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Abstract

X-linked Adrenoleukodystrophy is the most common peroxisomal disorder. This neurodegenerative disorder is caused by mutations within the ABCD1 gene which encodes a half-ABC transporter protein that resides in the peroxisomal membrane. Patients suffering from X-ALD fail to transport very long chain fatty acids into their peroxisomes where they undergo β-oxidation. Consequently they accumulate them in plasma and tissues which causes adverse effects. 61% of mutations existing in X-ALD patients are known to be missense mutations and many of these lead to instability of the ALD protein, meaning it is prematurely destroyed by the cells quality control systems even though it may have residual activity. In this study it was shown that the ALD protein ortholog Pxa1 in Saccharomyces cerevisiae also becomes unstable when harbouring corresponding missense mutations found in X-ALD patients. It was found that certain mutant Pxa1 forms R220C and G650S;K651R are delivered to the proteasome for ultimate destruction but a portion of these mutant molecules appear to escape this degradation and locate to the peroxisomal membrane. Furthermore, overexpression of Pxa1 mutant forms was seen to rescue defective growth of pxa1/faa2Δ cells on oleic acid indicating that they retain some functional ability to transport fatty acids into peroxisomes. Patients harbouring such mutations may therefore benefit from therapeutic intervention, aiming to increase the level of the mutant protein targeting to peroxisomes. 
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Chapter 1

1 Introduction

1.1 Peroxisomes

Peroxisomes are single-membrane bound organelles with a protein rich matrix, found in almost all eukaryotic cells ranging from unicellular yeast to humans. Typically they are spherical ranging in diameter from 0.1-1µm, although in some cell type they may be elongated or form complex reticular networks. Following their identification in 1954 (Rhodin et al., 1954), peroxisomes were first successfully purified and characterised biochemically in 1966, using differential and density gradient centrifugation techniques (De Duve and Baudhuin, 1966). The identification of several hydrogen peroxide producing oxidases together with catalase within the organelle lead to the introduction of the name ‘peroxisome’ by DeDuve and co-workers (De Duve and Baudhuin, 1966).  

Peroxisomes typically contain enzymes involved in fatty acid β-oxidation. In yeast and plants β-oxidation occurs solely within the peroxisome. However, in higher mammals and humans β-oxidation pathways occur not only in peroxisomes but also in mitochondria. Besides these core activities that are highly conserved, peroxisomes carry out a wide variety of different functions in different organisms such as plasmalogen and bile acid synthesis in mammals, glycoxylate cycle reactions in germinating seeds, photorespiration in leaves and glycolysis in trypanosomes. Other activities in yeast may include methanol degradation and amino-acid degradation/synthesis (reviewed by Smith and Aitchison, 2013).

1.2 Discovery of peroxins

Proteins identified to be involved in peroxisome biogenesis are called peroxins and the genes encoding them are designated PEX genes (Distel et al., 1996). To date a total of 34 peroxins have been identified – outlined in table 1.1. These function in the 

Table 1.1 Peroxins 
	
Peroxin

	
Aspect of peroxisome biogenesis
	
Function 

	
Pex1
Pex2
Pex3

Pex4

Pex5
Pex6
Pex7
Pex8
Pex10
Pex11

Pex12
Pex13
Pex14
Pex15
Pex16*

Pex17
Pex18
Pex19

Pex20*
Pex21
Pex22
Pex23*
Pex24*

Pex25

Pex26*
Pex27

Pex28/29

Pex30/31/32

Pex33*

Pex34
	
Matrix protein import     
Matrix protein import
de novo synthesis and PMP targeting
Matrix protein import                         

Matrix protein import
Matrix protein import
Matrix protein import
Matrix protein import
Matrix protein import
Regulation of peroxisome size and number
Matrix protein import
Matrix protein import
Matrix protein import
Matrix protein import
de novo synthesis and PMP targeting 
Matrix protein import
Matrix protein import
de novo synthesis and PMP targeting
Matrix protein import
Matrix protein import
Matrix protein import
Matrix protein import


Regulation of peroxisome size and number
Matrix protein import
Regulation of peroxisome size and number
Regulation of peroxisome size and number
Regulation of peroxisome size and number
Matrix protein import

Regulation of peroxisome size and number
	
AAA-ATPase required for Pex5 recycling
E3-ligase component of the RING complex
Interacts with Pex19 for proper localisation and stability of PMPs
Ubiquitin conjugating enzyme required for Pex5 recycling
Shuttling receptor for PTS1-containing proteins
AAA-ATPase required for Pex5 recycling
Shuttling receptor for PTS2-containing proteins
Connects the docking and RING proteins
E3-ligase of the RING complex
Induces membrane curvature during peroxisome fission
E3-ligase component of the RING complex
Integral protein of the docking complex
Component of the docking complex 
Membrane anchor for Pex6
Involved in peroxisome membrane biogenesis and targeting of Pex3 
Component of the docking complex
PTS2 co-receptor in yeast
PMP chaperone/import receptor

PTS2 co-receptor in most fungi
PTS2 co-receptor in yeast
Serves as a membrane anchor for Pex4
Matrix protein import in Yarrowia lipolytica
Functions in matrix and PMP targeting Yarrowia lipolytica

 
Membrane anchor for Pex6 in mammals






Component of the peroxisomal docking  complex in Neurospora crassa

	
	
	


*indicates peroxins that are absent from S.cerevisiae
four main stages of peroxisome biogenesis comprising, peroxisomal membrane formation, matrix protein import, fission and inheritance. 

Genetic screens in yeast provided a valuable tool for the discovery of genes involved in peroxisome biogenesis. Erdman and co-workers were the first to devise a screen in Sacharromyces cerevisiae based on the finding that peroxisomes are essential for growth on oleate but not on other carbon sources such as glucose (Erdman et al., 1989). This made it possible to isolate peroxisome assembly mutants by their failure to grow on oleate as the sole carbon source (Erdman et al., 1989). Similar screens were also performed in other yeast species (Lui et al., 1992; Nuttley et al., 1993), and in chinese hamster ovary (CHO) cells peroxisome biogenesis mutants were detected by their inability to synthesis plasmalogens (Tsukamoto et al., 1990).

In addition, positive selection screens were performed in S.cerevisiae. One of these was based on the lethality of hydrogen peroxide produced in wild-type cells during β-oxidation. This method made used of the drug 3AT which behaves as a catalase inhibitor. Cells that do not accumulate hydrogen peroxide due to a defective in peroxisome assembly were isolated as they survive in the presence of the inhibitor (van der Leij et al., 1992). Another made use of a chimeric gene encoding the bleomycin resistance protein linked to the peroxisomal enzyme luciferase. Wild-type cells imported the chimeric protein into peroxisomes where it was unable to interact and neutralise the toxin consequently leading to cell death. However, in peroxisome assembly/import mutants the chimera was localised to the cytosol and therefore able to interact with the toxin allowing such mutants to survive (Elgersma et al., 1993). 

As an alternative to functional growth-based assays, transcriptome profiling has proved useful in the identification of novel peroxisomal proteins and peroxins. Comparison of yeast transcriptomes under peroxisome proliferation or repression conditions using oligonucleotide-based whole genome microarrays has facilitated identification of candidate genes with expression patterns similar to those of known peroxins (Smith et al., 2002). 



1.3 Peroxisomal disorders

The vital importance of peroxisomes is highlighted by the devastating effects of peroxisome dysfunction on human health. Peroxisomal diseases (outlined in table 1.2) may be classified into two groups including the peroxisome biogenesis disorders (PBDs), in which the biogenesis or assembly of peroxisomes is affected and the single peroxisomal enzyme/transporter deficiencies (PEDs). The latter includes metabolic disorders such as acatalasia and X-linked adrenoleukodystrophy, which occur when a certain peroxisomal function is defective (reviewed by Waterham and Ebberink, 2012; Wanders, 2014).

The peroxisome biogenesis group can be further divided into two sub-types; the Zellweger spectrum syndrome disorders (ZSS) and Rhizomelic chondrodysplasia punctata-type1 (RCDP). The ZSS group is comprised of three disorders: Zellwegers syndrome (ZS), Neonatal Adrenoleukodystrophy (NALD) and Infantile Refsum’s disease (IRD). Initially these were described as separate conditions but due to much overlap of clinical symptoms they are now considered different presentations within the same continuum, with ZS being the most severe and NALD and IRD the least severe. Mutations existing in any one of at least twelve PEX genes can cause ZSS phenotypes. However, the majority of patients diagnosed were found to harbour mutations within the PEX1 gene (Waterham and Ebberink, 2012). 

Characteristic features of ZS (cerebro-hepato-renal syndrome) include severe hypotonia (decreased muscle tone), craniofacial and eye abnormalities, hepatomegaly (enlarged liver) and in some cases chondrodysplasia punctate. New-borns often exhibit seizures, an inability to feed and fail to show any significant development. Death usually occurs within the first year of life. Children affected by the less severe NALD and IRD exhibit hypotonia and other characteristics similar to ZS, but in contrast to ZS sufferers they may develop some psychomotor functions and even learn to walk. Patients usually have a longer lifespan and can sometimes survive into adulthood. Biochemically ZSS patients exhibit elevated plasma levels of VLCFAs and usually reduced plasmalogens in erythrocytes, which are useful for diagnosis (reviewed by Steinberg et al., 2006).  

Table 1.2 Classification of peroxisomal disorders
	                                                                                              
	Mutant gene
	Defective protein

	Peroxisome biogenesis disorders (PBDs)
group A
Zellweger Spectrum Disorders
(Zellwegers syndrome, Neonatal Adrenoleukodystrophy                                                      and Infantile Refsum’s disease)










group B
Rhizomelic chondrodysplasia punctata – type1
	

PEX1
PEX2
PEX3
PEX5
PEX6
PEX10
PEX12
PEX13
PEX14
PEX16
PEX19
PEX26


PEX7

	

Pex1
Pex2
Pex3
Pex5
Pex6
Pex10
Pex12
Pex13
Pex14
Pex16
Pex19
Pex26


Pex7

	Single peroxisomal enzyme deficiencies (PEDs)

Fatty acid β-oxidation
X-linked Adrenoleukodystrophy
Acyl-CoA oxidase deficiency
D-bifunctional protein deficiency
Sterol carrier protein X deficiency
2-MethylacylCoA racemase deficiency
Ether phospholipid biosynthesis
Rhizomelic chondrodysplasia punctata – type 2
Rhizomelic chondrosysplasia punctata – type 3
Fatty acid α-oxidation
Refsum disease
Glyoxylate metabolism
Hyperoxaluria- type 1
Bile acid synthesis
Bile acid CoA aminoacid N-acetyl transferase deficiency
H2O2 metabolism
Acatalasaemia
	


ABCD1
ACOX1
HSD17B4
SCP2
AMACR

GNPAT
AGPS

PHYH/PAHX

AGTX

BAAT

CAT

	


ALDP
ACOX1
DBP/MFP2/MFEII
SCPX
AMACR

DHAPAT
ADHAPS

PHYH/PAHX

AGT

BAAT

Catalase


(Adapted from Wanders, 2014)






The clinical and biochemical phenotype of autosomal recessive forms of RCDP are distinct from those of other peroxisomal disorders (Hoefler et al., 1988). Clinically RCDP is characterised by a shortening of upper extremities, typical dysmorphic facial features, congenital contractures and severe growth and mental retardation. Most sufferers die within the first decade of life. RCDP patients with RCDP-type 1 have been found to harbour defects within PEX7 (Motley et al., 1997). As this encodes the PTS2-import receptor, patients are defective in the import of a small number of peroxisomal enzymes. Their peroxisomes are therefore deficient in dihydroxyacetonephosphate acyltransferase, alkyl dihydroxyacetone phosphate synthetase enzymes, involved in the synthesis of plasmalogens. Phytanic acid alpha-oxidation and thiolase import are also defective in these patients (Motley et al., 1997). Besides mutations in PEX7, RCDP may be caused by mutations in either GNPAT or AGPS, resulting in RCDP-type 2 or RCDP-type 3, respectively (Wanders et al., 1992; Wanders et al., 1994). However, these two forms of the disease are classified along with the PEDs. 

The second group of peroxisomal disorders are the single peroxisome enzyme deficiency disorders (PEDs). Each of these disorders can arise as the result of a defective gene, encoding a protein involved in one of the following peroxisomal functions: fatty acid β-oxidation, ether phospholipid/plasmalogen biosynthesis, fatty acid alpha-oxidation, glyoxylate metabolism and hydrogen peroxide metabolism (reviewed by Wanders, 2014). 

Recently, two patients have been identified with defects in peroxisome fission. One patient, a new-born female was found to have a severe peroxisomal and mitochondrial fission defect associated with a defect in the dynamin-like gene 1 (Waterham et al., 2007). Another harbouring a defect in the PEX11β gene presented with a ZSS-like phenotype (Ebberink et al., 2012). These may represent a new class of peroxisomal disorders.





1.4 X- linked Adrenoleukodystrophy

X-linked Adrenoleukodystrophy is the most common peroxisomal disorder, with an estimated birth incidence of 1 in 17,000 newborns (male and female) (Bezman and Moser., 1998). This progressive neurodegenerative disorder primarily affects the adrenal glands, spinal cord and cerebral white matter of nervous system.

X-ALD patients may present with a wide variety of clinical phenotypes which can be classified based on the age of onset and site of initial pathology. Most frequently occurring are the childhood cerebral form (CCALD) and adrenomyeloneuropathy (AMN) accounting for approximately 35% and 45% of cases, respectively. The most severe childhood cerebral form of the disease usually presents between the age of three and ten years. Early symptoms are similar to those of attention deficit disorder, such as difficulty paying attention, mild confusion and forgetfulness; all indicators that the brain has been affected.  If left untreated, symptoms progress rapidly leading to total disability and death usually within two to four years (reviewed by Engelen et al., 2012). 

The milder AMN form usually manifests in males in their late twenties or middle age. Both the spinal cord and peripheral nerves are affected causing patients to experience symptoms such as spastic paraparesis, abnormal sphincter control, sexual dysfunction and often impaired adrenocortical function. In most cases this phenotype is slowly progressive, causing severe motor disability of the lower limbs. Most AMN sufferers therefore become wheelchair bound but their life expectancy is not affected unless they develop cerebral involvement (reviewed by Engelen et al., 2012). 

