds, which harbour enzymes of the glyoxylate cycle to allow metabolism of lipids into carbohydrates for plant growth (Hayashi, 2000). Additionally, in the filamentous fungi Neurospora crassa, specialised peroxisomes called Woronin bodies are required for closing septal pores (Jedd and Chua, 2000). Furthermore, glycosomes in trypanosomatids are a unique type of peroxisome that contains glycolytic peroxisomal enzymes (Michels et al., 2005).
In order for peroxisomes to carry out their cellular roles, metabolic substrates have to be transported across the peroxisomal membrane. Small molecules (less than 400 Daltons) are exchanged between the cytosol and peroxisome lumen by diffusion via PXMP2, which forms a transmembrane channel (Rokka et al., 2009). However, the passage of larger molecules is achieved via specific transporters including the peroxisomal ABC transporters that bind and utilise ATP, to provide the energy to drive transport (Hettema et al., 1996). 
1.3 Human peroxisomal disorders
In humans, the importance of correct peroxisome function is reflected by a number of peroxisomal disorders, which can be classified into two groups (Steinburg et al., 2006). Firstly, the single peroxisomal enzyme deficiencies are caused when there is a mutation in one gene that codes for a peroxisomal enzyme, so there is a loss of only a single function. The second and most severe group include the peroxisome biogenesis disorders (PBDs). PBDs are characterised by the complete loss of functional peroxisomes as a consequence of a defect in peroxin (PEX) genes (Wanders and Waterham, 2004). 
The majority of single enzyme deficiencies affect the β-oxidation pathway, with other enzymatic defects associated with α-oxidation, ether lipid biosynthesis, glyoxylate detoxification or H2O2 metabolism (Table 1.1). For example, patients with RCDP type 2 display a complete deficiency of the enzyme DHAPAT leading to an inability to synthesise ether phospholipids. Plasmalogens are prominent phosopholipids making up 70% of all myelin sheaths and patients develop severe developmental retardation, as a consequence of plasmalogen deficiency (Farooqui and Horrocks, 2001). However, the most common disease is X linked adrenoleukodystrophy (Wanders and Waterham, 2006). X-ALD is caused by a mutation in the ABCD1 gene, encoding the ALDP protein, which functions as an ABC transporter responsible for VLCFA transport across the peroxisomal membrane, and as a result is distinguished biochemically by an accumulation of VLCFAs and partially impaired β-oxidation (Kemp and Wanders, 2007). 
PBD’s are autosomal recessive disorders and a subset of 4 PBDs has currently been classified. These include Zellweger syndrome (ZS), neonatal adrenoleukodystrophy and infantile refsum disease, which have been grouped together to form the Zellweger syndrome spectrum of diseases due to their overlapping phenotypes (Waterham and Ebberink, 2012). The forth is the clinically more diverse rhizomelic chondrodysplasia punctata, which has typical attributes including shortening of the limbs and epiphyseal calcification (Gould and Valle, 2000). ZS is the most severe of the PBDs and was first linked to peroxisomes when liver samples from patients had a clear absence of peroxisomes (Goldfischer et al., in 1973). Typical symptoms of ZS include neurological abnormalities, decreased muscle tone, aberrant facial features, seizures, severe mental retardation, renal cysts and liver disease (Wanders and Waterham, 2004). In addition, the brain, kidneys and Leydig cells in the testis show severe defects due to the lack of plasmalogens (Steinburg et al., 2006).  A lack of functional peroxisomes is biochemically evident in ZS patients, as tissue samples in ZS patients demonstrated abnormally high levels of VLCFAs and a deficiency in the production of plasmalogens (Brown et al., 1982; Heymans et al., 1983). Therefore, the measurement of metabolites in plasma and in fibroblasts is used to clinically diagnose PBD, as well as examining the absence of peroxisomes by immunofluorescence microscopy. The causative PEX gene is subsequently identified, and currently mutations in 14 PEX genes have been shown to be associated with PBD (Table 1.1) (Fujiki et al., 2012; Thoms and Gӓrtner, 2012).
At present, there is no cure for ZS and most patients do not live beyond one year of infancy. Several mouse models of ZS are currently used to provide further information regarding the associated biochemical and phenotypical defects (Faust et al., 1997; Maxwell et al., 2003). However, more recently Drosophila has been developed as a model system to study PBD, demonstrating the same neurological defects and VLCFA accumulation, and caused by the same mutated PEX genes (Chen et al., 2010; Mast et al., 2011; Nakayama et al., 2011). Therefore, flies represent another model for further study into molecular consequences of peroxisome abnormality.




	Peroxisomal disease
	Protein 
	Role in peroxisome metabolism

	
1) Single Enzyme deficiencies


	X linked adrenoleukodystrophy
	ALDP
	β-oxidation

	Acyl-CoA oxidase deficiency
	ACOX1
	β-oxidation

	D-bifunctional protein deficiency
	DBP
	β-oxidation

	Rhizomelic chondrodysplasia Type 2
	DHAPAT
	Ether lipid biosynthesis

	Rhizomelic chondrodysplasia Type 3
	ADHAPS
	Ether lipid biosynthesis

	2-MethylacylCoA racemase deficiency
	AMACR
	β-oxidation

	Sterol carrier protein X deficiency
	SCPx
	β-oxidation

	Adult Refsum disease
	PHYH/PAHX
	α-oxidation

	Hyperoxaluria Type 1
	AGT
	Glyoxylate detoxification

	Acatalasaemia
	CAT
	H2O2 metabolism

	
2) Peroxisome biogenesis 
Disorders


	Zellweger Syndrome
	Pex1, Pex2, Pex3, Pex5, Pex6, Pex10, Pex11β, Pex12, Pex13, Pex14, Pex16, Pex19, Pex26
	Peroxisome membrane/matrix import

	Neonatal adrenoleukodystrophy
	Pex1, Pex5, Pex6, Pex10, Pex12, Pex13, Pex26
	Peroxisome membrane/matrix import

	Infantile refsum disease
	Pex1, Pex2, Pex6, Pex12, Pex26
	Matrix protein import

	Rhizomelic chondrodysplasis punctata type 1
	Pex7
	Matrix protein import


Table 1.1: Overview of human peroxisomal disorders. 1) Peroxisomal single enzyme deficiencies. 2) Peroxisome biogenesis disorders. The dysfunctional protein and role in peroxisome metabolism is shown. Adapted from Fujiki et al (2012) and Wanders (2014).

1.4 Peroxisome biogenesis and the discovery of peroxins 
Peroxisome biogenesis can be grouped into three distinct cellular processes including: import of matrix proteins, import of membrane proteins and control of peroxisome abundance. The genes responsible for maintaining functional peroxisomes were classified as peroxins (Distel et al., 1996). Peroxin (Pex) proteins are encoded by PEX genes and a significant proportion of these are very well conserved, with homologues present among H. sapiens, D. melanogaster and S. cerevisiae (Table 1.2). Currently, 34 peroxins have been identified and the majority of these are found in yeast (Tower et al., 2011). 
Peroxins were originally discovered using forward genetic screens in yeast, by analysing the phenotype during growth on FAs as the sole carbon source (Erdmann et al., 1989). Therefore, mutant yeast lacking genes involved in peroxisome biogenesis could not metabolise fatty acids by β-oxidation and hence were unable to grow. In further studies, Chinese hamster ovary (CHO) cell mutants were examined for their inability to synthesise plasmalogens, which in turn were deficient in peroxisome formation (Tsukamoto et al., 1990). Complementation analysis in mutant CHO cells and PBD patient fibroblasts led to the further isolation of peroxisomal genes, whereby the reintroduction of the complimentary functional gene into the mutant cell line was able to restore peroxisome biogenesis (Shimozawa et al., 1992), (Matsumoto et al., 2003), (Honsho et al., 1998). Further genetic screens were performed in other yeast species including Hanensula polymorpha, Pichia pastoris and Yarrowia lipolytica (Distel et al., 1996; Purdue and Lazarow, 2001). Genome wide screening techniques such as microarray transcriptional profiling on yeast cells grown on fatty acids were able to identify one further peroxin, Pex25 (Smith et al., 2002). Yet, it is possible there are additional unknown genes that regulate peroxisome biogenesis but are redundant in function. Therefore, other screening strategies are needed, such as using a model organism that has low genetic redundancy, like Drosophila. Furthermore, the completion of genome sequences, such as D. melanogaster (Adams et al., 2000) has enabled sequence alignments to be performed and homologues identified using reverse genetics. Recently, 15 peroxin homologues have been identified in Drosophila via sequence comparison to known human and yeast peroxins, followed by RNAi knockdown to confirm cellular phenotypes (Chen et al., 2010; Mast et al., 2011).
1.5 Peroxisomal matrix protein import 
This pathway is well characterised and the majority of peroxins involved are well studied in most model organisms. All peroxisomal matrix proteins are nuclear encoded, synthesised on free ribosomes in the cytosol and post translationally imported across the peroxisomal membrane (Lazarow and Fujiki, 1985). Defects in peroxins implicated in this pathway display a phenotype of empty membrane compartments, without matrix proteins (Ribeiro et al., 2012). Newly translated matrix proteins are directly targeted to the peroxisome via soluble import receptors that are recycled back to the cytosol (Figure 1.1), and this is termed the extended shuttle model (Kunau, 2001). The accurate sorting to peroxisomes is reliant on two types of peroxisomal targeting signals (PTS); a C terminal PTS1 or an N terminal PTS2 (Rucktӓschel et al., 2011). The majority of matrix proteins contain a PTS1 signal, and typically this conforms to the consensus sequence (S/A/C)-(K/R/H)-(L/M) (Brocard and Hartig, 2006). Most organisms studied have a relatively low number of matrix proteins containing the PTS2 signal, which is a nonapeptide composed of the consensus sequence (R/K)-(L/V/I/Q)-XX-(L/V/I/H/Q)-(L/S/G/A/K)-X-(H/Q)-(L/A/F) (Petriv et al., 2004). In the cytosol, the soluble receptors Pex5 and Pex7 distinguish, and bind to, PTS1 and PTS2 signals respectively, and direct them to the peroxisomal membrane (Girzalsky et al., 2010). However, the Pex7 mediated sorting pathway requires a co-receptor to deliver PTS2 proteins to the peroxisome. In S. cerevisiae, Pex18 and Pex21 perform this function (Purdue and Lazarow, 1998), as well as Pex20 in Yarrowia lipolytica (Titorenko et al., 1998), and this is achieved in plants and mammals by a longer splice variant of Pex5 (Braverman et al., 1998). Similar to C. elegans (Motley et al., 2000), Drosophila does not appear to contain a PTS2 pathway, instead utilising only PTS1 protein import machinery (Faust et al., 2012). In addition, proteins lacking a PTS signal can be imported into peroxisomes via a piggy back mechanism, by forming a complex with PTS containing proteins (Effelsberg et al., 2015).
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Table 1.2: Peroxins identified in H. sapiens, S. cerevisiae and D. melanogaster
	Peroxin
	Hs
	Sc
	Dm
	Peroxisome Biogenesis Function
	Summary of Biological process
	References

	Pex1
	*
	*
	*
	Peroxisome matrix import
	AAA+ ATPase that is required for export of the receptor Pex5 and mediates fusion of pre-peroxisomal vesicles during de novo formation
	(Erdmann et al., 1991)

	Pex2
	*
	*
	*
	Peroxisome matrix import
	RING finger PMP that forms part of the importomer and an E3 ubiquitin ligase required for Pex5 ubiquitination
	(Tsukamoto et al., 1991)

	Pex3
	*
	*
	*
	Peroxisome membrane import
	Acts as the docking complex for correct targeting of PMPs and controls de novo formation of peroxisomes
	(Hohfeld et al., 1991)

	Pex4
	
	*
	
	Peroxisome matrix import
	Peroxisomal ubiquitin conjugating enzyme required for ubiquitination of receptor Pex5
	(Wiebel and Kunau, 1992)

	Pex5
	*
	*
	*
	Peroxisome matrix import
	Signal receptor for import of PTS1 cargo and a component of peroxisome translocon alongside Pex14
	(van der Leijl et al., 1993)

	Pex6
	*
	*
	*
	Peroxisome matrix import
	AAA+ ATPase that is required for export of the receptor Pex5 and mediates fusion of pre-peroxisomal vesicles in de novo formation
	(Spong and Subramani et al., 1993)

	Pex7
	*
	*
	*
	Peroxisome matrix import
	Signal receptor for import of PTS2 cargo  
	(Marzioch  et al., 1994)

	Pex8
	
	*
	
	Peroxisome matrix import
	Binds the PTS1-signal receptor Pex5 and connects the docking complex with the RING finger peroxins  
	(Liu et al., 1995)

	Pex10
	*
	*
	*
	Peroxisome matrix import
	RING finger PMP that forms part of the importomer and an E3 ubiquitin ligase required for Pex5 ubiquitination
	(Kalish  et al., 1995)

	Pex11
	*
	*
	*
	Peroxisome  abundance
	Involved in membrane elongation and recruitment of the fission machinery 
	(Erdmann and Blobel, 1995)

	Pex12
	*
	*
	*
	Peroxisome matrix import
	RING finger PMP that forms part of the importomer and an E3 ubiquitin ligase required for Pex5 ubiquitination
	(Kalish  et al., 1996)

	Pex13
	*
	*
	*
	Peroxisome matrix import
	Forms part of the docking complex during translocation of matrix proteins
	(Elgersma et al., 1996)

	Pex14
	*
	*
	*
	Peroxisome matrix import
	Forms part of the docking complex during translocation of matrix proteins and is a component of the peroxisome translocon
	(Albertini  et al., 1997)

	Pex15
	
	*
	
	Peroxisome matrix import
	Membrane receptor for the Pex1-Pex6 complex during Pex5 export and is the homologue of Pex26 in humans
	(Elgersma et al., 1997)

	Pex16
	*
	
	*
	Peroxisomal membrane import
	Membrane receptor for Pex3, which recruits PMPs and is required for de novo peroxisome formation 
	(Honsho et al., 1998)

	  Pex17
	
	*
	
	Peroxisome matrix import
	Subunit of the receptor docking complex 
	(Huhse et al.,1998)

	Pex18
	
	*
	
	Peroxisome matrix import
	Co-receptor with Pex21 in the PTS2 pathway
	(Purdue et al., 1998)

	Pex19
	*
	*
	*
	Peroxisomal membrane import
	Soluble chaperone and import receptor for targeting of membrane proteins, required for de novo biogenesis 
	(Gotte et al., 1998)

	Pex20
	
	
	*
	Peroxisome matrix import
	Co-receptor for PTS2 protein import, present in the yeast Y. lipolytica. 
	(Titorenko  et al., 1998)

	Pex21
	
	*
	
	Peroxisome matrix import
	Co-receptor with Pex18 in the PTS2 pathway
	(Purdue and Lazarow., 1998)

	Pex22
	
	*
	
	Peroxisome matrix import
	Membrane anchor for Pex4, involved in Pex5 monoubiquitination
	(Koller et al., 1999)

	  Pex23
	
	
	*
	Peroxisome abundance
	Present in Y. Lipolytica, functionally homologous to Pex30, Pex31 and Pex32 
	(Brown et al., 2000)

	  Pex24
	
	
	
	Peroxisome  abundance
	Present in Y. Lipolytica, functionally homologous to Pex28 and Pex29 
	(Tam and Rachubinski, 2002)

	Pex25
	
	*
	
	Peroxisome  abundance
	Membrane elongation during division and de novo biogenesis from the ER 
	(Smith et al., 2002)

	Pex26
	*
	
	
	Peroxisome  abundance
	Membrane receptor for the Pex1-Pex6 complex during Pex5 export and is the homologue of Pex15 in yeast
	(Matsumoto et al., 2003)

	Pex27
	
	*
	
	Peroxisome  abundance
	Negatively regulates peroxisome fission 
	(Rottensteiner et al., 2003)

	Pex28
	
	*
	
	Peroxisome  abundance
	Regulates peroxisome size, number and distribution
	(Vizeacoumar et al., 2003)

	Pex29
	
	*
	
	Peroxisome  abundance
	Regulates peroxisome size, number and distribution
	(Vizeacoumar et al., 2003)

	Pex30
	
	*
	
	Peroxisome  abundance
	Controls peroxisome number and formation of ER contact sites
	(Vizeacoumar et al., 2004)

	Pex31
	
	*
	
	Peroxisome  abundance
	Regulates peroxisome size
	(Vizeacoumar et al., 2004)

	Pex32
	
	*
	
	Peroxisome  abundance
	Regulates peroxisome size
	(Vizeacoumar et al., 2004)

	Pex33
	
	
	
	Peroxisome matrix import
	Component of the peroxisomal docking complex in the fungus Neurospora crassa. 
	(Managadze et al., 2010)

	Pex34

	
	*
	
	Peroxisome 
abundance
	Positively regulates peroxisome fission
	(Tower et al., 2011)


 (
Summary table showing an overview of the 
peroxins
 involved in peroxisome biogenesis in 
H. sapiens
, 
S. cerevisiae
 and 
D
. melanogaster
. An 
*
 is shown if the peroxin is identified in each of the eukaryotes. The peroxisome function, as well as biological process of each 
peroxin
, is included.  Peroxins were checked on Entrez for humans, on 
Saccharomyces 
genome database for yeast, and on Flybase for 
flies.
 Sc=
Saccharomyces cerevisiae
, Hs =
Homo sapiens
, Dm=
Drosophila melanogaster
. P
ex
9 was a wrongly identified ORF, hence its exclusion from the table. 
) (
Table 1 continued.
)
The next phase involves the recruitment of the receptor carrying its cargo to the docking complex on the peroxisomal membrane, which is assembled of the peroxins Pex13, Pex14 and Pex17 (Erdmann et al., 1996, Brocard et al., 1997, Huhse et al., 1998). The docking complex associates with the RING finger domain containing peroxins - Pex2, Pex10 and Pex12 - that are similar to E3 proteins. Together, they form the importomer, which is needed for protein translocation and, to some extent, for receptor recycling (Ma et al., 2011). Subsequently, the receptors with their bound cargo are translocated across the peroxisomal membrane. In contrast to mitochondria and the ER, which only import unfolded proteins, peroxisomes are able to import folded proteins and large oligomers (Glover et al., 1994; Kim and Hettema, 2015). A model of translocation was established, proposing that the pore would be transient and that the import receptors are involved in its development (Erdmann and Schliebs, 2005). Evidence in yeast demonstrated that Pex5 and Pex14 form the main core of the peroxisomal translocon (Meinecke et al., 2010). Thus, it was proposed that Pex5 and Pex14 generate a gated ion conducting channel that is activated once Pex5 is bound to PTS1 containing proteins. After translocation the cargo is released from the PTS receptors. Pex8 has been proposed to bind to Pex5-cargo and in vitro assays were able to demonstrate that in the presence of Pex8, Pex5-PTS1 cargo dissociated, showing a potential role in cargo release (Wang et al., 2003). However, currently there is no Pex8 homologue in mammals so the mechanism of cargo release still needs to be characterised.
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Figure 1.1: Schematic diagram of peroxisomal matrix import and the peroxins involved. A) Peroxisomal matrix proteins contain PTS1 or PTS2 signals and these bind to their respective receptors, Pex5 and Pex7. Pex7 has co-receptors to aid in import of PTS2 proteins. B) The receptors then dock at the docking complex of Pex13/Pex14/Pex17 and C) translocate through a membrane pore composed of Pex14/Pex5. D) Cargo is released in the lumen. E) The RING finger peroxins Pex2, Pex12, Pex10 and Pex4 are thought to be involved in the ubiquitination, followed by export of receptors mediated by Pex1 and Pex6. 
Consequently, the receptors enter the membrane to be released back into the cytosol, where they are either recycled for another round of targeting and import, or degraded by the proteasome (Girzalsky et al., 2010). This process involves ubiquitination machinery alongside dislocases to perform the export step, which is dependent on ATP, unlike the import stage. The export machinery consists of Pex1 and Pex6, which are both AAA+ ATPase family members, coupled with the tail-anchored membrane protein Pex26 (Pex15 homologue in yeast). Pex26 anchors Pex6 to the peroxisomal membrane, which in turn anchors Pex1 (Fujiki et al., 2008, Birschmann et al., 2003). The AAA+ proteins provide the ATP required for Pex5 release into the cytosol, but the actual mechanism is unresolved. Interestingly, Pex1, Pex6, and Pex26 account for approximately 85% of the mutations causing PBD, so understanding the molecular mechanisms of this complex will be of great medical importance (Steinburg et al., 2006). Moreover, ubiquitination of receptors is proposed to be a key step in the export mechanism, and they can be monoubiquitinated or polyubiquitinated, determining if the receptors are recycled or degraded respectively (Kragt et al., 2005), (Platta et al., 2004).  The RING finger peroxins Pex2, Pex10 and Pex12 are proposed to have E3-ligase roles in Pex5 polyubiquitination (Platta et al., 2009). Monoubiquitination on the other hand is facilitated by Pex4, an E2 ubiquitin conjugating enzyme and its membrane anchor Pex22 (Rucktӓshcel et al., 2011). Recent evidence has suggested that the export and degradation of Pex7 is dependent on that of Pex5 and proposed both PTS1 and PTS2 pathways share export components (Hagstrom et al., 2014).
1.6 Peroxisomal membrane protein import 
Peroxisomal membrane proteins (PMPs) are also posttranslationally imported into peroxisomes, but in a separate pathway to matrix proteins. This is because PMP import is not affected in mutants with a matrix protein import defect, and instead PMPs end up in membrane remnants or ghosts (Rucktӓschel et al., 2011). To date, Pex3, Pex16 and Pex19 are the only factors identified that facilitate PMP insertion, as cells lacking these genes are completely devoid of peroxisomes (Hohfeld et al., 1991, Honsho et al., 2002, Gotte et al., 1999; Hettema et al., 2000). Pex19 and Pex3 are well conserved between eukaryotes, whereas the exact role of Pex16 differs between mammals and some fungi. There are two models for PMP import (Figure 1.2); direct insertion into peroxisomes or indirect import via the ER (Kim and Hettema, 2015). PMPs can be separated into two groups; class 1 PMPs that target in a Pex19 dependent manner and class 2 PMPs that target independently of Pex19 via the ER (Rucktӓschel et al., 2011). The correct targeting of class 1 PMPs is mediated by a membrane peroxisomal targeting signal (mPTS) within the PMP, which contains a Pex19 binding site as well as a membrane anchor sequence, although a consensus sequence has not been obtained (Fujiki et al., 2006). 
The initial stage of import requires the recognition of the mPTS by Pex19 in the cytosol. Pex19 functions both as a soluble import receptor and chaperone for newly translated PMPs, where it mediates their stability and localisation (Hettema et al., 2000; Sacksteder et al., 2000). The finding that Pex19 interacts with the mPTS of numerous PMPs and that Pex19 is associated with peroxisomal membranes makes it a major contender for functioning as a cycling receptor like Pex5 (Snyder et al., 2000; Halbach et al., 2006; Jones et al., 2004; Rottensteiner et al., 2004). Subsequently, the Pex19-PMP complex is targeted to the peroxisome membrane where it binds to the docking receptor Pex3 (Fang et al., 2004; Matsuzono et al., 2006). In mammalian cells, Pex16 acts as the docking site for the Pex3-Pex19 complex on the peroxisomal membrane (Matsuzaki and Fujiki, 2008). It is unknown how the PMP is integrated into the membrane or if an export mechanism exists, resembling matrix protein export. 
However, class 2 PMPs, which is currently limited to Pex3, Pex16, and Pex22, are proposed to be targeted to peroxisomes via the ER (Rucktӓschel et al., 2011). In mammalian cells, Pex16 is first targeted to the ER were it is inserted into the membrane co-translationally, and then transported to peroxisomes (Kim et al., 2006). Studies using Y. lipolytica and A. thaliana also show that Pex16 traffics from ER to peroxisomes, showing its mode of transport is well conserved (Titorenko and Rachubinski, 1998; Karnik and Trelease, 2007; Hua et al., 2015). In S. cerevisiae, the class 2 membrane protein Pex3 traffics from ER to peroxisomes and this was shown to be dependent on Pex19 (Hoepfner et al., 2005). However, some studies in mammalian cells show Pex3 is sorted directly to peroxisomes but transport was dependent on Pex19 (Matsuzaki and Fujiki, 2008). In contrast, other studies in mammalian cells suggest Pex16 acts as a receptor for Pex3 at the ER and constantly traffics Pex3 from the ER to peroxisomes (Kim et al., 2006; Aranovich et al., 2014). Recently, it was established that human Pex16 specifically controls the trafficking of multiple PMPs, as well as Pex3, via the ER (Aranovich et al., 2014; Hua et al., 2015). They proposed that PMP recruitment at the ER is conserved between mammals and plants, but the precise mechanism of how Pex16 recruits other PMPs to the ER is unclear. 
Furthermore, recent studies in yeast, using fluorescence microscopy, established that 16 PMPs (both class 1 and 2) appeared first in the ER and then peroxisomes, and proposed new roles for Pex19 and Pex3 in budding of vesicles from the ER (van der Zand et al., 2010). The study also implicates the Sec61 translocon and GET complex as essential components for PMP insertion into the ER (Schuldiner et al., 2008). The GET complex is required for the correct insertion of tail-anchored proteins into the ER, and in the trafficking of Pex15 from ER to peroxisomes (van der Zand et al., 2010). In addition, it was demonstrated that the Sec61/Sec62/Sec63 translocon was involved in the import of ScPex3 into the ER (Thoms et al., 2012). Together, these studies reveal distinct ER components are necessary for PMP insertion and support the idea of ER to peroxisome transport. 
Moreover, studies using cell free systems further implicate Pex19 in the budding of pre-peroxisomal vesicles from ER derived microsomes, and were able to show that Pex15 and Pex3 trafficked from ER to peroxisomes (Lam et al., 2010). It was proposed that such a vesicular trafficking route of PMPs requires Pex19, ATP and additional unknown cytosolic or membrane bound factors (Lam et al., 2010; Agrawal et al., 2010). There is debate about what the vesicular structures would be composed of as budding occurred without COPII, which normally packages secretory cargo at the ER. Also, there is mixed evidence regarding the ATP requirement during import of Class1 PMPs. Evidence shows that the incorporation into the membrane has an ATP requirement but the export of Pex19 does not require energy (Matsuzono and Fujiki, 2006). Interestingly, the proteins which supply ATP to drive membrane protein insertion have not yet been identified. Therefore, it is unknown what other membrane machinery or cytosolic factors are required for transport from the ER to peroxisomes. 
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Figure 1.2: Schematic diagram of PMP import and the associated peroxins. Two pathways are proposed for PMP membrane targeting 1) directly or 2) indirectly via the ER. Pex19 acts like a shuttling receptor/chaperone by binding and stabilising the PMP. The PMP-Pex19 complex then docks to the peroxisomal membrane via Pex3, and in some eukaryotes to Pex16. The PMP is then inserted into the membrane. 
1.7 Peroxisome formation and multiplication 
There are currently two long standing models of peroxisome formation that exist in the literature; 1) growth and division of pre-existing peroxisomes, and 2) de novo formation from the ER. The exact role of the ER in this process and its contribution to peroxisome formation is still an ongoing matter of debate, in addition to its role in PMP targeting. A lot of the molecular mechanisms in the ER to peroxisome de novo pathway are still to be characterised, and, interestingly, appear to differ depending on the model organism. The earliest model proposed that peroxisomes were formed from the endomembrane system, as electron microscopy studies demonstrated that peroxisomes were in close association with the ER (Novikoff and Novikoff, 1972). However, peroxisomes were then believed to be autonomous organelles that multiply by growth and division (Figure 1.3A), and that the ER just supplied the membrane lipids (Lazarow and Fujiki, 1985). Evidence to support this came from studies showing that peroxisomal matrix proteins and some PMPs were imported post translationally, which lead to growth and fission of the mature peroxisome (Rachubinski et al., 1984). Recently, a genetic study discovered that the majority of organelles adhered to a common theme whereby pre-existing proteins are symmetrically partitioned after addition of new proteins. Peroxisomes were classified in this group supporting the growth of peroxisomes via fission of pre-existing peroxisomes (Menendez-Benito et al., 2013). However, multiple studies have demonstrated that matrix proteins are unevenly distributed to new peroxisomes, and proposed peroxisomes arise via non-symmetrical fission (Huybrechts et al., 2009; Nagotu et al., 2008; Delille et al., 2010). 
De novo formation is observed in mutant cells that are devoid of peroxisomes (pex3Δ, pex16Δ, and pex19Δ) following reintroduction of the functional gene, which would be incompatible with the growth and division model. Such de novo formation means that an additional donor organelle has to provide the membrane constituents and previous evidence linking the ER made it the prime contender. 
One of the major breakthroughs was evident after reintroducing Pex3-YFP into pex3Δ cells that it initially localised to the ER, followed by ER associated punctae, and then trafficked to peroxisomes in progressive stages of maturation (Hoepfner et al., 2005). This led to the maturation model (Figure 1.3B), proposing that vesicles with PMPs form de novo from the ER, and fuse together to form a peroxisome that can then import matrix proteins, finally becoming a mature peroxisome (Tabak et al., 2006). Recent evidence shows that Pex25 is another factor, in yeast, that is able to restore peroxisomes de novo after reintroduction in mutant cells (Huber et al., 2012). More recently, a newer vesicular model was proposed by van der Zand et al (2012) who observed that peroxisomes form via fusion of two distinct ER derived vesicular compartments (Figure 1.3C). It was suggested that each vesicle contained half of matrix protein translocation machinery and upon fusion created the full importomer. They suggested that formation of peroxisomes starts with the insertion of PMPs into the ER via the Sec61 translocon and GET complex (Schuldiner et al., 2008; van der Zand et al., 2010). Subsequently, budding from the ER results in the formation of distinct preperoxisomal vesicles (harbouring Pex13 and Pex14 or Pex2 and Pex10), which fuse via activity of Pex1 and Pex6 to assemble a newly formed peroxisome (Titorenko and Rachubinski, 2000). However, they were not able to confirm what type of membrane carriers are involved in de novo formation. Moreover, in Hansenula polymorpha, Pex3 is not required for the de novo formation of peroxisomal membranes in pex3 mutant cells, but instead sorts to pre-peroxisomal vesicles (PPV) that contain the docking complex (Knoops et al., 2014). A newer vesicular maturation model was proposed that suggested peroxisomes mature from pre-peroxisomal vesicles and not from the ER (Figure 1.3D). However, the mode of vesicular maturation has not been studied in mammalian cells. 
Studies in mammalian cells have demonstrated that de novo formation continues as normal when the coatomer proteins, COPI and COPII, are inhibited (South et al., 2000; Voorn-Brouwer et al., 2001). Perry et al (2009) established a link between ER bound secretory proteins and peroxisome assembly. They discovered that inhibition of the ER bound secretory proteins Sec20 and Sec39 mislocalised matrix proteins to the cytosol, and Pex3 was mislocalised to vesicular structures. Additionally, Sec16β was discovered as a factor needed for Pex16 export from the ER, again supporting the involvement of secretory proteins and a vesicular mode of biogenesis (Yonekawa et al., 2011). Using a proteomics based approach; interactions were established between Pex30 and several ER bound proteins, and the study proposed that they form a type of ER-peroxisome contact site (David et al., 2013). Moreover, Pex30 associated with every subunit of the COPI coatomer, again challenging the exact nature of the vesicular facilitated transport (David et al., 2013). Such ER contact sites have also been reported between ER and mitochondria suggesting ER is essential for aspects of organelle biogenesis (Kornmann et al., 2009; Friedman et al., 2011). 
Likewise, peroxisome formation appears to be different in mammals and yeast, as de novo formation, and division, was shown to happen simultaneously in mammalian cells (Kim et al., 2006). It was shown that the ER both supplied and maintained the amount of peroxisomes. However, in wild type yeast, peroxisomes multiply by growth and division and only use the de novo pathway for membrane components when they absent in mutant cells (Motley and Hettema, 2007). Additionally, studies on Arabidopsis Pex16 show it is transported from the ER to pre-existing peroxisomes and that it serves to recruit PMPs at the ER (Karnik and Trelease, 2007; Hua et al., 2015). Therefore in plant cells, the 'semi autonomous peroxisome maturation and replication model' is postulated, whereby pre-existing peroxisomes arise mainly by division but acquire PMPs from the ER (Mullen and Trelease, 2006). Nevertheless, the ER plays a pivotal role both in de novo biogenesis and for regular growth and division of peroxisomes. It is unknown what the model for peroxisome biogenesis is in Drosophila. 
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Figure 1.3: Schematic diagrams of models of peroxisome multiplication. A) Model of growth and division of existing peroxisomes, receiving only a supply of membrane components from the ER. Peroxisome division can occur symmetrically or non-symmetrically. B) De novo formation from the ER via maturation of vesicles. C) Vesicular fusion model showing fusion of two distinct ER derived vesicles. D) Vesicular maturation model demonstrating Pex3 is firstly sorted to pre-peroxisomal vesicles that lead to the formation of a mature peroxisome.  
1.8 Peroxisome division: The Pex11 proteins and fission machinery
Peroxisome numbers are controlled by the rates of organelle formation, division and degradation. After growth and import of matrix and membrane proteins, the mature peroxisome divides into two daughter peroxisomes, a process involving the Pex11 proteins and fission machinery (Schrader et al., 2012). Peroxisome division (Figure 1.4A-B) begins with membrane elongation, followed by membrane constriction, and finally membrane fission. Pex11 performs a universal function in eukaryotes by shaping the peroxisomal membrane, to allow elongation of the peroxisome (Koch et al., 2010). Studies in yeast and mammals have demonstrated that deletion of Pex11 results in a decrease in peroxisome number and presence of enlarged peroxisomes, supporting a role that peroxisomes cannot divide under these conditions (Erdmann and Blobel, 1995). It has been proposed that Pex11 performs a role in altering membrane curvature by binding to membrane lipids, as Pex11 is composed of N-terminal helices with amphipathic characteristics (Opalinski et al., 2011). Moreover, a role has been suggested in the assembly of the fission machinery to peroxisomes, as interactions between Pex11β and Fis1 have been reported (Kobayashi et al., 2007). In mammals, three Pex11 isoforms exist; Pex11α, Pex11β and Pex11γ, whereas the Pex11 family in yeast consists of Pex11, Pex25 and Pex27 (Rottensteiner et al., 2003). Recently, it was reported that Pex25 is involved in de novo formation of peroxisomes from the ER, implicating a new role at the ER for the Pex11 family of proteins (Huber et al., 2012). However, Pex11 recruits Dnm1 in H. polymorpha and they demonstrated that peroxisome fission is the major pathway for peroxisome multiplication (Nagotu et al., 2008).
The factors responsible for membrane constriction are currently unknown. The final stage of membrane scission is mediated by the association of dynamin-like (or related) proteins (DLPs/DRPs), at the peroxisome. DLPs are cytosolic GTPases of the dynamin family of proteins that are recruited to peroxisomes via membrane receptors (Praefcke and McMahon, 2004). DLPs are proposed to form highly ordered circular structures that coil around membrane tubules in order to separate the membrane (Ingerman et al., 2005). In S. cerevisiae, two DRPs, Vps1 and Dnm1, are needed for peroxisomal, as well as mitochondrial, fission (Hoepfner et al., 2001; Kuravi et al., 2006). Dnm1 is assembled on peroxisomes, and mitochondria, via the tail anchored protein Fis1 and peripheral proteins Mdv1 and Caf4 (Motley et al., 2008). In mammalian cells, DLP1 is attached to peroxisomes and mitochondria via Fis1 and, another tail anchored protein, mitochondrial fission factor (MFF), which was discovered in Drosophila cells by an RNAi screen (Gandre-Babbe and van der Bliek, 2008). Pre-existing proteins were demonstrated to be symmetrically partitioned after addition of new proteins (Menendez-Benito et al., 2013). More studies support non-symmetrical fission as matrix proteins within pre-existing peroxisomes are not evenly distributed over new peroxisomes (Huybrechts et al., 2009; Delille et al., 2010). An uneven distribution of matrix proteins was shown to occur as a general mechanism upon fission in the yeast Hansenula polymorpha (Nagotu et al., 2008). It is possible condition-specific features may generate more equal symmetric division. It is fascinating that peroxisomes and mitochondria share such vital factors required for fission, supporting a closer link between the two organelles. 
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Figure 1.4: Schematic diagram of peroxisome growth and fission. A) Symmetrical fission. B) Non-symmetrical fission. Pex11 family members participate in elongation of the peroxisomal membrane. The peroxisome membrane undergoes constriction. Fission factors are then recruited to the peroxisomal membrane to mediate the final scission step. 
1.9 The family of AAA+ ATPases 
Pex1 was the first factor to be discovered with a role in peroxisome biogenesis and it was particularly interesting that it shared a conserved ATP binding domain with NSF (N-ethylmaleimide-sensitive factor) and VCP (valosin-containing protein) (Erdmann et al., 1991). Thus, this led to a classification of a new family of ATPases called AAA+ ATPases (ATPases associated with diverse cellular activities), which are a subset of Walker type NTPases containing a signature ATPase domain. They act as molecular motors to control cycles of ATP binding and hydrolysis, in order to provide the chemical energy to structurally rearrange a target substrate, facilitate AAA+ oligomer formation and undergo conformational changes (White and Lauring, 2007). Flies and humans have around 80 AAA+ genes, whereas yeast has approximately 50, showing that they are extremely well conserved among eukaryotes (Neuwald et al., 1999). 
1.10 Structure of AAA+ ATPases
AAA+ proteins share various conserved structural domains that are important for function. These include the ATPase domain, which is composed of a Walker A motif (also known as a phosphate binding loop) responsible for ATP binding, and a Walker B motif required for ATP hydrolysis. The Walker A motif has a consensus of GXXXXGK(T/S), with the lysine residue being essential for ATP-binding and contacts the γ-phosphate of the nucleotide (Walker et al., 1982). Site directed mutagenesis studies show disruption to this lysine completely disrupts nucleotide binding (Babst et al., 1998). The Walker B motif is composed of hydrophobic (h) amino acids followed by conserved aspartate/glutamate residues (hhhhDE), which form hydrogen bonds with the T/S of the GKT/S box, and with an attached water molecule, to mediate nucleotide hydrolysis (Wiese et al., 2006). Site-directed mutagenesis studies of the glutamate residue (E to Q) have confirmed its important role in ATP hydrolysis in many AAA+ proteins (Dalal et al., 2004; Babst et al., 1998).  Interestingly, mutations in the Walker B motif allow the generation of 'substrate traps', which are able to bind but not release the target substrates (Weibezahn et al., 2003). Such mutants are extremely useful tools for detecting the cellular functions of some AAA+ proteins. For example, E to Q mutation in NSF led to the disassembly of Golgi stacks, whereas E to Q mutation of p97 led to the accumulation of ubiquitinated proteins on the ER (Dalal et al., 2004). This is because the strength of the interaction between AAA+ proteins and their target protein is much greater in the ATP-bound form than ADP-bound state (Hanson and Whiteheart, 2005).
AAA+ ATPases can be grouped as class I AAA+ proteins if they contain two AAA+ domains (called D1 and D2), in contrast to class II proteins that contain one AAA+ domain (Figure 1.5A). Additionally, AAA+ proteins each contain an N linker domain that is proposed to transfer the chemical energy to the rest of the protein, and pore loop 1 that forms the pore when AAA+ proteins are in the oligomeric configuration (White and Lauring, 2007). The standard AAA family members are characterised by a second region of homology (SRH) in comparison to the more general AAA+ class of proteins (Neuwald et al., 1999). The SRH is composed of sensor 1 as well as the Arginine finger and these structural components are proposed to induce nucleotide hydrolysis and generate a conformation change in individual AAA+ subunits (Karata et al., 1999). AAA+ ATPases assemble into oligomers and normally display a standard hexameric arrangement (Figure 1.5B). Class I AAA ATPases containing two AAA+ domains have the appearance of two hexamers assembled on top of each other (White and Lauring, 2007).
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Figure 1.5: Schematic of the structure of AAA+ ATPases. A) Structure of class I and class I AAA+ ATPases showing key structural features of the AAA+ domain. B) Oligomeric structure of class I and class II AAA+ ATPases. Adapted from White and Lauring (2007). 
1.11 Diverse cellular functions of AAA+ ATPases
Most AAA+ ATPases participate in a number of distinct cellular roles including protein folding, the assembly and disassembly of protein complexes, protein transport, membrane fusion, protein degradation and DNA replication (Table 1.3) (White and Lauring, 2007). Interestingly, the subcellular localisation of AAA+ ATPases is also incredibly diverse, with AAA+ ATPases located in numerous individual compartments including the nucleus, cytosol, peroxisomes, mitochondria, ER and endosomes. In addition, a variety of adaptor proteins are able to bind to the N terminus of AAA+ ATPases, to enforce a particular subcellular localisation or to assist them in their cellular functions (Hanson and Whiteheart, 2005). A major function of AAA+ ATPases is in the disassembly of protein complexes on the membranes of organelles. The chemical energy is used to dissociate a protein from a target complex, which is then recycled for further use. For example, NSF (Sec18) was one of the initial AAA+ proteins to be studied in detail and was established as a core component of vesicular trafficking (Wilson et al., 1989). NSF is directed to SNARE complexes by specific interaction with its adapter protein α-SNAP (Sec17), and as a cooperative function they disassemble SNARE complexes to recycle SNAREs and permit vesicle fusion (Ungermann et al., 1998). A second example is the AAA+ protein p97, which interacts with different adaptor proteins to initiate distinct cellular functions at specific organelle membranes. A major function of p97 is in mediating membrane fusion at the ER and Golgi, and is localised to both compartments by binding to its adaptor protein p47 (Uchiyama et al., 2002). However, p97 is also able to bind to additional adaptor proteins, Ufd1 and Npl4, and together they mediate the removal of misfolded proteins from the ER to the cysotol (Ye et al., 2004). Thus, p97 performs an additional function of protein quality control in the endoplasmic reticulum associated degradation (ERAD) pathway, as well as its role in membrane fusion. 
	AAA+ ATPase 
	Localisation
	Cellular function