Other less common phenotypes seen in males include cerebral forms of the disease which present in adolescence or adulthood (AdolCALD and ACALD, respectively), and the Addison-only phenotype, which describes patients suffering with only adrenal insufficiency (Engelen et al., 2012). Female carriers of ABCD1 mutations can also be seen to exhibit neurological symptoms usually in the fourth and fifth decade of life, but many females can remain undiagnosed in the absence of an affected male relative. A recent study suggests the incidence of AMN in heterozygous women is around 65% by the age of 60 years (Engelen et al., 2014). 
The causative mutations resulting in X-ALD reside in the ABCD1 gene located on the X-chromosome. The gene consists of 10 exons encoding a peroxisomal ABC-transporter protein of 745 amino acids in length, referred to as the ALDP (Mosser et al., 1993; Mosser et al., 1994). The general notion is that the protein forms a homo-dimer in the peroxisomal membrane to transport VLCFAs (mainly C22:0 C24:0 and C26:0) into peroxisomes for β-oxidation (Guimaraes et al., 2004; van Roermund et al., 2008). X-ALD can therefore be characterised biochemically by elevated levels of saturated VLCFAs in plasma as a result of impaired β-oxidation in peroxisomes (Moser et al., 1981). 

Therapeutic options for X-ALD sufferers are limited. Lorenzo’s oil (a mixture of glyceryl trioleate and glyceryl trierucate) was well publicised in the early 1990s as a possible cure for X-ALD. Various reports suggest that the administration of this treatment to asymptomatic patients may prevent manifestation of neurological symptoms. However, despite its ability to lower VLCFA levels, it has not been found to affect disease progression in patients already suffering neurological symptoms (reviewed by Prieto et al., 2013).

Allogeneic hematopoietic stem cell transplantation (HSCT) is the best available treatment available for boys and men displaying minor signs of cerebral demyelination. If performed very early it can halt progression of cerebral demyelination (Miller et al., 2011). However, this treatment is associated with high mortality and many patients cannot benefit due to lack of a matched donor. Another therapy currently being tested, that may become available to patients in the near future is autologous hematopoietic stem cell therapy (using genetically altered cells). This has been tested in two patients so far and has an outcome similar to that seen with allogeneic HSCT, although the safety and efficacy of this treatment needs to be further evaluated (Cartier et al., 2009). In addition, compounds that induce expression of ALDRP that can functionally compensate for ALDP have been identified that could possibly be developed for therapeutic intervention (reviewed by Trompier et al., 2014).



1.5 Structure and mechanism of ABC transporters

ABC transporters belong to a superfamily of membrane bound proteins that utilise the energy from ATP hydrolysis to transport a wide range of substrates (ranging from small ions to large polypeptides) across biological membranes (Higgins, 1992). Characteristically, these transporters are comprised of two transmembrane domains (TMDs), each consisting of several α- helices (involved in substrate recognition and translocation) and two nucleotide-binding domains (NBDs), which power substrate transport. The later domain is characterised by several highly conserved features including the Walker A, Walker B and signature motif (Walker et al., 1982). In eukaryotes, a TMD and NBD may be fused to form a ‘half-transporter’, which forms a complete transporter by homo/hetero-dimerisation. However, more commonly ABC transporters are ‘full-transporters’ that contain four domains fused in a single polypeptide.

The most favourable transport mechanism of ABC-transporters is referred to as the ‘ATP-Switch Model’. This model proposes that the two NBDs of the transporter switch between two major conformations: a ‘closed dimer’ formed when two ATP molecules are bound at the dimer interface, and an ‘open dimer’ brought about by ATP hydrolysis (reviewed by Linton and Higgins, 2007; Procko et al., 2009). 

The transport cycle is initiated by binding of the substrate to the TMD when the NBDs are in the ‘open dimer’ conformation. Transmission of the change to the NBDs facilitates ATP-binding, causing a ‘closed dimer’ conformation to be adopted. It is thought that the conformational change induced by substrate binding in the TMDs is required to align the ABC-signature motifs from opposite NBDs enabling the formation of two nucleotide binding pockets. Each of these pockets is thought to be a contribution of the Walker A and Walker B motif of one NBD and the signature motif of the opposite NBD. Subsequently, formation of the closed NBD dimer around bound ATP molecules is suggested to induce necessary conformational changes in the TMDs to facilitate substrate translocation. In the final step of this model, ATP hydrolysis returns the NBDs back to an open conformation and the release of ADP + Pi resets the transporter (reviewed by Linton and Higgins, 2007).

1.6 Peroxisomal ABC transporters 

ABC-transporters within the peroxisomal membrane (belonging to subclass D of the superfamily) are important for the transport of a variety of fatty acids into the peroxisomal lumen where they undergo subsequent β-oxidation (reviewed by Kemp et al., 2011). 

Three half-ABC transporters have been identified in the mammalian peroxisomal membrane. These are ALDP, ALDRP and PMP70 encoded by ABCD1, ABCD2 and ABCD3 genes, respectively (Mosser et al., 1993; Lombard-Platet et al., 1996; Kamijo et al., 1990). ALDP is involved in the transport of a range of VLCFAs, preferably 24:0 and C26:0 into peroxisomes (van Roermund et al., 2011). Likewise, ALRP is suggested to transport VLCFAs and has overlapping substrate specificity with ALDP, demonstrated by its ability to compensate for ALDP in X-ALD fibroblasts when overexpressed (Netik et al., 1999). PMP70 on the other hand appears to be involved in the transport of long chain fatty acids, bile acid intermediates and branched chain fatty acids such as pristanic and phytanic acid (Morita and Imanaka, 2012).

Orthologs of ALDP identified in S.cerevisiae are Pxa1 and Pxa2 (Shani et al., 1996). These were the first examples of membrane proteins involved in the transport of substrates across the peroxisomal membrane (Hettema et al., 1996). Whilst ALDP has been suggested to form a fully-functional transporter mainly by homo-dimerisation in vivo (Guimaraes et al., 2004; van Roermund et al., 2008), Pxa1 and Pxa2 in yeast are thought to achieve this by hetero-dimerisation (Shani and Valle, 1996; Hettema et al., 1996). On the other hand, their ortholog in plants, named comatose (CTS), has been identified as a full-size ABC transporter protein composed of two similar halves (Zoleman et al., 2001; Hayashi et al., 2002; Footitt et al., 2002). 

1.7 Fatty acid transport into peroxisomes

For substrates to enter the β-oxidation pathway they must first be activated by an acyl-CoA synthetase. In S.cerevisiae LCFA have been demonstrated to enter peroxisomes in a manner that is dependent on Pxa1 and Pxa2 (Hettema et al., 1996). As β-oxidation of LCFAs was not inhibited in the absence of the intra-peroxisomal acyl-CoA synthetase Faa2 they were suggested to be activated in the cytosol and transported across the peroxisomal membrane as acyl-CoAs (Hettema et al., 1996).  On the other hand short and medium chain β-oxidation still occurred efficiently in the absence of Pxa1/Pxa2 but not in the absence of Faa2, indicating that these enter the peroxisome freely by passive diffusion and are activated once inside the peroxisome (Hettema et al., 1996). 

Due to the high similarity of ALDP with Pxa1 and Pxa2 and the biochemical phenotype seen in X-ALD patients, it was suggested that X-ALD may be involved in the uptake of activated VLCFAs into human peroxisomes (Hettema et al., 1996). Further to this, ALDP was shown to complement pxa1/pxa2Δ cells and affect the ratio of C18:2-CoA/C18:1-CoA, indicating that it too transports acyl-CoAs across the peroxisomal membrane (van Roermund et al., 2008). Likewise, heterologous expression of the plant ortholog CTS in S.cerevisiae pxa1/pxa2Δ cells is able rescue β-oxidation of fatty acids. ATPase activity of CTS is also increased by the presence of fatty acyl-CoAs thereby providing more evidence that these are the substrates binding to the transporter (Nayathi et al., 2010).  

Recent investigation into the mechanism of fatty acid transport by Pxa1 and Pxa2 suggests the ABC transporters accept acyl-CoA esters outside the peroxisome but actually release the free fatty acid part inside the peroxisomal lumen. This implies therefore that re-esterfication of the fatty acid occurs within the peroxisome (van Roermund et al., 2012). One study in particular has provided insight into the mechanism of fatty acid transport in plants. An intrinsic thioesterase activity of CTS was demonstrated, enabling cleavage of acyl-CoAs prior to transport of the free fatty acid part, which was then reactivated by peroxisomal long chain acyl-CoA synthetases (LACS) (De Marcos Lousa et al., 2013). However, it is yet to be determined whether the yeast and human orthologs also possess this same activity. The newly proposed model for fatty acid transport in S.cerevisiae is illustrated in figure 1.1.
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Figure 1.1 Newly proposed model for fatty acid transport across the peroxisomal membrane in S.cerevisiae.

Two pathways are proposed for fatty acid transport across the peroxisomal membrane. Short and medium chain fatty acids are thought to diffuse across the peroxisomal membrane and are activated inside the peroxisome by fatty acid synthetase Faa2. LCFAs are proposed to be activated in the cytosol and transported as free fatty acids by the Pxa1/Pxa2 heterodimeric complex. Once inside the peroxisomal lumen they may then be reactivated by the intra-peroxisomal Faa2 and/or Fat1 before entry into the β-oxidation pathway (van Roermund et al., 2012).











1.8 Peroxisomal matrix protein import

All peroxisomal matrix proteins are synthesised on free polyribosomes in the cytosol and imported post-translationally into the peroxisome (Lazarow and Fujiki, 1985). The import process requires an elaborate protein import machinery, comprised of many peroxisome biogenesis factors – indicated in table 1.1. Two pathways for matrix protein import exist, one mediated by the soluble import receptor Pex5, the other by the Pex7 receptor (reviewed by Hasan et al., 2013). The Pex5-mediated import pathway is the best characterised of these, and the major route by which matrix enzymes are directed to the peroxisomal lumen in S.cerevisiae, illustrated in figure 1.2. Remarkably, peroxisomes transport folded and oligomerised proteins across their membrane (Glover et al., 1994; Mcnew and Goodman, 1994; Walton et al., 1995). This is unusual as most transport systems for example those of the ER, mitochondria and chloroplast import only unfolded polypeptides.  

Newly synthesised peroxisomal matrix proteins target to peroxisomes by means of a PTS1 or PTS2 peroxisomal targeting sequence. The majority of matrix proteins harbour a PTS1 targeting signal at the carboxy-terminus with the consensus sequence S/A/C-K/R/H-L/A (Gould et al., 1989). This was first identified in the firefly luciferase enzyme as the tripeptide SKL (Gould et al., 1987). Other matrix proteins contain a PTS2 sequence found near the N-terminus which has been defined as a nonapeptide with 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). 

PTS1 and PTS2 containing proteins are recognised and bound in the cytosol by Pex5 and Pex7 import receptors, respectively (Brocard et al., 1994; Rehling et al., 1996). Unlike Pex5, Pex7 requires two auxiliary proteins Pex18 and Pex21 in S.cerevisiae, orthologous Pex20 in fungi or Pex5L (the longer of two spliced isoforms of Pex5) in mammals and plants to achieve import (Purdue and Lazarow, 1998; Titorenko et al, 1998; Braverman et al, 1998). Upon cargo binding receptor-cargo complexes associate with the peroxisomal membrane via the docking complex. This is comprised of a group of peroxisomal membrane proteins: Pex13 and 14 and Pex17 in yeast. Pex13 and Pex14 are known to bind not only each other but also both PTS1 and PTS2 import receptors (reviewed by Hasan et al., 2013). 
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Figure 1.2 Peroxisomal matrix protein import

(I) PTS1-containing proteins are recognised in the cytosol by soluble import receptor protein Pex5, whilst PTS2-containing proteins are recognised by the Pex7 import receptor (II) The cargo/receptor complex interacts with the docking complex (Pex13/Pex14/Pex17) at the peroxisomal membrane (III) The import receptor Pex5 and Pex14 are proposed to form a transient pore (IV) cargo transport occurs via an unknown mechanism (V) Subsequent to cargo release Pex5 is mono-ubiquitinated by the Pex22-anchored ubiquitin conjugating enzyme Pex4 and the Pex12 ubiquitin-protein ligase component of the RING complex. (VI) The receptor is then pulled from the membrane by Pex1 and Pex6 AAA-ATPases and removal of ubiquitin allows the receptor to participate in another round of import. The Pex5-mediated import pathway is the best characterised and used by the majority of peroxisomal matrix proteins in yeast (Figure modified from Hettema et al., 2014).




The mechanism of cargo translocation across the peroxisomal membrane is not fully understood. Various models have been put forward over the years to explain how folded and oligomerised proteins are translocated across the peroxisomal membrane without disrupting the permeability barrier. However, data obtained in recent years has favored the transient pore model, proposing that a pore assembles in the membrane after the docking event and then disassembles rapidly after translocation (Erdmann and Schleibs, 2005). For PTS1-cargo import the pore likely consists of Pex5 and Pex14. Pex5 has been shown to have many properties that would be expected of a transient pore forming protein. Not only has peroxisome associated Pex5 been shown to behave as an intrinsic membrane protein, it has also been found in complex with Pex14 of the docking complex (Gouveia et al., 2003; Gouveia et al., 2000). In addition, Pex5 and Pex14 can achieve transport of Pex8 into the peroxisome in the absence of other translocon components (Ma et al., 2009). Recent studies in S.cerevisiae have demonstrated that a purified membrane complex of Pex5 and Pex14, reconstituted into planar membranes displays channel activity.  The pore formed was capable of widening to 9nm upon incubation with cargo bound Pex5 and therefore appears to meet the standards for passage of folded proteins into the peroxisome (Meinecke et al., 2010). 

Subsequent to cargo release the PTS-receptors are released back to the cytosol for further rounds of matrix protein import. The receptor recycling process is performed by the peroxisomal receptor export machinery referred to as the exportomer (reviewed by Platta et al., 2013). Two AAA-ATPases Pex1 and Pex6 are required to extract Pex5 from the membrane in a process which is ATP-dependent (Platta et al., 2005). They are anchored to the peroxisomal membrane by the tail anchored protein Pex15 in yeast or orthologous Pex26 in mammals (Birschmann et al., 2003; Matsumoto et al., 2003). Crucial to Pex5 recycling is the attachment of a single ubiquitin molecule to a conserved cysteine residue (Kragt et al., 2005; Williams et al., 2007). This depends on Pex4 ubiquitin conjugating enzyme, anchored to Pex22 (Platta et al., 2007; Williams et al., 2007). In addition, Pex5 modification depends on the presence of Pex2, Pex10 and Pex12 (members of the RING-finger complex), all of which contain E3 ligase activity (Platta et al., 2009; Williams et al., 2008). However, it has been shown that the activity of Pex12 is mainly responsible for mono-ubiquitination of the receptor (Platta et al., 2009). Under conditions where the recycling pathway is defective, Pex5 enters a quality control pathway where it is poly-ubiquitinated and degraded by the 26S proteasome (Keil et al., 2005). This pathway depends on the ubiquitin conjugating enzyme Ubc4, which is suggested to function with Pex10 and Pex2 (Williams et al., 2008; Platta et al., 2009). Interestingly, the machinery responsible for the recycling and degradation of import receptors is mechanistically similar to the ER- associated degradation machinery (Schliebs et al., 2010). 