	Pex1 and Pex6
	Peroxisome/cytosol
	Export of the matrix protein import receptor Pex5

	NSF/Sec18
	Vesicles/cytosol/Golgi
	Disassembly of SNARE complexes/membrane fusion

	p97/VCP
	Cytosol/ER/Golgi
	Translocation of misfolded proteins during ERAD, ER maintenance, golgi reassembly

	VPS4
	Endosomes
	Disassembly of ESCRT-III complex

	Bcs1
	Mitochondria
	Protein translocation into mitochondria

	Clp/Hsp100
	Cytosol
	Protein quality control

	m-AAA 
	Mitochondria
	Mitochondrial quality control

	Yta1/Yta2
	Mitochondria
	Proteolysis in mitochondria

	Katanin
	Centrosome/spindle
	Microtubule severing

	Spastin
	Golgi/ centrosome/ spindle
	Microtubule severing

	Dynein
	Microtubules, endosomes, spindle, golgi
	Motor for microtubules

	Orc1, Orc4, Orc5
	Nucleus
	DNA replication

	MspI/ATAD1
	Mitochondria/peroxisomes
	Degradation of mislocalised TA proteins/protein quality control


Table 1.3: Examples of AAA+ proteins and their cellular functions. Each AAA+ ATPase is shown along with information regarding its subcellular localisation and function. 
The AAA+ ATPases Pex1 and Pex6 both localise to peroxisomes, via the interaction of Pex6 with the membrane bound Pex15/Pex26 (Matsumoto et al., 2003; Birschmann et al., 2003). Currently, no adaptor proteins have been identified for Pex1 and Pex6. Together, they are essential components of the PTS1 receptor export machinery, where they provide ATP to dissociate Pex5 from the membrane, in order to allow its recycling for further rounds of import (Grimm et al., 2012). Msp1 (mitochondrial sorting protein 1) is another AAA+ ATPase that localises to peroxisomes, as well as being distributed on mitochondria. Recent evidence implicates a role in protein quality control in the degradation of mislocalised TA proteins on mitochondria (Chen et al., 2014; Okreglak and Walter, 2014). It is possible to speculate that Msp1 has an additional peroxisomal function, which requires interaction with membrane bound factors on peroxisomes. 
A role in protein quality control is well conserved for most AAA+ ATPases, where they mediate the unfolding/refolding of target proteins and degradation of misfolded proteins. The proteasome is essential for the degradation of ubiquitinated proteins and one of its components is the 19S complex, which is assembled of six AAA+ ATPases (Rpt1-6) that performs protein unfolding (Glickman et al., 1998). Additionally, the mitochondrial inner membrane contains two AAA+ proteases (m-AAA and i-AAA) that performs quality control of respiratory chain complexes and removes membrane proteins that are not assembled correctly (White and Lauring, 2007). 
1.12 Mechanism of AAA+ ATPases 
A general mechanism for AAA+ ATPases is their assembly into oligomeric complexes and it is in this form that they are biologically active (White and Lauring, 2007). Size exclusion chromatography experiments revealed that Pex1 on its own forms trimers, whereas Pex6 appears to remain in the monomeric form (Tamura et al., 2006; Ciniawsky et al., 2015). Many AAA+ proteins form hexamers to create a ring-shaped structure with a central pore and AAA+ proteins containing two AAA+ domains create hexameric rings stacked on top of each other (Whiteheart et al., 1994).  However, an asymmetric distribution of individual AAA+ proteins has been observed for dynein, which is composed of seven individual subunits (Samso et al., 1998).The central core of the hexamer is composed of pore loops from each of the individual AAA+ subunits, which are responsible for attaching a substrate and transporting it through the pore (Figure 1.6A). Moreover, different AAA+ proteins can associate together to create hetero-oligomeric complexes, and such examples are Pex1 and Pex6 (Ciniawsky et al., 2015). The binding of ATP was shown to be essential for the interaction of Pex1 with Pex6, and in the formation of hetero-oligomeric complexes (Birschmann et al., 2005 and Tamura et al., 2006). The removal of ATP led to the dissociation of the Pex1-Pex6 hetero-hexameric complex and accumulation of smaller complexes (Saffian et al., 2012). Taken together, these findings demonstrate that ATP binding is of importance for initiating oligomer formation and in maintaining a stable hexameric structure.
AAA+ ATPase subunits assemble together to form a hexameric arrangement of multiple ATPase domains alongside each other. A clear advantage of this structural organisation is that it allows individual subunits to alternate between active and inactive states in a collaborative manner (White and Lauring, 2007).The hexameric arrangement also allows AAA+ proteins to bind proteins at multiple regions, and exert energy to bound proteins during the ATPase cycle. Electron microscopy studies have demonstrated that the NSF hexamer undergoes nucleotide dependent alterations and proposed that after energy has been released the AAA+ domain switches from active to inactive (Hanson et al. 1997).There are a number of proposed models in how ATP hydrolysis is coordinated among the subunits. One model has proposed that ATP hydrolysis is a sequential mechanism and the ATPase cycle alternates between adjacent subunits in the hexamer (Figure 1.6B) (Mancini et al., 2004). However, it has also been suggested that all AAA+ subunits may perform ATP hydrolysis at the same time in a synchronised manner. In addition, it has been proposed that individual AAA+ subunits may be in a combination of active and inactive states (Herch et al., 2005).
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Figure 1.6: Schematic of AAA+ ATPase mechanism. A) Proposed mechanism of pore formation during oligomerisation of AAA+ ATPase. B) Proposed models for cycling of ATP in the hexameric arrangement. 
AAA+ ATPases are clearly important due to their localisation in many subcellular organelles and participation in a variety of cellular processes. It is fascinating that AAA+ proteins share a common hexameric structure and conserved structural features implying that their mode of action is universal. However, very little is known about what conformational changes occur during ATP hydrolysis. Also, the identification of specific adaptor proteins will aid our understanding of distinct functions of AAA+ ATPases.
1.13 Drosophila melanogaster as a model organism 
The majority of peroxisome research has been performed on yeast and mammalian model systems as discussed above, whereas Drosophila provides many advantages. Most importantly, Drosophila has low genetic redundancy meaning less likelihood of redundant gene functions. Thus, proteins have clearer phenotypes to enable easier classification of individual factors and cellular pathways. For example, humans contain over 75 Rab genes involved in membrane trafficking and vesicular transport, whereas Drosophila contains only 33 (Zhang et al., 2007). Additionally, Drosophila and humans share more than 75% of genes linked with human disease (Reiter et al., 2001). Drosophila has successfully been used as a model for many other human diseases including neurodegenerative diseases and mitochondrial diseases (Bilen and Bonini, 2005; Sanchez-Martinez et al., 2006). Drosophila has evolutionally conserved peroxisome biogenesis pathways and contains the majority of peroxins found in humans (Chen et al., 2010; Mast et al., 2011; Faust et al., 2012). Faust et al (2012) have isolated several metabolic enzymes that contribute to peroxisome homeostasis and suggested that Drosophila only utilise a PTS1 pathway of import. Disruption of peroxins in Drosophila leads to impaired import, increased VCLFAs and growth retardation, as well as spermatogenesis defects (Chen et al., 2010). Additionally, Pex1 mutant larvae were severely delayed in development and had neurological abnormalities, mimicking the symptoms of PBD (Mast et al., 2011). Thus, Drosophila is becoming an important model system to study mutant peroxins, PBD and cellular trafficking pathways.
Moreover, there is an array of genetic tools available such as RNA interference (RNAi), which requires the addition of long double stranded RNA (dsRNA) to cells in order to silence a target gene. Once inside the cell the dsRNA is processed by the enzyme dicer, to generate a pool of small interfering RNAs (siRNAs). Subsequently, siRNAs are transferred to the RNA-induced silencing complex (RISC), which interacts with complementary mRNA to promote degradation of mRNA and inhibition of protein synthesis (Kim and Rossi, 2008). Drosophila cells have a distinct advantage over mammalian cells, in that they are able to directly uptake dsRNA without the requirement of expensive transfection reagents (Ramadan et al., 2007). dsRNA probes can be efficiently designed to avoid low complexity regions and any homologous regions to non-target transcripts, to ultimately reduce any degradation of non target genes (off target effects) (Horn and Boutros, 2010). Genome-wide RNAi screens can be performed to study a range of cellular pathways due to the availability of genome-wide RNAi libraries (Dietz et al., 2007). Thus, RNAi screening is a powerful tool to identify novel genes coupled with the high evolutionary conservation and low redundancy of Drosophila.
More recently, the type II CRISPR/Cas9 (Clustered regularly interspaced short palindromic repeats/CRISPR associated protein 9 nuclease) system has been applied to whole flies and S2 cells (Gratz et al., 2013; Bassett et al., 2013). The CRISPR-associated genes are required for viral defence in bacteria and were discovered when studies demonstrated that S. thermophilus was able to gain resistance against phages by integrating viral DNA into its CRISPR locus (Barrangou et al., 2007). This system allows targeted genome modifications to be performed in a wide range of cell types and offers an alternative method to RNAi (Sander and Juong, 2014). Approaches to introduce permanent genetic modifications are restricted to few model organisms, such as homologous recombination in yeast.
The type II CRISPR system is simplistic as it only requires two components; a Cas9 nuclease and synthetic guide RNA (sgRNA). The Cas9 is directed to a specific site in the genome by the sgRNA and introduces a double strand break (DSB) (Jinek et al., 2012). The specificity is achieved by attaching a 20nt target sequence to the sgRNA that is complimentary to the DNA at the target locus. For efficient DNA cleavage, Cas9 also requires a protospacer adjacent motif (PAM), which is composed of the sequence NGG and is found immediately after the 20nt target sequence in the genome. Several online software applications have been developed in order to choose the most efficient 20nt target sequences and are able to predict any off target effects (Hsu et al., 2013). The DSB introduced by Cas9 can be repaired by two different mechanisms within cells; non-homologous end-joining (NHEJ) and homology-directed repair (Sander and Juong, 2014). NHEJ introduces insertions and deletions of varying size in the DNA sequence, ultimately leading to a frameshift in the open reading frame. Secondly, addition of a donor template containing homologous regions flanking each side of the target site allows the DSB to be repaired by homologous recombination (Beumer et al., 2006). Homologous recombination will be particularly useful for the introduction of fluorescent epitope tags to label endogenous genes. Plasmid based expression of Cas9 and sgRNA is widely used in cultured cells and delivery of these components is achieved by transfection or electroporation (Bassett et al., 2013; (Mali et al., 2013). Studies have demonstrated that the introduction of a single sgRNA generates more efficient genome editing than using dual sgRNAs (Mali et al., 2013). The advantage of CRISPR is that it creates a cell line with a permanent genetic knockout, whereas RNAi is restricted to partial knockdown of genes after transcription. Moreover, genome-wide CRISPR libraries have been created and genome-wide screens have been performed successfully in human cells (Shalem et al., 2014). Recently, genome-wide CRISPR libraries have been developed in S2 cells, which will provide a powerful alternative to RNAi screening in Drosophila (Bassett et al., 2015). CRISPR will be particularly useful for analysing genetic mutations that lead to human diseases and to perhaps provide a therapeutic strategy to allow replacement of dysfunctional genes with functional genes. 
The cellular mechanisms of peroxisome biogenesis are well researched throughout eukaryotes and many of the peroxins identified so far have Drosophila homologues. Genome wide screening is critical to detect novel peroxins, and applying methods such as RNAi and CRISPR in a model organism with low genetic redundancy will aid greatly in gaining new insights into the complex mechanisms of the peroxisome. It is interesting that peroxisomes are closely linked to other organelles, like the ER that provides vital membrane proteins, and with mitochondria, sharing factors for fission, suggesting cooperative metabolism and biogenesis. Ultimately, a greater knowledge on the roles of peroxins in peroxisome formation and maintenance will be of great medical importance, to understand the molecular mechanisms underlying PBDs, and to aid in the development of effective therapies. 
1.14 Aims and objectives of research
The primary aim of this investigation was to characterise the function of novel peroxins identified by a genome wide RNAi screen in Drosophila melanogaster. NMD was the strongest hit from the screen based on its matrix protein import defect phenotype (Drake, 2013). Initial objectives were to study NMD’s role in Drosophila peroxisome biogenesis, by studying its subcellular localisation and phenotype. Drosophila peroxisome biogenesis is largely unknown, so the generation of fluorescent fusions proteins, and organelle markers, were widely used to elucidate targeting pathways and peroxisomal compartments in Drosophila. A second objective was to determine any interaction partners of NMD using both in vitro and in vivo methods. Together, finding a network of interactions of NMD allows it to be grouped to specific peroxins and specific biogenesis pathways. Thirdly, NMD is conserved from yeast to humans, and the homologues were investigated to determine if peroxisome function is conserved or specific for flies. 


Chapter 2: Materials and Methods
2.1 Cell lines and strains 

2.1.1 Drosophila melanogaster cell line
All experiments were performed using Drosophila Schneider S2 receptor plus (S2R+) cells (Drosophila genomics resource centre). This cell line is obtained from late stage Drosophila embryos that contain the Wingless receptor (Yanagawa et al., 1998).  
2.1.2 Saccharomyces cerevisiae strains
A list of S. cerevisiae strains used in this study can be found in Table 2.1. Any strains created in this study were modified from the BY4742 wild type (WT) strain. WT yeast was used for microscopy, construction of plasmids and as a source of gDNA. The remaining strains were used in microscopy experiments.
	S. cerevisiae strain
	Genotype
	Source

	WT BY4742
	MATα, his3Δ1 leu2Δ0 met15Δ0 ura3Δ0
	Euroscarf 

	pex11Δ
	MATα, his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 pex11Δ::KanMx
	Euroscarf 

	pex25Δ
	MATα, his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 pex25Δ::KanMx
	Euroscarf 

	pex27Δ
	MATα, his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 pex27Δ::KanMx
	Euroscarf 

	pex28Δ
	MATα, his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 pex28Δ::KanMx
	Euroscarf 

	pex29Δ
	MATα, his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 pex29Δ::KanMx
	Euroscarf 

	pex30Δ
	MATα, his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 pex30Δ::KanMx
	Euroscarf 

	pex31Δ
	MATα, his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 pex31Δ::KanMx
	Euroscarf 

	pex32Δ
	MATα, his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 pex32Δ::KanMx
	Euroscarf 

	pex34Δ
	BY4742 pex34Δ::His3
	Alison Motley

	msp1Δ
	BY4742 msp1Δ::His3
	This study

	msp1Δ/pex11Δ
	pex11Δ msp1Δ::His3
	This study

	msp1Δ/pex25Δ
	pex25Δ msp1Δ::His3
	This study

	msp1Δ/pex27Δ
	pex27Δ msp1Δ::His3
	This study

	msp1Δ/pex28Δ
	pex28Δ msp1Δ::His3
	This study

	msp1Δ/pex29Δ
	Pex29Δ msp1Δ::His3
	This study

	msp1Δ/pex30Δ
	pex30Δ msp1Δ::His3
	This study

	msp1Δ/pex31Δ
	pex31Δ msp1Δ::His3
	This study

	msp1Δ/pex32Δ
	pex32Δ msp1Δ::His3
	This study

	msp1Δ/pex34Δ
	Pex34Δ msp1Δ::Hygromycin
	This study


Table 2.1: S. cerevisiae yeast strains used in this study. The auxotrophic marker used for gene knockout is highlighted.

2.1.3 Yeast knockout construction by homologous recombination
Gene deletions were performed by integrating PCR generated cassettes containing an auxotrophic marker with 40nt of homology to the yeast genome to allow cloning via homologous recombination (Figure 2.1) (Longtine et al., 1998). Yeast cells containing the integrated cassette were selected in selective growth medium. 
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Figure 2.1: Construction of gene knockouts by homologous recombination. Schematic of gene knockout

2.1.4 Escherichia coli strains
A list of E. coli strains used in this study can be found in Table 2.2.

	E. coli strains
	Genotype
	Purpose
	Source

	Chemically competent DH5α
	supE44 lacU169 (80 lacZ M15) hsdR17 recA1 endA1 gyrA96 thi-1 relA1
	Plasmid transformation
	Lab stocks

	Electrocompetent DH5α
	supE44 lacU169 (80 lacZ M15) hsdR17 recA1 endA1 gyrA96 thi-1 relA1
	S. cerevisiae gDNA electroporation
Site directed mutagenesis
	Lab stocks

	BL21 DE3 
	F– ompT gal dcm lon hsdSB(rB- mB-) λ(DE3 [lacI lacUV5-T7 gene 1 ind1 sam7 nin5])
	Protein expression of fusion proteins
	Lab stocks


Table 2.2: E. coli strains used in this study. The individual strain, genotype of each strain, purpose in this study and source of bacteria are shown. 

2.2 Plasmids
A list of plasmids can be found in Table 2.3. Most of the constructs used in this study were generated by homologous recombination in S. cerevisiae (Section 2.4.1). Otherwise, classical cloning was performed via T4 DNA ligase with either PCR product or annealed oligonucleotides. The majority of Drosophila constructs were cloned into a Drosophila / yeast / E. coli shuttle vector, which based on the parental plasmid ycplac33. This was modified to contain a Drosophila metallothionein promoter and terminator, alongside both a uracil selectable maker and ampicillin resistance gene to allow cloning in yeast and recovery of plasmid in E. coli. 


Table 2.3: Plasmids used in this study 
	Name
	Promoter
	Description
	Source

	pPD001
	pMT
	mRFP-PTS1 
	Peter Drake

	pNUT07
	pMT
	GFP-PTS1 
	Jimmy Nuttall

	pJL010
	pMT
	NMD-GFP
	This study

	pJL011
	pMT
	GFP-NMD
	This study

	pEH010
	HIS3
	GFP-PTS1 
	Ewald Hettema

	pUG27
	
	Template for PCR-mediated gene deletion with His3 selection maker
	Euroscarf

	pAG6
	
	Template for PCR-mediated gene deletion with Hygromycin selection maker
	Euroscarf

	pAS63
	HIS3
	mRFP-PTS1 
	Alison Motley

	pAS153
	GAL1
	ScOM45-mRFP (Mito-mRFP)
	Alison Motley

	pHUT34
	TPI1
	ScSec66-mRFP (ER-mRFP)
	John Hutchinson

	pJL012
	pMT
	NMD1-45aa-GFP 
	This study

	pJL013
	pMT
	NMD 1-77aa-GFP
	This study

	pJL014
	pMT
	NMD Δ1-45aa-GFP
	This study

	pJL016
	pMT
	mRFP-DmPex19
	This study

	pJL017
	GAL1
	NMD-GFP
	This study

	pJL018
	GAL1
	Msp1-GFP
	This study

	pJL020
	pMT
	ATAD1-GFP
	This study

	pJL022
	T7
	GST-NMD 
	This study

	pJL032
	GAL1
	Msp1 WA-GFP
	This study

	pJL033
	GAL1
	Msp1 WB-GFP
	This study

	pJL037
	GAL1
	Msp1 1-44aa-GFP
	This study

	pJL042
	pMT
	NMD WA-GFP
	This study

	pJL045
	pMT
	NMD WB-GFP
	This study

	pJL054
	GAL1
	Msp1 Δ1-44aa-GFP
	This study

	pJL066
	T7
	GST-NMD WA 
	This study

	pJL067
	T7
	GST-NMD WB 
	This study

	pJL076
	pMT
	NMD 1-138aa-GFP
	This study

	pJL077
	pMT
	NMD 1-149aa-GFP
	This study

	pJL080
	pMT
	NMD 1-212aa-GFP
	This study

	pJL081
	pMT
	NMD 1-250aa-GFP
	This study

	pJL082
	T7
	GST-MSP1 
	This study

	pJL091
	pMT
	DmPex2-mRFP
	This study

	pJL092
	pMT
	DmPex10-mRFP
	This study

	pJL093
	pMT
	DmPex12-mRFP
	This study

	pJL094
	pMT
	DmPex13-mRFP
	This study

	pJL095
	pMT
	DmPex14-mRFP
	This study

	pJL096
	pMT
	DmPex11β-mRFP
	This study

	pJL161
	pMT
	DmPex11γ-mRFP
	This study

	pJL146
	pMT
	DmPex3-mRFP
	This study

	pJL147
	pMT
	DmPex16-mRFP
	This study

	pJL097
	pMT
	DmAtlastin-GFP
	This study

	pJL098
	pMT
	GFP-DmAtlastin
	This study

	pJL099
	pMT
	DmTOM20-GFP
	This study

	pJL104
	pMT
	DmSpaghetti squash-GFP
	This study

	pJL105
	pMT
	GFP-DmSpaghetti squash
	This study

	pJL116
	pMT
	DmSec61α-GFP
	This study

	pJL117
	pMT
	DmSec61α-mRFP
	This study

	pJL121
	T7
	GST-ATAD1 
	This study

	pJL122
	T7
	GST-NMD 1-77aa 
	This study

	pJL123
	T7
	GST-NMD 1-138aa 
	This study

	pJL124
	T7
	GST-NMD 1-149aa 
	This study

	pJL125
	T7
	GST-NMD 1-190aa 
	This study

	pJL128
	T7
	GST-NMD 1-250aa 
	This study

	pJL129
	T7
	GST-NMD 1-310aa 
	This study

	pJL134
	T7
	GST-NMD Δ1-77aa 
	This study

	pJL135
	T7
	GST-NMD Δ1-138aa 
	This study

	pJL136
	T7
	GST-NMD Δ1-149aa 
	This study

	pJL137
	T7
	GST-NMD Δ1-190aa 
	This study

	pJL138
	T7
	GST-NMD Δ1-250aa 
	This study

	pJL139
	T7
	GST-NMD Δ1-310aa 
	This study

	pJL140
	GAL1
	Msp1 untagged
	This study

	pJL143
	GAL1
	Msp1 WA untagged
	This study

	pJL144
	GAL1
	Msp1 WB untagged
	This study

	pJL167
	pMT
	GFP 
	This study

	pJL174
	pMT
	DmPex3-HA
	This study

	pJL175
	pMT
	DmPex16-HA
	This study

	pJL176
	pMT
	DmPMP70-HA
	This study

	pJL179
	pAC5
	sgRNA-Cas9-Puromycin
	Ji-Long Liu

	pJL189
	pAC5
	DmPex3-sgRNA-Cas9 CRISPR
	This study

	pJL194
	pAC5
	DmPex5-sgRNA-Cas9 CRISPR
	This study

	pJL196
	pAC5
	DmPex16-sgRNA-Cas9 CRISPR
	This study

	pJL197
	pAC5
	DmNMD-sgRNA-Cas9 CRISPR
	This study

	pJL191
	pAC5
	DmPex19-sgRNA-Cas9 CRISPR
	This study

	pJL200
	pMT
	GFP-ScPex15
	This study

	pJL214
	pMT
	NMD Δ46-52aa-GFP
	This study

	pJL219
	pMT
	NMD-HA 
	This study

	pJL222
	pMT
	NMD short isoform-GFP
	This study

	pJL244
	pMT
	DmPex5 CRISPR for checking gDNA mutation
	This study

	pJL254
	pMT
	Signal peptide-NMD-GFP
	This study

	pJL255
	pMT
	ATAD1 WA-GFP
	This study

	pJL256
	pMT
	ATAD1 WB -GFP
	This study

	pJL277
	pMT
	DmPex2-HA 
	This study

	pJL278
	pMT
	DmPex12-HA 
	This study

	pJL279
	pMT
	DmPex13-HA 
	This study

	pJL280
	pMT
	DmPex14-HA 
	This study

	pJL281
	pMT
	DmPex11β-HA 
	This study

	pJL282
	pMT
	DmPex11γ-HA 
	This study

	pJL284
	pMT
	DmSec61α-HA 
	This study

	pJL285
	pMT
	HA-DmPex19 
	This study

	pJL291
	pMT
	HA-ScPex15 
	This study

	pJL292
	pMT
	HA-DmMff1 
	This study

	pJL295
	pMT
	signal peptide-DmPex13-GFP
	This study

	pJL297
	pMT
	signal peptide-DmPex16-GFP
	This study

	pJL298
	pMT
	signal peptide-DmPex11β-GFP
	This study

	pJL301
	pMT
	NMDΔ1-45aa-HA 
	This study


2.2.1 Plasmid construction by homologous recombination
The target open reading frame (ORF) was amplified by PCR. Each PCR product contained an additional 18 nucleotides flanking the insertion site that are homologous to regions in the plasmid (Figure 2.2A). After transformation of PCR product and linearised plasmid, cloning occurs by homologous recombination. Plasmids were designed to contain a Drosophila metallothionein promoter, terminator and fluorophore to allow both N and C terminal tagging (Figure 2.2 B-C).  The plasmids also include a GA linker to prevent the fluorescent protein interfering with the structure of the protein to be tagged. The stop codon of the open reading frame was removed for C terminal tagging.
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Figure 2.2: Construction of plasmids by homologous recombination. A) Schematic of plasmid construction by homologous recombination in S. cerevisiae. B) Schematic for N terminal tagging. C) Schematic for C terminal tagging.
2.2.2 CRISPR plasmid cloning
The CRISPR/Cas9 expression plasmid contains sgRNA that is under control of the Drosophila U6 promoter (Bassett et al., 2014). Both human codon optimised Cas9 and puromycin selectable marker are under control of the Actin 5 promoter, and are separated by a viral 2A skipping site to allow bistronic expression. Also included is an SV40 terminator. Target annealed oligonucleotides (Section 2.6.3) are cloned into BspQI sites between the U6 promoter and sgRNA (Figure 2.3). 
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Figure 2.3: Schematic of the cloning procedure for the CRISPR expression plasmid. Annealed oligonucleotides are ligated into vector digested with BspQI.
2.3 Drosophila cDNA clones
The coding sequence of all Drosophila genes was amplified from cDNA clones obtained from the BDGP gold cDNA collection. All Drosophila cDNAs used in this study were obtained from Drosophila genomics resource centre at Indiana University (Table 2.4).
	Clone 
	CG number
	Gene
	Plasmid
	Source

	GH08677
	CG5395
	NMD
	pOT2
	DGRC

	GH09383
	CG6668
	Atl
	pOT2
	DGRC

	LD14743
	CG3595
	Sqh
	pBluescript SK(-)
	DGRC

	RE69884
	CG4663
	Pex13
	pFLC-I
	DGRC

	IP10117
	CG3639
	Pex12
	pOT2
	DGRC

	LD29847
	CG9539
	Sec61α
	pOT2
	DGRC

	LD34461
	CG7654
	TOM20
	pOT2
	DGRC

	LD46714
	CG7081
	Pex2
	pOT2
	DGRC

	RE39562
	CG8315
	Pex11β
	pFLC-I
	DGRC

	RE30473
	CG13827
	Pex11γ
	pFLC-I
	DGRC

	LD41491
	CG6859
	Pex3
	pOT2
	DGRC

	GH08708
	CG14815
	Pex5
	pOT2
	DGRC

	RE22286
	CG4289
	Pex14
	pFLC-I
	DGRC

	LD20358
	CG3947
	Pex16
	pBluescript SK(-)
	DGRC

	GM14611
	CG5325
	Pex19
	pOT2
	DGRC

	GM14467
	CG7864
	Pex10
	pOT2
	DGRC


Table 2.4: Drosophila cDNA clones used in this study. The cDNA clone number, flybase CG identifier, gene name and plasmid information are shown clone obtained from DGRC.

2.4 Chemical reagents 
The majority of reagents used in this study were purchased from Sigma Aldrich unless stated otherwise. Restriction enzymes were supplied from New England Biolabs. Polymerase chain reaction reagents, as well as DNA and protein markers, were purchased from Bioline. Protein reagents were obtained from Biorad and Geneflow. Drosophila reagents were supplied from Gibco and Invitrogen.  Drosophila cell culture flasks were obtained from Thermo Scientific. Effectene transfection reagent and DNA gel extraction kits were all obtained from Qiagen. Plasmid mini prep kit was supplied from Sigma Aldrich. 
2.5 Culture media 
E. coli, S. cerevisiae and Drosophila culture media are shown in Table 2.5. E. coli and S. cerevisiae culture media were sterilised by autoclaving. Sterile amino acids were prepared in 100x stocks (Uracil, Leucine, Tryptophan, Histidine, Lysine, Methionine) and were added at 1x final concentration to yeast minimal media after autoclaving. Antibiotics were added to E. coli media after autoclaving (75μg/ml ampicillin or 50µg/ml kanamycin final concentration). Solid media was supplemented with 2% (w/v) agar. Drosophila medium containing serum and antibiotics was sterilised by filtration through a 0.22µm membrane (millipore).





	Media
	Ingredients 

	Rich yeast medium YPD
	1% yeast extract, 2% peptone, 2% glucose

	2TY E. coli medium
	1.6% Bacto Tryptone, 1% yeast extract, 0.5% Sodium chloride

	Yeast minimal media YM1

	0.5% Ammonium sulphate, 0.17% yeast nitrogen base, 2% glucose. Adjusted to pH 6.5. 

	Yeast minimal media YM2
	0.5% Ammonium sulphate, 0.17% yeast nitrogen base, 1% casamino acids, 2% glucose. Adjusted to pH 6.5. 

	
Drosophila growth medium
	Schneider’s growth medium (Gibco)
10% heat-inactivated fetal calf serum, 1000U/ml Penicillin Streptomycin solution (Invitrogen). 

	YM2 Oleate medium
	Stock solution contained 12ml oleate + 20ml Tween40. 320µl of stock solution was added per 100ml YM2. 0.1% from 10% yeast extract stock was added.


Table 2.5: Culture media for E. coli, S. cerevisiae and Drosophila cell growth (% are w/v). 

2.6 Oligonucleotide primers
All primers were ordered from Sigma and are shown in Table 2.6. The coding sequence of Drosophila genes was obtained from Flybase. Primers were optimised to contain a unique sequence, around 15-25 base pairs in length and to anneal at both ends of the chosen ORF. Also, primers with a GC content of 45-55% were desired. Additionally, all primers contained either a C or G base at the 3' end to control mis-priming. Forward and reverse primers each contained a restriction site to allow directional cloning. Open reading frames were analysed on NEB cutter v2.0 for use of appropriate restriction sites. Sets of primers were designed to have similar melting temperatures (Tm), close to 60°C, to allow proper annealing of primers. The following formula was used to calculate Tm.
Tm= 2°C (A + T) + 4°C (G + C).
For expression of all Drosophila constructs, a Kozak translation initiation sequence with an ATG start codon was added for correct initiation of translation (Kozak, 1987). Important regions are highlighted below in bold and the ATG initiation codon is underlined. If a G did not follow the ATG then GCA was added followed by the rest of the ORF.
Kozak sequence = (G/A)NNATGG
2.6.1 Primer design for homologous recombination
For plasmid cloning by homologous recombination, the 5’ ends of the primers included at least 18 nucleotides of homology to each side of the intended insertion site. For gene deletion, the 5’ ends of primers included 40nt of homology flanking the insertion site 
2.6.2 Primer design for dsRNA probes
eRNAi (Horn and Boutros, 2010) was used for the design of primers to make dsRNA probes (Figure 2.4 A-D). The annotated gene number was obtained from flybase and the longest exon was chosen to allow greater range of primers to be designed. siRNA of 21bps in length, no overlap with introns, and an amplicon size range of 250-500bp were the criteria selected. Additionally, a T7 promoter sequence was added to allow in vitro transcription of the DNA amplicon into RNA. The top primer was designed based on most efficient siRNAs generated and no off target effects.
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[image: ]Figure 2.4: Design of dsRNA primers. A-D) Print screen images of primer design process on eRNAi website. 
2.6.3 Primer design for site directed mutagenesis
Guidelines from the Quickchange mutagenesis manual were followed (Stratagene). For the design of mutagenic primers, both primers contained the desired mutation in the middle of the primer with 10-15bp of correct sequence either side. Both forward and reverse primers annealed to the same sequence on opposite strands of the plasmid. 
Example shown below: 
F = CCACCGGGCTGTGGAACAACGCTGATAGCGAAG
R = CTTCGCTATCAGCGTTGTTCCACAGCCCGGTGG

2.6.4 Primer design for sgRNA 
sgRNA target sequences were selected as 20nt sequences preceding an NGG PAM sequence in the genome, and complementary overhangs were added for ligation. A G was added at the start if not present in the target sequence to allow proper transcription from the U6 promoter.





Table 2.6: Oligonucleotides used in this study
	Name
	Description
	Sequence (5’-3’)

	VIP1225
	Msp1 knockout F
	AGAAGCAAGAACGAAAAGAGATAAGGATTCAAAAGAAAGGAAGCCCAATGCAGCTGAAGCTTCGTACGC

	VIP1226
	Msp1 knockout R
	GATGCGTGAATAAAAAGCTTTCTTCTTTTTTTTCTAATTTTCCTTCCTTAGCATAGGCCACTAGTGGATCTG 

	VIP1131
	pMT-NMD-GFP F
	GGGAGCTCGGTACCCGGGGATCCAAACATGGACAACTTCGGACT

	VIP1145
	pMT-NMD-GFP R
	TGCTCCCTGCAGGTCGACTCTAGAATCTAATTCGATTCTATTCTCTAAG

	VIP1396
	pMT-GFP-NMD F 
	CGGGTGCCGAGCTCGGTACCCGGGGATCCATGGACAACTTCGGACTGGG 

	VIP1397
	pMT-GFP-NMD R
	TGCATGCCTGCAGGTCGACTCTAGATTAATCTAATTCGATTCTATTCTC

	VIP1434
	pMT-NMD 1-45aa-GFP R
	CGCCCCTGCTCCCTGCAGGTCGACTCTAGAACTGGTCGGATCCATCTGG

	VIP1435
	pMT-NMD 1-77aa-GFP R
	GCCCCTGCTCCCTGCAGGTCGACTCTAGAGTCGCTAAACTCTTGCCCTC

	VIP1436
	pMT NMD Δ1-45-GFP R
	GGGGAGCTCGGTACCCGGGGATCCAACAAAAACAAGAAAAAGGCCA

	VIP1463
	pMT-mRFP-Pex19 F
	GGCGGAGCTCGGTACCCGGGGATCCATGTCCGAAGAAAAGAAGAATG

	VIP1464
	pMT-mRFP-Pex19  R
	AAGCTTGCATGCCTGCAGGTCGACTCTAGACTACATGGTTGGGCACTGG

	VIP1467
	GAL-NMD-GFP F
	ACGTCAAGGAGAAAAAACTATAGAGCTCAACATGGACAACTTCGGACTG

	VIP1468
	GAL-NMD-GFP R
	CTGCAGGTCGACTCTAGAGGATCCATCTAATTCGATTCTATTCTCTAAG

	VIP1481
	GAL-Msp1-GFP F
	AAGGAGAAAAAACTATAGAGCTCATGTCTCGCAAATTTGATTTAAAAAC

	VIP1482
	GAL-Msp1-GFP  R
	CTGCAGGTCGACTCTAGAGGATCCATCAAGAGGTTGAGATGACAACG

	VIP1492
	GST-NMD F
	ATATATGAATTCATGGACAACTTCGGACTGGG 

	VIP1479
	GST-NMD R
	ATATATCTCGAGTTAATCTAATTCGATTCTATTCTC

	VIP1465
	NMD cloning F
	ATATATCTCGAGAACATGGACAACTTCGGACTG 

	VIP1477
	GFP R
	ATATATACTAGTTTACTTGTACAGCTCGTCCATG

	VIP2214
	GFP F
	ATATATCTCGAGAACATGGTGAGCAAGGGCG

	VIP1475
	pMT-ATAD1-GFP F
	GGGAGCTCGGTACCCGGGGATCCAAGATGGTACATGCTGAAGCC 

	VIP1476
	pMT-ATAD1-GFP R
	CTGCTCCCTGCAGGTCGACTCTAGAATCTAAACAAACATGTGTTAAAAC

	VIP1552
	pMT-Msp1 1-44aa-GFP R
	CTGCAGGTCGACTCTAGAGGATCCCCTTGATTTACCTGATAACGG

	VIP1563
	NMD WA mutation K to T F
	CCACCGGGCTGTGGAACAACGCTGATAGCGAAG

	VIP1564
	NMD WA mutation K to T R
	CTTCGCTATCAGCGTTGTTCCACAGCCCGGTGG

	VIP1565
	NMD WB mutation E to Q F
	GCATTATTTTTATTGACCAAATAGACTCATTTTTGCG

	VIP1566
	NMD WB mutation E to Q F
	CGCAAAAATGAGTCTATTTGGTCAATAAAAATAATGC 

	VIP1567
	Msp1 WA mutation K to T F
	CCACCAGGATGTGGTACAACCATGTTGGCGAAG

	VIP1568
	Msp1 WA mutation K to T R
	CTTCGCCAACATGGTTGTACCACATCCTGGTGG

	VIP1569
	Msp1 WB mutation K to T F
	GTATAATATTCATTGACCAAATTGATTCATTCCTTAG

	VIP1570
	Msp1 WB mutation K to T R
	CTAAGGAATGAATCAATTTGGTCAATGAATATTATAC

	VIP1658
	GAL-Msp1Δ1-44aa-GFP F
	ACGTCAAGGAGAAAAAACTATAGAGCTCAACATGTCAAAGGCC AAACAG

	VIP1794
	pMT-NMD 1-138aa-GFP R
	CTGCTCCCTGCAGGTCGACTCTAGAATGGAGCAGGACGCCTTTG

	VIP1795
	pMT-NMD 1-149aa-GFP R
	CTGCTCCCTGCAGGTCGACTCTAGACGCTATCAGCGTCTTTCCAC

	VIP1798
	pMT-NMD 1-250aa-GFP R
	CTGCTCCCTGCAGGTCGACTCTAGAGTCTAAATCCTGCGGCCTG

	VIP1799
	pMT-NMD 1-310aa-GFP R
	CTGCTCCCTGCAGGTCGACTCTAGACCGGCACATTTCCCGCAG

	VIP1713
	DmPex3 in vitro transcription F
	ATCGATCGATCTAATACGACTCACTATAGGGAGAGCCACCATGGCACTGTCGCGCCTGCAGGAC

	VIP1714
	DmPex3 in vitro transcription R
	GTTGATCCTCTAAGCGGAGCTAAAGC

	VIP1715
	DmPex16 in vitro transcription F
	ATCGATCGATCTAATACGACTCACTATAGGGAGAGCCACCATGGACACTCTGAAGGGCATGC

	VIP1716
	DmPex16 in vitro transcription R
	CTCTACCTGAAATGCCTAAGTGGACC

	VIP1717
	DmPex19 in vitro transcription F
	ATCGATCGATCTAATACGACTCACTATAGGGAGAGCCACCATGGCATCCGAAGAAAAGAAGAATGGC

	VIP1718
	DmPex19 in vitro transcription R
	[bookmark: RANGE!C106]CGTCAGCCACTACATGGTTGGGCACTGG

	VIP1719
	GFP in vitro transcription F
	ATCGATCGATCTAATACGACTCACTATAGGGAGAGCCACCATGGCAAGTAAAGGAGAAGAAC

	VIP1754
	DmPex16 1-100aa in vitro transcription R
	GATATCTCGATCTAGAAAACCTCGCTATATTCG

	VIP1755
	DmPex16 1-140aa in vitro transcription R
	CGGTGAGGTGATCTATATATCCGAGGTTGAGTG

	VIP1756
	DmPex16 1-210aa in vitro transcription R
	GTCTTCGCCGCCTATTCATTGTTGTCTATATGAAG

	VIP1757
	DmPex16 1-250aa in vitro transcription R
	GATAATGCTACCTACATATATTGCTTCCAACTTC

	VIP1758
	DmPex16 251aa-341aa  in vitro transcription F
	ATCGATCGATCTAATACGACTCACTATAGGGAGAGCCACCATGGTAGCATTATCCATTGATTTG

	VIP1759
	DmPex16 101aa-341aa  in vitro transcription F
	ATCGATCGATCTAATACGACTCACTATAGGGAGAGCCACCATGGCAATCACCTCACCGC

	VIP1760
	DmPex16 141aa-210aa  in vitro transcription F
	ATCGATCGATCTAATACGACTCACTATAGGGAGAGCCACCATGGCAATCGAGATATCAGCC

	VIP1805
	GST-Msp1 F
	ATATATGGATCCATGTCTCGCAAATTTGATTTAAAAAC

	VIP1806
	GST-Msp1 R
	ATATATCTCGAGTTAATCAAGAGGTTGAGATGAC

	VIP1842
	pMT-Atl-GFP F
	GGGAGCTCGGTACCCGGGGATCCAAACATGGGCGGATCGGCAG

	VIP1843
	pMT-Atl-GFP R
	CTGCTCCCTGCAGGTCGACTCTAGATGACCGCTTCACCTTGCCATTG


	VIP1844
	pMT-Sqh-GFP F
	GGGAGCTCGGTACCCGGGGATCCAAACATGGCATCATCCCGTAAG 

	VIP1845
	pMT-Sqh-GFP R
	CTGCTCCCTGCAGGTCGACTCTAGACTGCTCATCCTTGTCCTTGG

	VIP1991
	pMT-GFP-At F
	ATATATGGATCCATGGGCGGATCGGCAGTG

	VIP1992
	pMT-GFP-Atl R
	ATATATGTCGACTCATGACCGCTTCACCTTGC

	VIP1860
	pMT-GFP-Sqh F
	GAGCTCGGTACCCGGGGATCCATGTCATCCCGTAAGACCGC

	VIP1861
	pMT-GFP-Sqh R
	GCATGCCTGCAGGTCGACTCTAGATTACTGCTCATCCTTGTCCTTG

	VIP1821
	pMT-DmPex3-mRFP  F
	GGGAGCTCGGTACCCGGGGATCCAAACATGGCACTGTCGCGCCTG

	VIP1822
	pMT-DmPex3-mRFP  R
	CTGCTCCCTGCAGGTCGACTCTAGAAGCGGAGCTAAAGCTTTCGTAG

	VIP1823
	pMT-DmPex13-mRFP  F
	GGGAGCTCGGTACCCGGGGATCCAAACATGGTCGACAACAATAAC 

	VIP1824
	pMT-DmPex13-mRFP  R
	CTGCTCCCTGCAGGTCGACTCTAGAGGCGAATCCCTCGCCCAG

	VIP1825
	pMT-DmPex14-mRFP/GFP  F
	GGGAGCTCGGTACCCGGGGATCCAAACATGGCATCCAGCAACAAC 

	VIP1826
	pMT-DmPex14-mRFP/GFP  R
	CTGCTCCCTGCAGGTCGACTCTAGACATGATCTCCAAGCTGGAGTC

	VIP1827
	pMT-DmPex10-mRFP  F
	GGGAGCTCGGTACCCGGGGATCCAAACATGGACTTTCGGAACGC

	VIP1828
	pMT-DmPex10-mRFP  R
	CTGCTCCCTGCAGGTCGACTCTAGAGGCATAGTTTTGCAGTAATATC

	VIP1829
	pMT-DmPex2-mRFP  F
	GGGAGCTCGGTACCCGGGGATCCAAACATGGAGAAAAACAAATATGTAC

	VIP1830
	pMT-DmPex2- mRFP  R
	CTGCTCCCTGCAGGTCGACTCTAGAGACACTTTGGATTCCCGACTC

	VIP1831
	pMT-DmPex12-mRFP  F
	GGGAGCTCGGTACCCGGGGATCCAAACATGGCAGAAGCGGCAAATG

	VIP1832
	pMT-DmPex12-mRFP  R
	CTGCTCCCTGCAGGTCGACTCTAGACGTCTCGTAGATGCGCACC

	VIP1833
	pMT-DmPex11γ- mRFP  F
	GGGAGCTCGGTACCCGGGGATCCAAACATGGGCACCACGACAAAG

	VIP1834
	pMT-DmPex11γ-mRFP  R
	CTGCTCCCTGCAGGTCGACTCTAGACTTGTTCAGTCTTCTCTTGGC

	VIP2064
	pMT-DmPex11β-mRFP F
	GGGAGCTCGGTACCCGGGGATCCAAACATGGATCAACTGGTGCAG 

	VIP2065
	pMT-DmPex11β-mRFP R
	CTGCTCCCTGCAGGTCGACTCTAGATGCAGGCGTTAGCTTGGCC

	VIP1836
	pMT-DmTOM20-GFP F
	GGAGCTCGGTACCCGGGGATCCAAACATGGCAATTGAAATGAACAAAAC

	VIP1837
	pMT-DmTOM20-GFP R
	CTGCTCCCTGCAGGTCGACTCTAGATTCGAGGTCGTCGATACTTGC

	VIP2099
	pMT-DmPex16-mRFP F
	GGGAGCTCGGTACCCGGGGATCCAAACATGGACACTCTGAAGGGC 

	VIP2100
	pMT-DmPex16-mRFP R
	CTGCTCCCTGCAGGTCGACTCTAGAAGTGGACCACAGATAGAAGTAAG

	VIP1898
	pMT-DmSec61α-GFP/mRFP F
	GGGAGCTCGGTACCCGGGGATCCAAACATGGGAATCAAGTTCCTG 

	VIP1899
	pMT-DmSec61α-GFP/mRFP R
	CTGCTCCCTGCAGGTCGACTCTAGAGAACAGCAGCGTGCCCATG

	VIP1946
	GST-ATAD1 F 

	ATATATGGATCCATGGTACATGCTGAAGCCTTTTC

	VIP1947
	GST-ATAD1 R 

	ATATATCTCGAGTTAATCTAAACAAACATGTGTTAAAAC

	VIP1948
	TnT in vitro transcription HsPex16 F
	ATCGATCGATCTAATACGACTCACTATAGGGAGAGCCACCATGGAGAAGCTGCGGCTCC

	VIP1949
	TnT in vitro transcription HsPex16 R
	GGAGGTCTGTCAGCCCCAACTGTAGAAG

	VIP1950
	TnT in vitro transcription HsPex3 F
	ATCGATCGATCTAATACGACTCACTATAGGGAGAGCCACCATGGCACTGAGGTCTGTATGG 

	VIP1951
	TnT in vitro transcription HsPex3 R
	GAAGGAAAAATCATTTCTCCAGTTGCTGAGG

	VIP1952
	TnT in vitro transcription HsPex19 F
	ATCGATCGATCTAATACGACTCACTATAGGGAGAGCCACCATGGCCGCCGCTGAGGAAG

	VIP1953
	TnT in vitro transcription HsPex19 R
	CGTGTTGTGTTTCACATGATCAGACACTGTTC

	VIP1962
	GST-NMD 1-77aa R 
	ATATATCTCGAGTTAGTCGCTAAACTCTTGCCC

	VIP1963
	GST-NMD 1-138aa R 
	ATATATCTCGAGTTAATGGAGCAGGACGCCTTTG

	VIP1964
	GST-NMD 1-149aa R 
	ATATATCTCGAGTTACGCTATCAGCGTCTTTCC

	VIP1965
	GST-NMD 1-190aa R 
	ATATATCTCGAGTTAGATTCGCGATGCAAGCG

	VIP1967
	GST-NMD 1-250aa R 
	ATATATCTCGAGTTAGTCTAAATCCTGCGGCC

	VIP1968
	GST-NMD 1-310aa R 
	ATATATCTCGAGTTACCGGCACATTTCCCGC

	VIP1969
	GST-NMD Δ1-56aa F 
	ATATATGAATTCATGGAGCAGCTTAAGAGGCTAG

	VIP2011
	GST-NMD Δ1-77aa F 
	ATATATGAATTCATGTACGAGCTTATGATTGCG

	VIP2012
	GST-NMD Δ1-138aa F 
	ATATATGAATTCATGGGACCACCGGGCTGTG

	VIP2057
	GST-NMD Δ1-149aa F
	ATATATGAATTCATGAAGGCGACGGCAAAAGAG 

	VIP2058
	GST-NMD Δ1-190aa F
	ATATATGAATTCATGGAGCCATGCATTATTTTTATTG

	VIP2059
	GST-NMD Δ1-250 F
	ATATATGAATTCATGAAGGCCATTGTGCGCCG

	VIP2060
	GST-NMD Δ1-310  F
	ATATATGAATTCATGAATGCTTCAGTTTACCGAATG

	VIP2061
	GAL-Msp1 untagged R
	CTGCAGGTCGACTCTAGAGGATCCTTAATCAAGAGGTTGAGATGACAAC

	VIP1064
	NMD knockdown F
	TAATACGACTCACTATAGGGGATGGCCTCAGCACGAAC

	VIP1065
	NMD knockdown R
	TAATACGACTCACTATAGGGGGACGTTGTTGCGATCAAG

	VIP797
	Pex5 knockdown F
	TAATACGACTCACTATAGGGACGGCCGATAAACAGTTACG

	VIP798
	Pex5 knockdown R
	TAATACGACTCACTATAGGGGCTCCCAGAACTTTTCGTTG

	VIP2129
	Pex16 knockdown F
	TAATACGACTCACTATAGGGCATTTCCTCATCAAATGTGGTC  

	VIP2130
	Pex16 knockdown R
	TAATACGACTCACTATAGGGTCAAGATAAAGAAACGGCCC

	VIP2178
	Pex3 knockdown F
	TAATACGACTCACTATAGGGACCCACTTTGAGTCGACGG

	VIP2179
	Pex3 knockdown R
	TAATACGACTCACTATAGGGCCGATAGATGTAGCCACCGA

	VIP2180
	Pex19 knockdown F
	TAATACGACTCACTATAGGGACCTTGAGCGGCGAAAAT

	VIP2181
	Pex19 knockdown R
	TAATACGACTCACTATAGGGCCTCCATGAATGGTAGGAACA

	VIP2187
	Pex13 knockdown F
	TAATACGACTCACTATAGGGCCTGGAGTTCCGAGACCATA

	VIP2188
	Pex13 knockdown R
	TAATACGACTCACTATAGGGGCTTGAAACGCCCACTCC

	VIP2189
	Pex14 knockdown F
	TAATACGACTCACTATAGGGGTTCGGCAAGTCCAAGAAGA

	VIP2190
	Pex14 knockdown R
	TAATACGACTCACTATAGGGTCTTGAAGGCATTTAACGGG

	VIP844
	Mff1 knockdown F
	TAATACGACTCACTATAGGGGATCTCTACAGCGACGCCA

	VIP845
	Mff1 knockdown R
	TAATACGACTCACTATAGGGACATTCATGTCGATCTTCTCG

	VIP2343
	Sqh knockdown F
	TAATACGACTCACTATAGGGGTGGACGAGATGTATCGGGA

	VIP2344
	Sqh knockdown R
	TAATACGACTCACTATAGGGCTGGCACCAACATCTCACAC

	VIP2331
	Atl knockdown F
	TAATACGACTCACTATAGGGACTGGGCGGGGATAAGATT

	VIP2331
	Atl knockdown R
	TAATACGACTCACTATAGGGTTGTAGACAAGGTTGTCCGGT

	VIP2093
	pMT-DmPex3-HA F
	ATATATGATATCAACATGCTGTCGCGCCTGC

	VIP2216
	pMT-HA R
	ATATATACTAGTATTCCTATTAGCCGGCGTAATC

	VIP1944
	pMT-DmPex16-HA F
	ATATATCTCGAGAACATGGACACTCTGAAGGG

	VIP2212
	pMT-DmPMP70-HA F
	ATATATGATATCAACATGGCCCCGGCTCTAAG

	VIP2267
	DmPex3 CRISPR F
	TTCGTTCATAGTGACCGGCGTTC

	VIP2268
	DmPex3 CRISPR R
	AACGAACGCCGGTCACTATGAAC

	VIP2271
	DmPex19 CRISPR F
	TTCGCGATGAATTAAACGACTTGC

	VIP2273
	DmPex19 CRISPR R
	AACGCAAGTCGTTTAATTCATCGC

	VIP2320
	DmPex5 CRISPR F
	TTCGTTAATCCTCTCATGCAACT

	VIP2321
	DmPex5 CRISPR R
	AACAGTTGCATGAGAGGATTAAC

	VIP2322
	DmPex16 CRISPR F
	TTCGACGACGCTCGAATATAGCG

	VIP2323
	DmPex16 CRISPR R
	AACCGCTATATTCGAGCGTCGTC

	VIP2324
	NMD CRISPR F
	TTCGCGCCGACATAACAGTCAGTT

	VIP2325
	NMD CRISPR R
	AACAACTGACTGTTATGTCGGCGC

	VIP2382
	pMT-GFP-ScPex15 F
	ATATATGGATCCAACATGGCTGCAAGTGAGATAATG 

	VP2383
	pMT-GFP-ScPex15 R
	ATATATGTCGACTCATATACTCGCTAGAAGTTTTAG        

	VIP2587
	pMT-NMD Δ46-52aa-GFP F
	ATAATATCTAGAGTTCTGGCTGAGGAGCAGC

	VIP2588
	pMT-NMD Δ46-52aa-GFP R
	ATAATACTGCAGATCTAATTCGATTCTATTCTCTAAG

	VIP2582
	pMT-NMD short isoform-GFP F
	GGGAGCTCGGTACCCGGGGATCCAAACATGGCAATTGCGTCACATC

	VIP2583
	pMT-NMD short isoform-GFP R
	TGCTCCCTGCAGGTCGACTCTAGAATCTAATTCGATTCTATTCTCTAAG

	VIP2372
	DmPex5 CRISPR gDNA F
	GGGAGCTCGGTACCCGGGGATCCCCGACTGAAAAAGGTCGTAG

	VIP2373
	DmPex5 CRISPR gDNA R
	CTGCTCCCTGCAGGTCGACTCTAGACATGCTGCAGGTCCTGCTGC

	VIP2703
	pMT-signal peptide-NMD-GFP F
	CTACAAGGACGATGATGACGCCGTCGACATGGACAACTTCGGACTGGG

	VIP2704
	pMT-signal peptide-NMD-GFP F
	GGCACCCGCCCCTGCTCCCTGCAGATCTAATTCGATTCTATTCTCTAAG

	VIP1970
	ATAD1 WA mutation K to T F
	CCTCCAGGCTGTGGTACAACGTTGATTGCCAAG

	VIP1971
	ATAD1 WA mutation K to T R
	CTTGGCAATCAACGTTGTACCACAGCCTGGAGG

	VIP1972
	ATAD1 WB mutation E to Q F
	CCATCATCTTTATAGATCAAATAGACTCCTTTCTACG

	VIP1973
	ATAD1 WB mutation E to Q R
	CGTAGAAAGGAGTCTATTTGATCTATAAAGATGATGG

	VIP2208
	pMT-DmPex2-HA F
	ATATATCTCGAGAACATGGAGAAAAACAAATATGTAC

	VIP2209
	pMT-DmPex12-HA F
	ATATATCTCGAGAACATGGCAGAAGCGGCAAATG

	VIP2285
	pMT-DmPex13-HA F
	ATATATTGCGCAAACATGGTCGACAACAATAACC

	VIP2207
	pMT-DmPex14-HA F
	ATATATGATATCAACATGGCATCCAGCAACAAC

	VIP2211
	pMT-DmPex11β-HA F
	ATATATCTCGAGAACATGGATCAACTGGTGCAG 

	VIP2210
	pMT-DmPex11γ-HA F
	ATATATCTCGAGAACATGGGCACCACGACAAAG 

	VIP2213
	pMT-DmSec61α-HA F
	ATATATCTCGAGAACATGGGAATCAAGTTCCTG 

	VIP2803
	pMT-HA F
	ATATATCTCGAGAACATGTACCCGTACGACGTCC

	VIP2647
	pMT-HA-DmPex19 R
	ATATATACTAGTCTACATGGTTGGGCACTGG

	VIP2802
	pMT-HA F
	ATATATGATATCAACATGGCATACCCGTACGACGTCC

	VIP2646
	pMT-HA-ScPex15 R
	ATATATACTAGTTCATATACTCGCTAGAAGTTTTAG

	VIP2648
	pMT-HA-DmMff1 R
	ATATATACTAGTCTAGTTGCGATTCAGCCAG

	VIP2836
	pMT signal peptide-DmPex13-GFP F
	TACAAGGACGATGATGACGCCGTCGACATGGTCGACAACAATAACCTAC

	VIP2837
	pMT signal peptide-DmPex13-GFP R
	GGCACCCGCCCCTGCTCCCTGCAGGGCGAATCCCTCGCCCAG

	VIP2842
	pMT signal peptide-DmPex16-GFP F
	CTACAAGGACGATGATGACGCCGTCGACATGGACACTCTGAAG GGCATG

	VIP2843
	pMT signal peptide-DmPex16-GFP R
	GGCACCCGCCCCTGCTCCCTGCAGAGTGGACCACAGATAGAAGTAAG