Similar to Pex5, Pex18 (co-receptor functioning in the PTS2 pathway) has been shown to undergo two types of ubiquitination necessary for its recycling and degradation (Hensel et al., 2011; Magraoui et al., 2013). Recently a novel mechanism of ubiquitination has also been demonstrated for the auxillary protein Pex20 (Lui and Subramani, 2013). 

1.9 Formation of the peroxisomal membrane and PMP import

PMP import and matrix protein import occur via distinct machineries. In most cases PEX mutants are defective in matrix protein import but still import PMPs correctly into peroxisomal remnants or ‘ghosts’. These structures were first described by Santos et al in patients suffering from peroxisome biogenesis disorders (Santos et al., 1988).

A few mutants (pex3Δ, pex19Δ and pex16Δ) are found to completely lack detectable peroxisomes. In S.cerevisiae only pex3Δ and pex19Δ mutants completely lack detectable peroxisomes (Hettema et al., 2000). These cells were shown to mislocalise their PMPs to the cytosol where they are rapidly degraded, indicating therefore that both Pex3 and Pex19 are required for correct localisation and stability of PMPs (Hettema et al., 2000). In human cells functional complementation studies using Zellweger patient’s fibroblasts identified not only Pex3 and Pex19 but also Pex16 to be essential for peroxisomal membrane formation (Honsho et al., 1998; Matsuzonno et al., 1999; South and Gould, 1999; Shimozawa et al., 2000). Remarkably, a PEX16 homolog has not been found within the S.cerevisiae genome.

Two different models for targeting of PMPs to peroxisomes have been proposed. One model proposes class I PMPs are directly targeted to peroxisomes in a Pex19-dependent manner. A second import pathway whereby PMPs route to peroxisomes via the ER is suggested for class II PMPs (Jones et al., 2004). 

The majority of PMPs of class I type are thought to be imported directly into the peroxisomal membrane. Their targeting and insertion into the peroxisomal membrane is mediated by a peroxisomal membrane targeting signal (mPTS) consisting of a Pex19-binding site (characterised by the presence of basic and hydrophobic amino acids) and either a transmembrane domain or protein interaction domain (Rottensteiner et al., 2004; Girzalsky et al., 2006).

Two peroxins Pex19 and Pex3 are considered to be key factors in the post-translational import of PMPs (Schleibs and Kunau, 2004). Pex19 is a farnsylated protein that is found predominantly in the cytosolic and partly associated with the peroxisomal membrane (Sacksteder et al., 2000; Gotte et al., 1998).  Pex19 binds a diverse set of PMPs. This has been demonstrated by co-immunoprecipitation assays and use of Pex19-NLS (Pex19 containing a nuclear localisation signal), which redirected PMPs to the nucleus (Sacksteder et al., 2000). It has also been suggested that Pex19 binds to transmembrane domain regions of mPTSs, thereby stabilising newly synthesised PMPs in the cytosol (Jones et al., 2004). Based on these findings Pex19 was proposed to function both as chaperone and import receptor for PMPs. Following their formation, Pex19-PMP complexes interact with Pex3 at the peroxisomal membrane, which serves as a docking factor (Fang et al., 2004; Muntau et al., 2003; Matsuzono et al., 2006). Recently, the 3-Dimensional structure of the cytosolic domain of Pex3 in complex with an N-terminal region of Pex19 was resolved, thus providing insight into PMP translocation and peroxisome biogenesis (Sato et al., 2010). The Pex19-dependent PMP import pathway, representative for most PMPs is illustrated in figure 1.3. 

Pex3 contains an mPTS that fails to bind Pex19 and is considered to be of Class II type. As it was still able to reach peroxisomes in cells depleted of Pex19 it was suggested to target to peroxisomes via a separate pathway (Jones et al., 2004). Since then Pex3 trafficking has been investigated by various groups and most data in yeast are in agreement that Pex3 enters the ER and sorts to peroxisomes via a pre-peroxisomal compartment known as the peroxisomal ER (Hoepfner et al., 2005; Tam 
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Figure 1.3 Pex19-dependent import of PMPs

Newly synthesised Class I PMPs harbouring a peroxisomal membrane targeting signal (mPTS) are recognised in the cytosol by the soluble import receptor Pex19. Pex19 binds directly to PMPs and directs them to the peroxisomal membrane. The Pex19-PMP complex interacts with the integral membrane protein Pex3 and the PMP inserts into the peroxisomal membrane by an unknown mechanism.  Subsequently, the import receptor is released back to the cytosol for a further round of import.












et al., 2005, Kragt et al., 2005, Motley and Hettema, 2007). Recently, the signals for Pex3 sorting have been characterised and the Sec61 translocon has been implicated in its entry into the ER (Fakieh et al., 2013; Thoms et al., 2012). 

Other PMPs proposed to belong to class II are Pex22, and Pex16. Like Pex3, Pex22 targets to peroxisomes via a type II mPTS that does not bind Pex19 (Halbach et al., 2009). Pex16 has been shown to route via the ER to peroxisomes in Arabidopsis thaliana, Yarrowia lipolytica and in mammalian cells (Karnik and Trelease, 2007; Titorenko and Rachubinski, 1998; Kim et al., 2006). Interestingly, in mammalian cells ER-localised Pex16 is thought to act as a receptor for insertion of Pex3 at the ER (Kim et al., 2006). However, Pex16 appears to function also at the peroxisomal membrane as a receptor for Pex3-Pex19 complexes, therefore enabling direct targeting of Pex3 peroxisomes (Matsuzaki and Fujiki, 2008). 

Whether the ER to peroxisome trafficking pathway is a route followed by only a few PMPs or whether most or all PMPs are routed to peroxisomes in this way is of longstanding debate. The Tabak group have recently described how a comprehensive set of PMPs target to peroxisomes via the ER in both mutant and wild-type cells (van der Zand et al., 2010). In addition, the authors reported that PMPs expressed from their endogenous promoters assume correct topology in the ER in pex19Δ cells (van der Zand et al., 2010). Thus, they suggest Pex19 and Pex3 may facilitate exit of PMPs from the ER into vesicles rather than direct import from the cytosol (van der Zand et al., 2010). This view is supported by data obtained from in vitro budding assays where membranes isolated from pex19Δ cells gave rise to vesicles containing Pex3 and Pex15 PMPs upon incubation with wild-type cytosol (Lam et al., 2010). 

Interestingly, Pex15 has been suggested to gain entry into the ER via the GET complex which mediates import of tail anchored proteins. A two-hybrid interaction between Pex15 and Get3 has been found, and Pex15 has been shown not only to accumulate in the cytosol when Get3 is localised there but is also mistargeted to the mitochondria membrane in the absence of Get3 (Schuldiner et al., 2008). Consistent with this, glycosylated Pex15 was detected in peroxisomes in wild-type cells indicative of its prior passage through the ER (Lam et al., 2010). 

1.10 Peroxisome biogenesis

Despite decades of research on peroxisome biogenesis, the origin of the organelle remains controversial. In early electron micrographs, peroxisomes were seen in close association with the ER, thus it was suggested that peroxisomes were formed from the ER (Novikoff and Novikoff, 1972). However, findings that peroxisomal matrix and membrane proteins were post-translationally imported into peroxisomes directly from the cytosol lead to proposal of the ‘growth and division model’ (Lazarow and Fujiki, 1985). This suggested that peroxisomes like mitochondria and chloroplasts were semi-autonomous organelles that multiplied by growth and division of pre-existing organelles. 

The growth and division model was favoured for many years but was challenged in the late 1990s by surprising observations made in pex3Δ, pex19Δ and pex16Δ cells. These mutants lacked detectable peroxisome but were able to re-form them upon complementation with the corresponding wild-type gene (Honsho et al., 1998; Matsuzonno et al., 1999; South and Gould, 1999; Shimozawa et al., 2000). As the observations did not fit with the idea of peroxisomes as autonomous organelles much attention was focused on the ER, to explain their re-appearance. Following this, Hoepfner and co-workers provided strong evidence that peroxisomes are generated from the ER (Hoepfner et al., 2005). The authors visualised Pex3 first in the ER where it concentrates into foci that bud off in a pex19-dependent manner to form functional import-competent peroxisomes.  Thus, they proposed the de novo model of peroxisome biogenesis whereby pre-peroxisomal vesicles detach from the ER and fuse and to form larger structures that successively incorporate PMPs before finally importing matrix proteins (Hoepfner et al, 2005). The de novo pathway is illustrated in figure 1.4 

Several groups have supported this idea of a maturation process from the ER. Kragt et al showed that ER targeted Pex3 (N-terminally tagged with the signal peptide of invertase) is able to functionally complement S.cerevisiae pex3Δ cells (Kragt et al., 2005). In addition, Tam et al demonstrated that the N-terminal 46 amino acids of Pex3 expressed in pex3Δ cells localises to a pre-peroxisomal compartment of the ER, and initiates formation of new peroxisomes (Tam et al., 2005). In mammalian cells 
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Figure 1.4 The de novo peroxisome biogenesis model
Pex3 enters the ER and concentrates into foci that bud off in a Pex19-dependent manner to form pre-peroxisomal vesicles. These may then fuse to form larger structures and successively incorporate additional PMPs leading to assembly of the peroxisomal translocon.  Finally the Import of matrix proteins into peroxisomes results in a fully functional peroxisome (Hoepfner et al., 2005)









Pex16 forced into the ER was found to be capable of forming new peroxisomes in PEX16 mutant cells (Kim et al., 2006). PMP70 and Pex13 were also observed in specialised domains of the ER and in reticular structures from which new peroxisomes arise, therefore indicating a developmental pathway starting in the ER (Gueze et al., 2003). 

The extent to which de novo peroxisome formation contributes to the total peroxisome population in wild-type cells is still a matter of debate. Currently two opposing peroxisome biogenesis models exist in yeast: the growth and division model in which peroxisomes are formed by the fission of pre-existing peroxisomes and the recently proposed vesicle fusion model whereby new peroxisomes mature from the ER, illustrated in figure 1.5 (reviewed by Hettema et al., 2014). 

In support of the growth and division model Motley and Hettema demonstrated that peroxisomes in wild-type S.cerevisiae cells multiply solely by growth and division of pre-existing peroxisomes. The authors also show that Pex3-containing structures in the ER fail to give rise to new peroxisomes but instead fused with pre-existing peroxisomes. Hence, it was suggested that the ER functions in wild-type cells to supply essential components for the maintenance of peroxisomes (Motley and Hettema, 2007). In line with this, Nagotu et al showed that a single peroxisome in H.polymorpha is unable to proliferate in the absence of fission machinery when cells are switched to methanol. Thus, it was proposed that fission is the main contributor to peroxisome multiplication under such conditions (Nagatu et al., 2008). 

The Tabak group recently challenged the growth and division model in two publications. Firstly, they reported that all PMPs route to peroxisomes via the ER (van der Zand et al., 2010). Secondly, they reported that distinct vesicular carriers (containing either docking or RING-finger PMPs) bud from the ER and fuse not with existing peroxisomes but heterotypically to form new peroxisomes in a Pex1 and Pex6 dependent manner (van der Zand et al., 2012). The authors proposed a ‘vesicle fusion’ model which considers new peroxisomes to be formed continuously from the ER in both dividing wild-type cells (where new peroxisomes add to the already existing population) and in mutants cells lacking peroxisomes (reviewed by van der Zand and Tabak, 2013). 
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Figure 1.5 Current models of peroxisome biogenesis in wild-type cells 

The ‘growth and division’ model: This proposes that the ER provides existing peroxisomes with lipid and some PMPs allowing them to grow and divide. Other PMPs and peroxisomal matrix proteins are thought to be imported post-translationally into peroxisomes from the cytosol (Lazarow and Fujiki, 1985). 

The ‘vesicle fusion’ model: This considers peroxisomes to be partly ER-derived/partly autonomous. PMPs are thought to insert into the ER via the Sec61 and GET complex where they segregate and then exit in distinct vesicles which contain either the RING finger (Pex2/10/12) or docking (Pex13/14) PMPs. These vesicles then fuse heterotypically in a Pex1 and Pex6 dependent manner allowing assembly of the full translocon. Subsequently matrix proteins are imported from the cytosol giving rise to a new functional peroxisome which can undergo fission (van der Zand et al., 2012). 




Interestingly, in mammalian cells photo-activation assays revealed that the increase in peroxisome number in wild-type cells over a 24h period is mainly due to de novo synthesis with only  a minor portion of peroxisomes being formed by fission (Kim et al., 2006). However, this work has been challenged by another study that suggests peroxisomes form mainly by growth and non-symmetrical fission (Huybrechts et al., 2009)

1.11 Protein quality control mechanisms
 
Eukaryotes have developed protein quality control (PQC) mechanisms to clear misfolded and damaged proteins from the cell in order to maintain proteostasis (reviewed by Fredrickson and Gardner, 2012). Failure to eliminate misfolded proteins can lead to the formation of aggregates observed in neurodegenerative disorders such as Parkinsons and Huntingtons disease (Hol and Scheper, 2008). In contrast, others disorders such as Cystic fibrosis and the peroxisomal disorder X-ALD may occur due to degradation of partially misfolded proteins harbouring point mutations (Cheng et al., 1990; Kemp et al., 2001). In this case degradation can deplete the cell of a functional protein leading to adverse effects on the cell. 

The ubiquitin proteasome system (UPS) has a major function in PQC, in which misfolded proteins are poly-ubiquitinated, recognised and destroyed by the proteasome (reviewed by Finley et al., 2012). 

Ubiquitin, a 76 residue polypeptide that is conserved amongst eukaryotes is attached to a target substrate by a three-step enzyme cascade.  Ubiquitin is first activated by an E1 ubiquitin-activating enzyme (Uba1 in yeast), which forms a high energy bond between the end glycine of ubiquitin and a cysteine residue of the E1. Subsequently ubiquitin is transferred to the active site of an E2 ubiquitin-conjugating enzyme. Then an E3 ubiquitin-ligase, which confers substrate specificity, binds both the charged E2 and substrate protein to facilitate linkage of ubiquitin to a lysine residue in the target protein (Finely et al., 2012). There are two major classes of E3 enzymes: RING domain E3s and HECT domain E3s (Metzger et al., 2012).  The majority of E3 enzymes belonging to the RING group mediate direct transfer of ubiquitin from E2 to substrate (Deshaies and joazeiro, 2009). However, HECT (homologous to E6-AP carboxyl terminus) domain E3 enzymes accept ubiquitin received from an E2 before transferring it to the target substrate (Scheffner et al., 1995).  Ubiquitin itself contains seven lysine residues, thus the molecules can be covalently linked to form a variety of polyubiquitin chains. Generally, the signal for proteasomal recognition is a K48-linked ubiquitin chain (ubiquitin residues linked via isopeptide bonds involving K48 of ubiquitin) attached to an NH2 group of a lysine residue in the substrate (Kravtsova-Ivantsiv and Ciechanover, 2012). 

Quality control (QC) mechanisms operating in various locations are now discussed further. A key common requirement of for these is that misfolded proteins are recognised by an appropriate ubiquitin ligase.
 
Endoplasmic Reticulum 
The best characterised protein QC system resides in the ER and is referred to as the ER quality control (ERQC) system. Nascent polypeptides enter the ER via the Sec61 translocon (Rapoport et al., 2007) where they encounter chaperones and modifying enzymes that aid their membrane integration and folding (Braakman and Herbert, 2013). Proteins that fold and assemble into complexes correctly traffic to their final destinations through the secretory pathway. Those that terminally misfold are specifically targeted to the ER-associated degradation pathway (ERAD) for destruction. During this process substrates are ubiquitinated, retro-translocated and ultimately degraded by the 26S proteasome in the cytosol, illustrated in figure 1.6A (reviewed by Bagola et al., 2011). 

Central to ERAD in yeast are two E3 ubiquitin ligases, Hrd1 and Doa10 that form large protein complexes in the ER membrane. Substrates are known to use different ERAD pathways (ERAD-C,-L,-M) depending on whether their misfolded domain is located in the ER lumen, ER membrane or on the cytoplasmic side of the ER membrane (reviewed by Xei and Ng, 2010). The Doa10 pathway is known to be followed by substrates with misfolded cytoplasmic domains whilst the larger Hrd1 complex is required for destruction of ER luminal substrates and integral membrane proteins with defects in their luminal or TM domains, figure 1.6B. Common to both E3 ligase complexes are the Cue1/Ubc7 E2-enzyme complex, Ubx2, cdc48 and cofactors Ufd1 and Npl4. Mutants of any shared component display broad defects in
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Figure 1.6 The ER quality control machinery 

A) A simplified model for ERAD. Proteins enter the ER via the Sec61 translocon. Those that fold properly are released and transported to their final destinations whilst terminally misfolded proteins are targeted to E3 ligases via substrate receptors. Poly-ubiquitinated substrates are pulled form the membrane by the Cdc48 complex and delivered to the 26S proteasome where they are degraded 
B) Two distinct E3 ubiquitin-ligase complexes exist in S.cerevisiae. Substrates follow different pathways to destruction depending on the location on their misfolded domain (figure adapted from Ruggiano et al., 2014)

ERAD (Xie and Ng, 2010). Although yeast uses only two ER membrane-bound ligases for ubiquitination of ER substrates mammals are known to have several more ERAD ligases (Claessen et al., 2012). All ERAD pathways meet at the ATPase complex (Cdc48/Npl4/Udf1), which is thought to provide the driving force for the retro-translocation of poly-ubiquitinated proteins to the cytosol where they are ultimately delivered to the 26S proteasome (Rabinovich et al., 2002).

Aberrant proteins that escape detection in the ER traffic along the secretory pathway to Golgi membranes. Here, Golgi based QC mechanisms operate to route misfolded proteins for vacuolar degradation.  An aberrant form of the membrane protein Pep12 which exposes a polar residue in its TMD to the lipid bilayer has been shown to be ubiquitinated by the E3 ligase TUL1. This modification targets the protein from the Golgi to the vacuolar lumen for destruction (Reggiori and Pelham, 2002). This route is also followed by Cps and Phm, which have relatively polar TMDs and are suggested to mimic malfolded proteins for their entry into multivesicular bodies (MVBs) (Reggiori and Pelham, 2002). In addition, two studies have shown that entry of membrane proteins into multivesicular bodies (MVBs) requires Bsd2, which recruits Rsp5 ubiquitin-protein ligase (Hettema et al., 2004; Pizzirusso and Chang, 2004). 

Mitochondria
Similar to ERAD the UPS has also been shown to be involved in PQC of mitochondrial proteins. Of particular interest is the finding that a portion of the Cdc48/Npl4 complex involved in ERAD locates to mitochondria under oxidative stress conditions to maintain mitochondrial function (Heo et al., 2010). Recently, it has been suggested by two groups that Msp1 (ATAD1 in humans), a conserved AAA-ATPase, is involved in the clearance of tail-anchored protein Pex15 (or homolog Pex26) which has mistargeted to the outer mitochondrial membrane (Okreglak and Walter, 2014; Chen et al., 2014). At the inner mitochondrial membrane and within the matrix AAA-proteases (m-AAA and i-AAA) are employed to destroy misfolded or damaged proteins, similar to bacterial systems (reviewed by Tatsuta, 2009). 



Peroxisomes
Mechanisms by which misfolded or damaged peroxisomal proteins are degraded are not well understood. Strikingly, the process of Pex5 receptor degradation displays similarities to ERAD as it involves a ubiquitin-conjugating enzyme (Ubc4), RING proteins (Pex2, Pex10 and Pex12) that function as ubiquitin-protein ligases, and AAA-ATPases (Pex1 and Pex6), which extract ubiquitinated Pex5 from of the membrane (reviewed by Schliebs et al., 2010). In H. Polymorpha Pex2 and Pex10 have also been implicated in the degradation of Pex3, which occurs at an early stage of pexophagy (Bellu et al., 2002; Williams and van der Klei, 2013). Interestingly, in Arabidopsis it has been reported that mutations in Pex4, Pex5, Pex6 and Pex22 result in stabilization of plant matrix proteins which are normally rapidly degraded under certain conditions. This prompted the authors to suggest additional new roles for these proteins in peroxisome-associated degradation (PexAD) (Lingard et al., 2009). 

Cytoplasm
Various pathways exist in the cytoplasm to recognize aberrant proteins. In S.cerevisiae the RING domain ubiquitin ligase Ubr1 appears to mediate PQC degradation of misfolded cytoplasmic proteins (Nillegoda et al., 2010; Heck et al., 2010; Eisele and Wolf, 2008). Doa10 in addition to its role in ERAD has been shown to play a role in the degradation of soluble cytoplasmic proteins (Metzger et al., 2008). Recently, the HECT domain ligase Hul5 was demonstrated to function in PQC degradation of misfolded cytoplasmic proteins (Fang et al., 2011). However, it is not clear if this protein directly recognises misfolded target proteins or serves to extend polyubiquitin chains. Furthermore, models of co-translational QC mechanisms have emerged whereby nacent polypeptides are monitored as they leave the ribosome and can be poly-ubiquitinated and targeted for proteasomal degradation before they are even fully synthesized (reviewed by Rodrigo-Brenni and Hedge, 2012). The E3 ubiquitin ligase Lnt1component of a larger ribosomal quality control (RQC) complex is thought to be recruited to stalled ribosomes and even actively translating complexes where it ubiquitinates nascent chains that then undergo proteasomal degradation (Bengtson and Joazeiro, 2010; Brandman et al., 2012; Wang et al., 2013). 



Nucleus
In S.cerevisiae San1 targets misfolded nuclear proteins for degradation (Dasgupta et al., 2004; Gardner et al., 2005). This ubiquitin ligase, which contains high intrinsic disorder is proposed to recognize exposed hydrophobic residues in misfolded substrates (Fredrickson et al., 2011). Besides its role in the ER and cytoplasm, Doa10 is also implicated in nuclear QC of misfolded Ndc10 (Ravid et al., 2006; Furth et al., 2011). 

Plasma Membrane
Zhao et al have recently described a QC mechanism in S.cerevisiae operating at the plasma membrane to prevent the accumulation of misfolded membrane proteins (Zhao et al., 2013).  The authors demonstrated that the ART-Rsp5 network functions to clear misfolded proteins from the plasma membrane under heat stress conditions. Substrates recognised in this way include the plasma membrane ATPase (Pma1), hexose transporter (Hxt3) and aminoacid transporters. Other studies have also implicate this network in the ubiquitination and endocytosis of misfolded proteins at the cells surface (Shiga et al., 2014; Lin et al., 2008).

1.12 Autophagy

An alternative pathway for protein destruction is via autophagy. This is a cellular process in which cytoplasmic contents are degraded within the vacuole. Autophagy can be divided into two main types: microautophagy and macroautophagy. During the latter, a double membrane originates from a site known as the phagophore assembly site (PAS) to engulf cargo into double-membrane vesicles called autophagosomes. These structures subsequently fuse with the vacuole (or lysosome in mammals) to release an autophagic body into the vacuolar lumen, which undergoes degradation. In contrast, micro-autophagy sequesters portions of the cytoplasm at the vacuole surface. Both types can be selective or none selective. Non-selective pathways randomly turnover bulk cytoplasm in attempt to recycle molecules under starvation conditions, whereas selective pathways can target surplus or damaged organelles (such as mitochondria and peroxisomes) and protein aggregates for destruction (reviewed by Feng et al., 2014).  

The cytoplasm-to-vacuole-targeting (CVT) pathway is the best characterised selective autophagy pathway. This delivers precursor forms of hydrolases (aminopeptidase I and α-mannosidase) from the cytosol to the vacuole, where they function. Selectivity of this process is conferred by Atg19 that attaches to target substrates and to the core autophagy machinery (Lynch-Day and Klionsky, 2010). Another type of selective autophagy is pexophagy, whereby surplus peroxisomes that are no longer required are degraded upon shifting cells from oleate to glucose medium (Till et al., 2012). The receptor which mediates selective degradation of peroxisomes in S.cerevisiae is Atg36 (Motley et al., 2012). Atg36 has been shown to bind with Pex3 at the peroxisomal membrane. It also binds Atg8 and the adaptor protein Atg11 thereby linking receptor- bound cargo to the core autophagy machinery. Thus, Atg36 delivers peroxisomes to the vacuole for destruction (Motley et al., 2012). Recently, pexophagy has been implicated in the removal of aggregates that form in the peroxisomal lumen.  In H. polymorpha it has been demonstrated that peroxisomes containing aggregates within their matrix first undergo asymmetric fission forming small aggregate-containing organelles that are subsequently degraded in the vacuole (Manivannan et al, 2013). 












Aims
An aim of this study was to develop a system in S.cerevisiae which can be used to investigate the molecular basis of X-ALD. Many X-ALD patients harbour missense mutations within the ABCD1 gene that affect stability of the encoded ALDP, thus one aim was to introduce selected mutations into the yeast Pxa1 ortholog and analyse their behaviour.
A further aim of this study was to identify the subcellular location of Pxa1 quality control taking into account the proposed routes by which PMPs target to peroxisomes. This may also provide some insight into PMP trafficking which is currently a controversial topic.

















Chapter 2

2 Materials and Methods

2.1 Chemicals and enzymes

Chemicals, enzymes and materials used during this work are listed in table 2.1.


Table 2.1 Materials used

	
Item
	
Supplier


	
Chemicals
	
Fisher

	Restriction enzymes and buffers
	New England Biolabs

	DNA polymerases and PCR buffers
	Bioline

	DNA Miniprep/Gel extraction kits
	Sigma-Aldrich and Qiagen

	Growth Media
	Difco Laboratories
















2.2 Strains

Table 2.2 Escherichia coli strains used in this study

	
Strain

	      
Genotype
	                 
Use
	
Source

	
DH5α
	
supE44 ∆lacU169 (ϕ80 lacZ ∆M15) hsdR17 recA1 endA1gyrA96 thi-1 relA1

	
Routine amplification of plasmid DNA and recovery of plasmid DNA from S.cerevisiae following in vivo homologous recombination

	
Hanahan, (1983)

	BL21 DE3
	F– ompT gal dcm lon hsdSB(rB- mB-) λ(DE3 [lacI lacUV5-T7 gene 1 ind1 sam7 nin5])
	Expression of fusion proteins
	Studier and Moffat, (1986)


















Table 2.3 Saccharomyces cerevisiae strains used in this study 

	
Strain

	
Genotype
	
Source

	BY4741
	Mat a; his3Δ1, leu2Δ0, met15Δ0, ura3Δ0
	EUROSCARF

	BY4742
	[bookmark: OLE_LINK65][bookmark: OLE_LINK66]Mat ; his31, leu20, lys20, ura30
	EUROSCARF

	pxa1∆
	Mat a; his31, leu20, met150, ura30,       ypl147w::URA3loxp
	This study

	pxa2∆
	Mat а; his31, leu20, met150, ura30, ykl188c::URA3loxp
	This study

	pex19Δ
	Mat a; his31, leu20, met150, ura30, ydl065c::kanMX4
	EUROSCARF

	pex3Δ
	Mat α; his31, leu20, met150, ura30, ydr329c::kanMX4
	EUROSCARF

	hrd1Δ
	Mat а; his31, leu20, met150, ura30, yol013c::kanMX4
	EUROSCARF

	doa10Δ
	Mat а; his31, leu20, met150, ura30, yil030c::kanMX4
	EUROSCARF

	doa4Δ
	Mat α; his31, leu20, met150, ura30, ydr069c::kanMX4
	EUROSCARF

	erg6Δ
	Mat α; his31, leu20, met150, ura30, yml008c::kanM4
	EUROSCARF

	msp1Δ
	Mat α; his31, leu20, met150, ura30, ygr028w::HIS5loxp
	Lab Stocks

	pep4Δ
	Mat α; his31, leu20, met150, ura30, ypl154c::kanMX4
	EUROSCARF

	pxa1/faa2Δ
	Mat а; his31, leu20, met150, ura30, ypl147w::URA3loxp,
yer015w::hph
	This Study

	cue1/pex19Δ

	Mat а; his31, leu20, met150, ura30, ymr264w::kanMX4,
ydl065c::His5loxp
	This Study

	hrd1/pex19Δ

	Mat а; his31, leu20, met150, ura30, yol013c::kanMX4,
ydl065c::His5loxp
	This Study

	pxa1/faa2/msp1Δ
	Mat а; his31, leu20, met150, ura30, ypl147w::URA3loxp,
yer015w::hph,
ygr028w::HIS5loxp
	This Study

	Genomically integrated pxa1(R220C)
	Mat a; his3Δ1, leu2Δ0, met15Δ0, ura3Δ0,
pxa1(R220C)
	This Study

	Genomically integrated pxa1
(G650S;K651R)
	Mat a; his3Δ1, leu2Δ0, met15Δ0, ura3Δ0,
pxa1 (G650S;K651R)
	This Study

	Wild-type 
PXA1-GFP
	Mat a; his3Δ1, leu2Δ0, met15Δ0, ura3Δ0,
PXA1-GFP::His3MX6
	This Study

	Genomically integrated R220C-GFP
	Mat a; his3Δ1, leu2Δ0, met15Δ0, ura3Δ0,
Pxa1(R220C)-GFP::HisMX6
	This Study

	Genomically integrated G650S;K651R-GFP
	Mat a; his3Δ1, leu2Δ0, met15Δ0, ura3Δ0,
Pxa1(G650S;K651R)-GFP::HisMX6
	This Study

	PJ9-4
(Mat a and Mat  strains used)
	trp1-901, leu2-3,112, ura3-52, his3-200, gal4, gal80, LYS2::GAL1-HIS3, GAL2-ADE2, met2::GAL7-lacZ
	James, et al., (1996)











2.3 Plasmid and strain construction 

2.3.1 Plasmid construction

Yeast expression plasmids used were based on the parental plasmids ycplac33 and ycplac111 (Gietz and Sugino, 1988). Promoters, open reading frames (ORFs) and tags were inserted into the multiple cloning site region containing many unique restriction sites. The Pet30a bacterial expression vector was used for protein expression experiments in E.coli (Rosenberg et al., 1987). For yeast two-hybrid experiments ORFS were cloned into two-hybrid vectors containing either an activation domain (AD) or DNA binding domain (DBD) (pOAD or pOBD2, respectively) (Uetz et al., 2000). Alternatively, vector pBDC was used to tag proteins at the C-terminus with the DBD (Millson et al., 2003). 