	VIP2844
	pMT signal peptide-DmPex11β-GFP F
	CTACAAGGACGATGATGACGCCGTCGACATGGATCAACTGGTG CAGTTG

	VIP2845
	pMT signal peptide-DmPex11β-GFP R
	GGCACCCGCCCCTGCTCCCTGCAGTGCAGGCGTTAGCTTGGCC

	VIP2677
	pMT-NMD Δ1-TMD-HA F
	ATATATCTCGAGAACATGGCAAAAAACAAGAAAAAGGCC 




2.7 Drosophila S2R+ cell culture

2.7.1 Growth and maintenance of S2R+ cells
Drosophila S2R+ cells were incubated at 25°C, without CO2, and grown as a flat adherent monolayer. Cells were grown in T-25cm2 flasks containing 5ml of Drosophila growth medium. Cell growth was monitored daily using microscopy (Nikon Eclipse TS100 microscope) and cells were passaged when the culture was approximately 100% confluent. During passaging, the cell monolayer was resuspended in the growth medium and 1ml of resuspended cells was added to 4ml of fresh growth medium. For selection of selectable transformants, puromycin was added at a final concentration of 5µg/ml. In general, cells were grown to passage number 40 and then a new set of frozen cells was thawed. 
2.7.2 RNAi knockdown
dsRNA was prepared using the T7 Megascript kit (Ambion) (section 2.10.9). Double knockdown was performed with total knockdown lasting 5 full days. On day 1, S2R+ cells were seeded onto a coverslip at 40% confluence in serum free medium in a 6 well plate. 15µl of 400ng/µl dsRNA was added and left to incubate for 1 hour. Next, 2ml medium with serum was added and cells were left to grow for 1 day. On day 3, a second knockdown was performed using the same conditions as before. On day 4, constructs were transiently transfected with plasmids (Section 2.7.3). The following day, fresh media was added and cells induced by addition of copper sulphate at a final concentration of 50µM. Cells were fixed and imaged on Day 6.
2.7.3 Transfection of S2R+ cells
S2R+ cells were seeded at 60-80% confluence onto a coverslip in a 6 well plate containing 1.6ml of media with serum. The cells were transiently transfected using the Qiagen Effectene kit and manufacturer’s instructions were followed. For each transfection, 90µl of EC buffer, 5µl of 100ng/µl plasmid DNA, and 8µl of enhancer were added, vortexed for 2 seconds and left to incubate at RT for 5 minutes. Subsequently, 10µl of effectene was added, vortexed for 10 seconds and left to incubate at RT for 10 minutes. 600µl of media with serum was added, mixed and added drop wise onto cells. The cells were incubated at 25°C for 24 hours. Next, the growth medium was aspirated and the cell monolayer was resuspended in 2ml of fresh growth medium containing copper sulphate at a final concentration of 50µM (microscopy) or 0.5mM (protein work). The cells were incubated for a further 16 hours, fixed and viewed by fluorescence microscopy.
2.7.4 Fixing cells for fluorescence microscopy
S2R+ cells were fixed with 1x PBS containing 3.7% formaldehyde (v/v) for 15 minutes and then rinsed 3 times in 1xPBS. Cells were quenched in 0.1M Ammonium chloride with 0.1% Triton X-100 for 10 minutes. Next, coverslips were placed onto slides containing a drop of mounting medium and left to set for 1 hour. Images were taken on the Axiovert 200M fluorescence microscope equipped with Exfo X-cite 120 excitation light source, band-pass filters (Zeiss and Chroma), A plan-pochromat 63x /1.40 oil immersion lens (Zeiss) and Hamamatsu Orca ER digital camera. The FITC filter was used for viewing GFP fusion proteins and the Hc-Red filter for mRFP fusion proteins. Image acquisition was performed on volocity software (Perkin Elmer) to generate 0.5μm z-stack images. Each z-stack image was further processed using Openlab software and the figures were prepared using Photoshop.  
2.7.5 Freezing S2R+ cells
Cell density was measured using the Countess automatic cell counter (Invitrogen). Cells were centrifuged at 1000rpm (Sigma 4-16K, 11150 rotor) for 2 minutes and resuspended in freezing media (10% DMSO, 20% FBS, 5% penicillin/streptomycin at 5000U/ml) to make a final concentration of 10 million cells/ml. 1ml aliquots of cells were added to nunc cyrovial tubes (Thermo Scientific) and placed in a Mr Frosty freezing chamber (Thermo Scientific) to allow gradual freezing of cells. The Mr Frosty was stored at -80°C for 24 hours and then vials were transferred to liquid nitrogen for long term storage.
2.7.6 Thawing cells
An individual vial containing S2R+ cells was thawed in a 25°C water bath and then added to a 6 well plate. Schneider's medium containing 20% FBS and 5% 5000U/ml penicillin/streptomycin was added to cells, which were incubated for 6 hours at 25°C to allow the cells to adhere properly. Afterwards, normal Schneider's growth medium was added and cells were passaged when confluent.
2.7.7 MitoTracker staining
Live S2R+ cells were stained with MitoTracker Deep Red (Molecular probes) at 50nM final concentration for 45 minutes at 25°C in serum free media. Next, the media was aspirated and replaced with fresh serum free media. Live cells were then imaged directly by fluorescence microscopy. 
2.7.8 Isolation of genomic DNA from S2R+ cells
106 S2R+ cells were centrifuged at 1000rpm for 5 minutes (Sigma 1-14K, rotor 12094) and washed twice in 1xPBS. Cells were resuspended in 200µl PBS and 20µl proteinase K was added. Genomic DNA was isolated using the QIAamp DNA mini kit and manufacturer’s instructions were followed.

2.8 S. cerevisiae procedures

2.8.1 Yeast growth and maintenance
Yeast strains were grown in rich yeast medium or yeast minimal liquid media with shaking at 30°C. The carbon source used for growth was 2% glucose or 2% raffinose, which was then changed to 2% galactose for expression of proteins. After transformation, yeast cells were selected in agar medium lacking the appropriate amino acids. Generally, plates were incubated for 2 days at 30°C and stored RT for up to 2 weeks. Yeast strains were inoculated in 15% glycerol for long term storage at -80°C.
2.8.2 One step transformation
Yeast cells were grown overnight in the appropriate liquid media. 200µl of cells were centrifuged at 12,000rpm (Sigma 1-14K bench top centrifuge, rotor 12094) and the supernatant was removed. 1µl of plasmid DNA (100-300ng) was added and resuspended by vortexing. 50µl of one step buffer (0.2M lithium acetate pH5.0, 40% Polyethylene glycol 3350, 100mM Dithiothreitol) and 5µl (50µg) single stranded carrier DNA were added. Transformation reactions were vortexed and left at RT for several hours for higher efficiency. Each reaction was vortexed, incubated at 42°C for 30 minutes and plated onto selective agar. Plates were incubated at 30°C for 2 days and removed when colonies had grown.
2.8.3 High efficiency transformation
High efficiency transformations were performed according to the lithium acetate protocol (Gietz and Wood, 2002). Sterile 1M lithium acetate pH7.5, 10xTE (0.1M Tris-HCl, 0.01M EDTA, pH7.4) and 50% Polyethylene glycol 3350 reagents were prepared. The yeast strain was grown overnight in the desired liquid media. For each transformation reaction, 5ml of yeast cells were grown to exponential phase (OD600 = 0.5) starting at an OD600 of 0.1. Cells were centrifuged at 2500rpm (Sigma 4-16K, 11150 rotor) for 5 minutes and the supernatant was discarded. Next, the cells were washed in 1ml of sterile water, transferred to 1.5ml eppendorfs and centrifuged at 2500rpm for 5 minutes. Cells were washed in 1ml of 1xTE/lithium acetate and resuspended in 50µl 1xTE/ lithium acetate for each reaction. 5µl of linearised vector (25µg), 10µl (0.5-1µg) of PCR product and 5µl (50µg) single stranded DNA was added per transformation. 300µl of 40% Polyethylene glycol 3350 was added, vortexed and left at RT for 30 minutes. This was followed by heat shock in 42°C water bath for 15 minutes. Finally, cells were harvested by centrifugation at 10,000rpm (Sigma 1-14K bench top centrifuge, rotor 12094) and each pellet was resuspended in 50µl 1xTE. Cells were plated onto selective agar media and incubated at 30°C for 2 days to allow colonies to grow. 
2.8.4 Genomic DNA isolation 
Transformed yeast cells were scraped from the selective plate and washed in 1ml of sterile water. The supernatant was discarded and cell pellet resuspended in the remaining volume. For each sample, 200µl of TENTS solution (20mM Tris/HCl pH8.0, 1mM EDTA, 100mM NaCl, 2% Triton X-100, 1% SDS), 200µl of glass beads and 200µl of phenol/chloroform was added.  Samples were placed in a bead beater for 45 seconds at full speed and then centrifuged at 12,000rpm (Sigma 1-14K bench top centrifuge, rotor 12094) for 30 seconds to pellet the beads. Subsequently, 200µl of TENTS was added and the mixture was vortexed. Centrifugation of samples was performed again at 12,000rpm for 5 minutes, and the resulting supernatant was transferred to fresh eppendorfs. 200µl of phenol/chloroform was added, samples vortexed and centrifuged as previously. 300µl of the supernatant was removed and the nucleic acids were precipitated by the addition of 30µl 3M Sodium acetate pH5.2 and 750µl of 100% ethanol. Precipitation reactions were incubated at -20°C for 1 hour, followed by centrifugation for 15 minutes at 13,000rpm (Sigma 1-14K, rotor 12094). Pellets were washed in 70% ethanol, resuspended in 200µl of 1xTE pH8.0 containing 5µg/ml RNAse and incubated at RT for 10 minutes. DNA was precipitated by incubating samples at -20°C for 1 hour and precipitates were  collected by centrifugation as before. Pellets were washed in 70% ethanol, dried, and resuspended in a final volume of 50µl 1xTE pH8.0.
2.8.5 Fluorescent fusion protein expression
Yeast strains containing selectable plasmids were initially grown overnight at 30°C with shaking in YM2 supplemented with 2% glucose or YM2 oleate. Cells were images directly after stationary phase growth. Cells were grown overnight in YM1 containing 2% raffinose prior to galactose induction. The following day, the overnight culture was diluted 10x in YM2 containing 2% galactose and cells were induced for 1 hour. Subsequently, liquid cultures were centrifuged at 2500rpm (Sigma 4-16K, 11150 rotor) and pellets resuspended in YM2 supplemented with 2% glucose. For pulse chase experiments, cells were imaged after 1 hour galactose induction and after 4 hours on glucose. For microscopy, cell pellets were harvested at 2500rpm (Sigma 4-16K, 11150 rotor) and 5µl of cells were spread onto a slide. Fluorescence images were taken using the Axiovert 200M fluorescence microscope using A plan-pochromat 63x/1.40 oil immersion lens.

2.9 E. coli procedures

2.9.1 Growth and maintenance of E. coli
E. coli was inoculated into 2TY medium, or spread onto 2TY agar plates, and grown at 37°C. For selection of transformants carrying plasmids, the media was supplemented with 75μg/ml ampicillin or 50µg/ml kanamycin. 
2.9.2 Production of chemically competent cells
DH5α, or BL21 DE3, cells were grown overnight at 37°C in 2TY with shaking at 200rpm. The appropriate amount of overnight culture was added to 200ml of 2TY, to start at an OD600 of 0.05. Cells were grown to exponential phase (OD600 = 0.5) and then chilled on ice for 10 minutes. Next, cells were centrifuged at 4000rpm for 5 minutes at 4°C (Sigma 4-16K, rotor 12256). The supernatant was discarded and the pellet was resuspended in 50ml of 0.1M magnesium chloride. Cells were chilled on ice for a further 10 minutes and centrifuged as before. The pellet was resuspended in 50ml of sterile 0.1M calcium chloride and left to chill on ice for a further 30 minutes. Cells were centrifuged as before and the final pellet was resuspended in 20ml of sterile 0.1M calcium chloride/15% (v/v) glycerol. 200µl aliquots were taken, flash frozen in liquid nitrogen and stored at -80°C until use.
2.9.3 Production of electrocompetent cells
DH5α cells were inoculated into 10ml of 2TY liquid media and incubated overnight at 37°C with shaking. The desired amount of overnight culture was added to 1L of 2TY to start with an OD600 of 0.1 and the cells were grown until log phase was reached (OD600 = 0.5). Cells were centrifuged at 3000rpm for 15 minutes at 4°C (Sigma 4-16K, rotor 12256) and the pellet was resuspended in 500ml of 10% (v/v) glycerol. Cells were harvested as before and the pellet was resuspended in 250ml of 10% glycerol. Cells were centrifuged for a third time and the pellet was resuspended in 50ml of 10% glycerol. Finally, cells were centrifuged at 3000rpm (Sigma 4-16K, 11150 rotor) and resuspended in 0.7ml of 10% glycerol. 40µl aliquots were taken, frozen in liquid nitrogen and stored at -80°C until use.
2.9.4 Transformation 
E. coli cells were thawed on ice and 100µl of cells was added to 1µl of 100ng/µl plasmid (or 10µl of ligation). The reaction was gently mixed and left to incubate on ice for 30 minutes. Transformations were heat shocked in a water bath at 42°C for 90 seconds and incubated for a further 5 minutes on ice. 900µl of 2TY medium was added and cells were incubated at 37°C for 1 hour. The transformed cells were centrifuged at 13,000rpm for 1 minute (Sigma 1-14K bench top centrifuge, rotor 12094), 900µl of supernatant was removed and each cell pellet was resuspended in the remaining volume. Transformed cells were plated onto selective agar media. 
2.9.5 Electroporation 
40µl of DH5α cells were added to 10µl of 10x diluted gDNA. Electroporation reactions were transferred to an electroporation cuvette (Fisher) and mixed well. Cells were pulsed with an electric current using an electroporator set at EC2. Each reaction was transferred to eppendorfs containing 0.6ml of 2TY medium and incubated at 37°C for 30 minutes. Cells were centrifuged at 5000rpm for 5 minutes (Sigma 1-14K, rotor 12094) and cell pellets plated onto 2TY agar plates containing desired antibiotics. 
2.9.6 Overnight cultures of bacterial colonies
Individual colonies containing plasmid were selected using a sterile pipette tip and added to 4ml of 2TY media containing antibiotics, and then incubated with shaking at 37˚C overnight. 
2.9.7 Glycerol stocks of E. coli strains
E. coli strains containing plasmids were stored long term in 15% glycerol as the carbon source. 750μl of liquid culture was added to 750μl 30% (v/v) glycerol in a nunc cryovial tube. Tubes were inverted to mix and stored at -80°C. To rescue a frozen stock, cells were collected using a sterile inoculating loop and streaked onto a 2TY agar plate. Individual colonies were then inoculated into overnight liquid cultures.

2.10 Recombinant DNA and RNA procedures

2.10.1 Polymerase chain reaction (PCR)
PCR was performed to amplify regions of DNA using either Accuzyme DNA polymerase or Taq DNA polymerase. Accuzyme possesses 5’-3’ and 3’-5’ proofreading enzyme activities and provides high fidelity for all cloning work. Taq DNA polymerase was used only in colony PCR. Each individual PCR reaction contained; 5µl of forward primer at 5µM, 5µl of reverse primer at 5µM, 6µl of 2.5mM dNTPs (3µl for Taq), 1µl of 1/50 diluted mini prep (or 1µl of gDNA), 1µl of 50mM MgCl2, 5µl of 10x Accuzyme buffer (or 5µl of 10x Taq buffer), 1µl of 2.5u/µl of Accuzyme DNA polymerase (or 0.5µl of 5u/µl Taq DNA polymerase) and made up to 50µl with water. For colony PCR, individual colonies were used as the DNA template. Drosophila constructs were amplified from cDNA clones and yeast genes from gDNA. The following PCR conditions were used:
1. 3 minutes at 95°C for initial denaturation of DNA
2. 30 seconds at 95°C for denaturation of DNA
3. 30 seconds at 58°C for annealing of the primers
4. X minutes at 72°C for elongation
5. 10 minutes at 72°C for final extension
30 cycles (Step 2-4) were used in each PCR reaction (Sensoquest lab cycler). For the elongation step, 1 min/kb of DNA amplicon was used for Taq polymerase and 2 min/kb for Accuzyme polymerase. 
2.10.2 Site directed mutagenesis
Site directed mutagenesis was performed according to the Quickchange kit (Stratagene), using Phusion high fidelity DNA polymerase (Promega). Each 20µl PCR reaction contained: 2.5μl Phusion 10x buffer, 17μl water, 1µl of each 5µM primer, 2µl 2.5mM dNTPs, 1μl of 5x diluted plasmid and 0.5μl Phusion DNA polymerase. 
The following PCR conditions were used:
1. 30 seconds at 95°C for initial denaturation of DNA
2. 30 seconds at 95°C for denaturation of DNA
3. 1 minute at 55°C for annealing of the primers
4. X minutes at 68°C for elongation
5. X minutes at 68°C for final extension
16 cycles (Step 2-4) were used in each PCR reaction. For the elongation step, 1 min/kb was used to calculate elongation time depending on plasmid size. The same elongation time was used on the final extension stage.
2.10.3 Agarose gel electrophoresis
All DNA and RNA samples were analysed by agarose gel electrophoresis. 1% (w/v) agarose gels were prepared in 1 x TBE (0.1M Tris-base, 0.1M Boric acid, 10mM EDTA, pH 8) and stained with 2µl ethidium bromide to make a final concentration of 0.5µg/ml. 6x loading buffer (0.25% bromophenol blue, 0.25% xylene cyanol FF, 30% (v/v) glycerol) was added to the samples at 1x final concentration. Agarose gels were run at 100V for 40min in 1xTBE running buffer. Gel images were viewed on a UV transilluminator and DNA size was determined by comparison to a DNA 1kb ladder.
2.10.4 DNA gel extraction  
All gel extractions were performed using the Qiagen gel extraction kit and manufacturer’s instructions were followed. The DNA band was excised from the agarose gel using a scalpel, bound to the spin column, washed and eluted.  
2.10.5 Ligation 
Each ligation reaction contained 2µl 10x ligase buffer, 2µl linearised plasmid, 8µl insert and 1µl T4 DNA ligase (Promega) in a final volume of 20µl. The ligation mixture was incubated overnight in ice water at RT, to ensure a varying temperature gradient for optimal ligation. For the positive control, single cut plasmid and no insert was used in the ligation reaction. For the negative control, double cut plasmid and no insert was used in the ligation reaction.  
2.10.6 Plasmid isolation
Plasmid DNA isolation from E. coli overnight cultures was carried out using the Sigma Aldrich mini prep kit following manufacturer’s instructions. Plasmid DNA was bound to the spin column, washed and eluted. Plasmid concentration was measured using a Nanodrop. 
2.10.7 Restriction enzyme digestion 
Each reaction contained; 5µl of 10x NEB buffer, 2µl of total enzyme and 5µl of plasmid DNA, in a total reaction volume of 50µl.The digests were incubated for 4 hours at 37°C for most enzymes. BspQI digestion was performed at 50°C for 2 hours and treated with calf intestinal alkaline phosphatase for 15 minutes at 37˚C.
2.10.8 Sequencing
All cloned plasmids were sequenced by Beckman Coulter Genomics.

2.10.9 Production of dsRNA
dsRNA was prepared using the T7 Megascript kit (Ambion). Each reaction contained 4µl of PCR template, 2 µl of 75mM UTP, 2µl of 75mM CTP, 2µl of 75mM ATP, 2µl of 75mM GTP, 2µl 10x reaction buffer and 2µl of 2U/µl enzyme mix in a total volume of 20µl. Reactions were mixed well and incubated overnight at 37°C. 1µl of DNAse was added and reactions incubated at 37°C for 15 minutes. Reactions were stopped by addition of 15µl of ammonium stop solution and 115µl of nuclease free water. Phenol chloroform extraction and isopropanol precipitation was performed to purify RNA. RNA concentration was measured using a Nanodrop.  
2.10.10 Annealing of oligonucleotides 
Two oligonucleotides were annealed by mixing 10µl of each nucleotide stock at 100mM and 20µl of 2x annealing buffer (20mM Tris, 2mM EDTA, 100mM NaCl, pH 8.0). The mixture was heated at 95°C in a heat block and slowly cooled to 25°C. 1µl of this mixture was phosphorylated in a 10µl reaction with 1µl T4 polynucleotide kinase at 37˚C for 30 minutes and then diluted 10x in water. The diluted annealed oligonucleotides were then used in a standard ligation reaction. 


2.11 Protein methods

2.11.1 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)
SDS-PAGE was performed as detailed by Laemmli (1970). 12% or 10% polyacrylamide resolving gels, as well as stacking gels, were prepared for loading of protein samples (Table 2.7). Protein samples were denatured in 4x protein loading buffer (200mM Tris-HCl pH 6.8, 400mM DTT, 8% (w/v) SDS, 0.4% (w/v) bromophenol blue and 40% (v/v) glycerol) and boiled at 95°C for 10 minutes prior to gel loading. Electrophoresis was run at 150V in 1x protein running buffer (25mM Tris-HCl, 192mM Glycine, 0.1% (w/v) SDS, pH8.3), until the bromophenol blue dye was just off the gel. For comparison of protein size, a low molecular weight protein ladder was used. Following electrophoresis, gels were either used for western blotting or stained with Coomassie Brilliant blue staining solution (0.1% (w/v) Coomassie Brilliant Blue, 50% (v/v) methanol, 10% (v/v) acetic acid). Gels were stained with Coomassie Brilliant blue for 1 hour with gentle shaking, followed by washing in Destain solution (50% (v/v) methanol, 10% (v/v) acetic acid) until the protein bands became visible. 

	Stock solution
	Resolving gel
	Stacking gel

	
	10%
	12%
	

	4x Resolving buffer (1.5M Tris-HCl, 0.4% (w/v) SDS, pH8.8)
	2.6ml
	2.6ml
	

	Stacking buffer (0.5M Tris-HCl, 0.4% (w/v) SDS, pH6.8)
	
	
	1.25ml

	Protogel (30% (w/v) Acrylamide: 0.8% (w/v) Bis-Acrylamide Stock solution)
	3.3ml
	4ml
	0.625ml

	Water 
	4.1ml
	3.4ml
	3.05ml

	10% (w/v) APS
	100µl
	100µl
	100µl

	TEMED
	10µl 
	10µl
	10µl


Table 2.7: Composition of individual SDS-PAGE gels.
2.11.2 Protein expression 
A single transformed E. coli BL21 DE3 colony was inoculated into 2TY growth medium, supplemented with 50µg/ml kanamycin and grown overnight at 37°C with shaking at 200rpm. The following day cells were grown to an OD600 of 0.8-0.9 at 30°C. Cells were induced for 3 hours at 30°C by the addition of isopropyl-D-thiogalactopyranoside (IPTG) to a final concentration of 1mM. The cells were harvested at 3000rpm for 10 minutes (Sigma 4-16K, rotor 12256), and aliquoted into 20ml cell pellets. Cell pellets were washed in 1xPBS and frozen at -80°C until the next stage. Each pellet was resuspended in 1ml of lysis buffer containing 1xPBS and protease inhibitors (Roche). Cells were lysed by sonication on ice, using 3x25 second bursts at a frequency of 12 amplitude microns. Triton X-100 at 1% (v/v) final concentration was added and samples were incubated on ice for 30 minutes. Samples were centrifuged at 13,000rpm for 5 minutes at 4°C (Fischer Scientific accuSpin micro R, rotor 75003243), to isolate the insoluble pellet and soluble supernatant fractions. Insoluble and soluble fractions were analysed by SDS-PAGE to check for expression of protein.
2.11.3 In vitro transcription/translation assay
Radiolabelled proteins were synthesised in vitro using the TnT quick-coupled rabbit reticulocyte transcription and translation kit (Promega) following manufacturer’s instructions.  PCR amplicons were used as the DNA templates and the methionine residues were labelled with the radioisotope 35 Sulphur (Perkin Elmer). 
2.11.4 In vitro radiolabelled pulldown assay
Glutathione sepharose beads (GE Healthcare) were washed 3 times in 1xPBS and centrifuged at 2500rpm for 1 minute at 4°C (Fischer Scientific accuSpin micro R, rotor 75003243). 25µl of beads were aliquoted per reaction. The entire soluble fraction of the GST fusion protein (section 2.11.2) was added to the beads and incubated for 1 hour at 4°C, under constant mixing. The beads were washed 3 more times in 0.5ml of wash buffer (1x PBS supplemented with 0.1% (v/v) Triton X-100) to remove unbound protein. The beads containing bound GST fusion protein was incubated with 8µl of radiolabelled protein at 4°C for 30 minutes under constant mixing. The beads were washed 3 times with 0.5ml of wash buffer to remove unbound protein. Bound proteins were eluted by addition of glutathione (GSH) elution buffer (50mM Tris-HCl and 10mM reduced glutathione pH8.0), and incubated on ice for 15 minutes with occasional mixing. 

2.11.5 Multiple sequence alignment
Multiple sequence alignment was carried out using ClustalW (Thompson et al., 1994). Amino acid sequences for each protein were analysed based on their % identity, % strong similarity and % weak similarity.                                                                                              https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_clustalw.html
2.11.6 TMHMM analysis
TMHMM anlaysis was performed to identify transmembrane domains in protein sequences. http://www.cbs.dtu.dk/services/TMHMM/
2.11.7 Analysis by Western Blotting
Protein samples separated by SDS-PAGE were transferred onto a nitrocellulose membrane using a Biorad Mini Trans-Blot Electrophoretic transfer cell following manufacturer’s instructions. Protein samples were transferred at constant 200ma current for 2 hours in transfer buffer (25mM Tris, 150mM glycine, pH 8.3; 40% (v/v) methanol). The protein transfer was checked by the addition of Ponceau S solution (0.1% (w/v) Ponceau S in 5% (v/v) acetic acid). Subsequently, the blotted membrane was incubated with 25ml of blocking buffer (2% (w/v) fat free Marvel milk, 0.1% (v/v) Tween20, 1xTris buffered saline (TBS) (20mM Tris, 500mM NaCl pH 7.6)) for 1 hour with constant mixing at RT. Next, 10ml of blocking buffer containing the primary antibody was added at the desired dilution and incubated with mixing for 1 hour. The membrane was washed three times in 15ml of 0.1% (v/v) Tween20/TBS to remove any unbound primary antibody. Next, the membrane was incubated for 1 hour in 10ml of blocking buffer containing the secondary antibody at the appropriate dilution. The membranes were washed 3 times in 15ml 0.1% (v/v) Tween20/TBS. Amersham enhanced chemiluminescence (ECL) Prime Western Blotting Detection Reagent was incubated with the membrane for 1 minute at RT. The proteins were then detected using a Syngene GBox imaging system, taking 5 captures every 3 minutes of exposure.
2.11.8 Antibodies
The following antibodies were used in this study (Table 2.8)
	Antibody
	Purpose
	Dilution
	Source

	Mouse monoclonal Anti-GFP
	Primary antibody to detect GFP tagged proteins
	1:4000
	Sigma

	Mouse monoclonal Anti-HA
	Primary antibody to detect HA tagged proteins
	1:5000
	Sigma

	Mouse monoclonal Anti-Flag
	Primary antibody to detect Flag tagged proteins
	1:4000
	Sigma

	Rat polyclonal Anti-Tubulin
	Primary antibody for loading control
	1:10,000
	Abcam

	Polyclonal goat anti mouse HRP
	Secondary antibody to detect mouse primary antibodies
	1:4000
	Sigma

	Polyclonal rabbit anti rat HRP
	Secondary antibody to detect mouse primary antibodies
	1:4000
	Sigma


Table 2.8: Antibodies used in this study
2.11.9 Coimmunoprecipitation of GFP fusion proteins
Coimmunoprecipitation was performed using GFP trap agarose beads and manufacturer’s instructions were followed (Chromotek). S2R+ cells were transiently transfected to co-express GFP and HA tagged proteins. The following day cells were induced overnight using 0.5mM copper sulphate. Each individual coimmunoprecipitation reaction contained 106-107 S2R+ cells. Cells were harvested at 1000rpm for 5 minutes at 4°C (Sigma 4-16K, 11150 rotor), washed twice in ice cold 1x PBS, and then transferred to ice cold tubes. Each cell pellet was resuspended in 200µl of lysis buffer (10mM Tris/HCl pH 7.5, 150mM NaCl, 0.5mM EDTA, 0.5% (v/v) NP-40, protease inhibitors). Tubes were placed on ice for 30 minutes with extensive pipetting every 10 minutes. Cell lysates were centrifuged at 13,000rpm for 10 minutes at 4°C (Fischer Scientific accuSpin micro R, rotor 75003243). The lysate supernatant was transferred to a fresh tube and volume adjusted to 750µl with dilution buffer (10mM Tris/Cl pH 7.5, 150mM NaCl, 0.5mM EDTA, protease inhibitors). A 50µl sample (referred to as Input) was removed for immunoblot analysis and 2x sample loading buffer added (120mM Tris/HCl pH 6.8, 20% (v/v) glycerol, 4% (w/v) SDS, 0.04% (w/v) bromophenol blue, 10% (v/v) β-mercaptoethanol). For each individual reaction, 10µl of GFP Trap agarose beads were washed in 500µl dilution buffer and centrifuged at 2,500rpm for 2 minutes at 4°C (Fischer Scientific accuSpin micro R, rotor 75003243). The supernatant was discarded and beads were washed twice more in 500µl dilution buffer. The supernatant of each sample was then added to GFP trap beads and incubated for 1 hour at 4°C under constant mixing. As before, samples were centrifuged at 2500rpm for 2 minutes at 4°C. A 50µl sample was taken for immunoblot analysis (referred to as unbound), 2x sample loading buffer was added and remaining supernatant was discarded. Beads were washed three times in ice cold wash buffer (10mM Tris/HCl pH 7.5, 150mM NaCl, 0.5mM EDTA). Finally, beads were resuspended in 50µl 2x protein loading buffer and this is referred to as the bound sample.
2.11.10 Analysis of membrane topology by sodium chloride treatment
Approximately 106-107 S2R+ cells were used per topology experiment. Cells were harvested at 1000rpm at 4°C for 5 minutes (Sigma 4-16K, 11150 rotor)  and washed twice in ice cold 1x PBS. Next, cells were resuspended in 1ml of 50mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) pH7.5 containing protease inhibitors and lysed by sonication on ice for 10 seconds at 10 amplitude microns (Sanyo sonicator). A 75µl total lysate sample was removed at this stage for analysis. The remaining homogenate was centrifuged in a polycarbonate tube (Beckman) at 4°C for 1 hour at 80,000rpm using a Beckman Optima MAX-E Ultracentrifuge (TLA 100.2 rotor). Subsequently, a 75µl first supernatant sample was taken for analysis. The pellet was resuspended in 1ml 1M NaCl/50mM HEPES pH7.5 and incubated on ice for 30 minutes with occasional mixing. The resulting suspension was harvested by ultracentrifugation as before. 750µl of the supernatant was added to 250µl of 40% (v/v) trichloroacetic acid and proteins precipitated on ice for 30min. Precipitates were centrifuged at 13,000rpm for 5min at 4°C (Fischer Scientific accuSpin, rotor 75003243). The supernatant was removed and the pellet resuspended in 10µl of 1M Tris Base pH9.4. 90µl of 1x protein loading buffer was added and diluted a further 10x in protein loading buffer. This sample is referred to as the second supernatant. The pellet fraction was resuspended in 1ml of 50mM HEPES/1% (v/v) Triton X-100 and a 75µl sample removed for analysis. 
2.11.11 Analysis of membrane topology by sodium carbonate
The sodium carbonate extraction protocol was adapted from Fujiki et al., 1982. As previously, 106-107 S2R+ cells were harvested by centrifugation at 1000rpm for 5 minutes at 4°C (Sigma 4-16K, 11150 rotor). Cells were washed twice in 1xPBS and resuspended in 1ml of 50mM HEPES pH7.5 with protease inhibitors. Cell lysis was performed by sonication on ice for 10 seconds at 10 amplitude microns (Sanyo sonicator). 75µl of the total cell lysate sample was removed for analysis. Lysates were centrifuged in Beckman polycarbonate tubes at 4°C for 1 hour at 80,000rpm (Optima MAX-E Ultracentrifuge, TLA 100.2 rotor). A sample of the first supernatant was collected for analysis. The pellet was resuspended in 12.5ml of 0.1M Na2CO3 pH11.5 (in order to bring protein concentration to less than 10mg/ml) and incubated on ice for 30 minutes. 1ml of the suspension was centrifuged again at 80,000rpm to pellet the integral membrane proteins. The entire second supernatant was concentrated by centrifugation at 13,000rpm for 20 minutes at 4°C (Fischer Scientific accuSpin, rotor 75003243) using ultracentrifugal tubes with a 10 K cut-out (Millipore). The final volume was brought up to 80µl and a 75µl sample taken for analysis. The pellet was resuspended in 80µl 50mM HEPES/ 1% (v/v) Triton X-100, and a 75µl taken for analysis. Fractions collected from each stage are derived from the same number of cells.





