Constructs used in this study were generated by gap repair in yeast (Uetz et al., 2000).  The ORF of interest was amplified by PCR. The 5’ ends of the primers included 18 nucleotide extensions identical to plasmid sequences flanking the intended insertion site. Upon transformation of the PCR product and linearized plasmid homologous recombination occurs as indicated in figure 2.1. The DNA sequence was confirmed for all constructs generated in this study.

2.3.2 Strain construction

Homologous recombination was also used to manipulate the genome. ORFs were routinely disrupted by amplification and integration of disruption cassettes from the pUG/pAG vector series (a collection of plasmids containing various markers). Each cassette was amplified using primers containing 19-22 nucleotides of sequence at the 3’ end complementary to the sequences in the plasmid flanking the marker gene, and 45 nucleotide extensions at the 5’end which are identical to the regions flanking the target gene. Correct integration of the cassette was verified in each case by PCR and when possible immunoblot analysis. Similarly, genomic tagging of genes with green fluorescent protein GFP (S65T) was achieved by amplification and recombination of cassettes from the Longtine vector series (Longtine et al., 1998).
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Figure 2.1 Yeast plasmid construction by homologous recombination 

Primers (represented by blue and red arrows) containing 5’ 18 nucleotide extensions homologous to the regions of plasmid DNA flanking the insertion site (represented as red blocks) were used to amplify a specific region of DNA (represented as a blue block). Homologous recombination between the PCR product and linearised vector results in the newly formed recombinant vector.











Table 2.4 Plasmid used in this study
	
Description

	
Promoter
	
Terminator
	
Parental plasmid

	
Lab Reference
	
Source

	PXA1-GFP
	GAL1
	MFA2
	ycplac33
	pDdB001
	Lab stock

	PXA2-GFP
	GAL1
	MFA2
	ycplac33
	pDdB001
	Lab stock

	(His)6-PXA1
	T7 lac
	T7lac
	pET30a
	pDdB003
	Lab stock

	(His)6-PXA2
	T7 lac
	T7 lac
	pET30a
	pDdB004
	Lab stock

	HcRed-SKL
	HIS3
	PGK
	ycplac33
	pAS63
	Lab stock

	PXA1
	PXA1
	PXA1
	ycplac111
	pGW046
	This study

	PXA2
	PXA2
	PXA2
	ycplac111
	pGW047
	This study

	PXA1 (R220C)
	PXA1
	PXA1
	ycplac111
	pGW048
	This study

	PXA1 (S224A)
	PXA1
	PXA1
	ycplac111
	pGW049
	This study

	PXA1 (N264S)
	PXA1
	PXA1
	ycplac111
	pGW050
	This study

	PXA1 (D342G)
	PXA1
	PXA1
	ycplac111
	pGW051
	This study

	PXA1 (K651R)
	PXA1
	PXA1
	ycplac111
	pGW052
	This study

	PXA1 (K651R;G650S)
	PXA1
	PXA1
	ycplac111
	pGW053
	This study

	DBD-ATG36
	ADH
	ADH
	pOBD2
	pGW054
	This study

	ATG36-DBD
	ADH
	ADH
	pBDC
	pGW055
	This study

	DBD-ATG32
	ADH
	ADH
	pOBD2
	pGW056
	This study

	AD-ATG8
	ADH
	ADH
	pOAD
	pGW057
	This study

	AD-ATG36
	ADH
	ADH
	pOAD
	pGW058
	This study

	AD-ATG32
	ADH
	ADH
	pOAD
	pGW059
	This study

	DBD-ATG8
	ADH
	ADH
	pOBD2
	pGW060
	This study

	DBD-ATG36
Δ1-50aa
	ADH
	ADH
	pOBD2
	pGW061
	This study

	DBD-ATG36 
Δ 1-92aa
	ADH
	ADH
	pOBD2
	pGW062
	This study

	DBD-ATG36
Δ1-144aa
	ADH
	ADH
	pOBD2
	pGW063
	This study

	DBD-ATG36
Δ1-206aa
	ADH
	ADH
	pOBD2
	pGW064
	This study

	DBD-ATG36
Δ1-235aa
	ADH
	ADH
	pOBD2
	pGW065
	This study

	DBD-ATG36
Δ275-293aa
	ADH
	ADH
	pOBD2
	pGW066
	This study

	DBD-ATG36
Δ242-293aa
	ADH
	ADH
	pOBD2
	pGW067
	This study

	DBD-ATG36
Δ210-293aa
	ADH
	ADH
	pOBD2
	pGW068
	This study

	DBD-ATG36
Δ191-293aa
	ADH
	ADH
	pOBD2
	pGW069
	This study

	DBD-ATG36
Δ151-293aa
	ADH
	ADH
	pOBD2
	pGW070
	This study

	DBD-ATG36
Δ122-293aa
	ADH
	ADH
	pOBD2
	pGW071
	This study

	DBD-ATG36
Δ89-293aa
	ADH
	ADH
	pOBD2
	pGW072
	This study

	DBD-ATG36
Δ1-19aa
	ADH
	ADH
	pOBD2
	pGW073
	This study

	DBD-ATG36
Δ1-50aa,
Δ242-293aa
	ADH
	ADH
	pOBD2
	pGW074
	This study

	GFP
	Atg36
	MFA2
	ycplac33
	pGW090
	This study

	PXA2
	GAL1
	MFA2
	ycplac111
	pGW091
	This study

	ATG36 (Δ1-19)-GFP
	Atg36
	MFA2
	ycplac33
	pGW092
	This study

	ATG36(Δ1-32)-GFP
	Atg36
	MFA2
	ycplac33
	pGW093
	This study

	ATG36(Δ1-42)-GFP
	Atg36
	MFA2
	ycplac33
	pGW094
	This study

	ATG36(Δ1-50)-GFP
	Atg36
	MFA2
	ycplac33
	pGW095
	This study

	ATG36-GFP
	Atg36
	MFA2
	ycplac33
	pGW096
	This study

	PXA1 (R220C)-GFP
	GAL1
	MFA2
	ycplac33
	pGW097
	This study

	PXA1 (D342G)-GFP
	GAL1
	MFA2
	ycplac33
	pGW098
	This study

	PXA1 (S224A)-GFP
	GAL1
	MFA2
	ycplac33
	pGW102
	This study

	PXA1 (N264S)-GFP
	GAL1
	MFA2
	ycplac33
	pGW103
	This study

	PXA1 (K651R)-GFP
	GAL1
	MFA2
	ycplac33
	pGW104
	This study

	PXA1 (G650S;K651R)-GFP
	GAL1
	MFA2
	ycplac33
	pGW105
	This study

	PXA1
	CTA1
	CTA1
	ycplac111
	pGW106
	This study

	PXA1 (R220C)
	CTA1
	CTA1
	ycplac111
	pGW107
	This study

	PXA1 (S224A)
	CTA1
	CTA1
	ycplac111
	pGW108
	This study

	PXA1 (N264S)
	CTA1
	CTA1
	ycplac111
	pGW109
	This study

	PXA1 (D342G)
	CTA1
	CTA1
	ycplac111
	pGW110
	This study

	PXA1 (K651R)
	CTA1
	CTA1
	ycplac111
	pGW111
	This study

	PXA1 (G650S;K651R)
	CTA1
	CTA1
	ycplac111
	pGW112
	This study

	PXA1 (G650S)
	PXA1
	PXA1
	ycplac111
	pGW113
	This study

	PXA1 (G650S)
	CTA1
	CTA1
	ycplac111
	pGW114
	This study

	PXA1 (R656Q)
	PXA1
	PXA1
	ycplac111
	pGW115
	This study

	PXA1 (R656Q)
	CTA1
	CTA1
	ycplac111
	pGW116
	This study

	PXA1 (R695H)
	PXA1
	PXA1
	ycplac111
	pGW117
	This study

	PXA1 (R695H)
	CTA1
	CTA1
	ycplac111
	pGW118
	This study

	PXA1 (E753K)
	PXA1
	PXA1
	ycplac111
	pGW119
	This study

	PXA1 (E753K)
	CTA1
	CTA1
	ycplac111
	pGW120
	This study

	PXA1 (R761H)
	PXA1
	PXA1
	ycplac111
	pGW121
	This study

	PXA1 (R761H)
	CTA1
	CTA1
	ycplac111
	pGW122
	This study

	PXA1 (R804W)
	PXA1
	PXA1
	ycplac111
	pGW123
	This study

	PXA1 (R804W)
	CTA1
	CTA1
	ycplac111
	pGW124
	This study









2.3.3 Primers
Table 2.5 Primers used in this study
	
VIP Number

	
Sequence (5’-3’)

	
Description

	418F
	GTATTACTTCTTATTCAAATG
	Sequencing primer anneals in GAL1 promoter

	272R
	CCCATTAACATCACCATC
	Sequencing primer anneals in GFP

	554F
	CGTCAAGGAGAAAAAACTATAGAGCTCatgatctcaacagcttctgc
	Amplification of PXA2 and recombination with GAL1 promoter.

	684F
	GCTACTTCAAAGGAAGTTGAG
	Sequencing primer, anneals at 800bp in PXA1 ORF

	788F
	CGTTGTAAAACGACGGCCAGTGAATTCTggtgcactgtactgtgctac
	Amplification of ATG36 promoter for recombination with MCS

	836R
	AGCACCCGCCCCTGCTCCCTGCAGccattctctgtccaaaaacc
	Amplification of ATG36 for recombination with GFP

	1074F
	ATGAAACCCGTTTCAGACAATCTGGAAGTCTTAGAACGCATAACACAGAAcagctgaagcttcgtacgc
	Amplification of URA3 cassette, used to knock out PXA1 ORF

	1075R
	ATATATAAATTATATTCGCTAAATAAAATCTCTCCCTTTCTAGGGTGTTTgcataggccactagtggatctg
	Amplification of URA3 cassette, used to knock out PXA1 ORF 

	1076F
	CTCAAAAGGGATAATAATACAATTAAAAGTTACCGAAGAAAGATTTTATAcagctgaagcttcgtacgc
	Amplification of URA3 cassette to knock out PXA2

	1077F
	TTTATTTATCCAATTTATACATGATTTGGATCCTCCTTTGGCTATGTATGgcataggccactagtggatctg
	Amplification of URA3 cassette to knock out PXA2

	1079R
	GCGTAGAAGCTTCAGCTG
	Anneals to sequence flanking integration cassettes, used to check knock outs

	1080F
	ACGACGGCCAGTGAATTCcccactcctgctatcttacg

	Amplification of PXA1 (including 500bp upstream) for recombination into ycplac111

	1081R
	CATGATTACGCCAAGCTTgaccaacaactgtatagtag

	Amplification of PXA1 (including 200bp downstream) and recombination into ycplac111

	1082F
	ACGACGGCCAGTGAATTCggacctgttaacaataatgc

	Amplification of PXA2 (including 500bp upstream) and recombination into ycplac111

	1083R
	CATGATTACGCCAAGCTTgttggtaccggaggctg

	Amplification of PXA2 (including 200bp downstream) and recombination into ycplac111

	1095F
	CCCCATTCTGATTTTTGCAAAATCAAATATGTATCATGTATTGAAGATGGcagctgaagcttcgtacgc
	Amplification of KANR cassette to knock out FAA2

	1096R
	TACATCAAAGTTTTTTCTAGTTTGAATGTGTTCCAAATCGTCATAAGTACgcataggccactagtggatctg
	Amplification of KANR cassette to knock out FAA2

	1100F
	CGGTTACACCAAAGGCTC
	Anneals in FAA2 ORF at 75bp, used to check integration

	1101F
	CAGAGTCCCGATGACAAC
	Sequencing primer for PXA1 anneals 400bp downstream of ATG

	1102R
	CTTACTGATGGAATGATTACG
	Sequencing primer for PXA1 anneals 1800bp downstream of ATG

	1103F
	TGAACATCAGAACATTGCTG
	Sequencing primer for PXA2 anneals 400bp downstream of ATG

	1104R
	CTGAATGTCGACCTATTGC
	Sequencing primer for PXA2 anneals1700bp downstream of ATG

	1126F
	TCGTGGTACTATTCAACGC
	Sequencing primer anneals at 1700bp in PXA1

	1225F
	AGAAGCAAGAACGAAAAGAGATAAGGATTCAAAAGAAAGGAAGCCCAATGcagctgaagcttcgtacgc
	Amplification of HIS cassette to knockout MSP1

	1226R
	GATGCGTGAATAAAAAGCTTTCTTCTTTTTTTTCTAATTTTCCTTCCTTAgcataggccactagtggatctg
	Amplification of HIS cassette to knockout MSP1

	1274F
	CCACTCCTGCTATCTTACG
	Anneals 500bp upstream of PXA1 ORF for genomic integration

	1275R
	GACCAACAACTGTATAGTAG
	Anneals 200bp downstream of PXA1 ORF for genomic integration

	1326R
	AAGTGTGACACCAGATAGG
	Anneals at 200bp in PXA1, used to check genomic integration

	1330F
	AAAGAGATCGAATTCCAGATGgcatctgtgaacaattac
	Amplification of ATG36 (full length) for recombination into pOBD2

	1331R
	AATTGCCATGGTGGTCAGctaccattctctgtccaaaa
	Amplification of ATG36 (full length) for recombination into pOBD2

	1332F
	GCTTGAAGCAAGCCTCGATGgcatctgtgaacaattac
	Amplification of ATG36 (full length) for recombination into pBDC

	1333R
	CAGTAGCTTCATCTTTCGccattctctgtccaaaaac
	Amplification of ATG36 (full length) for recombination into pBDC

	1334F
	AAAGAGATCGAATTCCAGATGgttttggaataccaacaaag
	Amplification of ATG32 for recombination into pOBD2

	1335R
	AATTGCCATGGTGGTCAGttacaatagaatataacccagtgc
	Amplification of ATG32 for recombination into pOBD2

	1336F
	AAAGAGATCGAATTCCAGATGaagtctacatttaagtctg
	Amplification of ATG8 for recombination into pOAD

	1337R
	AATTGCCATGGTGGTCAGcctgccaaatgtattttc
	Amplification of ATG8 for recombination into pOAD

	1345F
	AAAGAGATCGAATTCCAGATGaagtcattcaatgatgtaagg
	Amplification of ATG36 (Δ1-50aa) for recombination into pOBD2

	1346F
	AAAGAGATCGAATTCCAGATGattgctatactgtcgatatcc
	Amplification of ATG36 (Δ1-92aa) for recombination into pOBD2

	1347F
	AAAGAGATCGAATTCCAGATGgtccctcaatcaagcgac
	Amplification of ATG36 (Δ1-144aa) for recombination into pOBD2

	1348F
	AAAGAGATCGAATTCCAGATGttgacataccatcatgaag
	Amplification of ATG36 (Δ1-205aa) for recombination into pOBD2

	1349F
	AAAGAGATCGAATTCCAGATGcttgaattcgacaggttgtc
	Amplification of ATG36 (Δ1-235aa) for recombination into pOBD2

	1350R
	AATTGCCATGGTGGTCAGctacaacgacgaagacgctgc
	Amplification of ATG36 (Δ275-293aa) for recombination into pOBD2

	1351R
	AATTGCCATGGTGGTCAGctacaacctgtcgaattcaagag
	Amplification of ATG36 (Δ242-293aa) for recombination into pOBD2

	1370F
	ATAAGTGCGACATCATCATCGG
	Sequencing primer, anneals in DBD

	1371R
	GGTTTTTCTTTGGAGCACTTGAG
	Sequencing primer, anneals in DBD (for C-tagged)

	1388F
	GTTTTCCCAGTCACGACagaatgcttctctaagaagtg
	Anneals 80bp upstream of PXA1 ATG, contains 5’ M13 sequence 

	1389R
	CGAATTGGACGCCTTTGC
	Anneals at 920bp in PXA1

	1390F
	GTTTTCCCAGTCACGACacgttacatccatgac
	Anneals at 850bp in PXA1, contains 5’ M13 sequence  

	1391R
	GTATAGAATTGGACTTTGAAG
	Anneals at 1850bp in PXA1 ORF

	1392F
	GTTTTCCCAGTCACGACagacgtaatcattccatcag
	Anneals 1750bp in PXA1 ORF and contains 5’ M13 sequence

	1393R
	CCTTTCTAGGGTGTTT
	Anneals downstream of PXA1 stop 

	1394F
	AAAGGTTGGGAAGATGAGAGGACGAAGCTACGGGAAAAGCTTGAAATTATTcggatccccgggttaattaa
	Amplification of GFP and recombination with the 3’ end of PXA1

	1395R
	ATATATAAATTATATTCGCTAAATAAAATCTCTCCCTTTCTAGGGTGTTTgaattcgagctcgtttaaac
	Amplification of GFP and recombination with region downstream of PXA1 

	1515R
	AATTGCCATGGTGGTCAGCTAgtatgtcaataattgccggc
	Amplification of ATG36 (Δ210-293aa) for recombination into pOBD2

	1516R
	AATTGCCATGGTGGTCAGCTAcaagtctcttgatagtttctg
	Amplification of ATG36 (Δ191-293aa) for recombination into pOBD2

	1517R
	AATTGCCATGGTGGTCAGCTAgtcgcttgattgagggac
	Amplification of ATG36 (Δ151-293aa) for recombination into pOBD2

	1518R
	AATTGCCATGGTGGTCAGCTAcgatcgaatgttacgaagag
	Amplification of ATG36 (Δ122-293aa) for recombination into pOBD2

	1519R
	AATTGCCATGGTGGTCAGCTAaacttcgaaggcactacttg
	Amplification of ATG36 (Δ89-293aa) for recombination into pOBD2

	1520F
	AAGAGATCGAATTCCAGATGcccagaattaataacggcattc
	Amplification of ATG36 (Δ1-19aa) for recombination into pOBD2

	1677R
	AGCACCCGCCCCTGCTCCCTGCAGtaatgagctgtactgaccac
	Amplification of ATG36 promoter for recombination with gagaga linker

	1678F
	GGTCAGTACAGCTCATTAatgcccagaattaataacggcattc
	Amplification of ATG36 (Δ1-19aa) for recombination with ATG36 promoter

	1679F
	GGTCAGTACAGCTCATTAatgctatttgaagtcctggaactc
	Amplification of ATG36 (Δ1-32aa) for recombination with ATG36 promoter

	1680F
	GGTCAGTACAGCTCATTAatgtttgagctagacttccatag
	Amplification of ATG36 (Δ1-42) for recombination with ATG36 promoter

	1681F
	GGTCAGTACAGCTCATTAatgaagtcattcaatgatgtaagg
	Amplification of ATG36 (Δ1-50) for recombination with ATG36 promoter

	1703R
	CGATAACACAGGCGGGATCAAGCTTTTAcctctcctttccttcttc
	Amplification of PXA2 ORF and recombination with MFA2 terminator

	2031F
	ACTTACAAATAAATTTGGAGCTCGGATCCatgtcaaacaacattagcagc
	Amplification of PXA1 and recombination with CTA1 promoter

	2032R
	GCATGCCTGCAGGTCGACTCTAGAtcaaataatttcaagcttttccc
	Amplification of PXA1 and recombination with CTA1 terminator

	2094F
	CGCCATACATATAAAGAGATG
	Sequencing primer anneals in CTA1 promoter



Table 2.6 Site-directed mutagenesis primers containing Pxa1 mutations
	
VIP Number
	
Sequence (5’-3’)
	
Description


	662 F
	TTCCTGGTGATGtGcACTTGGCTCTCTTTG
	R220C

	663 R
	CAAAGAGAGCCAAGTgCaCATCACCAGGAA
	R220C

	664 F
	GAGAACTTGGCTCgCTTTGTTTGTAGCC
	S224A

	665 R
	GGCTACAAACAAAGcGAGCCAAGTTCTC
	S224A

	666 F
	CCCTGCTTCTTATACTAgTAGTGCTATTAAGCTAC      
	N264S

	667 R
	GTAGCTTAATAGCACTAcTAGTATAAGAAGCAGGG
	N264S

	668 F
	GCAAAGCCAGTTATTGgTTTAATATTCTTTTCGG
	D342G

	669 R
	CCGAAAAGAATATTAAAcCAATAACTGGCTTTGC
	D342G

	670 F
	GCCAAATGGTTGCGGTAgAAGTTCAATTCAACGC
	K651R

	671 R
	GCGTTGAATTGAACTTcTACCGCAACCATTTGGC
	K651R

	672 F
	GGCCAAATGGTTGCtcTAgAAGTTCAATTCAACGC
	G650S;K651R

	673 R
	GCGTTGAATTGAACTTcTAgaGCAACCATTTGGC
	G650S;K651R

	680 F
	CATTTCCATATCACAAtGgCCCACATTAATC
	R804W

	681 R
	GATTAATGTGGGcCaTTGTGATATGGAAATG
	R804W

	2154 F
	GGCCAAATGGTTGCtcTAAAAGTTCAATTCAACGC
	G650S

	2155 R
	GCGTTGAATTGAACTTTTAgaGCAACCATTTGGCC
	G650S

	2156 F
	GTAAAAGTTCAATTCAACagATTATAGCTGAAATATG
	R656Q

	2157 R
	CATATTTCAGCTATAATctGTTGAATTGAACTTTTAC
	R656Q

	2158 F
	GAGGTGGAACTTTAcatGACCAAATTATATAC
	R695H

	2159 R
	GTATATAATTTGGTCatgTAAAGTTCCACCTC
	R695H

	2160 F
	CTTATTAAGTGGTGGTaAAAAGCAAAGAG
	E753K

	2161 R
	CTCTTTGCTTTTtACCACCACTTAATAAG
	E753K

	2162 F
	GAGTAAATTTTGCTcatATCATGTTTCATAAACC
	R761H

	2163 R
	GGTTTATGAAACATGATatgAGCAAAATTTACTC
	R761H



2.4 Growth media

The media in table 2.7 were dissolved in millipore water and then autoclaved at 121ºC for 15 minutes. For solid media, 2% Bacto-agar was added to liquid media. This was then autoclaved, cooled to 50ºC and poured into sterile petri dishes. Plates were left to solidify and air-dried for 1-2 days at room temperature.

Table 2.7 Growth media 

	
Media

	
Composition


	
2TY
	1.6% bacto-tryptone, 1% yeast extract, 0.5% sodium chloride. When antibiotic-resistance selection was required, ampicillin or kanamycin was added to a final concentration of 75µg/ml and 50µg/ml, respectively.

	
YPD
	2% D-Glucose, 2% bacto-peptone and 1% yeast extract. To select for kanamycin resistant strains G418 antibiotic was added from a 200mg/ml (1000x) stock solution to a final concentration of 200µg/ml. 

	YPG
	3% glycerol, 2% bacto-peptone and 1% yeast extract

	
Yeast minimal medium 1 (YM1)
	0.17% yeast nitrogen base (without amino acids and ammonium sulphate), 0.5% ammonium sulfate, 2% D-glucose, galactose or raffinose. Adjusted to pH6.5 with NaOH. The appropriate amino acids were added after autoclaving (from 100x stock solutions) as required.

	
Yeast minimal medium 2 (YM2)
	0.17% yeast nitrogen base (without amino acids and ammonium sulphate), 0.5% ammonium sulfate, 1% casamino acids, 2% D-glucose, galactose or raffinose. Adjusted to pH6.5 with NaOH. Leucine, tryptophan and uracil were added after autoclaving (from 100x stock solutions) as required.

	Dropout (DO) medium
	0.17% yeast nitrogen base, 0.5 ammonium sulphate, 2% raffinose or glucose, 0.06% ForMedium dropout mix (synthetic complete)

	Oleate liquid medium
	0.3% oleate, Tween 40, 0.1% yeast extract, 0.5% peptone, 50mM Kpi pH 6.0

	
Oleate Plates

	1.25ml oleate, 0.5% Tween 40, 0.1% yeast extract, 0.17% yeast nitrogen base, 0.5% ammonium sulfate, 2% bacto-agar. pH 6.5. Add amino acids as required after autoclaving

	5 –FOA plates
	0.17% yeast nitrogen base, 0.1% 5-FOA, 0.005% uracil, 0.5% ammonium sulphate, 2% glucose, 2% bacto-agar. Add amino acids as required after autoclaving



























2.5 Yeast procedures

2.5.1 Growth and maintenance 

For long-term storage, strains were stored in 15% (v/v) glycerol at -80ºC.  Upon removing from the freezer yeast were streaked onto YPD or minimal glucose plates and grown at 30ºC for 1-2 days. They were then kept at room temperature for a maximum of two weeks before reverting back to frozen stocks. Oleate plates were incubated at 30ºC for up to two weeks.  Yeast liquid cultures were incubated at 30ºC overnight on a shaker (180rpm). 

2.5.2 One step transformation 

The one-step method was used to transform yeast cells with plasmid DNA (Chen et al., 1992). Strains were cultured in 3ml YPD medium at 30ºC overnight. The following morning 200l of culture was harvested by spinning in a micro-centrifuge at 13,000rpm for one minute. The supernatant was removed and the pellet was re-suspended in 2l (0.5-1µg) of plasmid DNA. 50l of one-step buffer (0.2M LiAc pH 5.0, 40% PEG 4000, 0.1M DTT) was then added along with 5l (50µg) of single-stranded DNA from salmon testes (stock concentration = 10mg/ml). The mixture was vortexed and left for several hours at room temperature before heat shocking in a water bath at 42C for 30 minutes. Cells were plated out onto the appropriate selective medium and incubated at 30C for two days.

2.5.3 High efficiency transformation

This was carried out according to the method of Gietz et al (Gietz et al., 1992). A 3ml Yeast culture was grown overnight in YPD medium. The following morning cells were diluted to OD600 = 0.1 in fresh medium and grown for approximately 5 hours till OD600 = 0.5 - 0.6. 5ml of cells (per transformation) were harvested by centrifugation at 2,500rpm for 5 minutes. Cells were re-suspended in 1ml sterile water, transferred to a 1.5ml microfuge tube before being pelleted in a micro-centrifuge at 12,000rpm for 1 minute. The pellet was washed in 1ml of TE/LiAc solution (10mM Tris-Cl pH 7.5, 0.1mM EDTA, 0.1M LiAc pH7.5) before being re-suspended in 50µl TE/LiAc solution. 2µl (0.5-1µg) of DNA, 5µl (50µg) of Salmon testes DNA (stock concentration = 10mg/ml) and 300µl of sterile 40% PEG solution (40% PEG 4000, 10mM Tris-Cl pH7.5, 0.1mM EDTA, 0.1M LiAc pH7.5) were added and the mixture was vortexed thoroughly. Samples were incubated at room temperature for 30-60 minutes then heat shocked at 42˚C for 15 minutes. The cells were then spun down in a micro-centrifuge at 12,000rpm for 1 minute. The pellet was re-suspended in 50µl TE (10mM Tris-Cl pH 7.5, 1mM EDTA pH 8.0) before being plated out onto selective medium and incubated at 30ºC for two days.