Chapter 3: Analysis of NMD in Drosophila peroxisome biogenesis
3.1 Introduction 
Peroxisomes can be formed de novo from the ER or by growth and division of pre-existing peroxisomes (Hoepfner et al., 2005; Motley and Hettema, 2007; Toro et al., 2009). The majority of PMPs and all matrix proteins are imported post-translationally into peroxisomes. Over 30 peroxins have now been identified via genetic screens whereas only three peroxins (Pex3, Pex16 and Pex19) are required for membrane biogenesis. Absence of the biogenesis factors results in no peroxisome structures, and PMPs are either unstable or mislocalised (Hettema et al., 2000). Pex3 and Pex19 are well conserved between eukaryotes, as are their roles in PMP biogenesis. It is widely accepted that Pex19 acts as a soluble receptor for most PMPs, whereas Pex3 is the membrane docking receptor for the Pex19-PMP complex, for direct import into peroxisomes (Fang et al., 2004; Jones et al., 2004; Matsuzono et al., 2006). Pex16 is regarded as the “master” peroxin in mammalian cells, functioning as a PMP receptor at both the ER and at peroxisomes (Kim et al., 2006; Matsuzaki and Fujiki, 2008). Pex3 and Pex16 have been widely studied for their ER to peroxisome trafficking. Studies have shown Pex16 is firstly inserted into the ER co-translationally then transported to peroxisomes (Kim et al., 2006; Hua et al., 2015), whereas studies on Pex3 show its trafficking through the ER, to a pre-compartment, then to mature peroxisomes (Hoepfner et al., 2005; Toro et al., 2009; Fakieh et al., 2013). Genetic screens for peroxisome mutants have failed to identify further peroxins in this pathway. Known membrane trafficking factors such as SNAREs and Rabs appear not to be required suggesting there is a novel mechanism for ER to peroxisome transport. Better understanding of PMP biogenesis awaits the identification of additional factors in this pathway.
Limited peroxisome research has been conducted using Drosophila melanogaster, but current studies indicate peroxins and cellular pathways are evolutionary conserved. Drosophila contains a homologous PTS1 pathway, although it appears to lack a PTS2 pathway. The membrane biogenesis pathway is unknown, although Pex3, Pex19 and Pex16 homologues do exist (Mast et al., 2011). The trafficking of Drosophila PMPs, directly or indirectly via the ER, is also unknown. Therefore, individual phenotypes and subcellular localisations have yet to be determined for all PMPs. Previously, our lab performed a fluorescence microscopy-based genome-wide RNAi screen for novel peroxins in Drosophila S2R+ cells and found three candidate peroxins; no mitochondrial derivative (NMD), Atlastin (Atl) and Spaghetti squash (Sqh). Only the inactivation of NMD mislocalised matrix proteins to the cytosol. Recently, yeast and human homologues of NMD (Msp1 and ATAD1, respectively) have been shown to be involved in degradation of mislocalised tail-anchored (TA) proteins on mitochondria (Okreglak and Walter, 2014), (Chen et al., 2014). However, no peroxisome function has so far been reported in the literature, so it is unknown if peroxisomal function is specific for flies.
The aim of this chapter was to analyse the role of NMD in peroxisome biogenesis using Drosophila S2R+ cells. Fluorescence microscopy was routinely used to study intracellular localisation and trafficking of fluorescently tagged peroxins alongside fluorescent organelle markers. Additionally, RNAi, CRISPR and single point mutants were used to study the cellular phenotypes of NMD. The sorting signals of NMD were studied by generation of truncations to establish its targeting information. Additionally, NMD, as well as other PMPs were attached to a cleavable signal peptide to study ER to peroxisome trafficking. 
3.2 Summary of genome-wide screen to identify novel peroxins
Currently, fifteen peroxin homologues have been identified in the Drosophila genome but functional studies on most of these are lacking (Chen et al., 2010; Mast et al., 2011). Previously in our lab, a genome-wide RNAi screen was performed in Drosophila melanogaster S2R+ cells in order to identify novel peroxins (Drake, 2013). In summary, RNAi knockdown was performed against the entire Drosophila genome in S2R+ cells expressing GFP-PTS1 (peroxisomal marker), which is under control of an inducible metallothionein promoter (Figure 3.1A). The PTS1 signal is composed of SKL, which is most commonly found in peroxisomal matrix proteins and enables targeting of GFP to peroxisomes (Gould et al., 1989). Subsequently, GFP-PTS1 was induced by the addition of copper sulphate and the phenotypes generated were analysed by fluorescence microscopy. Known Drosophila peroxins acted as positive controls in the study, which generated import defect phenotypes. This initial screen resulted in 250 candidates that upon RNAi affected peroxisome number more than two times the standard deviation of the whole screen. Subsequent rescreens of these candidates identified three new genes that reproducibly affected peroxisome number or morphology (Figure 3.1B-C). Interestingly, only NMD showed an import defect of GFP-PTS1, whereas Atl and Sqh caused altered peroxisome morphology. 
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	Gene
	CG number
	Protein features
	Molecular function
	Homologues

	NMD
	CG5395 
	AAA+ ATPase domain 
	Predicted ATPase activity 
	ATAD1, Msp1 

	Atl 
	CG6668 
	Guanylate-binding protein 
	Guanylate-binding protein 
	Sey1 

	Sqh
	CG3595 
	Calcium-binding EF-hand 
	Calcium-binding EF-hand 
	Myosin light chain 


Figure 3.1: Genome-wide RNAi screen identified three candidate peroxins in Drosophila S2R+ cells. A) Schematic of the design of the RNAi screen. S2R+ cells expressing the peroxisomal marker GFP-PTS1 under control of the metallothionein promoter were subjected to genome-wide RNAi knockdown. Phenotypes were screened based on change in peroxisome morphology and/or an import defect of PTS1. B) Flowchart of the selection process with number of genes at each stage. C) Summary table of shortlisted hits (Drake, 2013).  

3.3 RNAi knockdown of NMD, Atl and Sqh
Genome-wide RNAi screening was performed using double stranded RNA (dsRNA) probes from a screen library. For verification of cellular phenotype, independent dsRNA probes were created to target NMD, Atl and Sqh. Additionally, dsRNA probes targeted to known Drosophila peroxins (Pex5, Pex13, Pex14, Pex16, Pex3 and Pex19) were used as positive controls for comparison against untreated WT cells.  Pex5, Pex13 and Pex14 are all important factors for matrix protein import, whereas Pex3, Pex16 and Pex19 are required for correct assembly of the peroxisomal membrane (Kim and Hettema, 2015). dsRNA uptake was performed in S2R+ cells in order to generate small interfering RNAs (siRNAs) to degrade target RNA, and total RNAi knockdown lasted for 5 days. Knockdown cells were transfected with mRFP-PTS1 to fluorescently label peroxisomes. In figure 3.2A, control cells exhibited a punctate pattern of fluorescence as consistent with peroxisome labelling. Pex14, Pex3 and Pex19 displayed partial knockdown phenotypes as seen by the partial mislocalisation of mRFP-PTS1 to the cytosol, but with the appearance of mature peroxisomes. However, Pex3 and Pex19 phenotypes in ZS patients normally display no peroxisomal membrane structures (Matsuzono et al., 1999; Ghaedi et al., 2000). Pex5, Pex13 and Pex16 knockdowns led to the complete cytosolic mislocalisation of mRFP-PTS1 (Figure 3.2A). These results agree with previous studies in Drosophila, which indicated full or partial defects of matrix protein import after knockdown with peroxins (Mast et al., 2011). Mff1 is responsible for peroxisomal fission (Gandre-Babbe and van der Bliek, 2008) and was chosen as a control that affected peroxisome morphology. In figure 3.2A, peroxisomes appear elongated and tubular, which is consistent with a fission defect phenotype. 
NMD knockdown resulted in complete cytosolic mislocalisation of mRFP-PTS1, showing a clear import defect of PTS1 proteins (Figure 3.2B). Atl caused peroxisomes to clump together at one side of the cell, whereas Sqh knockdown gave a phenotype of aggregated peroxisomes in dividing cells (Figure 3.2B). Thus, the phenotypes are consistent with the RNAi screen, confirming altered peroxisome morphology (Drake, 2013). NMD is an AAA+ ATPase and is predicted to be an outer mitochondrial membrane protein with ATPase activity, based on structural similarity studies (Spradling et al., 1999). The phenotype of NMD flies indicates it has a role in spermatid development, which is interesting as Pex2 and Pex10 mutant flies have spermatogenesis defects (Fuller, 1998), (Chen et al., 2010). Atl is a GTPase localised to the ER that drives ER membrane fusion (Moss et al., 2014), whereas Sqh encodes the regulatory light chain of non-muscle myosin II and was found to be required for cytokinesis (Wheatley et al., 1991). 
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Figure 3.2: RNAi knockdown phenotypes of NMD, Atl and Sqh. 5 day RNAi knockdown was performed on S2R+ cells expressing mRFP-PTS1, which is under control of the metallothionein promoter. Cells were knocked down with siRNA targeted to: A) Pex5, Pex13, Pex3, Pex16, Pex14, Pex19, and Mff1 or B) NMD, Atl and Sqh. mRFP-PTS1 was induced overnight by 50µM CuS04, and fluorescence microscopy performed on fixed cells. Bar = 10µm.

3.4 NMD and Atl localise to peroxisomes in S2R+ cells
It is clear from current knockdown data that NMD, Atl and Sqh display altered peroxisome morphology or an import defect of matrix proteins. Next, the subcellular localisation of each open reading frame (ORF) was analysed by fluorescence microscopy to determine if any localise to peroxisomes. Each ORF was cloned into N terminal, and C terminal, GFP tagged Drosophila shuttle vectors in order to avoid inhibiting targeting signals at either end of the protein.  S2R+ cells were co-transfected with NMD-GFP, Atl-GFP or Sqh-GFP alongside mRFP-PTS1 to establish any peroxisomal co-localisation. Interestingly, NMD-GFP displayed partial co-localisation with mRFP-PTS1 confirming a steady state localisation on peroxisomes (Figure 3.3A). Subsequent staining of live cells expressing NMD-GFP with Mitotracker (mitochondrial marker) verified that NMD is also dually localised to mitochondria (Figure 3.3C). Atl-GFP localised to approximately 20% of peroxisomes per cell, as well as in numerous puncta (Figure 3.3B). Studies have shown that when functional Atl is expressed, the normal reticular ER is lost and the appearance of ER associated puncta is seen (Moss et al., 2011). Sec61α was chosen as the ER marker, which is a subunit of the ER translocon (Greenfield and High, 1999). Co-expression of Sec61α-mRFP alongside Atl-GFP revealed that the puncta do indeed co-localise with the ER (Figure 3.3D). It is possible that Atl may not have a steady state localisation on peroxisomes, but the knockdown phenotype does suggest some connection to peroxisome biogenesis or distribution. Sqh-GFP was not localised to peroxisomes and was distributed throughout the cell cytoplasm and nucleus (Figure 3.3B). Next, GFP-NMD, GFP-Atl and GFP-Sqh were co-expressed with mRFP-PTS1, to check peroxisomal localisation after tagging at the N terminus. Tagging at the N terminus disrupted the normal localisation of NMD and instead led to a different cellular distribution (Figure 3.3B). GFP-Atl had complete colocalisation with Sec61α-mRFP in ER associated puncta and reticular ER (Figure 3.3D). Again, GFP-Sqh was localised throughout the cell cytoplasm confirming it does not localise to peroxisomes. A summary table of each localisation is shown in Figure 3.3E. NMD represents a fascinating new peroxin, which displays a strong knockdown phenotype and clear steady state localisation on peroxisomes. Thus, NMD was chosen for further analysis to determine its wider role in Drosophila peroxisome biogenesis. 
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Figure 3.3: Analysis of the subcellular localisation of candidate peroxins by fluorescence microscopy in S2R+ cells. Fluorescence microscopy images of S2R+ cells transfected with: A) NMD-GFP, Atl-GFP and Sqh-GFP and mRFP-PTS1, B) GFP-NMD, GFP-Atl and GFP-Sqh and mRFP-PTS1, C) NMD-GFP stained with 50nM MitoTracker and D) GFP-Atl and Atl-GFP co-expressed with Sec61α-mRFP. Magnified peroxisomes are indicated via a highlighted circle. E) Summary table of each localisation. Plasmids were under control of the metallothionein promoter and were induced overnight by addition of 50µM CuSO4. Live cell imaging was used for MitoTracker, otherwise cells were fixed and all cells were imaged by fluorescence microscopy. Bar =5µm
3.5 NMD is a conserved peroxisomal and mitochondrial membrane protein
A BLASTP search with the NMD sequence revealed it is conserved throughout eukaryotic evolution. Protein sequence alignment and domain prediction of NMD, ATAD1(human), ATAD1(mouse) and Msp1 (Saccharomyces cerevisiae) show they all contain a predicted transmembrane domain (TMD) near the N terminus and highly conserved AAA+ domain toward the C terminus (Figure 3.4A). NMD contains higher homology to mouse and human ATAD1 (both 52% identity), than to Msp1 (39% identity). All three proteins share conserved AAA+ ATPase domains including Walker A and Walker B motifs, required for ATP binding and hydrolysis, respectively (Zhang et al., 2011). NMD also contains a second region of homology, which is composed of the Arginine finger, distinguishing it as a classical AAA ATPase.  In terms of evolution, NMD is more closely related to human and mouse ATAD1, whereas yeast Msp1 is more distant along the phylogenetic tree (Figure 3.4B). However, both ATAD1 and Msp1 dually localise to peroxisomes and mitochondria, suggesting localisation and targeting is evolutionary conserved (Chen et al., 2014). NMD displays the same dual localisation (Figure 3.4C-D). A close up of an individual organelle reveals that NMD-GFP is localised on the membranes of both mitochondria and peroxisomes, confirming it is membrane bound. ATAD1/Msp1 proteins have recently been implicated in protein quality control at the mitochondria, functioning in the degradation of mislocalised TA proteins (Chen et al., 2014; Okreglak and Walter, 2014). The mouse NMD homologue, Thorase, was found to regulate cell surface expression of AMPA receptor by disassembly of AMPA receptor-GRIP1 complex (Zhang et al., 2011). However, no studies have shown a defect of peroxisomal matrix import, suggesting there could be some redundancy or that this is an acquired function specific to flies. It was discovered that a shorter transcript of NMD exists on Flybase encoding a protein starting at 86aa until the stop codon. NMD isoform-GFP mainly localises to the cytosol and a few puncta, but these do not co-localise with peroxisomes (Figure 3.4 E).
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Figure 3.4: NMD is a conserved peroxisomal and mitochondrial membrane protein. A) Protein sequence alignment and domain prediction of fly, human, mouse and yeast homologues (ClustalW). A star indicates identical amino acids, two dots indicate strong similarity and a single dot indicates weak similarity. Dm=Drosophila melanogaster, Mm=Mus musculus, Sc=Saccharomyces cerevisiae, Hs= Homo sapiens. B) Phylogenetic tree alignment of NMD homologues. C) Fluorescence microscopy images of S2R+ cells expressing C) NMD-GFP and mRFP-PTS1 or D) NMD-GFP stained with 50µM MitoTracker or E) NMD isoform-GFP and mRFP-PTS1. Highlighted box shows magnified peroxisome or mitochondrion. All constructs were expressed from the metallothionein promoter and induced overnight by the addition of 50µM CuS04. Bar = 10µm.

3.6 NMD is an integral membrane protein
NMD is clearly associated with both peroxisomal and mitochondrial membranes. Recent topology studies demonstrated that Msp1 is an integral membrane protein by using sodium carbonate treatment on purified mitochondria (Chen et al., 2014). TMHMM analysis was performed for NMD, which indicates any hydrophobic sequences in proteins and predicts the protein region containing a transmembrane domain (TMD). NMD possesses one predicted TMD at the N terminus, which closely resembles the TMD of Msp1, suggesting it is likely to be a single pass integral membrane protein (Figure 3.5A-B). PMP70 is an example of a peroxisomal multi pass integral membrane protein and TMHMM analysis of DmPMP70 confirms that it contains multiple TMDs (Figure 3.5C).  
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Figure 3.5: Membrane topology prediction of NMD, Msp1 and DmPMP70. TMHMM analysis for A) NMD, B) Msp1 and C) DmPMP70. The red areas indicate the presence of hydrophobic sequences and TMDs. Schematic diagram of single and multi pass integral membrane proteins are shown for each protein. Dm = Drosophila melanogaster
To investigate the membrane association of NMD, two independent biochemical methods were used; sodium chloride and sodium carbonate. Sodium chloride removes any proteins that are associated with membranes via protein-protein interactions. However, sodium carbonate is able to extract peripheral membrane proteins, whereas integral membrane proteins remain firmly embedded within the membrane (Fujiki et al., 1982). 
PMP70 was chosen as the positive control as it is a well established integral membrane protein and GFP-PTS1 was used as the negative control as it is a soluble protein not associated with any membranes. The Hemagglutinin (HA) epitope tag was chosen for PMP70 and NMD. HA is a highly immunoreactive tag and is relatively small so means it is unlikely to interfere with protein function. S2R+ cells co-expressing PMP70-HA, NMD-HA and GFP-PTS1 were lysed by sonication. The insoluble fraction was collected by high speed ultracentrifugation and treated either with A) 1M sodium chloride (NaCl) or B) 0.1M sodium carbonate (Na2CO3) pH11.5. GFP-PTS1 was released into the first supernatant after cell lysis, which is as expected as it is not bound to any membrane (Figure 3.6A). In contrast, PMP70 is clearly present in the insoluble fraction and is still embedded within the membrane after washing with 1M NaCl. NMD is also present in the pellet fraction after 1M NaCl treatment suggesting it is still strongly associated with the membrane. After Na2CO3 treatment, PMP70 was not extracted from the membrane fraction, which is expected for an integral membrane protein (Figure 3.6B). As before, GFP-PTS1 was released in the first supernatant fraction. Most importantly, NMD was still present in the pellet fraction after Na2CO3 treatment, confirming that NMD is tightly bound to the membrane and that it is an integral membrane protein. 
To test whether the predicted TMD is required for proper insertion into membranes, NMDΔ1-TMD-HA was constructed that lacks the first 40aa of NMD (TMD = 15aa-40aa). Next, Na2CO3 extraction was performed on cell lysates expressing PMP70-HA, NMD Δ1-TMD-HA and GFP-PTS1. As before, the experiment contained a positive control (PMP70) and negative control (GFP-PTS1), to distinguish integral and soluble proteins respectively. As seen in Figure 3.6C, GFP-PTS1 was released into the first supernatant, whereas PMP70-HA remained in the pellet fraction Na2CO3 treatment. As expected, NMD Δ1-TMD-HA was released in the first supernatant showing it is not associating with the membrane upon deletion of its TMD. In conclusion, NMD is a conserved integral membrane protein and the TMD is essential for correct membrane insertion.
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Figure 3.6: NMD is an integral membrane protein. S2R+ cells were co-transfected with: A) and B) DmPMP70-HA, NMD-HA and GFP-PTS1 or C) PMP70-HA, NMD Δ1-TMD-HA and GFP-PTS1. All plasmids were expressed via the metallothionein promoter and induced overnight by addition of 0.5mM copper sulphate. Cell lysis was performed by sonication and the insoluble membrane fraction separated by ultracentrifugation. Membranes were treated with: A) 1M NaCl, B) 0.1M Na2CO3 and C) 0.1M Na2CO3 followed by ultracentrifugation. T (total cell lysate), S1 (first supernatant), Pellet (insoluble fraction) and S2 (final supernatant). Each sample was derived from approximately the same number of cells. All samples were subjected to SDS-PAGE followed by immunoblot analysis using anti-GFP and anti-HA antibodies.
3.7 Subcellular localisation of Drosophila peroxins in S2R+ cells
Current data indicates that NMD knockdown causes an import defect of PTS1 matrix proteins. The next stage in analysis of NMD is to determine what stage of peroxisome biogenesis it is required for function, i.e. in the later stages of peroxisomes biogenesis during matrix protein import, or if it is needed in membrane assembly. Because the assembly of the matrix import machinery in the membrane is needed for matrix protein import, a block in PMP import impairs both membrane and matrix protein assembly. Thus, if the membrane is not correctly formed then matrix proteins would in turn be mislocalised to the cytosol. The localisations and functions of the Drosophila PMPs are unknown, so initially their localisations were established in WT S2R+ cells.  
Firstly, all Drosophila membrane peroxins identified thus far were cloned into the shuttle vector with a C terminal mRFP tag, under control of the inducible metallothionein promoter to allow controlled expression. All constructs were co-expressed in S2+ cells alongside a GFP-PTS1 peroxisomal marker to label peroxisomes. Pex13-mRFP and Pex14-mRFP display co-localisation with the peroxisomal marker in S2R+ cells (Figure 3.7A). However, in higher expressed cells, both localised to a different compartment, which is composed of vesicle type structures and leads to complete mislocalisation of GFP-PTS1 to the cytosol. Recent evidence in yeast shows ScPex13 and ScPex14 localise to a vesicular pre-compartment, which fuses to form mature peroxisomes (van der Zand et al., 2012). This could also represent a similar pre-compartment in Drosophila.
Pex2-mRFP, Pex10-mRFP and Pex12-mRFP all co-localise to peroxisomes as seen in figure 3.7B. It was observed that Pex12-mRFP does not completely co-localise with GFP-PTS1. The identity of these structures is unknown and could represent a mislocalisation artefact, a pre-compartment without matrix proteins, newly synthesised de novo formed peroxisome or a consequence of asymmetrical fission of a peroxisome. Pex11β-mRFP and Pex11γ-mRFP display complete co-localisation with the peroxisomal marker GFP-PTS1 (Figure 3.7C). 
The majority of Pex3-mRFP was localised to peroxisomes, but some Pex3 also localised to a different compartment in higher expressing cells, which resembles the same compartment seen in overexpressing Pex13 and Pex14 cells (Figure 3.7D). Recently, Pex3 has been observed in pre-peroxisomal vesicles in H. polymorpha but not seen in this compartment in any other model organisms (Knoops et al., 2014).  Coexpression with Pex14-GFP does indeed reveal that they co-localise to the same pre-compartment (Figure 3.7E).
Pex16-mRFP co-localised to peroxisomes under normal expression conditions, but some Pex16-mRFP puncta did not co-localise with pre-existing peroxisomes, suggesting either a pre-compartment or de novo formed peroxisome (Figure 3.7D). Kim et al., 2006 demonstrated that peroxisomes form de novo in WT cells and that HsPex16 initiates this process by co-translational insertion into the ER. Additionally, Pex16 was also localised to the ER in higher expressing cells, as seen by the co-localisation with Sec61α-GFP (Figure 3.7F). Interestingly, Pex16 tended to localise to specific domains of the ER and the puncta clustered around these Sec61 domains. Perhaps this is a type of contact site between the ER and peroxisomes. It was observed that whenever Pex16 is at the ER upon overexpression, the matrix proteins are completely cytosolic, suggesting there is a block in membrane assembly. Previous studies in both plants and humans demonstrate that HsPex16 dually localises to the ER and peroxisomes, so this dual localisation is conserved in Drosophila (Kim et al., 2006; Karnik and Trelease, 2007; Hua et al., 2015). 
DmPex19 was N terminally tagged with mRFP as it contains CPTM at its C terminus. This is known as a CaaX motif, where ‘a’ indicates an aliphatic amino acid and X is usually serine, methionine, glutamine, alanine, or threonine, and is important for farnesylation (Rucktaschel et al., 2009). mRFP-Pex19 was localised exclusively to the cytosol and none was found on peroxisomes, which supports its role of being a soluble cytosolic receptor (Figure 3.7G). It is possible Pex19 may localise to peroxisomes under specific cellular conditions.
In summary, the localisations of several peroxins indicate that cellular pathways and trafficking of PMPs are well conserved in Drosophila. The results suggest that Drosophila peroxisome biogenesis requires at least three separate compartments; namely the ER, an intermediate compartment and the mature peroxisome (Figure 3.7H).  
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Figure 3.7: Subcellular localisation of Drosophila peroxins in S2R+ cells. S2R+ cells expressing: A) GFP-PTS1, Pex14-mRFP and Pex13-mRFP. B) GFP-PTS1, Pex2-mRFP, Pex10-mRFP and Pex12-mRFP. C) GFP-PTS1, Pex11β-mRFP and Pex11γ-mRFP. D) GFP-PTS1, Pex3-mRFP and Pex16-mRFP. E) Pex3-mRFP and Pex14-GFP. F) Pex16-mRFP, Sec61α-mRFP and GFP-PTS1. G) mRFP-Pex19 and GFP-PTS1. All plasmids are under control of the metallothionein promoter and induction was performed by addition of 50µM CuSO4 overnight. Cells were fixed in formaldehyde and imaged by fluorescence microscopy. H) Schematic of Drosophila peroxisome biogenesis. Scale bar = 10µm.
3.8 NMD knockdown results in mislocalisation of membrane and matrix proteins
Next, the subcellular localisation of PMPs was determined in NMD knockdown cells, in comparison to WT cells. S2R+ cells were dually transfected to express GFP-PTS1 and different mRFP tagged membrane proteins, all under control of the metallothionein promoter. Published studies have only examined the knockdown effect of Drosophila peroxins on matrix proteins and not on membrane proteins, so it is unknown what the membrane biogenesis cellular phenotypes are (Mast et al., 2011). Pex16 knockdown exhibits a strong phenotype as seen by the complete mislocalisation of matrix proteins, whereas Pex3 and Pex19 only had partial phenotypes. Therefore, Pex16 was chosen as the positive control, which analogous to its function in human cells is expected to cause an import defect of membrane proteins in addition to a defect in matrix proteins. Pex5 knockdown was chosen as the matrix protein import control, as the machinery is different for matrix and membrane import. PMPs can still correctly assemble into empty membrane compartments known as ghosts or remnants in peroxins with a defect only in matrix protein import (Santos et al., 1988). GFP-PTS1 mislocalisation to the cytosol acts as a useful marker to identify cells that have been efficiently knocked down and the localisation of PMPs was observed in these cells (Figure 3.8A). 
In control cells, Pex3-mRFP, Pex16-mRFP, Pex2-mRFP, Pex12-mRFP, Pex13-mRFP, Pex14-mRFP, Pex11β-mRFP and PMP70-mRFP all co-localised with the matrix protein marker, confirming their correct localisation to peroxisomes (Figure 3.8B-I). In Pex5 knockdowns, all membrane proteins were correctly localised, whereas matrix proteins were mislocalised to the cytosol (Figure 3.8B-I). In Zellweger fibroblasts, PMPs are located in empty membrane structures without matrix proteins if there is an import defect of matrix proteins, which is consistent with the Pex5 phenotype in Drosophila (Santos et al., 1988). 
A block in membrane import was observed in Pex16 knockdowns and complete mislocalisation of matrix proteins to the cytosol, which is as expected for a membrane biogenesis factor. Pex13-mRFP, Pex11β-mRFP, PMP70-mRFP and Pex2-mRFP membrane ghosts were severely reduced in Pex16 siRNA-treated cells, in comparison to Pex5 siRNA treated cells. This indicates a lack of import or that membrane proteins are unstable in Pex16 depleted cells (Figure 3.8B, C, D and H). Some membrane remnants still remain but this is possibly due to RNAi only having a partial knockdown phenotype. Fibroblasts with a Pex16 mutation are defective in membrane biogenesis and are characteristically devoid of any peroxisomal structures (Honsho et al., 1998). Interestingly, Pex3 and Pex12 were mislocalised to other organelles in Pex16 knockdowns (Figure 3.8E and I). In human cells depleted of Pex16, Pex3 was mislocalised to other organelles which they speculated to be mitochondria (Matsuzaki and Fujiki, 2008). It does suggest that DmPex16 is specifically required for correct peroxisomal insertion of Pex3 and Pex12 or for their transport from a pre-compartment to peroxisomes.  HsPex16 has been shown to be required for correct insertion of Pex3 at the ER, as well as for direct import in peroxisomes (Kim et al., 2006), (Matsuzaki and Fujiki, 2008). Therefore, DmPex16 could play a similar role in the insertion of Pex3. Pex14 was localised to a punctate structure in Pex16 knockdowns (Figure 3.8F). Collectively, knockdown data indicates that Pex16 is an essential factor for PMP biogenesis in Drosophila S2R+ cells, confirming an evolutionarily conserved role in peroxisomal membrane biogenesis.
The loss of NMD led to a reduction in membrane structures for Pex13-mRFP (Figure 3.8B), Pex11β-mRFP (Figure 3.8C), PMP70-mRFP (Figure 3.8D) and Pex2-mRFP (Figure 3.8H). This is consistent with the Pex16 phenotype, indicating that NMD is a novel factor in the PMP import pathway. In addition, Pex3 and Pex12 were also mislocalised to different organelles (Figure 3.8E and Figure 3.8I). It was confirmed that Pex12 is mislocalised to the ER (Figure 3.8I). It is unknown where Pex3 is mislocalised, which could either be membrane associated structure or present in the cytosol. Pex14 was localised to a punctate compartment in NMD knockdown cells, likewise to in Pex16 knockdown cells (Figure 3.8F). Interestingly, NMD knockdown led to a reduction in Pex16-labelled membrane structures as well as the appearance of specific membrane clusters containing Pex16-mRFP in some cells. It is possible that Pex16 was present at the ER in these cells. Together, the results implicate a close link between NMD and Pex16 in the import of membrane proteins. The reduction in PMP import in the NMD knockdown explains the initial finding of mislocalisation of matrix proteins to the cytosol. Thus, NMD is the fourth factor to be discovered with a role in peroxisomal membrane biogenesis.
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Figure 3.8: NMD knockdown mislocalises membrane and matrix proteins. A) Fluorescence micrscopy images of S2R+ cells after 5 day RNAi knockdown of NMD, Pex5 and Pex16. 5 day RNAi knockdown of Pex5, Pex16 and NMD was performed in S2R+ cells co-expressing GFP-PTS1 with; B) Pex13-mRFP, C) Pex11β-mRFP, D) PMP70-mRFP, E) Pex3-mRFP, F) Pex14-mRFP, G) Pex16-mRFP, H) Pex2-mRFP, I) Pex12-mRFP. All plasmids were expressed from the inducible metallothionein promoter. Constructs were induced overnight with 50µM CuS04. S2R+ cells were fixed prior to fluorescence microscopy imaging. Bar = 15µm

3.9 NMD is present on mitochondria in the absence of peroxisomes
NMD is dually localised to peroxisomes and mitochondria, so it is expected that NMD would be present on mitochondria in cells deficient of peroxismes. Current knockdown data supports a role of Pex16 in the early stages of Drosophila peroxisomal membrane biogenesis. Next, the localisation of NMD-GFP was determined in Pex16 and Pex5 knockdown cells and compared to control cells. As shown below, NMD-GFP labels tubules and puncta, with tubules colocalisaing with MitoTracker and puncta colocalising with mRFP-PTS1 (Figure 3.9A). In Pex5 knockdown cells, NMD-GFP is present in puncta, which represent the membrane ghosts as matrix proteins are mislocalised to the cytosol, and displays co-localisation with MitoTracker (Figure 3.9B). However, the loss of Pex16 results in a clear absence of any puncta and co-localisation with mitochondria (Figure 3.9C).Thus, NMD appears to be on mitochondria in the absence of Pex16.
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Figure 3.9: NMD is localised to mitochondria in Pex16 knockdowns. A) WT S2R+ cells expressing NMD-GFP and mRFP-PTS1. B) Pex5 siRNAi treated S2R+ cells expressing NMD-GFP and mRFP-PTS1. C) Pex16 siRNAi treated S2R+ cells expressing NMD-GFP and mRFP-PTS1. All plasmids are under control of the metallothionein promoter and were induced overnight with 50µM CuS04. Bar = 10µm

3.10 NMD knockdown mislocalises ScPex15 to the mitochondria
Recent evidence in yeast and humans indicates a role for the NMD homologues in the degradation of mislocalised TA proteins on mitochondria, in particular for ScPex15/HsPex26. No Pex15/Pex26 homologue has been identified in Drosophila and no such factor was discovered from our genome-wide RNAi screen. Furthermore, multiple sequence alignment of Pex15/Pex26 against the Drosophila genome did not identify such a candidate. Next, ScPex15 was expressed in NMD knockdown cells, to determine if NMD’s function in TA protein degradation on mitochondria is conserved in Drosophila. ScPex15 was tagged at the N terminus with GFP, as the C terminus of TA proteins is required for their correct targeting and membrane insertion (Halbach et al., 2006). GFP-ScPex15 was transfected into WT and NMD knockdown cells alongside mRFP-PTS1. ScPex15 does indeed co-localise to peroxisomes in Drosophila, suggesting the presence of evolutionarily conserved targeting information in ScPex15. Moreover, GFP-ScPex15 was mislocalised in NMD knockdown cells that had cytosolic mislocalisation of mRFP-PTS1 (Figure 3.9A). Staining live cells with MitoTracker confirmed that GFP-ScPex15 does indeed mislocalise to mitochondria in cells depleted of NMD. This indicates that NMD function to prevent mislocalisation of TA proteins to mitochondria is evolutionary conserved. 
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Figure 3.10: NMD is required for proper localisation of ScPex15. Fluorescence microscopy images of WT and NMD RNAi treated S2R+ cells expressing GFP-ScPex15 and mRFP-PTS1 or GFP-ScPex15 stained with 50nM MitoTracker Deep-Red. Cells were induced overnight with 50µM CuS04, fixed and imaged by fluorescence microscopy. Live cells were used for MitoTracker. Bar = 10µm

3.11 NMD knockdown leads to altered mitochondrial morphology
Mitochondria undergo a constant cycle of fission and fusion and this generates their dynamic appearance in spheres, rods and tubules (Gilquin et al., 2010). The mitochondrial phenotype was examined by using NMD siRNA-treated cells expressing MitoTracker or TOM20-GFP, alongside peroxisomal markers. TOM20 is an outer mitochondrial membrane protein and was chosen to use as a mitochondrial membrane marker (Kanaji et al., 2000). The mitochondria were closely observed in NMD siRNA cells that had cytosolic mislocalisation of PTS1 proteins.  The mitochondrial fission factors Drp1 and Mff1 were chosen as positive controls, which both have a phenotype of mitochondrial clustering and a closed network of mitochondria. In addition, both knockdowns generate altered peroxisome morphology and lead to the appearance of elongated peroxisomes (Gandre-Babbe and van der Bliek, 2008), (Smirnova et al., 2001). In control cells, peroxisomes show a punctate pattern, whereas mitochondria form a tubular network (Figure 3.11A-B). In Drp1 siRNA-treated cells, peroxisomes are elongated, whereas mitochondria appear larger and more circular. TOM20-GFP can be seen on the outer membrane of mitochondria. Mff1 knockdown is similar to Drp1 knockdown, showing peroxisomes with an elongated and tubular phenotype. The mitochondria appear clustered with a loss of mitochondrial network, and appear larger in size. Interestingly, NMD siRNA-treated cells also show a clustering of mitochondria and the appearance of a closed circular network of mitochondria. NMD clearly affects mitochondrial morphology. The interplay of components of the inner and outer mitochondrial membranes mediate important cellular functions including fission and fusion, as well as providing a contact site for the transfer of calcium and lipids (Gilquin et al., 2010). It is possible NMD interacts with some mitochondrial outer membrane proteins to regulate fission/fusion events. Also, it could suggest contact with other organelles including mitochondria, peroxisomes, lysosomes and ER. However, the function of NMD at mitochondria will not be explored further. 
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Figure 3.11: NMD knockdown displays aberrant mitochondrial morphology. Fluorescence microscopy images of WT, NMD, Drp1 and Mff1 siRNAi treated S2R+ cells expressing: A) GFP-PTS1 stained with 50nM MitoTracker. B) TOM20-GFP and mRFP-PTS1. Cells were induced overnight with 50µM CuS04, fixed and imaged by fluorescence microscopy. For MitoTracker staining, live cells were imaged. Left: Green channel, Middle = red channel, right = merged channel. Bar = 10µm
3.12 NMD function is ATPase dependent 
The AAA+ ATPase domain of NMD is composed of a Walker A domain responsible for nucleotide binding and a Walker B domain that mediates ATP hydrolysis (Walker et al., 1982). In addition, the ATPase activity is controlled by the availability of adaptor proteins and target substrates. Next, site directed mutagenesis was performed to introduce mutations in the Walker A (K145T) and Walker B (E199Q) domains of NMD-GFP, to determine if ATPase activity is essential for function. The lysine residue of the Walker A domain is commonly mutated as this residue is required to interact with ATP, so replacement with a polar amino acid such as threonine disrupts ATP binding (Saraste et al., 1990). Additionally, the glutamate residue is the most common mutation of the Walker B motif and is normally exchanged to a glutamine to abolish ATP hydrolysis, but not ATP binding (Seybert et al., 2004). NMD-GFP, NMD WA-GFP and NMD WB-GFP were co-expressed in WT S2R+ cells alongside mRFP-PTS1, to determine if any effects are dominant negative. Peroxisomes display normal punctate morphology in cells expressing WT NMD (Figure 3.12A). In 10% of cells, NMD-GFP accumulated in clumps and this affected distribution of the peroxisomal marker. It was observed that peroxisomes appear clustered together. However, expression of the Walker A mutant led to clumping of the protein and clustering of peroxisomes in approximately 70% of cells (Figure 3.12B). This suggests a loss of tubular mitochondria. Moreover, NMD WB-GFP expressing cells displayed a phenotype of reduced peroxisomes and mislocalisation of matrix proteins to the cytosol (Figure 3.12C). Collectively, the data does confirm that NMD function in peroxisome biogenesis is at least ATPase dependent. 
[image: ]
[image: ]
[image: ]
Figure 3.12: NMD peroxisome function depends on ATPase activity. Fluorescence microscopy images of S2R+ cells expressing mRFP-PTS1 and A) NMD-GFP, B) NMD WA-GFP or C) NMD WB-GFP. All constructs were under control of the metallothionein promoter and induced with 50µM CuS04 for 2 days. Bar = 5µm
3.13 NMD contains multiple sorting signals 
To investigate the targeting and sorting signals in NMD, several GFP-tagged truncations were constructed and their cellular localisation examined in S2R+ cells. PMPs either target directly to peroxisomes or indirectly via the ER. Most PMPs are imported posttranslationally into peroxisomes, and possess an mPTS that consists of a cluster of positively charged amino acids and/or hydrophobic sequences flanking a TMD (Honsho and Fujiki, 2001). The mitochondrial outer membrane (MOM) proteins are synthesised as mature proteins in the cytosol and imported post translationally. The mitochondrial targeting signal of the MOM proteins relies on information present in both the TMD and in the flanking regions (Kanaji et al., 2000). The N terminal TMD and a net positive charge in the flanking region were required for correct mitochondrial targeting of TOM22 (Kanaji et al., 2000).
Important features of NMD include its TMD (approximately 15aa-40aa), as well as Walker A (139aa-146aa) and Walker B (190aa-200aa) domains. Additionally, a cluster of positively charged amino acids (KNKKKAK) at region 46-52aa of the protein is found immediately flanking the TMD, which could also represent a sorting signal. Truncations were designed around these regions and the length of each truncation is indicated by the number of amino acids. All truncations were C terminally tagged with GFP and expression was under control of the metallothionein promoter. The co-localisation was confirmed with either peroxisomal or mitochondrial markers in comparison with the full length NMD-GFP control. 
As previously, full length NMD-GFP localises to peroxisomes and mitochondria (Figure 3.13A). Interestingly, NMD 1-45aa-GFP does not co-localise with peroxisomes, but is instead localised to the ER, which is confirmed by co-localisation with the ER marker Sec61α-mRFP (Figure 3.13B). Thus, the N terminus and TMD allow sufficient targeting and insertion into the ER. As expected, removal of the N terminus containing the TMD results in cytosolic distribution of NMD, confirming insertion to membranes is necessary for proper localisation (Figure 3.13C). NMD 1-77aa-GFP does not co-localise with peroxisomes as seen by the loss of puncta in comparison to control cells, but it does localise to mitochondria (Figure 3.13D). This indicates that 1-77aa is sufficient for a mitochondrial targeting sequence and this region includes the set of positively charged amino acids. NMD 1-149aa-GFP contains the Walker A motif and is localised on mitochondria, but not localised to peroxisomes (Figure 3.13E). NMD 1-250aa-GFP begins to start co-localising with a few peroxisomes, and this truncation contains the Walker B motif (Figure 3.13F). However, NMD 1-250aa-GFP does not display complete peroxisomal labelling when compared with full length NMD. More membrane vesicles and fragmented mitochondria were seen with this truncation. NMD 1-310aa-GFP completely co-localises with peroxisomes and mitochondria, and displays a similar appearance to full length NMD (Figure 3.13G). Interestingly, NMDΔ46-52aa-GFP, which does not contain the positive cluster of amino acids, dually localises to the ER and peroxisomes (Figure 3.13H). Therefore, the removal of the positive cluster in NMD prevents its localisation to mitochondria. In some lower expressing cells, NMDΔ46-52aa-GFP displays complete co-localisation with peroxisomes. Thus, the positive cluster is essential for mitochondrial targeting of NMD but not for its peroxisomal targeting. A summary of localisations and a schematic of each truncation can be seen in Figure 3.13I. 
Taken together, the results indicate that NMD is firstly inserting into the ER and that the N terminus and TMD contain the necessary targeting information. The mitochondrial targeting signal is dependent on the TMD flanked by the region of positively charged amino acids. However, the majority of the NMD protein sequence is required for correct targeting to peroxisomes and membrane insertion. Interestingly, the data does hint at ER to peroxisome trafficking of NMD.
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Figure 3.13: Distribution of NMD truncations in S2R+ cells. Constructs were expressed by induction of the metallothionein promoter overnight using 50µM CuS04. A-H) Fluorescence microscopy images of S2R+ cells expressing NMD full length and truncations, alongside organelle markers.  Individual slices are shown for B) and H) with Sec61α-mRFP. Live cells were stained with 50nM MitoTracker before imaging. Bar = 15µm. I) Overview of the intracellular localisation of each NMD truncation, P= peroxisome, M=mitochondria. Scale bar = 5µm. Arrows indicate co-localisation.
3.14 Analysis of ER to peroxisome trafficking using a cleavable signal peptide
To address whether NMD could traffic to peroxisomes via the ER, a variant of NMD was constructed that firstly inserts into the ER co-translationally. This is achieved by addition of an N terminal cleavable signal peptide sequence (Guan et al., 1992), which ensures proteins are recognised by the signal recognition particle in the cytosol and transported to the ER. Previous studies show signal peptide tagged Pex3 and Pex16 traffic from ER to peroxisomes, and that reintroduction of the signal peptide-PMP restores peroxisomes in peroxin-deficient cells (Kim et al., 2006; Toro et al., 2009). The cleavable signal peptide (SP) was inserted using annealed oligonucleotide cloning into the N terminus of NMD-GFP, and is under control of the metallothionein promoter. Pex16-GFP was also tagged with signal peptide, as its mode of trafficking from ER to peroxisomes is well studied, and acts as a good positive control (Hua et al., 2105). The ER to peroxisome trafficking was also tested for Pex13 and Pex11β. S2R+ cells were transfected to co-express SP-NMD-GFP, SP-Pex16-GFP, SP-Pex13-GFP and SP-Pex11β-GFP alongside mRFP-PTS1. 
 SP-Pex16-GFP, SP-Pex13-GFP and Pex11β-GFP were all observed in peroxisomes, confirming they have left the ER and trafficked to peroxisomes (Figure 3.14A). Moreover, NMD was also able to exit the ER and localised to multiple puncta, but very few co-localised with peroxisomes (Figure 3.14B). However, the puncta did not co-localise with the ER or mitochondria either, perhaps suggesting NMD travels to a pre-compartment. Also, in cells with higher expression, SP-NMD-GFP localised to a distinct subdomain that did not co-localise with mRFP-PTS1, but did co-localise with Pex16-mRFP (Figure 3.14C). It is very interesting that NMD and Pex16 seem so closely linked, in both phenotype and subcellular distribution at the ER and peroxisomes. However, all PMPs would need to be analysed for correct cleavage of the signal peptide to confirm they have been processed in the ER. 
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Figure 3.14: Most signal peptide tagged PMPs travel to peroxisomes. A-C) Analysis of the subcellular localisation of each signal peptide (SP) tagged PMP. SP-Pex16-GFP, SP-Pex13-GFP, SP-Pex11β-GFP or SP-NMD-GFP were coexpressed in S2R+ cells with mRFP-PTS1 or Sec61α-mRFP, or stained with 50nM MitoTracker. Fluorescence micscopy was performed after overnight induction with 50µM CuS04. All images were taken at the same settings. Scale bar = 10µm. Arrow indicates co-localisation with a peroxisome. SP = signal peptide.
3.15 Application of CRISPR in S2R+ cells to study peroxisome biogenesis
The CRISPR/Cas9 system was recently applied to S2 cell culture, and the study reported targeted genetic mutations in up to 82% of cells (Bassett et al., 2014). So far, RNAi knockdown experiments have been performed to study the function of NMD, which generate only partial phenotypes at a post transcriptional stage. The application of CRISPR allows peroxisome biogenesis to be studied in cell lines with permanent genetic mutations. A 20nt sequence complimentary to the target site upstream of NGG was chosen for NMD and several peroxins (Pex5, Pex16, Pex3 and Pex19), to ensure proper specificity of sgRNA and Cas9 nuclease activity. The 20nt target sequence was selected at the N terminus of each of the intended genes in the first exon. This was to ensure a DSB was generated at the start of the gene to create frameshifts and disrupt the rest of the coding sequence. The 20nt sequence of NMD, Pex5, Pex16 and Pex19 was cloned into an expression vector already containing sgRNA and Cas9. This plasmid contains a Drosophila U6 promoter to drive transcription of sgRNA and a constitutive actin promoter to drive expression of Cas9 (Bassett et al., 2014). The plasmid is bicistronic so the actin promoter drives expression of Cas9 as well as Puromycin, to allow selection of transfected cells. Also, there is an N terminal Flag tag before Cas9 to allow easy detection of the expressed Cas9 protein. Pex5, NMD, Pex3, Pex16 and Pex19 CRISPR plasmids were transfected in S2R+ cells and cells were selected for 1 week with Puromycin. Either GFP-PTS1 or mRFP-PTS1 was transfected into each of the CRISPR cell lines, as well as control cells expressing empty sgRNA-Cas9 plasmid. CRISPR-mediated gene disruption was highly efficient for all peroxins tested, resulting in complete cytosolic mislocalisation of GFP-PTS1/mRFP-PTS1 to the cytosol (Figure 3.15A). For control cells, normal punctate labelling can be seen. It was observed that Pex3 and Pex19 now display complete mislocalisation of PTS1 proteins, whereas previous RNAi knockdown led to only partial mislocalisation (Figure 3.2A; see also Mast et al., 2011). Thus, CRISPR is a powerful new tool to study peroxin mutants that only gave weak RNAi knockdown phenotypes. For Pex5, Pex16 and NMD the phenotype is consistent with that of RNAi knockdown.
Next, the selected CRISPR cell cultures were checked for their stable expression of the plasmid, by isolating the FLAG tagged Cas9 protein. S2R+ cells were lysed and proteins analysed by SDS-PAGE, followed by immunoblot analysis with anti-Flag. All cultures are stably expressing the FLAG Cas9 protein in comparison to WT cells expressing no plasmid (Figure 3.15B). Subsequently, the genomic deletions generated by non homologous end joining were checked by sequencing for each of the peroxins. Firstly, genomic DNA was isolated from Drosophila, and the target region with mutation was amplified by PCR. The PCR product was cloned into a plasmid to allow sequencing of several clones. The sequences were then analysed in comparison to the coding sequence of the particular gene of interest. An example of Pex5 sequence alignment is shown in Figure 3.15C. Clearly, both sequenced clones show deleted regions at the target site, as well as different sized deletions for each. Therefore, CRISPR cells will be expressing different mutations, which may lead to truncated proteins or frameshifts in the sequence.    
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Figure 3.15: Application of CRISPR/Cas9 system to study peroxisome biogenesis in S2R+ cells. Method applied from Bassett et al., 2014. A target 20nt for each peroxin was cloned into an expression vector containing sgRNA and Cas9. Cells were co-transfected to express GFP-PTS1/ mRFP-PTS1 and pAC-sgRNA-Cas9 plasmids, and selected for 7 days with 5µg/ml Puromycin. The peroxisomal reporter plasmids were induced overnight by addition of 50µM CuS04. A) Fluorescence microscopy images of S2R+ cells expressing CRISPR inactivated Pex5, Pex3, Pex16, Pex19 and NMD alongside either GFP-PTS1 or mRFP-PTS1. Scale bar = 10µm. B) Cell lysates of WT and CRISPR cells analysed by immunoblot with anti-Flag. Anti-Tubulin was used as the loading control. C) Sequence alignment of Pex5 CRISPR and Pex5 coding sequences using ClustalW. 
3.16 CRISPR-mediated inactivation is consistent with RNAi phenotype
Previously, RNAi knockdown of NMD led to the mislocalisation of Pex3, and mislocalised Pex12 to the ER, as well as generating reduced import for PMPs such as Pex11β. These three peroxins were analysed in control cells and CRISPR cells inactivated for Pex5, Pex16 and NMD.  Stable CRISPR cell lines were transfected to co-express Pex12-mRFP, Pex3-mRFP and Pex11β-mRFP alongside GFP-PTS1. As expected, Pex5 CRISPR cells had an import defect of GFP-PTS1, whereas membrane proteins were still correctly imported (Figure 3.16A). Interestingly, Pex16 CRISPR cells only had expression of the GFP-PTS1 peroxisomal marker and complete absence of Pex11β. This resembles the phenotype in ZS fibroblasts that contain a Pex16 mutation and such cells are completely devoid of any peroxisomal structures (Honsho et al., 1998). NMD CRISPR cells had an import defect of Pex11β as seen by the reduction of peroxisomal membranes (Figure 3.16A). Thus, the CRISPR phenotype is consistent with the RNAi knockdown phenotype of Pex11β. 
Pex3-mRFP was localised to peroxisomes in control cells with empty sgRNA plasmid (Figure 3.16B). In Pex5 CRISPR cells, Pex3-mRFP was still imported into membranes and matrix proteins were mislocalised to the cytosol. In Pex16 CRISPR cells, Pex3-mRFP was again mislocalised to a compartment. Pex3-mRFP was mislocalised in CRISPR cells with inactivated NMD, with the appearance of some membrane ghosts. It is possible the NMD CRISPR mutation did not give a strong phenotype as the Pex16 CRISPR cell line. 
Pex12-mRFP was imported correctly in Pex5 CRISPR cells as these cells do not have an import defect of PMPs, whereas matrix proteins are mislocalised to the cytosol (Figure 3.16C). Pex16 and NMD CRISPR cells both mislocalised Pex12. Thus, CRISPR mediated genetic mutations provide an alternative way to analyse PMP import in Drosophila, and display the same phenotypes as RNAi knockdown. This also suggests that RNAi knockdown is very efficient in comparison to the CRISPR phenotype. 
Further analysis can now be performed to test the localisation of other PMPs in the CRISPR cell cultures. Previously, it was impossible to test the role of Pex3 and Pex19 in PMP import, due to their weak RNAi knockdown phenotypes, but their CRISPR cell lines show complete phenotypes. S2R+ cells co-expressing Pex3-GFP and mRFP-PTS1 show Pex3 is mislocalised to another organelle in Pex19 CRISPR cells. Some PMPs are mislocalised to mitochondria in Pex19 depleted cells (Matsuzaki and Fujiki, 2008; Halbach et al., 2006). 
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Figure 3.16: Subcellular localisation of PMPs in CRISPR cell lines. NMD, Pex5 and Pex16 CRISPR cells were co-transfected to express either: A) Pex11β-mRFP, B) Pex3-mRFP and C) Pex12-mRFP alongside GFP-PTS1. D) Fluorescence microscopy images of Pex19 CRISPR cells co-expressing Pex3-GFP and mRFP-PTS1. Fluorescence microscopy was performed after overnight induction with 50µM CuS04. Bar = 10µm.
3.17 Discussion
NMD is a fascinating new peroxin that has been identified as the fourth factor to be involved in peroxisomal membrane biogenesis. NMD is a conserved integral membrane protein that has a steady state localisation on peroxisomes and mitochondria. The exact molecular function of NMD is unclear at the moment, but RNAi and CRISPR phenotypes of NMD show a lack of PMP import, mislocalisation of PMPs and import defect of matrix proteins. Generation of a Walker B mutant does confirm that peroxisomal function of NMD is dependent on ATPase activity. The knockdown and CRISPR phenotype of Pex16 was very similar to that of NMD, confirming Pex16 has an important role in membrane biogenesis likewise to its role in mammalian cells. Specifically, NMD and Pex16 are required for the import of Pex3 and Pex12, whereas the levels of other PMPs are reduced when either NMD or Pex16 is depleted.  The role of Pex16 is unclear in mammalian cells, as studies report it being a PMP receptor at the ER, whilst others suggest it is a PMP receptor on peroxisomes (Kim et al., 2006; Matsuzaki and Fujiki, 2008). In both cases, Pex16 was proposed to be a docking site for Pex3, in the recruitment of other PMPs. It is possible to speculate that NMD is an additional component of the PMP import machinery alongside Pex16, which is required for proper insertion of Pex3. Pex16 was observed in clusters in NMD knockdowns and Pex16 was shown to co-localise with Sec61 in specific ER domains. The ER is the major site of lipid synthesis (Helle et al., 2013), so it is also possible that NMD, Pex16 and even Sec61 form a type of contact site to constitutively provide peroxisomes with a supply of phospholipids. Exploration of the interactions of NMD will help identify particular protein complexes.
Published data show that the function of ATAD/Msp1 is to degrade TA proteins that have been mislocalised to mitochondria (Chen et al., 2014). The mislocalisation of ScPex15 to mitochondria in NMD-depleted cells, suggests this function could be conserved. However, no homologue of Pex15/Pex26 exists in Drosophila. NMD caused altered mitochondrial morphology and the appearance of larger mitochondria. However, the import of mitochondrial membrane proteins was not tested in this study. Mitochondrial fission and fusion is regulated by the interplay of components of the MOM, as well as between contact sites at the ER (Friedman et al., 2011). It is possible NMD interacts with specific MOM proteins to regulate fission/fusion events or regulate the level of these proteins in the MOM. ER contact may also be necessary to initiate fission of the mitochondrial membrane.
The sorting signals of NMD were identified and implicate NMD at three individual organelles, namely the ER, mitochondria and peroxisomes. An ER targeting signal is present in the N terminus, whereas the positively charged amino acids flanking the TMD are essential for mitochondrial targeting. Peroxisomal targeting requires a large proportion of NMD, including the Walker A and B domains, and its ATPase activity. Analysis of the NMD truncations gave the first indication that NMD is travelling via the ER. NMD attached to an N terminal signal peptide was able to exit the ER and into multiple puncta. However, only few puncta co-localised with peroxisomes and none localised at the ER or mitochondria, which could represent a pre-compartment. However, it was shown that multiple PMPs traffic from ER to peroxisomes including Pex16, which is consistent with previously published data for human Pex16 and Arabidopsis Pex16, and indicates trafficking is conserved in Drosophila (Kim et al., 2006; Karnik and Trelease, 200; Hua et al., 2015). 
Drosophila peroxisome biogenesis shares characteristics to other model systems due to conserved trafficking pathways for matrix protein import and membrane protein import. It is unknown how peroxisomes multiply in Drosophila, which could be either by de novo formation or growth and division. Most PMPs co-localised with existing peroxisomes in WT cells but some did not. This suggests there are different trafficking routes for PMPs, and different intermediate structures that we don’t know the identity of. One possibility is that these are pre-compartments derived from the ER. CRISPR cells could be used to test for de novo formation in Drosophila, by reintroduction of full length Pex16 or NMD tagged with signal peptide. CRISPR will be especially useful to discover the exact roles of NMD, Pex16, Pex3 and Pex19 in Drosophila membrane biogenesis. 