2.5.4 Isolation of genomic DNA

A 3ml yeast culture was grown overnight at 30ºC. Cells were harvested by centrifugation in 2ml screw-cap tubes. The pellet was washed in 1ml of sterile water, the supernatant was poured off and cells were re-suspended in the residual liquid. 200µl of TENTS solution (20mM Tris-Cl pH 8.0, 1mM EDTA, 100mM NaCl, 2% Triton X-100, 1% SDS), 200µl glass beads (452-600µm) and 200µl of Phenol: Chloroform: Isoamyl Alcohol (25:24:1) were added to the cells which were then lysed in a mini bead beater at high speed for 45 seconds. Samples were then centrifuged at 12,000 rpm for 30 seconds before adding another 200µl of TENTS solution, vortexing and centrifuging for a further 5 minutes. 350µl of the aqueous layer was transferred to a fresh microfuge tube before adding 200µl phenol: chloroform, vortexing and spinning for 5 minutes at 12,000rpm. 300µl of the aqueous layer was transferred to a fresh microfuge tube before adding 30µl of 3M sodium acetate pH 5.2 and 750µl of 100% ethanol to precipitate the DNA. The sample was vortexed and incubated at 4ºC for 15 minutes before centrifuging at 12,000 rpm for 15 minutes. The pellet was washed in 70% ethanol, and allowed to air dry before dissolving in 200µl TE/RNase (10µg/ml) and incubating at room temperature for 10 minutes. 20µl of Sodium Acetate pH 5.2 and 500µl 100% ethanol was added and the sample was incubated at 4ºC for 15 minutes. DNA was pelleted by centrifuging at 12,000 rpm for 15 minutes. Lastly, the pellet was washed in 70% ethanol and air-dried at 50ºC in a heat block before re-suspending in 50µl TE.


2.5.5 Pulse-chase assays

Cells transformed with plasmid based GFP fusion proteins under control of the GAL1 promoter were grown overnight in either selective YM2 or selective drop out medium containing 2% raffinose. The following morning cells were diluted to OD600 = 1.0 in YM2 medium containing 2% galactose and induced for 1hr 15 minutes (for Pxa1-GFP) or 30 minutes (Pex3-GFP). To block protein synthesis, cell cultures were treated with cycloheximide at a final concentration of 100µg/ml. To analyse protein stability, samples of equal volume (5ml) were harvested at various time points throughout the chase period (routinely 0, 1, 3, and 6 hours) and prepared for immunoblot analysis. Alternatively, cells were prepared on microscopy slide for visualisation by fluorescence microscopy.

When performing pulse-chase analysis in the presence of proteasome inhibitor it was necessary to induce erg6Δ cells for 3 hours before Pxa1-GFP signal was observed in puncta. Cells were grown overnight in selective YM2 containing 2% raffinose. The following morning cells were diluted to 0.5 OD600 units in 40ml selective galactose medium and following a 3 hour induction cells had reached ~1.0 OD600 units. Cells were harvested and re-suspended in 40ml glucose medium before addition of cycloheximide to a final concentration of 100µg/ml. Proteasome inhibitor drug MG132 was added to half of the culture to a final concentration of 100µM whilst the same concentration of DMSO was added to the other half, which was to serve as the control sample. Samples of equal volume were collected throughout the chase period at T0, 1 and 3 hours and analysed by immunoblot analysis. 

2.5.6 Microscopy

Images were captured using a Zeiss Axiovert 200M microscope (Carl Zeiss, Inc.) equipped with an Exfo X-cite 120 excitation light source, band-pass filter (Carl Zeiss, Inc. and Chroma), a 63x objective lens and a digital camera (Orca ER; Hamamatsu). Image acquisition was performed using Velocity software (A PerkinElmer Company). Fluorescence images were routinely collected as 0.5µm Z-Stacks and exported to Openlab files. Selected slices were then merged and processed further in Photoshop where only the level adjustment was used. All figures presented are merged Z-stacks.
2.5.7 Yeast two-hybrid

The bait protein was expressed as a Gal4 DNA-binding-domain protein fusion in the PJ69-4α strain and mated with yeast Gal4 activation-domain-protein fusions expressed in the PJ69-4а strain. The Mat α or a strain transformants were each inoculated into 200µl of minimal medium (lacking either tryptophan or leucine) in a 96-well plate format and grown overnight. The following morning an equal volume of culture for each mating type was transferred to YPD liquid. Cultures were allowed to mate at 30ºC for two days before pinning onto minimal medium lacking both tryptophan and leucine to select for diploids. To screen for protein-protein interactions, diploids were replica-plated onto selective minimal medium lacking tryptophan, leucine, histidine and adenine that were supplemented with different concentrations of 3-amino-1,2,4-triazole. The plates were incubated at 30ºC and growth was scored after five days.

2.5.8 Oleate growth assay

Cells were inoculated into selective minimal yeast medium containing 2% glucose overnight and the following morning diluted 1/10 into 5ml of fresh selective minimal yeast medium containing 0.3% glucose. Once cells had reached late log they were diluted into 1ml water at OD600 = 0.1. 200µl of this was pipetted into individual wells in 96-well plate format. Serial 10x dilutions were performed to reach OD600 = 0.01 and 0.001 units and cells were transferred to oleate agar plates using a 48x pinning tool.

2.6 Escherichia coli protocols

2.6.1 Growth and maintenance

For long-term storage, strains were stored in 15% (v/v) glycerol at -80ºC.  E.coli strains were routinely cultured on 2TY plates at 30ºC overnight and then refrigerated at 4ºC for a maximum of 1 week before reverting back to the frozen stock. Liquid cultures were incubated at 37ºC overnight on a shaker (180rpm). Strains transformed with plasmids containing an antibiotic resistance gene were selected on 2TY medium containing the appropriate antibiotic.

2.6.2 Preparation of chemical competent DH5α cells

DH5α cells were inoculated into 10ml 2TY liquid medium and grown overnight. The following morning cells were inoculated into 200ml 2TY medium at an OD600 of 0.05 and grown until mid-log phase (OD600 = 0.5-0.6). The culture was cooled on ice for 10 minutes, before harvesting the cells by centrifugation in a pre-cooled Sigma 4-16K centrifuge (rotor 11150) at 4,500rpm for 5 minutes. The supernatant was discarded and the pellet re-suspended carefully in 50ml of ice-cold 0.1M MgCl2.  The suspension was then left on ice for a further 10 minutes before centrifuging again at 4,500rpm for 5 minutes. The supernatant was discarded and the pellet was re-suspended in 25ml ice-cold 0.1M CaCl2. The suspension was incubated on ice for 30 minutes before centrifuging once more at 4,500rpm for 5 minutes. After pouring off the supernatant the pellet was re-suspended in 10ml ice-cold 0.1M CaCl2/15% glycerol and dispensed into eppendorf tubes in aliquots of 200µl. These were left on ice for 10 minutes before snap freezing in liquid nitrogen and storing at -80ºC.

2.6.3 Transformation of chemical competent DH5α cells

100l of chemical competent cells were thawed on ice. 0.5-1µg of plasmid DNA was placed on ice for at least 1 minute before adding cells and mixing gently. The mixture was then incubated on ice for 20 minutes followed by a 2 minute heat shock at 42C. Cells were placed back on ice for 5 minutes before adding 900l 2TY medium and incubating at 37ºC for 30 minutes. Cells were pelleted at 12,000rpm for 1 minute in a micro-centrifuge. 800µl of the supernatant was aspirated and the pellet was re-suspended in the remaining volume before plating onto 2TY agar containing the appropriate antibiotic. Plates were incubated overnight at 37ºC.




2.6.4 Preparation of electro-competent cells

Cells were inoculated into 10ml 2TY liquid medium overnight. The following morning cells were inoculated into 1L of 2TY medium at an OD600 = 0.05 and grown until OD600 = 0.5-0.6. The culture was then placed on ice for 15 minutes before being transferring to 500ml buckets. Cells were harvested by centrifugation in a pre-cooled Sigma 4-16K centrifuge at 3,000rpm for 15 minutes. The supernatant was discarded and the pellets were re-suspended in 500ml of ice-cold 10% glycerol before centrifuging again at 3,000rpm for 15 minutes. This step was repeated twice, firstly the pellets were re-suspended in 250ml 10% glycerol and then in 50ml 10% glycerol. Finally, pellets were re-suspended in 0.7ml 10% glycerol and the suspension was aliquoted into eppendorf tubes in volumes of 40µl. These were then snap-frozen in liquid nitrogen and stored at -80ºC. 

2.6.5 Electroporation transformation

A 40µl aliquot of DH5α elecro-competent cells were thawed on ice. 10µl of 10x diluted yeast genomic DNA was added and the sample was gently mixed before transferring to a 2mm electroporation cuvette. This was placed in the Bio-Rad micro-pulser and a pulse was applied (2500V for 5ms). 600µl of 2TY medium was added to the cuvette to re-suspend the cells, which were then transferred to an eppendorf tube and incubated at 37˚C for 30 minutes. Cells were pelleted at 12,000rpm in a micro-centrifuge for 30 seconds before plating onto a 2TY selection plate and incubated overnight at 37ºC.

2.7 DNA procedures

2.7.1 Preparation of plasmid DNA from E.coli

A single bacterial colony was picked from a 2TY selection plate and grown overnight in 3ml 2TY liquid containing the appropriate antibiotic. Plasmid DNA was purified using the GenElute™ Plasmid Miniprep Kit (Sigma-Aldrich), according to the manufacturer’s instructions.

2.7.2 Restriction endonuclease digestion of plasmid DNA

Routinely, 1μg of DNA was mixed with 5 units of restriction enzyme and 2μl of 10x digestion buffer (obtained from New England Biolabs). Water was added to make the volume up to 20µl and the digestion mixture was incubated at 37 oC for 1 hour. 

2.7.3 Agarose gel electrophoresis

DNA fragments were separated by agarose gel electrophoresis. Typically, 1% gels were made by melting 1g of agarose in 100ml 1x TBE buffer (0.04M Tris-borate, 1mM EDTA, pH8.0). To achieve separation of larger DNA fragments gels of lower concentration were used. Once cooled to 50ºC, ethidium bromide was added (to a final concentration of 2.5µg/ml) and the mixture was poured into a gel tray containing a comb and allowed to set. The gel was placed in an electrophoresis tank and covered with 1x TBE buffer before removing the comb. DNA was mixed with DNA loading buffer (Bioline) and loaded into the wells. DNA ladder (Bioline Hyperladder I) was loaded alongside the samples to allow the size of the DNA fragments to be estimated. Gels were run at 100 volts for 30 minutes before visualising DNA bands using an ultraviolet transilluminator imaging system (Gene Genius). Images were obtained using Genesnap software (SynGene).

2.7.4 Extraction of DNA from agarose gels

Agarose gels were visualised on a UV shortwave transilluminator and the DNA band required was excised from the gel using a clean scalpel. DNA was recovered from the gel slice using the QIAquick Gel extraction Kit (Qiagen) according to manufacturer’s instructions.

2.7.5 Amplification of DNA by the Polymerase Chain Reaction (PCR) 

The method of Saiki et al (1988) was used to amplify specific DNA sequences. Routinely, PCR was carried out using BIOTAQTM DNA Polymerase. A 50µl reaction mixture was prepared on ice according to table 2.8. The reaction mixture was gently mixed and spun down before placing in a thermocycler where the steps indicated in table 2.9 were carried out. Subsequently, a 5µl sample of the PCR reaction was analysed on agarose gel to confirm a product of expected size had been obtained. For proof reading PCR reactions ACCUZYMETM DNA polymerase was used in instead of BIOTAQTM DNA polymerase. For these reactions an extension time of 2 minutes/kb was allowed.

Table 2.8 Components in a PCR reaction

	
Component

	
50µl reaction
	
Final Concentration

	
Template DNA (genomic DNA or 1:50 diluted miniprep DNA)

	
1µl
	
5-10ng

	
50mM MgCl2

	
1.5µl
	
1.5mM MgCl2

	
2.5mM dNTPs mixture
	
3µl
6ul

	
0.15mM dNTPs
0.3mM dNTPs

	
5µM Forward primer (from working stock solution = 20x dilution of the original 100µM/ml stock supplied by Sigma-Aldrich)

	
5µl
	
0.5µM

	
5µM Reverse primer

	
5µl
	
0.5µM

	
10x BIOTAQTM reaction buffer
10x ACCUZYMETM reaction buffer

	
5µl
5µl
	
1x BIOTAQTM buffer
1x ACCUZYMETM buffer

	
BIOTAQTM DNA polymerase
ACCUZYMETM DNA polymerase

	
0.5µl
1µl
	
2.5 units
2.5 units

	
Millipore water

	
up to 50µl
	



*When carrying out proof-reading PCR with ACCUZYME TM the changes indicated in red were made.
Table 2.9 Thermocycler programme

	
Step

	
Temperature
	
Time
	
Number of cycles

	
Initial Denaturation

	
95 ˚C
	
5 minutes
	
1 cycle

	
Denaturation
Annealing
Extension

	
95 ˚C
56 ˚C*
74 ˚C
	
30 seconds
30 seconds
1 minute/Kb
	
35 cycles

	
Final Extension

	
74 ˚C
	
7 minutes
	
1 cycle

	
Soak

	
4 ˚C
	
Indefinite
	
1 cycle



* The annealing temperature for a specific amplification reaction will depend upon the primer sequences. Annealing temperature ˚C = 4 x (#G + #C) + 2 x (#A + #T). 

















2.7.6 Site-directed Mutagenesis PCR

This was carried out using QuickChange II XL Site-Directed Mutagenesis Kit according to manufacturer’s instructions. 

2.7.7 DNA Sequencing

Sequencing of plasmid constructs and PCR products was carried out by Cogenics, the genomic services company. 

2.8 Protein Procedures

2.8.1 Preparation of whole cell lysates

Yeast pellets were re-suspended in 500µl ice-cold 0.2M NaOH, 0.2% β-mercaptoethanol and incubated on ice for 10 minutes. 71µl of 40% trichloroacetic acid was added and the samples were incubated on ice for a further 10 minutes. Samples were then centrifuged at 13,000rpm for 5 minutes at 4˚C before removing the supernatant and re-suspending in 10µl of 1M Tris base pH 9.4. 90µl of 1 x PLB (250mM Tris-Cl pH 6.8, 9.2% SDS, 40% glycerol, 0.2% bromophenol blue, 100mM DTT) was then added and samples were placed in a heat block set to 95˚C for 30 seconds. Lastly the samples were spun for 1 minute at 13,000rpm in a micro-centrifuge before analysing by SDS-PAGE and immunoblotting.