Chapter 4: Analysis of the protein interactions of NMD
4.1 Introduction
The previous chapter established that loss of NMD leads to a lack of PMP import and mislocalisation of PMPs, suggesting it has a novel role in peroxisomal membrane biogenesis. The phenotype was very similar to Pex16, which suggests there could be cooperation between Pex16 and NMD in the import of PMPs. Currently, no interaction studies have been performed on any peroxins in Drosophila, so the interaction between the membrane biogenesis factors is also unknown. It is widely accepted that Pex19 acts a soluble receptor in the import of PMPs based on its interactions with multiple PMPs including Pex3 and Pex16 (Jones et al., 2004; Fransen et al., 2005; Rottensteiner et al., 2004). Pex3 interacts specifically with the docking domain of Pex19, and was characterised as a membrane receptor for Pex19, and together they are required for the import of class 1 PMPs (Fang et al., 2004). In vivo and in vitro interaction studies have been important in characterising Pex15 as the membrane receptor for the AAA+ ATPase Pex6 (Birschmann et al., 2003). The mouse homologue of NMD, Thorase, was shown to interact with both GRIP1 and GluR2 on synaptic membranes. The study demonstrated that Thorase supplies the ATP-driving force to disrupt GluR2-GRIP1 interactions, causing dissociation of the AMPAR complex (Zhang et al., 2011). Better understanding of how NMD works in PMP biogenesis will be the elucidation of how it interacts physically with Pex3, Pex16 and/or Pex19. Biochemical techniques can be applied to find networks of protein-protein interactions to identify and group the functions of many proteins, and the complexes that they form.  
The aim of this chapter is to determine any interactions of NMD with other membrane bound peroxins. Initially, an in vitro approach was used to study any direct interactions of NMD with the other membrane biogenesis factors: Pex3, Pex16 and Pex19. Additionally, an in vivo biochemical approach was used to study indirect interactions with a wider range of PMPs. Different peroxins localise to different compartments in Drosophila, so identifying interactions with specific peroxins will help understand NMD’s role in peroxisome biogenesis. Moreover, fluorescence microscopy was performed to study the localisation of PMPs when expressed with the NMD Walker B mutant, which is a substrate trap mutant. 
4. 2 NMD interacts with Pex16 in vitro, but not with Pex3 or Pex19
The membrane biogenesis factors (Pex3, Pex16 and Pex19) represent good targets for interaction with NMD, as current evidence supports NMD being an additional factor in this pathway. Initially, an in vitro radiolabelled pulldown assay was chosen to test for any direct interaction. Firstly, GST-NMD was constructed, which contains an N terminal GST tag under control of the T7 promoter. This allows proteins to be expressed in BL21 DE3 E. coli cells and purified using a pulldown assay with glutathione beads. GST-NMD is recovered mainly in the insoluble fraction, but some protein is soluble, and is detected after pulldown at the correct molecular weight on SDS-PAGE gels (Figure 4.1A). Radiolabelled Pex3, Pex16 and Pex19 were synthesised in vitro alongside the negative control protein GFP, which should not interact with NMD. Glutathione beads only and GST controls were added to account for non specific binding. Next, the pulldown assay was performed by incubating beads only, GST and GST-NMD with Pex3, Pex16, Pex19 or GFP radiolabelled proteins. After extensive washing to remove any unbound proteins, all samples were analysed by SDS-PAGE and phosphorimaging. It was found that GST-NMD bound specifically to Pex16, but not with Pex3 or Pex19 (Figure 4.1B).  The results suggest that no additional proteins are needed for NMD to bind Pex16, and that it is a direct interaction.
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Figure 4.1: GST-NMD interacts with Pex16 in vitro. A) GST-NMD proteins were expressed in E. coli BL21 DE3 cells. Cells were induced for 3hours by addition of 1mM IPTG at 30°C and purified using pulldown on GSH beads. Uninduced and induced samples were taken for insoluble fraction (IF) and soluble fraction (SF), as well as bound protein after pulldown (PD). All protein samples were subjected to SDS-PAGE and analysed by Coomassie staining. B) An in vitro quick-coupled transcription/translation assay was performed using E. coli-produced GST–NMD. GST and beads-only sample was used as a further control. After extensive washing of the bound protein radiolabelled proteins (Pex3, Pex16, Pex19 and GFP) synthesised in vitro in the presence of [35S]-Methionine was added. Following further washing, protein was eluted with GSH elution buffer and subjected to SDS–PAGE. Bound fractions and the radiolabelled input were analysed by Coomassie staining (bottom panel) and Phosphorimaging (top panel). Arrows indicate bound GST proteins. 
4.3 Bioinformatic analysis of DmPex16 with homologues
Pex16 is evolutionarily conserved with homologues present in humans, plants and some yeast, but the function in these organisms is quite diverse. The role of Pex16 ranges from peroxisomal fission in Y. lipolytica to a PMP receptor in mammals (Guo et al., 2007; Kim et al., 2006; Matsuzaki and Fujiki, 2008; Hua et al., 2015). Phylogenetic analysis of DmPex16 was performed against Zebrafish, Plant, Mouse, Human and Y. lipolytica sequences and revealed that HsPex16 is most diverse from Y. lipolytica (Figure 4.2B). DmPex16 is present in the middle of the phylogenetic tree suggesting there is likely to be early diversification and functional specialisation from the human homologue. Multiple sequence alignment of DmPex16 was performed against all homologues showing highest identity to Zebrafish (Humans = 35%, Mouse = 35%, Zebrafish = 36%, Arabidopsis = 20%, Y. lipolytica = 18%). The sequence alignment against HsPex16 is shown in Figure 4.2A. Interestingly, DmPex16 contains high sequence identity at the two TMDs within HsPex16. This would imply that DmPex16 has a similar topology to HsPex16. However, as they are evolutionary quite distant it is possible that DmPex16 has gained a specific function with NMD in Drosophila.
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Figure 4.2: Multiple sequence alignment and phylogenetic analysis of Pex16 homologues. A) Protein sequence alignment and TMD domain prediction of human and fly Pex16 homologues (ClustalW). A star indicates identical amino acids, two dots indicate strong similarity and a single dot indicates weak similarity. The TMDs are highlighted in bold. B) Phylogenetic tree alignment of fly, human, mouse, Arabidopsis, Zebrafish and yeast homologues (ClustalW Phylogeny). Dm = Drosophila melanogaster, Hs = Homo sapiens, Mm = Mus musculus, At = Arabidopsis Thaliana, Dr = Danio rerio, Yl = Yarrowia lipolytica.
4.4 DmPex16 is an integral membrane protein
The topology of Pex16 homologues is different among the various model organisms. For example, Y. lipolytica is an intraperoxisomal peripheral membrane protein (Eitzen et al., 1997), whereas human Pex16 is an integral membrane protein and possesses two TMDs with both N and C termini facing the cytosol (Honsho et al., 2002). However, analysis by TMHMM shows a very low TMD prediction for HsPex16 (Figure 4.3A). Topological sequence analysis of DmPex16 shows that it has two predicted TMDs, analogous to human Pex16, although again they are weakly predicted (Figure 4.3B). To investigate the membrane topology of DmPex16, sodium carbonate treatment was performed to distinguish between peripheral and integral membrane proteins. The integral membrane protein PMP70 and soluble protein GFP-PTS1 were used as positive and negative controls, respectively. S2R+ cells expressing PMP70-HA, Pex16-HA and GFP-PTS1 were lysed by sonication. The membrane fraction was collected by ultracentrifugation and treated either with 0.1M Na2CO3 pH11.5. GFP-PTS1 was released into the first supernatant after cell lysis, as it is not attached to any membranes (Figure 4.3C). The integral membrane protein PMP70 is clearly present in the pellet after membranes were treated with Na2CO3. Pex16-HA is enriched in the pellet fraction after treatment with Na2CO3 (Figure 4.3C). Thus, this suggests that it is an integral membrane protein like HsPex16. 
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Figure 4.3: Pex16 is an integral membrane protein. A) Schematic of the topology of HsPex16 (Honsho et al., 2002) and TMHMM analysis for HsPex16. The red areas indicate the presence of hydrophobic sequences. B) TMHMM analysis of DmPex16. C) S2R+ cells transfected with PMP70-HA, Pex16-HA and GFP-PTS1 were induced by 0.5mM CuS04. Cells were lysed by sonication and the insoluble and soluble fractions separated by ultracentrifugation. Membranes were treated with 0.1M sodium carbonate pH11.5 followed by ultracentrifugation. T (total cell lysate), S1 (first supernatant), Pellet (membrane fraction) and S2 (final supernatant) samples were collected. Each sample was taken from the equivalent quantity of cells. All samples were subjected to SDS-PAGE followed by immunoblot using anti-GFP and anti-HA.
4.5 NMD interacts with 1-250aa of Pex16
To find regions in Pex16 and NMD that are responsible for interaction, a number of different truncations were generated and the in vitro radiolabelled binding assay was performed. Analysis of the Pex16 protein sequence indicates that TMD1 is predicted to be around 110aa-130aa and TMD2 is predicted to be around 215aa-240aa. Pex16 truncations were designed around the two TMDs, as well as the N and C termini, which are expected to face the cytosol. The length of each truncation is indicated by the number of amino acids. GST was used as the negative control and GST-NMD was used as the positive control, alongside full length Pex16. As before, full length Pex16 interacted strongly with GST-NMD (Figure 4.4A). Interestingly, direct interaction was only detected with the Pex16 1-250aa truncation, which indicates that the N terminus and both TMDs are required for interaction with NMD. A schematic of each truncation and summary of interaction is shown in Figure 4.4B. 
[image: ]
[image: ]
Figure 4.4: NMD interacts with 1-250aa of Pex16 in vitro. A) GST-NMD was expressed in BL21 DE3 E. coli and radiolabelled Pex16 truncations synthesised in vitro with 35S-Methionine. A pulldown assay was performed and samples subjected to SDS-PAGE. Bound proteins were analysed by Coomassie staining and phosphorimaging. Top panel: Phosphorimaging of radiolabelled Pex16 truncations. Bottom panel: Coomassie stained gel. Arrows indicate bound GST proteins. B) Schematic of structure of Pex16 truncations and +/- indicates any interaction with NMD. FL= full length.
4.6 NMD contains two Pex16 binding sites 
Next, the binding domain of NMD was mapped by construction of GST-NMD truncations, and the length of each truncation is indicated by the number of amino acids. Truncations were generated around the TMD (15aa-40aa) as well as the Walker A (139aa-149aa) and Walker B (190aa-200aa) domains. Firstly, C terminal NMD truncations were constructed in order to determine at which point in the protein the interaction is lost. Expressed GST proteins were purified from E. coli and a pulldown assay performed with radiolabelled full length Pex16, alongside positive and negative controls. All GST-NMD truncations were expressed at the correct sizes on the Coomassie stained gel (Figure 4.5A). Pex16 interaction was strongly detected for all truncations except GST-NMD 1-77aa. Next, N terminal deletions of 1-77aa and 1-138aa were constructed to determine if 78aa-138aa of NMD is required for interaction. As before, Pex16 interaction was strongly detected with GST-NMD1-138aa but not with GST-1-77aa (Figure 4.5B). However, both GST-NMD Δ1-77aa and GST-NMD Δ1-138aa N terminal deletions were still able to interact with Pex16. This suggests that there is an additional Pex16 binding site and that there are two binding sites in NMD. From this data it can be concluded that the cytosolic side of NMD (78aa-369aa) is able to interact with Pex16.
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Figure 4.5: NMD contains two Pex16 binding sites. A-B) GST-NMD truncations were expressed in BL21 DE3 E. coli and Pex16 synthesised in vitro in the presence of 35S-Methionine. A pulldown assay was performed and samples subjected to SDS-PAGE, followed by Coomassie staining and phosphorimaging. Top panel: Phosphorimaging of radiolabelled Pex16. Bottom panel: Coomassie stained gel. Arrows indicate bound GST proteins. C) Schematic of structure of NMD truncations designed around the TMD, WA and WB domains. +/- for interaction with Pex16. 
4.7 ATP binding is required to strengthen NMD interaction with Pex16 
The previous result indicates that the Walker A and B regions of NMD are important for the interaction with Pex16. AAA+ proteins are able to bind their target protein strongly in the ATP-bound form and weakly in the ADP-bound state (Hanson and Whiteheart, 2005). For example, mutation in the ATP-binding site of the second AAA domain of Pex1 eliminated interaction with Pex6 and oligomeric complex formation (Birschmann et al., 2005). Furthermore, a single point mutation in the D1 Walker A motif was able to disrupt binding of Pex6 to Pex15 suggesting ATP binding is of importance for protein-protein interactions and to stabilise oligomers (Birschmann et al., 2003). Next, it was investigated whether ATP binding and/or hydrolysis is critical for the Pex16/NMD interaction. Site directed mutagenesis was performed to introduce mutations in the Walker A (K145T) and Walker B (E199Q) domains of GST-NMD.  Walker A mutants are defective in nucleotide binding whereas Walker B mutants are defective in ATP hydrolysis (Hanson and Whiteheart, 2005). A pulldown assay was performed with GST-NMD WA and GST-NMD WB alongside radiolabelled Pex16. Compared with wild type NMD, only the Walker A mutant had reduced interaction with Pex16. As expected, the NMD WB mutant is able to bind Pex16 tightly in its ATP bound state (Figure 4.5). These results demonstrate that the binding of ATP considerably strengthens the interaction of Pex16 and NMD.  
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Figure 4.6: Pex16 interacts weakly with NMD Walker A mutant in vitro. GST tagged proteins were expressed in BL21 DE3 E. coli cells and pulldown assay performed with in vitro synthesised Pex16 in the presence of 35S-Methionine. Samples were subjected to SDS-PAGE and gels analysed by Coomassie staining and phosphorimaging. Top panel: Phosphorimaging of radiolabelled Pex16. Bottom panel: Coomassie stained gel of GST tagged proteins. Arrows indicate bound GST proteins.
4.8 NMD interacts with Pex3 and Pex16 in vivo, but not with Pex19 
So far, interaction studies have used in vitro techniques and identified a direct interaction only with Pex16. However, an in vitro system does not mimic the natural membrane environment and is devoid of cellular apparatus that facilitates post translational modifications.  Coimmunoprecipitation is an alternative method to examine protein-protein interactions in vivo, in the presence of any associated binding partners. 
Cells are lysed in a non denaturing environment, membrane proteins are solubilised in mild detergents and physiologically significant protein interactions are identified. GFP trap was chosen for the coimmunoprecipitation, as this contains a camelloid anti-GFP antibody linked to agarose beads to permit purification of GFP tagged fusion proteins (Rothbauer et al., 2008). This allows NMD-GFP to be immunoprecipitated along with any interacting proteins. Pex3 and Pex16 were tagged at their C termini with HA, whereas Pex19 was N terminally tagged with HA, to determine if they interact in vivo with NMD. 
S2R+ cells were dually transfected to express NMD-GFP alongside Pex3-HA, Pex16-HA and HA-Pex19. As a negative control, each HA tagged PMP was also co-expressed with GFP only. Pex16 is known to interact directly with NMD so this acts as a useful positive control in the coimmunoprecipitation experiment. Cell lysates of each transfection were incubated with GFP-Trap beads, subjected to extensive washing and any bound proteins were analysed by immunoblotting. As expected, Pex16-HA was detected in the bound sample alongside NMD-GFP thereby confirming the in vitro interaction between NMD and Pex16 (Figure 4.9A). No binding was observed in the negative control experiments.  Moreover, Pex3-HA was detected in the bound fraction, demonstrating an interaction in vivo with NMD (Figure 4.9A). However, as no direct interaction was shown, it is possible that interaction with Pex3 is mediated indirectly via another protein. No interaction was observed between NMD-GFP and HA-Pex19 (Figure 4.9B). Pex19 contains a CaaX motif at the C terminus, with the cysteine residue being important for farnesylation (Rucktaschel et al., 2009). Pex19 appeared as a double band on the blot, which is probably a farnesylated form of Pex19. In previous studies, the upper band was shown to be the non-farnesylated form, whereas the lower band represents the farneslyated form of Pex19 (Rucktaschel et al., 2009).  The lack of interaction with Pex19 could suggest that NMD does not require Pex19 for function and that it is targeted independently of Pex19. It could also suggest that its interaction is temporary and the proteins are not in a stable complex.
[image: ]
[image: ]
[image: ]
Figure 4.7: NMD interacts in vivo with Pex3 and Pex16. A-B) Coimmunoprecipitation of NMD with Pex16, Pex3 and Pex19. S2R+ cells dually transfected with NMD-GFP and either Pex16-HA, Pex3-HA and HA-Pex19. All plasmids are under control of the metallothionein promoter. Cells were induced overnight by addition of 0.5mM CuS04. GFP-Trap pulldown was performed on cell lysates and samples were subjected to SDS-PAGE and immunoblotting. Blots were probed with anti-GFP (top panel) and anti-HA (bottom panel). Bound sample is 7 fold concentrated compared to Input. Fluorescence microscopy images are included to show localisation of NMD-GFP and GFP in cells expressing Pex16-HA, Pex3-HA or HA-Pex19. Scale bar = 10µm.
4.9 NMD interacts with Pex2 and Pex12 in vivo 
Current in vivo data demonstrates a clear interaction with Pex3, which suggests NMD could interact with other PMPs indirectly. Next, PMPs involved in different stages of peroxisome biogenesis were tagged with HA and tested for their ability to bind NMD-GFP. GFP-Trap coimmunoprecipitation was performed on cell lysates co-expressing NMD-GFP with Pex16-HA (positive control), Pex2-HA or Pex12-HA. Also, negative controls containing GFP only were performed for each to account for non-specific binding. Interestingly, Pex2-HA and Pex12-HA are all detected in the bound sample alongside NMD. This confirms NMD interacts with both Pex2 and Pex12, which are factors required for correct import of matrix proteins in S2 cells (Mast et al., 2011).
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Figure 4.8: NMD interacts with Pex2 and Pex12 in vivo. A-C) Coimmunoprecipitation of NMD with Pex16, Pex2 and Pex12. Cells were dually transfected with NMD-GFP and Pex16-HA, Pex2-HA and Pex12-HA. Cells were induced for overnight by addition of 0.5mM CuS04. GFP-Trap precipitation was performed on cell lysates and samples were analysed by immunoblotting. Blots were probed with anti-GFP (top panel) and anti-HA (bottom panel). Bound sample is 7 fold concentrated compared to Input. Fluorescence microscopy images are included to show localisation of NMD-GFP and GFP when co-expressed with Pex16-HA, Pex2-HA or Pex12-HA. Scale bar = 10µm 
4.10 NMD weakly interacts with Pex11γ and Pex11β in vivo 
Drosophila contains two Pex11 proteins, Pex11β and Pex11γ, and these were tested for their ability to bind NMD. RNAi knockdown of Pex11β has fewer and enlarged peroxisomes in S2 cells, suggesting it performs a role in peroxisome fission in agreement with its role in other model organisms (Mast et al., 2011). Coimmunoprecipitation was performed on cell lysates expressing NMD-GFP alongside Pex11β-HA or Pex11γ-HA. Pex11γ was weakly detected in the bound sample, whereas interaction was almost undetectable for Pex11β. This suggests NMD weakly interacts with Pex11γ and Pex11β.
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Figure 4.9: NMD weakly interacts with Pex11β and Pex11γ in vivo. A-B) Coimmunoprecipitation of NMD with Pex11β and Pex11γ. Cells were dually transfected with NMD-GFP and Pex11β-HA, Pex11γ-HA. Cells were induced overnight with 0.5mM CuS04. GFP-Trap pulldown was performed on cell lysates and samples were analysed by immunoblotting. Blots were probed with anti-GFP (top panel) and anti-HA (bottom panel). Bound sample is 7 fold concentrated compared to Input. Fluorescence microscopy images are included to show localisation of NMD-GFP and GFP in cells co-transfected with Pex11β-HA or Pex11γ-HA. Scale bar = 10µm.
4.11 NMD does not interact with Pex13 or Pex14 
Subsequently, coimmunoprecipitation was performed on S2R+ cells co-expressing NMD-GFP with Pex13-HA or Pex14-HA. In S2 cells, Pex13 knockdown completely mislocalises matrix proteins to the cytosol whereas Pex14 has partial cytosolic localisation of PTS1, suggesting their roles in matrix protein import are conserved. However, no NMD interaction was observed between Pex13 and Pex14 (Figure 4.10A-B). It is interesting that NMD binds to Pex2 and Pex12, which form part of the importomer for matrix protein import, but not with Pex13 or Pex14. Therefore, NMD has specificity for which PMPs it binds. 
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Figure 4.10: NMD does not interact with Pex13 or Pex14 in vivo. A-B) Coimmunoprecipitation of NMD with Pex13 and Pex14. Cells were dually transfected with NMD-GFP and Pex13-HA, Pex14-HA. Cells were induced overnight by addition of 0.5mM CuS04. GFP-Trap pulldown was performed on cell lysates and samples were analysed by immunoblotting. Blots were probed with anti-GFP (top panel) and anti-HA (bottom panel).  Bound sample is 7 fold concentrated compared to Input. Fluorescence microscopy images are included to show localisation of NMD-GFP and GFP when co-expressed with Pex13-HA or Pex14-HA. Scale bar = 10µm.
4.12 NMD does not interact with the TA proteins Mff1 or ScPex15
Currently, NMD interacts with multiple PMPs, but it is unknown if interaction extends to TA PMPs. Next, it was determined whether NMD-GFP could interact with ScPex15 or Mff1, which were tagged at their N terminus with HA. Coimmunoprecipitation was performed as previously, and bound proteins were detected by immunoblotting. It was found that NMD interacts with neither ScPex15 nor Mff1 and suggests no interaction with TA proteins. 
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Figure 4.11: NMD does not interact with TA proteins in vivo. Coimmunoprecipitation of NMD with ScPex15 and Mff1. Cells were dually transfected with SP-NMD-GFP and Pex16-HA. Cells were induced overnight by addition of 0.5mM CuS04. GFP-Trap pulldown was performed on cell lysates and samples were analysed by immunoblotting. Blots were probed with anti-GFP (top panel) and anti-HA (bottom panel). Bound sample is 7 fold concentrated compared to Input. Images of cells co-expressing NMD-GFP and GFP with either HA-ScPex15 or HA-Mff1 are shown. Scale bar = 10µm.


4.13 NMD interacts with the Sec61α subunit of the ER translocon
Current data indicate NMD is able to insert and exit the ER after addition of a cleavable signal peptide, as well as containing a potential ER targeting signal in the N terminal 1-45aa. Additionally, SP-NMD-GFP co-localised to specific domains with Pex16 in some cells, and these same Pex16 domains were shown to co-localise with Sec61α. It is possible Pex16/NMD interaction could occur at the ER or at peroxisomes, and it is possible NMD could interact with other factors at the ER. Additionally, it has also been proposed that the Sec61 translocon performs insertion of PMPs into the ER in S. cerevisiae (van der Zand et al., 2010). Thus, Sec61 is closely linked to peroxisome biogenesis. The Sec61 ER translocon is able to assemble into a trimeric complex via it’s α, β and γ subunits, which generate a central channel for proteins to be transported into the ER (Greenfield and High, 1999). Next, coimmunoprecipitation was performed on S2R+ cell lysates expressing NMD-GFP and Sec61α-HA, to determine if NMD and Sec61 interact. An interaction is clearly observed between NMD and Sec61α (Figure 4.12). More fascinating is the appearance of a higher molecular weight complex in the NMD-GFP bound sample, suggesting this is specific upon interaction with NMD. A higher molecular weight complex was not observed in any of the other previous coimmunoprecipitations between NMD and PMPs, suggesting this is specific for Sec61. However, it is unknown if the NMD-Sec61α is a direct interaction, or if it is mediated by additional proteins, such as Pex16. 
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Figure 4.12: NMD interacts with Sec61α and forms a higher molecular weight complex. Coimmunoprecipitation of NMD with Sec61α. Cells were dually transfected with NMD-GFP and Sec61α-HA. Cells were induced overnight by addition of 0.5mM CuS04. GFP-Trap pulldown was performed on cell lysates and samples were analysed by immunoblotting. Blots were probed with anti-GFP (top panel) and anti-HA (bottom panel).  Bound sample is 7 fold concentrated compared to Input. Fluorescence microscopy images are included to show localisation of NMD-GFP and GFP when co-expressed with Sec61α-HA. Scale bar = 10µm
4.14 NMD WB mutant mislocalises Pex3 
NMD directly interacts with Pex16 and loss of Pex16 or NMD results in mislocalisation of Pex3. In the previous chapter, induction of the Walker B mutant disrupted in ATP hydrolysis resulted in mislocalisation of matrix proteins and severely reduced peroxisomes. This implies that this mutant acts as a dominant negative mutant. However, Walker B mutants are also able to tightly bind target substrates in the ATP bound form, and are good substrate trap mutants (Weibezahn et al., 2003). It is possible that such a mutant can trap specific PMPs and prevent them from functioning properly, which may in turn lead to a defect in matrix proteins. 
The localisation of newly synthesised Pex16-mRFP, Pex3-mRFP, Pex12-mRFP and Pex11β-mRFP was investigated in cells by co-inducing NMD WB-GFP. Localisations of PMPs were compared to wild type NMD-GFP, in order to determine any mislocalisation as a result of the point mutant. It was shown previously that matrix proteins are mislocalised to the cytosol in WT cells co-expressing mRFP-PTS1 and NMD WB-GFP (Figure 3.12B). Pex11β is imported into membrane remnants but very few co-localise with NMD WB-GFP (Figure 4.16A). A clear loss of NMD puncta is observed between NMD WT and WB expressing cells. In addition, Pex12-mRFP was imported into membranes and displayed partial co-localisation with NMD WB-GFP (Figure 4.16B). Interestingly, Pex3 was completely mislocalised when co-expressed with the Walker B mutant, and displayed complete co-localisation with NMD WB-GFP (Figure 4.16C). This suggests that the dominant negative phenotype is specifically associated with Pex3, and that Pex3 could be a target substrate. Thus, mislocalisation of Pex3 could explain the lack of matrix protein import and reduction in peroxisomes seen with the WB mutant.  Pex16 was imported into punctate membranes in the majority of cells. However, in some cells Pex16 was localised to the ER domain (as seen in Figure 3.7F) that displayed some co-localisation with NMD. The results indicate that ATPase activity of NMD is specifically required for the correct import of Pex3. 
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Figure 4.13: Analysis of the co-expression of NMD WB-GFP and PMPs by fluorescence microscopy in S2R+ cells. Fluorescence microscopy images of S2R+ cells co-expressing either WT NMD-GFP or NMD WB-GFP and A) Pex11β-mRFP, B) Pex3-mRFP, C) Pex12-mRFP and D) Pex16-mRFP. Plasmids were under control of the metallothionein promoter and were induced for 2 days with 50µM CuSO4. Bar =5µm
4.15 NMD is localised to specific domains with Pex16
Current data functionally and physically couples NMD to Pex16, and suggests they could co-operate together in PMP import. The colocalisation of NMD-GFP was observed more closely in cells expressing Pex16-mRFP. The majority of cells had normal co-localisation of NMD-GFP and Pex16-mRFP in peroxisomes. However, it was observed that co-expression of NMD-GFP and Pex16-mRFP also leads to clustering and both proteins are distributed closely together (Figure 4.14). In cells co-expressing Sec61α-GFP, Pex16-mRFP is tightly clustered around specific domains of the ER. Subcellular distribution of NMD-GFP is also affected in cells that are highly expressing Pex16-mRFP and Pex16 is able to recruit NMD to the ER into the same elongated membrane structures. This elongated structure could be a specialised domain of the ER that is composed of Sec61, NMD and Pex16. NMD, Pex16 and Sec61α are the only membrane proteins to have been observed in this distribution.
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Figure 4.14: Analysis of the co-expression of NMD-GFP and Pex16-mRFP by fluorescence microscopy in S2R+ cells. Fluorescence microscopy images of S2R+ cells co-expressing Pex16-mRFP with NMD-GFP or Sec61α-GFP. Plasmids were under control of the metallothionein promoter and were induced overnight by addition of 50µM CuSO4. The bottom row is slice image, rest are Z stack images. Bar =5µm
4.16 NMD co-localises with Sec61α in specific domains
So far, wild type full length NMD-GFP has not been co-expressed with Sec61α-mRFP, and has only been detected in mitochondria and peroxisomes. However, NMD has been observed in clustered regions at the ER in the presence of Pex16. The interaction in vivo with Sec61α suggests NMD is likely to interact with Sec61 at the ER, which could be indirectly or directly via Pex16. S2R+ cells were cotransfected to express NMD-GFP and Sec61α-mRFP to confirm if NMD co-localises with Sec61α. Most cells displayed a normal labelling of NMD at puncta and Sec61 in normal reticular ER (Figure 4.15). In some cells, it is observed that NMD puncta are in close association with circular domains of the ER, suggesting peroxisomes are contacting the ER at distinct sites. In addition, in cells where Sec61α is distributed into clustered tubular regions, it was found that NMD co-localised in this same structure. This type of membrane structure could represent a contact site or tethering complex between the ER and peroxisomes and/or ER and mitochondria. 
[image: ]
Figure 4.15: Analysis of the co-expression of NMD-GFP and Sec61α-mRFP by fluorescence microscopy in S2R+ cells. Fluorescence microscopy images of S2R+ cells co-expressing; NMD-GFP and the ER marker Sec61α-mRFP. Plasmids were under control of the metallothionein promoter and were induced overnight with 50µM CuSO4. The middle row is a slice image, rest are Z stack images. Bar =5µm
4.17 Discussion
NMD was shown to interact with Pex16 in vitro and in vivo. The in vitro interaction suggests it is a direct interaction, although proteins present in the reticulocyte lysate may provide a bridge. Interaction studies now confirm both proteins are functionally coupled in PMP biogenesis.  Pex16 function is diverse among various model organisms so it is possible Drosophila has gained a specific role for Pex16 via the interaction with NMD. The direct interaction with Pex16 could suggest that it is an adaptor protein required for its function at peroxisomes, and perhaps at the ER, as Pex16 is known to dually localise to the ER and peroxisomes. The N terminus and both TMDs of Pex16 were shown to be essential for interaction with NMD, whereas the cytosolic side of NMD is required for interaction with Pex16. Pex16 was shown to be an integral membrane protein, so it is possible NMD and Pex16 could form a protein complex on peroxisomal membranes during PMP import. No molecular machineries have been discovered that provide the ATP required for insertion of PMPs. Cell free studies proposed that trafficking of PMPs requires Pex19, ATP and additional unknown cytosolic or membrane bound factors (Lam et al., 2010; Agrawal et al., 2010). It is possible NMD provides the ATP for insertion of PMPs, or to remodel a target substrate such as Pex3. The interaction with Pex16 is clearly dependent on ATP binding, and a loss of ATP is likely to disrupt hexameric formation of the protein complex. The coexpression of the NMD Walker B mutant with Pex3 led to mislocalisation of Pex3 and co-localisation with NMD. Targeting and insertion of Pex3 is clearly dependent on the ATPase activity of NMD. 
Further in vivo interaction studies confirmed NMD interacts with specific PMPs, such as Pex2, Pex12, Pex11γ and Pex3, but for the majority it is unknown if this is a direct interaction. The interactions between Pex16, Pex3 and Pex19 are unknown in Drosophila, and how they physically interact with other PMPs. Therefore, it is possible NMD could interact with additional PMPs via its interaction with Pex16. The in vivo interaction with Sec61α is of great interest, but at the moment it is unknown if this is a direct interaction, or mediated via another protein such as Pex16. A higher molecular weight complex was observed in the in vivo interaction with Sec61 and it will be interesting to determine what other proteins this is composed of. NMD does indeed co-localise with Sec61α in specific membrane clusters of the ER, which also contain Pex16. The membrane clusters could suggest either a specialised domain of the ER or a type of a contact site connecting two organelles. Specialised domains of the ER have been observed in yeast and mammalian cells, and it appears Drosophila also segregates peroxisomal membrane components at distinct subdomains of the ER (Hoepfner et al., 2005; Kim et al., 2006; Geuze et al., 2003).
An ER to mitochondrial molecular tether has been previously identified, and is involved in lipid transport and metabolism (Kornmann et al., 2009). They showed the ER contained “thicker structures”, which co-localised with mitochondria and represented sites of tethering.  ER mitochondrial contact sites are also important for mitochondrial division (Friedman et al., 2011) and in the exchange of calcium (Szabadkai et al., 2006; de Brito and Scorrano, 2008). The ATAD3A protein, which is a mitochondrial AAA+ ATPase, is required for normal cell growth and cholesterol channeling at contact sites between the inner and outer mitochondrial membranes (Gilquin et al., 2010). It is possible that NMD forms part of an ER to peroxisome tether, to facilitate transport of membrane lipids.












Chapter 5: Analysis of NMD homologues
5.1 Introduction
The strong dependence of fly peroxisome biogenesis on NMD, coupled with low genetic redundancy in Drosophila, has allowed its function to be analysed in S2 cells. In the course of this chapter, evidence was published for the NMD homologues (ATAD1 and Msp1), demonstrating their function in the degradation of mislocalised TA proteins on mitochondria (Chen et al., 2014; Okreglak and Walter, 2014). Loss of Msp1 resulted in mislocalisation of Pex15 to mitochondria. They were able to show that both ATAD and Msp1 perform mitochondrial quality control probably by extracting mistargeted TA proteins from the outer mitochondrial membrane. A proteomics study using mouse kidney peroxisomes was the first study to show ATAD1 associates with peroxisomes (Wiese et al., 2007). In previous studies, Msp1 was discovered as a protein necessary for intramitochondrial protein sorting (Nakai et al., 1993). Moreover, the mouse homologue, Thorase, was shown to regulate expression of AMPA receptors and synaptic plasticity (Zhang et al., 2011). However, no peroxisomal function has been reported in the literature. Moreover, Msp1 and ATAD1 were not identified in genetic screens for peroxisome biogenesis mutants, suggesting their loss of function does not impair peroxisome assembly.  Interestingly, both homologues do localise to mitochondria and peroxisomes, indicating at least localisation is evolutionary conserved (Wiese et al., 2007; Chen et al., 2014; Okreglak and Walter, 2014). We hypothesise that ATAD1 and Msp1 play a role in peroxisome biogenesis but that this has remained uncovered. Since neither Msp1 nor ATAD1 contain paralogues, we have to postulate that their function is genetically buffered by a parallel pathway/ function that is absent in Drosophila. 
The aim of this chapter was to analyse mutants in the NMD homologues with respect to their peroxisomal phenotype. This can determine whether the peroxisomal function is conserved. A combination of yeast knockouts and point mutants were used to analyse Msp1 function in yeast. In vitro interaction studies were used to determine any interaction with membrane biogenesis factors. Msp1 and NMD trafficking were studied in yeast and ATAD1 trafficking was studied in Drosophila, to determine if targeting is conserved between organisms.
5.2 Msp1 is localised to peroxisomes and mitochondria  
Msp1 was tagged at the C terminus with GFP in order to determine its subcellular localisation in WT yeast cells. WT cells were transformed with Msp1-GFP alongside mRFP-PTS1 or Mito-mRFP, which labels peroxisomes and mitochondria, respectively. Both Mito-mRFP and Msp1-GFP are under control of the GAL1 promoter, whereas mRFP-PTS1 is constitutively expressed. This allows controlled expression of Msp1 by growth in galactose medium, followed by shutdown in glucose medium. Msp1-GFP is distributed to both peroxisomes and mitochondria (Figure 5.1A-B). This is in agreement with recent data and shows localisation is evolutionary conserved between flies, yeast and humans (Chen et al., 2014). Additionally, Msp1-GFP was transformed into pex3Δ yeast cells alongside both peroxisomal and mitochondrial markers. pex3Δ lacks peroxisomal membrane structures and all matrix proteins are mislocalised to the cytosol (Hettema et al., 2000). As expected, Msp1-GFP localises only to mitochondria in pex3Δ cells when there is an absence of peroxisomes, as seen by the mislocalisation of matrix proteins to the cytosol (Figure 5.1C). 
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Figure 5.1: Msp1 is localised to peroxisomes and mitochondria. Wild type yeast cells expressing A) the peroxisomal marker mRFP-PTS1 and Msp1-GFP or B) mitochondrial marker Mito-mRFP and Msp1-GFP. C) pex3Δ yeast cells expressing Msp1-GFP alongside either mRFP-PTS1 or Mito-mRFP. mRFP-PTS1 is under control of the constitutive HIS3 promoter, whereas Msp1-GFP and Mito-mRFP are under control of the GAL1 promoter. Cells were grown overnight in selective raffinose medium and induced the following day for 1 hour on selective galactose medium. Cells were switched to selective glucose medium to shutdown gal expression. Fluorescence microscopy imaging was performed on live cells. Bar =5µm. Arrows indicate peroxisomes.
5.3 Peroxisomes are increased in msp1Δ cells under oleate conditions
The fly phenotype of NMD indicates PMP import is disrupted and this leads to mislocalisation of matrix proteins to the cytosol. The msp1Δ deletion mutant was generated by PCR mediated gene disruption using a selectable marker. Next, peroxisomes were analysed in msp1Δ cells expressing GFP-PTS1 in comparison to WT cells. Cells were grown in selective glucose medium or selective oleate medium, and analysed by fluorescence microscopy. Yeast use only peroxisomes for β-oxidation of fatty acids, so the majority of peroxisome assembly mutants were identified by their inability to grow on oleate (Erdmann et al., 1989), or via imaging-based screens searching for pex mutants (Saleem et al., 2010; Wolinski et al., 2009). However, Msp1 was not identified by this method, suggesting peroxisomes function as normal. In addition, peroxisome number is highly regulated in response to changes in the carbon source. Growth on oleate increases the proliferation of peroxisomes and promotes the activity of peroxins controlling peroxisome numbers. For example, Pex11 specifically regulates the size and number of peroxisomes in response to growth on oleate (Erdmann and Blobel, 1995). No import defect phenotype was observed in msp1Δ cells and peroxisome number was comparable to WT cells grown in glucose conditions (Figure 5.2A). Growth on oleate significantly increased peroxisome number for both WT and msp1Δ cells. It was observed that msp1Δ cells had an increase in peroxisomes during oleate growth (Figure 5.2B). 
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Figure 5.2: Peroxisomes are increased in msp1Δ cells. A) WT and msp1Δ cells expressing the peroxisomal marker GFP-PTS1 overnight in selective glucose medium. B) WT and msp1Δ cells expressing the peroxisomal marker GFP-PTS1 overnight in selective oleate medium. GFP-PTS1 is under control of the constitutive HIS3 promoter.  Fluorescence microscopy imaging was performed to determine peroxisome number. Quantitation of peroxisome number is shown for A) and B). The average peroxisome number from 40 cells was counted and plotted on each graph. Error bars represent standard deviation. Bar =5µm
5.4 Msp1 does not directly interact with ScPex3, ScPex19 or ScPex25 in vitro
NMD was shown to interact with Pex16 in vitro and with several PMPs including Pex3 and Pex16 in vivo, which supports the idea it is involved in PMP biogenesis. However, S. cerevisiae does not contain a Pex16 homologue. An in vitro radiolabelled pulldown assay was chosen to determine if Msp1 is able to interact with peroxisomal membrane protein biogenesis factors in S. cerevisiae (ScPex3 and ScPex19). Pex25 is also required to form peroxisomes de novo from the ER, so was chosen as an additional candidate (Huber et al., 2012).  Firstly, Msp1 was tagged at the N terminus with GST in order to generate E. coli expressed GST-Msp1. GST-Msp1 is mainly expressed in the insoluble fraction but a large amount of protein is detected after pulldown (Figure 5.3A). Radiolabelled ScPex3, ScPex19, ScPex25 and GFP (negative control) were synthesised in vitro and incubated with GST-Msp1. As previously (see Chapter 4: Figure 4.1), glutathione beads only and GST only were used as negative controls. It was found that Msp1 did not directly interact with ScPex3 or ScPex19 (Figure 5.3B), or with ScPex25 (Figure 5.3C). However, we can’t exclude that GST-Msp1 is non functional as we have no positive control. 
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Figure 5.3: GST-Msp1 does not directly interact with ScPex3, ScPex19 or ScPex25 in vitro. A) GST-Msp1 proteins were expressed in E. coli BL21 DE3 cells. Cells were induced for 3 hours by addition of 1mM IPTG at 30°C and purified using pulldown on glutathione sepharose beads. Uninduced and induced samples were taken for insoluble fraction (IF) and soluble fraction (SF), as well as bound protein after pulldown (PD). All protein samples were subjected to SDS-PAGE and analysed by Coomassie staining. B) An in vitro quick-coupled transcription/translation assay was performed using E. coli-produced GST–Msp1, and GST bound to Glutathione Sepharose beads. A beads-only sample was used as a further control. After extensive washing of the bound protein, ScPex3, ScPex19, ScPex25 and GFP synthesised in vitro in the presence of [35S]-Methionine was included. Following further washing, protein was eluted with GSH elution buffer and subjected to SDS–PAGE. Bound fractions and the radiolabelled input were analysed by Coomassie staining (bottom panel) and Phosphorimaging (top panel). Arrows indicate expressed GST-Msp1 protein. 
5.5 ATAD1 does not directly interact with HsPex3, HsPex19 or HsPex16 
Humans contain a Pex16 homologue but it is unknown if the interaction with ATAD1 is conserved. Next, it was investigated if ATAD1 directly interacts with HsPex16, HsPex3 or HsPex19. GST-ATAD1 was expressed in E. coli and purified using a pulldown assay from glutathione beads. Most of GST-ATAD1 ends up in the insoluble fraction but soluble protein is detected after pulldown (Figure 5.4A). Radiolabelled HsPex16, HsPex3, HsPex19 and GFP were synthesised in vitro and a pulldown assay was performed with GST-ATAD1. As before, beads only and GST were used as negative controls. No interaction was observed between GST-ATAD1 and HsPex16, HsPex3 or HsPex19 (Figure 5.4B). The data suggest that direct interaction to Pex16 is not conserved in humans and is specific to NMD. However, we can’t exclude that GST-ATAD1 is non functional as we have no positive control.
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Figure 5.4: ATAD1 does not interact with HsPex16, HsPex3 or HsPex19 in vitro. A) GST-ATAD1 protein expression. Cells were induced for 3 hours by addition of 1mM IPTG at 30°C and purified by pulldown assay. Uninduced and induced samples were taken for insoluble fraction (IF) and soluble fraction (SF), as well as bound protein after pulldown (PD). All protein samples were subjected to SDS-PAGE and analysed by coomassie staining. B) A pulldown assay was performed with GST-ATAD1 and radiolabelled HsPex16, HsPex19, HsPex3 and GFP proteins synthesised in vitro with 35S-Methionine. All samples were subjected to SDS-PAGE and analysed by Coomassie staining and phosphorimaging. Top panel: Phosphorimaging. Bottom panel: Coomassie stained gel. Arrows indicate expressed GST-ATAD1 protein. 
5.6 Msp1 shows a genetic interaction with Pex25 
It is clear that PMPs and matrix proteins are correctly imported in msp1Δ cells, in contrast to the NMD phenotype, and no direct interaction is observed with the membrane biogenesis factors. Therefore, it is likely that redundant factors compensate for Msp1 function that are absent in Drosophila. In Figure 5.2, an increase in peroxisome number was seen in msp1Δ cells, so it is possible that Msp1 has acquired a different role in yeast by regulating peroxisome numbers. 
S. cerevisiae contain many fungal-specific peroxins that are needed for controlling peroxisome numbers (Yan et al., 2005). Analysis of the genetic interactions of Msp1 can provide insight into which other peroxins it could be functioning alongside. This is achieved by examining the phenotypes from double deletion strains in comparison to single deletion strains, and allows paired gene interactions to be identified. Pex11, Pex25, Pex27, Pex28, Pex29, Pex30, Pex31, Pex32 and Pex34 are known peroxins with roles in regulating peroxisome number (Yan et al., 2005), (Tower et al, 2011). Msp1 was knocked out in single deletion strains of Pex11, Pex25, Pex27, Pex28, Pex29, Pex30, Pex31, Pex32 and Pex34. Next, a GFP-PTS1 peroxisomal marker was transformed into each double and single knockout strains, in order to compare peroxisome numbers as a result of the double deletion. As before, cells were grown under glucose and oleate conditions. 
Absence of Pex11, Pex25 or Pex27 generates fewer peroxisomes that appear larger in morphology (Rottensteiner et al., 2003). Comparison of pex11Δ and msp1Δ/pex11Δ shows no difference between peroxisome numbers in glucose or oleate growth (Figure 5.5A). As expected, peroxisomes are larger and reduced in response to oleate (Erdmann and Blobel, 1995). However, an increase in peroxisome number was observed in msp1Δ/pex25Δ cells in comparison to the single pex25Δ deletion, in both glucose and oleate growth (Figure 5.5B). This suggests that Msp1 and Pex25 have a genetic interaction. Peroxisome numbers were comparable in msp1Δ/pex27Δ and pex27Δ cells under glucose and oleate conditions (Figure 5.5C).  
The loss of either Pex28 or Pex29 generates an accumulation of smaller peroxisomes that display clustering in close proximity (Vizeacoumar et al., 2003. Peroxisome numbers were comparable in msp1Δ/pex28Δ and pex28Δ cells under glucose and oleate conditions (Figure 5.5D). Also, it was observed that peroxisome number was equivalent in msp1Δ/pex29Δ and pex29Δ cells during glucose and oleate growth (Figure 5.5E). 
Absence of Pex30 leads to the appearance of increased quantities of peroxisomes, whereas a loss of Pex31 or Pex32 produces bigger peroxisomes (Vizeacoumar et al., 2004). Additionally, a loss of Pex34 causes a decrease in peroxisome number (Tower et al., 2011). However, no significant change in peroxisome number was observed with the double deletions of Pex30, Pex31, Pex32 and Pex34, under glucose or oleate conditions (Figure 5.5F-I). Collectively, genetic interaction studies link Msp1 function with Pex25.
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Figure 5.5: Msp1 has a genetic interaction with Pex25. The peroxisomal marker GFP-PTS1 was transformed into single and Msp1 double deletion strains. A) msp1Δ/pex11Δ and pex11Δ. B) msp1Δ/pex25Δ and pex25Δ. C) msp1Δ/pex27Δ and pex27Δ. D) msp1Δ/pex28Δ and pex28Δ. E) msp1Δ/pex29Δ and pex29Δ. F) msp1Δ/pex30Δ and pex30Δ. G) msp1Δ/pex31Δ and pex31Δ. H) msp1Δ/pex32Δ and pex32Δ. I)  msp1Δ/pex34Δ and pex34Δ. All strains were grown in either selective glucose medium or selective oleate medium.  Fluorescence microscopy imaging and quantitation of peroxisome number was performed. The average peroxisome number from 40 cells was analysed on a bar chart. Error bars represent standard deviation. Bar =5µm
5.7 Msp1 N terminal 1-44aa localises to peroxisomes and mitochondria
Next, the targeting information in Msp1 was analysed, and truncations were constructed to find regions containing the peroxisomal targeting signal. Structurally, Msp1 contains the same key features as NMD; a predicted TMD at the N terminus, as well as the Walker A and B domains. Initially, truncations were designed around the N terminus to determine the N terminal sorting signals. WT yeast cells were transformed with peroxisomal or mitochondrial markers and co-localisation determined by fluorescence microscopy. As previously, full length Msp1-GFP co-localises to peroxisomes and mitochondria (Figure 5.6A). As expected, removal of the N terminus of Msp1 leads to its redistribution to the cytosol, demonstrating that the TMD is essential for localisation to membranes (Figure 5.6B). However, Msp1 1-44aa-GFP was able to target to peroxisomes and mitochondria, displaying labelling like the full length protein (Figure 5.6C).  This is in contrast to the ER localisation seen for NMD 1-45aa in Chapter 3 (Figure 3.13B); suggesting sorting signals at the N terminus are different. Thus, data indicates that the N terminal 1-44aa of Msp1 contains peroxisomal and mitochondrial targeting information. 
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Figure 5.6: The N terminal 1-44aa of Msp1 localises to peroxisomes and mitochondria. Fluorescence microscopy images of WT yeast cells expressing mRFP-PTS1 and Mito-mRFP with A) Msp1-GFP, B) Msp1 Δ1-TMD-GFP or C) Msp1 1-44aa-GFP. mRFP-PTS1 is under control of the constitutive HIS3 promoter, whereas Msp1-GFP and Mito-mRFP constructs are under control of the GAL1 promoter. Cells were grown overnight in selective raffinose medium, induced for 1 hour on selective galactose medium and switched to glucose medium before imaging. Bar =5µm. 
5.8 NMD can traffic from ER to peroxisomes and mitochondria in S. cerevisiae
The sorting signals and targeting of NMD appears distinct to that of Msp1. Next, it was determined if NMD trafficking to peroxisomes and mitochondria is conserved in yeast. A pulse chase assay was chosen to analyse trafficking of NMD at different time points. NMD was tagged at the C terminus with GFP, in a plasmid under control of the GAL1 promoter, and expressed in WT cells alongside a peroxisomal marker (mRFP-PTS1).  Interestingly, after 1 hour galactose induction (pulse), NMD-GFP did not localise to peroxisomes but instead was distributed on the ER, as seen by colocalisation with an ER marker (Figure 5.7A). This indicates that NMD does indeed possess ER targeting information and is able to firstly insert into the ER. Interestingly, after 4hr growth on glucose (chase), NMD-GFP trafficked from the ER to peroxisomes and mitochondria (Figure 5.7B). Thus, data suggest that sorting of NMD is conserved in Drosophila and yeast. 
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Figure 5.7: NMD inserts into the ER and traffics to peroxisomes and mitochondria in S. cerevisiae cells. A) Fluorescence microscopy images of wild type yeast cells expressing NMD-GFP with mRFP-PTS1 or ER-mRFP after 1 hour pulse. B) Fluorescence microscopy images of wild type yeast cells expressing NMD-GFP with Mito-mRFP or mRFP-PTS1 after 4 hour chase. mRFP-PTS1 is under control of the constitutive HIS3 promoter, whereas NMD-GFP, Mito-mRFP and ER-mRFP constructs are under control of the GAL1 promoter. Cells were grown overnight in selective raffinose medium, induced for 1 hour on selective galactose medium (pulse) and switched to glucose medium for 4 hours (chase). Bar =5µm. Arrow indicates co-localisation with peroxisomes. 
5.9 Analysis of Msp1 Walker A and B mutants 
Next, it was investigated if disruption to the Walker B domain generates a dominant negative phenotype, and to determine if ATPase activity is required for function. Site directed mutagenesis was performed to introduce mutations in the Walker A (K139T) and Walker B (E193Q) domains of Msp1-GFP, in order to disrupt ATP binding and hydrolysis. These mutants were expressed in WT cells alongside the peroxisomal marker mRFP-PTS1. Cells were imaged after 4 hour glucose shutdown of galactose induction. Peroxisome morphology is comparable between WT Msp1-GFP and the WA and WB mutants and both mutants display co-localisation with peroxisomes (Figure 5.8A-C).
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Figure 5.8: Msp1 WA and WB mutants show normal phenotypes.  Fluorescence microscopy images of WT yeast expressing mRFP-PTS1 alongside A) Msp1-GFP, B) Msp1 WA-GFP or C) Msp1 WB-GFP. mRFP-PTS1 is under control of the constitutive HIS3 promoter, whereas Msp1-GFP constructs are under control of the GAL1 promoter. Cells were grown overnight in selective raffinose medium, induced for 1 hour on selective galactose medium and switched to glucose medium for 4 hours for the pulse chase assay. Bar =5µm. Arrows indicate peroxisomal co-localisation. 
5.10 Overexpression of untagged Msp1 WB mutant causes clustering of peroxisomes
It is clear from the previous experiment that both Walker A and Walker B mutants can localise to peroxisomes. It is possible that increased overexpression would generate a dominant negative mutant phenotype. An untagged version of Msp1 was constructed under control of the GAL1 promoter, to perform prolonged overexpression in galactose medium. An untagged version was chosen so a tag would not interfere with the high overexpression conditions. Site directed mutagenesis was performed to introduce mutations in the Walker A (K139T) and Walker B (E193Q) domains of Msp1 untagged to abolish ATP binding and ATP hydrolysis, respectively. WT cells expressing empty plasmid, Msp1, Msp1 WA and Msp1 WB, alongside a peroxisomal marker, were imaged by fluorescence microscopy. It was observed that peroxisomes were increased and clustered together in the Walker B mutant (Figure 5.9). This suggests that ATPase activity is necessary for function.  
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Figure 5.9: Overexpression of untagged Msp1 WB causes clustering of peroxisomes in WT cells. Images of untagged Msp1, Msp1 WA and Msp1 WB co-expressed with mRFP-PTS1. RFP-PTS1 is under control of the constitutive HIS3 promoter, whereas Msp1 constructs are under control of the GAL1 promoter. Cells were grown overnight in selective raffinose medium, induced overnight in galactose medium and switched to glucose medium before imaging. Bar =5µm. Arrows indicate clustering phenotype. 
5.11 ATAD1 function is ATPase dependent in Drosophila
Next, it was determined if targeting and function of any of the NMD homologues was conserved in Drosophila. NMD contains higher sequence identity to ATAD1 (52%) then to Msp1 (39%). ATAD1 was chosen for expression in Drosophila as it more evolutionary conserved and because humans contain a Pex16 homologue, so ATAD1 is more likely to function with Drosophila import machinery. ATAD1 was tagged at the C terminus with GFP and its subcellular distribution was analysed by fluorescence microscopy in S2R+ cells. It was observed that ATAD1-GFP co-localised to peroxisomes and mitochondria, which suggests targeting information is evolutionary conserved (Figure 5.10A-B). It was observed that wild type ATAD1 generated the appearance of thickened membrane structures and caused peroxisomes to be elongated along the same structure, but mitochondria were not elongated. This could be a specialised domain of the ER or type of contact site with the ER, as seen previously with NMD. Next, site directed mutagenesis was performed to introduce Walker A (K139T) and Walker B (E193Q) mutations in ATAD1-GFP, to inhibit ATP binding and ATP hydrolysis, respectively. This is in order to determine if peroxisomal function of ATAD1 requires ATPase activity and if the Walker B mutant is dominant negative in WT S2R+ cells. Both mutants were expressed in WT S2R+ cells alongside a peroxisomal marker. It was observed that ATAD1 WA-GFP co-localised to peroxisomes and displayed a normal phenotype (Figure 5.10C). Most striking was the observation that ATAD1 WB-GFP caused a reduction in peroxisomes and cytosolic mislocalisation of mRFP-PTS1, mimicking the phenotype seen with the NMD WB mutant (Figure 5.10D). This confirms that ATPase activity is needed for ATAD1 to perform its function at peroxisomes and can function alongside Drosophila peroxisome biogenesis import machinery. 
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Figure 5.10: ATAD1 localises to peroxisomes in S2R+ cells and peroxisomal function is dependent on ATPase activity. Fluorescence microscopy images of S2R+ cells transfected with: A) ATAD1-GFP and mRFP-PTS1. B) ATAD1-GFP stained with 50nM MitoTracker. C) ATAD1 WA-GFP and mRFP-PTS1. C) ATAD1 WB-GFP and mRFP-PTS1. Plasmids were under control of the metallothionein promoter and were induced for 2 days with 50µM CuSO4. Bar = 5µm.
5.12 Discussion
Msp1 was originally characterised as an intramitochondrial sorting protein, but it was not vital for cell growth or mitochondrial biogenesis (Nakai et al., 1993). Recent data have established a role for Msp1 and ATAD1 in the degradation of TA proteins on mitochondria (Chen et al., 2014; Okreglak and Walter, 2014). So far, studies have only focussed on mitochondrial protein quality control of TA proteins, so its role at peroxisomes is unknown. 
NMD function seems distinct in flies, as peroxisome assembly is not impaired in cells lacking Msp1 or ATAD1. Instead, peroxisome number is marginally increased in msp1Δ cells, under oleate conditions.  The direct interaction of ATAD1 with HsPex16 is not conserved, suggesting the NMD-Pex16 interaction is specific for flies. S. cerevisiae completely lack a Pex16 homologue but Msp1 did not directly interact with the other membrane biogenesis factors in yeast. However, indirect interactions were not explored, so it is unknown what peroxisomal factors Msp1 interacts with at the moment. 
Msp1 or ATAD1 were not identified from initial screens to find peroxisome biogenesis mutants, suggesting there is likely to be redundant proteins that can compensate for function. Genetic interaction studies led to further investigation into finding possible redundant factors of Msp1. Interestingly, Msp1 was able to restore peroxisome numbers in pex25Δ, showing a genetic interaction with this peroxin. However, Pex25 is a yeast specific Pex11 family member so it is unknown what compensatory factors are present in human cells for ATAD1. Overexpression of the Msp1 Walker B mutant caused an increase in peroxisome number and clustering of peroxisomes in WT cells, showing it is dominant negative. Mitochondria were not analysed in the untagged MSP1 WB expressing cells, so this needs to be explored further. 
In S. cerevisiae, Pex25 is well established as a factor controlling peroxisome numbers and in de novo production of peroxisomes from the ER (Rottensteiner et al., 2003; Huber et al., 2012). Additionally, studies have identified specific connections to the ER, which is mediated by ER bound reticulons and peroxisome bound peroxins via Pex30 (David et al., 2013). This implicates the ER in peroxisome proliferation. Current data suggest Msp1 helps regulate peroxisome number alongside Pex25, but the function is unclear at the moment, and it is unknown if there is any association to the ER. 
The sorting of Msp1 to peroxisomes appears distinct to that of NMD. NMD 1-45aa is able to localise to the ER (Chapter 3), yet Msp1 1-44aa is able to localise to peroxisomes and mitochondria. Therefore targeting information is different between the two proteins. However, NMD expressed in yeast was able to insert into the ER and traffic to mitochondria and peroxisomes. This suggests that NMD has an evolutionary conserved method of trafficking. 
[bookmark: _GoBack]ATAD1 expressed in Drosophila cells is able to mimic the cellular phenotype of NMD. ATAD1 clearly localises to peroxisomes, and causes peroxisomes to cluster together into elongated structures, which could be examined in more detail by electron microscopy. The Walker B mutant of ATAD1, defective in ATP hydrolysis, is also a dominant negative mutant. Analogous to NMD, ATAD1 WB led to a reduction in peroxisomes and mislocalisation of matrix proteins to the cytosol. Thus, ATAD1 function is dependent on ATPase activity, and the phenotype is clear in Drosophila due to the absence of compensatory factors that would be present in human cells.










Chapter 6: General discussion 
6.1 Drosophila as a model to study peroxisome biogenesis
Drosophila is an exciting new model organism to study peroxisome biogenesis and low genetic redundancy is a major advantage over humans and yeast. This feature of Drosophila has allowed NMD to be identified as a new peroxin via genome-wide RNAi screening (Drake, 2013), and its function unravelled in S2 cells. The majority of peroxin homologues exist in Drosophila and localise to the same compartments as reported in yeast and humans, showing conserved cellular pathways. For example, Pex16 was observed in the ER and peroxisomes, which is consistent with its localisation in humans and plants (Kim et al., 2006; Karnik and Trelease, 2007). Numerous microscopy studies in mammalian and yeast cells have demonstrated the existence of a peroxisomal pre-compartment in the ER as well as various vesicular intermediate compartments, which support the idea that peroxisomes generate membrane components from the ER (Geuze et al., 2003; Hoepfner et al., 2005; van der Zand et al., 2012). It was shown that DmPex16 appears to localise to a specific ER subdomain, whereas peroxins such as Pex13 and Pex14 were observed in vesicles, which is in agreement with the other model organisms. Drosophila is proving to be a valuable model system to study PBD as pex mutant flies generate the same aberrant phenotypes observed in mouse models and PBD patients (Chen et al., 2010; Mast et al., 2011; Nakayama et al., 2011). RNAi knockdown phenotypes of known Drosophila peroxins generated in this study are in agreement with previous studies in S2 cells (Mast et al., 2011), and demonstrate the same import defects of matrix proteins as seen with other model systems. Membrane biogenesis phenotypes were examined for the first time, indicating at least that Pex16 function in membrane assembly is conserved. The application of CRISPR has greatly advanced peroxisome biogenesis studies of Pex16 and NMD in S2 cells and will be a valuable tool to analyse the function of other Drosophila peroxins such as Pex3 and Pex19 that have weak knockdown phenotypes. 
6.2 NMD is a novel factor in peroxisomal membrane assembly
The AAA+ ATPase NMD localised to peroxisomes and mitochondria, which confirms it has a steady state localisation at the peroxisome. This is the third AAA+ ATPase to be discovered with a role in peroxisome biogenesis, alongside Pex1 and Pex6. Subcellular distribution is evolutionary conserved with the human (ATAD1) and yeast (Msp1) homologues (Chen et al., 2014).  NMD was shown to be an integral membrane protein and that the TMD is needed for proper insertion into membranes, confirming that topology is evolutionary conserved (Chen et al., 2014). Current data shows depletion of NMD, either by RNAi or CRISPR, leads to a reduction in PMPs and the mislocalisation of Pex3. These are characteristics of a membrane biogenesis factor, and are analogous to the phenotype of Pex16, Pex3 and Pex19 (Jones et al., 2004; Fang et al., 2004; Matsuzaki and Fujiki, 2008). Analysis of NMD point mutants revealed that ATPase activity is essential for peroxisomal function, as a defect in ATP hydrolysis led to the mislocalisation of Pex3 and an import defect of PTS1 proteins. Recent evidence implicates a role of Msp1/ATAD1 in the degradation of TA proteins from mitochondria, specifically for Pex15 (Chen et al., 2014; Okreglak and Walter, 2014).  However, there is no Pex15 homologue in Drosophila, so it is possible Drosophila have lost this function or that such a homologue has not been identified yet. Previous studies on mouse ATAD1 were only able to show an association with peroxisomes (Wiese et al., 2007), whereas this is the first study to establish a clear peroxisomal function. Together, current data suggests NMD is a novel component of the PMP import membrane assembly, alongside Pex16, Pex3 and Pex19. 
6.3 NMD interacts directly with Pex16 and other biogenesis factors
NMD was shown to interact directly with Pex16 and this was dependent on ATP binding, which was able to physically link NMD function with that of Pex16 in regulating membrane assembly.  The N terminus and membrane domains of Pex16 were identified as important regions for interaction with NMD, whereas the cytosolic side of NMD was required to interact with Pex16, suggesting interaction occurs on the cytosolic side of the membrane. Additionally, NMD was shown to interact with Pex3 and a subunit of the Sec61 ER translocon, but it is unknown if these are direct interactions. NMD was observed in specific domains with Sec61α, which also accumulated Pex16, which could be sites of peroxisome biogenesis from the ER. It is unclear at the moment if interaction with Pex16 occurs at peroxisomes or in a specific domain of the ER, or even between the two organelles. NMD was shown to interact with additional PMPs, but this could be via interaction with Pex16 as direct interaction was not tested for the majority of PMPs. However, it is unknown what factors NMD interacts with at mitochondria, or if it interacts with any other ER or secretory proteins. 
Pex16 homologues are incredibly diverse, and it is possible to speculate that the role of Pex16 in PMP import is different in Drosophila, and has evolved to cooperate with NMD. The role of Pex16 is unclear in mammalian cells, as studies report it being a PMP receptor at the ER, whilst others suggest it is a PMP receptor on peroxisomes (Kim et al., 2006; Matsuzaki and Fujiki, 2008). In both cases Pex16 was proposed to be a docking site for Pex3, in the recruitment of other PMPs. However, a different role of Pex16 in peroxisomal fission has been proposed in Y. lipolytica (Guo et al., 2007). Interaction between HsPex16 was not conserved with ATAD1, suggesting the interaction to NMD is specific for flies. Interestingly, Pex16 homologues are absent in most yeast species, suggesting that there are significant variations in the molecular machinery mediating peroxisome biogenesis in yeast, mammals and flies.
6.4 ER to peroxisome trafficking of PMPs in Drosophila
The analysis of the sorting signals in NMD revealed that it contains ER, mitochondrial and peroxisomal targeting information. Further study on its ER to peroxisome trafficking via addition of a signal peptide revealed that it was able to traffic from the ER into a punctate compartment, which did not co-localise with peroxisomes, ER or mitochondria. It is unclear at the moment what this compartment is and of the exact trafficking route of NMD to peroxisomes. However, Pex16, Pex13 and Pex11β were all able to traffic from the ER to peroxisomes, suggesting that PMPs do traffic via the ER in Drosophila. Current data in mammalian cells suggest that most PMPs can sort to pre-existing peroxisomes via the ER (Aranovich et al., 2014). However, the situation is unresolved in yeast. One model suggests that the ER supplies a minority of PMPs to pre-existing peroxisomes, whereas the other model implies all PMPs are inserted into ER via Sec61 and then transported to peroxisomes (Motley and Hettema, 2007; van der Zand et al., 2010). There is plenty of evidence to support the trafficking of the membrane biogenesis factors (Pex16 and Pex3) via the ER, but there is no consensus on the trafficking of the majority of PMPs in most model organisms (Hoepfner et al., Fakieh et al., 2013; Aranovich et al., 2014; Karnick and Trelease, 2007). Thus, the role of the ER and its contribution to peroxisome biogenesis may be different depending on the organism.
6.5 Possible models of NMD function
It is unclear at the moment what the exact molecular function of NMD is, but data suggests a role in membrane assembly, alongside Pex16, in the import of Pex3 and other PMPs. There are two longstanding models for PMP import, direct insertion to peroxisomes or indirect import via the ER. In the first model, Pex19 serves as a soluble receptor that binds newly synthesized PMPs and is recruited to the peroxisomal membrane by Pex3 and Pex16 (Fang et al., 2004; Matsuzaki and Fujiki, 2008). In the second model, Pex3, Pex19 and Pex16 mediate a role in the exit of PMPs from the ER (van der Zand et al., 2010; Kim et al., 2006). Recently, it demonstrated that human and plant Pex16 homologues were able to recruit PMPs to the ER, which suggests that this function of Pex16 is conserved (Hua et al., 2015). This study has demonstrated that Drosophila Pex16 is also an essential factor for correct insertion of Pex3 and PMP import. For both models it is unknown how PMPs are inserted into the membrane and no factors have been identified that provide ATP for the insertion of PMPs. But cell free studies show PMP import is dependent on ATP as well as additional unknown factors (Lam et al., 2010; Agrawal et al., 2011). 
Like other AAA+ ATPases, NMD is expected to assemble into hexameric complexes and perform an ATPase dependent function at peroxisomes and mitochondria. A role in protein quality control on mitochondria has already been established (Chen et al., 2014; Okreglak and Walter, 2014).  Additionally, NMD could form part of the PMP insertion machinery at peroxisomes and provide the ATP for membrane insertion. In general, AAA+ proteins are required to disassemble protein complexes, in order to dissociate and recycle target proteins. For example, Pex1 and Pex6 cooperate in the export of the PTS1 receptor Pex5 from peroxisomal membranes so it can be recycled for further use in matrix protein import (Grimm et al., 2012). Mouse ATAD1 was shown to disassemble the AMPAR-GRIP1 complex on synaptic membranes, suggesting disassembly of protein complexes could be a conserved mechanism among NMD homologues (Zhang et al., 2011).
It is possible to speculate Pex16 aids in delivering a substrate, such as Pex3, to NMD, which leads to its insertion in the membrane.  Depletion of either Pex16 or NMD, as well as a mutant defective in ATP hydrolysis, led to the mislocalisation of Pex3. The insertion of Pex3 would then lead to the import of further PMPs presumably via the Pex19-Pex3 mechanism (Fang et al., 2004). Specific adaptor proteins mediate the localisation of AAA+ proteins and/or assist AAA+ proteins in their cellular function.  NMD was distributed on mitochondria in Pex16 knockdowns which could suggest that Pex16 acts as an adaptor protein to ensure the proper localisation of NMD on peroxisomes. The adaptor protein α-SNAP functions alongside the AAA+ protein NSF, by recruiting an NSF hexamer and initiating disassembly of SNARE complexes (Hohl et al., 1998). It is possible that Pex16 could bind Pex3 or other PMPs and then recruit NMD in its hexameric form to stimulate ATPase activity and trigger disassembly of Pex3 and Pex16. The interaction with Pex16 is dependent on ATP binding, which could then stabilise the hexameric complex.  It is possible that NMD exerts part of its function by an ATP dependent cycle of recruitment and release of Pex16/Pex3. Thus, peroxisomes could be supplied with membrane proteins for their functions and maintenance. 
Additionally, NMD was able to interact with Sec61α, form a higher molecular weight complex with Sec61α and localise together with Sec61α in specific ER subdomains. 

Using electron microscopy, a specialised domain was observed in mouse dendritic cells that contained large amounts of PMPs and was connected to the adjacent ER (Geuze et al., 2003). A similar subdomain in the ER has been observed in mammalian cells, which harboured Pex3 and Pex16 (Kim et al., 2006), whereas in yeast the reintroduction of Pex3 was first visualised in distinct regions of the ER (Hoepfner et al., 2005). Collectively, the data suggest that the ER is capable of segregating peroxisomal membrane components. It is unclear at the moment if NMD and Pex16 work together at the ER or directly at peroxisomes to insert PMPs. Thus, NMD could function as PMP insertion machinery with Pex16 and Sec61α at the ER (Figure 6.1A) or as PMP insertion machinery on peroxisomes (Figure 6.1B). It is possible to speculate NMD could have multiple functions, one at peroxisomes and one at the ER, and that cross-talk between the two pathways might be essential for controlling peroxisome homeostasis. The localisation via different adaptor proteins could influence its function at the ER, peroxisomes and even mitochondria. 
Also, the close association of peroxisomes to the ER could also suggest a type of contact site. Contact sites are formed by tethering structures, which bring two separate membranes in close association with each other (Helle et al., 2013). A tether is composed of proteins localised within distinct regions on both membranes, and these proteins must physically interact with each other to maintain the tether (Helle et al., 2013). It is possible NMD keeps peroxisomes in close association with the ER via interaction with ER bound Pex16 and Sec61α. Contact sites have also been reported between ER and mitochondria, and the tether is composed of ER bound proteins and outer mitochondrial membrane proteins (Kornmann et al., 2005). Mitochondria were observed in close association with ER tubules and it was demonstrated that mitochondrial division occurred at these sites (Friedman et al., 2011). NMD knockdown led to a fission defect, as perhaps ER contact is necessary to provide factors required for fission of the mitochondrial membrane. Normally, ER contact sites supply organelles with essential phospholipids or calcium (Helle et al., 2013). This could suggest that the ER constitutively provides associated lipids via NMD/Pex16, as well as providing membrane proteins. It is also possible to speculate that NMD could connect mitochondria and peroxisomes, as both share fission factors and perform cooperative metabolism. Thus, metabolites could be exchanged between the two organelles and fission factors could be regulated. Another AAA+ ATPase, ATAD3A, is crucial for mediating connections between the inner and outer mitochondrial membranes, and in cholesterol transport at contact sites (Gilquin et al., 2010). The AAA+ ATPases are clearly important in regulating membrane dynamics of organelles. 

[image: ]
[image: ]
Figure 6.1: Potential working models of NMD function in peroxisome biogenesis. A) NMD, Pex16 and Sec61α working together at specific domains at the ER in the import of PMPs. B) NMD and Pex16 at peroxisomes required for import of PMPs. C) Contact site between ER and peroxisomes. 
6.6 NMD function is specific to flies
NMD function in peroxisome biogenesis is distinct to that of ATAD1 and Msp1. Drosophila has low genetic redundancy, whereas humans and yeast are likely to have redundant proteins that are required for function alongside Msp1/ATAD1. It is unknown what proteins are redundant in function with ATAD1. However, genetic analysis of Msp1 has grouped its function to the fungal specific peroxin Pex25. Pex25 is required for initiating remodeling at the peroxisomal membrane during peroxisome fission and acts together with Pex3 in the initiation of de novo peroxisome biogenesis from the ER (Huber et al., 2012).The elucidation of interactions between Pex30, PMPs and ER reticulons has led to the proposition of an ER-peroxisome contact site. The study proposed peroxisome proliferation is dependent on peroxisomal connections to the ER (David et al., 2013). Current data suggest Msp1 helps regulate peroxisome number alongside Pex25, although the involvement of the ER is unknown. It is possible to speculate that Msp1 could form part of this contact site. Finding the PMPs that Msp1 interacts with will help elucidate target proteins and identify protein complexes. The targeting of Msp1 and NMD also appear distinct, and it is unknown if Msp1 traffics via the ER. Addition of a signal peptide would confirm if Msp1 is able to leave the ER and traffic to peroxisomes. The expression of a dominant negative ATAD1 mutant in Drosophila shows that the ATPase dependent peroxisomal function is conserved, but the phenotype has not been detected in human cells because of the presence of compensatory factors.
6.7 Future directions
A fly model of NMD was not explored and represents an exciting avenue for further study. This will determine if mutations to NMD are larval lethal and if flies exhibit PBD symptoms. Studies were able to show that Pex3 larvae were lethal but Pex16 mutant flies were viable Nakayama et al., 2011). 
Pex3 is mislocalised in NMD deficient cells, so identification of this compartment will be determined by colocalisation with markers for other membrane compartments. Localisation studies will be complemented with subcellular fractionation experiments including differential centrifugation and Nycodenz density gradient centrifugation. Fractions will be analysed by immunoblotting for markers of the ER membrane (Sec61alpha-HA), peroxisome (PMP70-HA), pre peroxisome vesicles (Pex14-HA), mitochondria (TOM20-HA) and cytosol (anti-GAPDH).   
The study of ER to peroxisome trafficking will be expanded for other PMPs to determine if this is a general mechanism in Drosophila. Passage of signal peptide tagged NMD and peroxins through the ER to peroxisomes will be checked either by addition of a glycosylation tag on the luminal side of the transmembrane domain, or by checking whether the signal peptide has been cleaved off. It is unknown if peroxisomes can be formed de novo in Drosophila. De novo formation is observed in mutant cells that are devoid of peroxisomes following reintroduction of the functional gene (Hoepfner et al., 2005). Introduction of signal peptide tagged PMPs in peroxisome deficient cell lines will enable de novo formation to be studied, as peroxins have to first target to the ER. This will determine if NMD, Pex16 or any other peroxins are required for de novo formation of peroxisomes and help determine the role of the ER in Drosophila peroxisome biogenesis.
NMD interacts directly with Pex16 and coimmunoprecipitation studies showed interaction with other peroxisome biogenesis factors and Sec61α. An in vivo approach could be used to determine the complete protein-protein interaction network of NMD. Any interacting proteins can be identified by coimmunoprecipitation using GFP-Trap and mass spectrometry. However, NMD dually localises to mitochondria so it is possible many mitochondrial interactions would be identified using full length NMD. The truncation NMDΔ46-52aa-GFP localises to the ER and peroxisomes only, so only peroxisome and ER interactions would be identified using this construct.  This could identify ER to peroxisome factors and perhaps secretory factors required for transport, which would further characterise the ER to peroxisome pathway. Any candidates could be tested for their direct interaction via the in vitro binding assay.
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