2.8.2 Protein separation by Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE was performed according to the method of Laemmli, (1970). First the resolving gel was prepared by mixing the stock solutions indicated in table 2.10. TEMED was added last to initiate polymerisation before pouring the mixture between two glass plates. This was left to set for 30 minutes before pouring over the stacking mixture. The gels were assembled in a mini gel tank (Bio-Rad Mini- Protean-3), which was then filled with protein running buffer (25mM Tris base, 250mM glycine, 0.1% SDS). Each sample to be analysed was mixed with protein loading buffer 

Table 2.10 Composition of SDS-PAGE gels

	
Stock Solutions

	
Resolving Gel
	
Stacking Gel

	
	7.5%
	10%
	12%
	

	PROTOGEL
	5ml
	6.6ml
	8ml
	1.3ml

	Resolving Buffer
	5.2ml
	5.2ml
	5.2ml
	

	Stacking Buffer
	
	
	
	2.5ml

	Water
	9.8ml
	8.2ml
	6.8ml
	6.1ml

	10% APS
	200µl
	200µl
	200 µl
	100µl

	TEMED
	20 µl
	20 µl
	20 µl
	10 µl



*Amounts indicated are for 2 gels

















(250mM Tris-Cl pH 6.8, 9.2% SDS, 40% glycerol, 0.2% Bromophenol blue, 100mM DTT) and 0.5-1 OD600 units were loaded into each well. A pre-stained marker (BioRad) was also loaded alongside the samples to enable the size of detected proteins to be estimated. The gels were run at 150 V until the dye had reached the bottom of the stacking gel. The voltage was then increased to 200 V and gels were run until the dye reached the bottom of the resolving gel.

2.8.3 Western analysis

Proteins separated by SDS-PAGE were blotted onto nitrocellulose membrane (Protran BA 85, Whatman) using a Trans Blot Mini Cell (Bio-Rad) according to manufacturer’s instructions. Blotting was performed in pre-cooled transfer buffer (25mM Tris base, 150mM glycine, 20% methanol). A constant current of 200mA was applied for two hours, after which the presence of the pre-stained marker on the nitrocellulose membrane confirmed successful blotting had occurred. In addition, staining of the membrane with ponceau solution confirmed efficient transfer of protein from each yeast cell lysate samples and equal loading. 

The blotted membrane was incubated with 25ml block buffer (1 x TBS, 0.1% Tween 20, 2% fat-free Marvel milk) and rolled in a falcon tube at room temperature for 1 hour. The membrane was then transferred to 5ml of fresh block buffer containing the primary antibody at the appropriate concentration (1/3000 dilution for anti-GFP aniserum; raised in mouse, 1/1000 dilution for anti-Pxa1 and anti-Pxa2 antiserum; raised in rat, 1/2000 dilution for anti-Pex3 antiserum; raised in rabbit) and incubated for 1 hour. The membrane was then washed three times for 5 minutes in 1 x TBS, 0.1% Tween20. Following the final wash the membrane was transferred to 5ml of fresh block buffer containing horseradish peroxidase-conjugated secondary antibodies at the appropriate concentration (1/4000 dilution for goat anti-mouse IgG-HRP, rabbit anti-rat IgG-HRP or goat anti-rabbit IgG-HRP) and incubated for 1 hour. The membrane was washed again as previously described. Detection was achieved using enhanced chemiluminescence and chemiluminescence imaging. 



2.8.4 Coomasie staining

Gels were stained for one hour with Coomasie Blue stain (50% methanol, 10% acetic acid, 0.1% Coomasie Blue R-250) and then washed several times with destain (10% methanol, 10% acetic acid) until the pale blue background of the gel had been removed.

2.8.5 Sources of antibodies

Anti-Pxa1 and anti-Pxa2 antiserum were made as described in the following section. Other antiserum was supplied by Roach diagnostics. 

2.8.6 Production of Pxa1 and Pxa2-specific antisera

Protein expression

PXA1 and PXA2 gene fragments (residues 745-870 and 620-853, respectively) were cloned into the pET30a expression vector and expressed as (His)6-tagged recombinant proteins. The pET system (Novagen, 2003), developed for the cloning and expression of recombinant proteins in E.coli was used to produce large amounts of the fusion proteins. Target genes were cloned in pET plasmids under the control of strong bacteriophage T7 transcription signals and transferred into expression hosts containing a chromosomal copy of the T7 RNA polymerase gene under lacUV5 control. Thus, expression of target genes can be induced by the addition of IPTG. This system is illustrated in figure 2.2.
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Figure 2.2 The pET expression system. 

C-terminal fragments of Pxa1 or Pxa2 proteins were cloned into the Pet30a expression vector under control of the T7 promoter. Addition of IPTG allows production of the T7 RNA polymerase from the lacUV promoter and subsequent production of (His)6-tagged recombinant proteins.














Small scale induction and fractionation: BL21 DE3 cells transformed with expression vectors containing (His)6-PXA1 or (His)6 -PXA2 were inoculated into 3ml of LB broth containing kanamycin and grown overnight at 37ºC with shaking at 250rpm. The following morning the entire 3ml overnight cultures were added to 100ml of LB broth containing kanamycin and grown at 37ºC until OD600 reached 0.6-1. Each culture was then split into 2 x 50ml cultures. IPTG was added to one of the 50ml cultures, to a final concentration of 1mM/ml. The other culture was to serve as the un-induced control. Cultures were grown for a further 3h, before harvesting a 10ml sample of each by centrifugation at 3000rpm for 5 minutes at 4ºC. The pellets were then re-suspended in 1ml PBS containing protein inhibitors and PMSF. Each sample was sonicated three times for 20 seconds before adding Triton X100 to a final concentration of 1% and samples were incubated on ice for 30 minutes. Samples were centrifuged at 6000 rpm for 5 minutes in a micro-centrifuge cooled to 4˚C. The soluble cytoplasmic fraction was discarded (supernatant) and the insoluble fraction (pellet) was re-suspended in 100µl 1xPLB before being boiled for 5 minutes. 20µl each sample was analysed by SDS-PAGE followed by coomasie staining (see figure 2.3). (His)6-Pxa1 and Pxa2 fusion proteins were found to accumulate in the insoluble fraction.

Large scale induction and fractionation: BL21 DE3 cells transformed with expression vectors were inoculated into 10ml LB broth containing kanamycin and grown overnight 37C with shaking at 250rpm. Overnight cultures were then inoculated into 1litre of LB broth containing kanamyacin at OD600 = 0.05 and grown at 37C until the OD600 reached between 0.6-1. A 10ml sample was then removed serving as the un-induced control. IPTG was added to the remainder of the culture (to induce expression) to a final concentration of 1mM/ml and incubation was continued for 3 hours. Another 10ml sample was then removed (induced sample) before harvesting the remaining cells by centrifugation at 3000 rpm for 10 minutes at 4C. Pellets were washed in PBS, transferring to 50ml falcon tubes and re-suspended in 20ml sodium phosphate binding buffer (20mM sodium phosphate, 500mM NaCl, 20mM Imidazole) + protease inhibitor tablet. Samples were then sonicated for 4 x 30 seconds before being centrifuged at 6000g for 10 minutes. The soluble fraction was poured off and the insoluble fraction was frozen at -80˚C until FPLC was performed.
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Figure 2.3 Coomassie staining of insoluble fractions. 

Cells transformed with (HIS)6-PXA1 and (HIS)6-PXA2 expressing plasmids were induced with IPTG for 3h. 10µl of insoluble fraction, both induced and un-induced were analysed.













Protein purification

Solubilisation of inclusion bodies and Ni2+-affinity chromatography: This was performed with the help of Dr Stefan Millson. The insoluble fractions were thawed on ice and solubilised by re-suspending in 20ml sodium phosphate buffer containing urea (20mM sodium phosphate, 500mM NaCl, 8M urea). The samples were then centrifuged at 6000g for 10 minutes and the supernatant was introduced into the injector of the FPLC machine and passed over a 1ml HisTrap FF crude column (columns were supplied pre-charged with Ni+ ions, the preferred metal ion for purification of recombinant histidine-tagged proteins). The column was then washed with increasing concentrations of imidazole and the protein was eluted with 100% sodium phosphate elution buffer (20mM sodium phosphate, 500mM NaCl, 500mM imidazole). An elution profile was obtained for each of the fusion proteins (Pxa1 and Pxa2) which illustrates a peak where the protein is eluted, and numerous fractions were collected and subsequently analysed by SDS-PAGE followed by coomasie staining (Figure 2.4 A and B). The Pxa1 fusion protein can be seen in highest concentration in fractions C1-C12 as a 20kDa band of high intensity whereas the Pxa2 fusion protein can be seen in fractions D4-D11 as a 31kDa band. 

Further purification of FPLC fractions size exclusion column chromatography: Fractions obtained by FPLC that contained the highest protein concentration (fractions C3 and C4 for Pxa1; D6-D8 for Pxa2) were pooled together and passed over a size exclusion column in attempt to remove larger contaminating proteins. Elution profiles were obtained and the fractions collected during the process were analysed by SDS-PAGE followed by coomasie staining (see figure 2.5 A and B). The purified protein was now in 50mM sodium phosphate, 150mM sodium chloride. 

Finally, the purified fractions appearing to contain the highest level of protein were pooled together (highlighted in red, see figure 2.5). The protein concentrations were determined by Bradford assay (Pxa1 = 0.66mg/ml, Pxa2 = 0.93mg/ml) and visualised on gel before proceeding to raise polyclonal antibodies in rats (Figure 2.6). This was carried out by BioServe.
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Figure 2.4 Elution profiles and FPLC fractions obtained for A) (His)6-Pxa1 and B) (His)6-Pxa2 fusion proteins
20µl of each fraction collected was analysed by SDS-PAGE followed by coomasie staining. M=marker protein, SF= soluble fraction, IF- insoluble fraction.
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Figure 2.5 Column chromatography purified fractions for A) Pxa1 and B) Pxa2 fusion proteins  
20µl of each fraction collected was analysed by SDS-PAGE followed by coomasie staining.
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Figure 2.6 Coomassie staining of purified Pxa1 and Pxa2 fusion proteins

The fusion proteins were expressed in large quantities using the pET system and subsequently purified before injecting into rats to raise polyclonal antibodies against Pxa1 and Pxa2.













Chapter 3

3 Establishing a model system in yeast to study the molecular basis of
X-linked Adrenoleukodystrophy

3.1 Introduction
X-linked Adrenoleukodystrophy (X-ALD) is classified as a single peroxisome enzyme deficiency disorder and is the most common inherited peroxisomal disorder. This progressive neurodegenerative disorder, characterised by neuron demyelination, adrenal insufficiency and testicular dysfunction is caused by mutations in the ABCD1 gene encoding a half-size peroxisomal ATP-binding cassette protein ALDP (Mosser et al., 1994). The protein is thought to homo-dimerise in the peroxisomal membrane to transport VLCFAs into peroxisomes, where they undergo β-oxidation (van Roermund et al., 2008). Patients suffering from X-ALD therefore fail to oxidise VLCFAs and as a result accumulate them in plasma and tissues (Mosser et al., 1981).  Many distinct mutations in ABCD1 lead to X-ALD, details of which can be found on the X-ALD database (www.x-ald.nl). Of particular interest for this study are the existence of missense mutations accounting for around 61% of mutations described in patients with X-ALD. Of these 65% are known to result in an absence or reduction of ALDP in patient fibroblasts due to instability of the protein (Kemp et al., 2001). At present neither the mechanism of instability nor the proteases responsible for degradation of the mutant proteins have been characterised. Furthermore, it is not known whether many of the mutant alleles retain any functional ability to transport VLCFAs across the peroxisomal membrane. 
In 1995, Shani et al first identified a gene in S.cerevisiae, designated PXA1 which was found to encode a protein highly similar to the human ALDP (Shani et al., 1995). Upon initial sequence comparison, Pxa1 was found to be 28% overall identical in amino acid sequence to ALDP and this identity increases to 47% in the amino acid region surrounding the ATP-binding domain (Shani et al., 1996). Pxa1 was also found to be on peroxisomes and play a role in β-oxidation, thus it was suggested to be an ortholog of human ALDP. In contrast to ALDP which is suggested to homo-dimerise, Pxa1 is thought hetero-dimerise with a second peroxisomal half ABC-transporter protein Pxa2 to form a full-transporter that functions in β-oxidation of LCFAs (Shani and Valle, 1996, Hettema et al., 1996). 
Suggestive of this are the identical phenotypes seen upon disruption of either the PXA1 or PXA2 gene: impaired growth on oleic acid-containing medium and reduced fatty acid β-oxidation. These phenotypes are non-additive making the pxa1/pxa2Δ mutant indistinguishable from those of either of the single mutants (Shani et al., 1995; Shani and valle, 1996).
Sequence alignment of both Pxa1 and Pxa2 with ALDP reveals several motifs characteristic of ABC transporters which are highly conserved both in sequence and location, figure 3.1. In addition, to multiple transmembrane domains, sequence alignment detected other highly conserved regions such as the Walker A and Walker B motifs. Interestingly, mutagenesis studies focusing on the highly conserved EAA-like and loop1 motif have shown that substituting certain residues results in Pxa1 dysfunction, thus highlighting the functional importance of these motifs (Shani et al., 1996). 
The aim of this chapter is to set up a model system in Saccharomyces cerevisiae which can be used to investigate the molecular basis of the instability of ALDP mutants. An increase in our understanding of the recognition of mutant proteins and the pathway they follow to destruction may be important in the long-term for therapeutic intervention. We study eleven mutant Pxa1 forms, each harbouring naturally occurring missense mutations found in human X-ALD patients and examine their behaviour. 
The X-linked Adrenoleukodystrophy database (www.x-ald.nl) first established in 1999 by Hugo Moser and Stephan Kemp has been particularly useful in this study (Kemp et al., 2001). This was set up in order to catalogue and facilitate the analysis of ABCD1 mutations and provides background information on the disorder and links X-ALD patients to organisations. The database is a collaboration between the Peroxisomal Diseases Laboratory at the Kennedy Krieger Institute and the Laboratory for Genetic Metabolic Diseases at the Academic Medical Center.
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[image: ][image: ]Figure 3.1 Sequence alignment of peroxisomal ABC-transporters. The amino-acid sequence of the human ALDP is aligned with S.cerevisiae Pxa1 and Pxa2 half ABC-transporters revealing several motifs characteristic of ABC-transporters. Residues highlighted in red=absolutely conserved, green=strongly similar, blue=weakly similar. Six transmembrane domains (TMD1-6) are underlined in black. The Walker A and Walker B, and C-sequence are underlined in red. In addition the EAA-like motif (resembling in sequence the Glu-Ala-Ala motif found in prokaryotic ABC transporters) and the loop 1 motif are found to be highly conserved. Blue triangles point to residues of interest in this study that are highly conserved and found to be mutated in X-ALD patients. Sequences were aligned using CLUSTALW. (Figure adapted from Shani et al.,1996).

3.2 Results
3.2.1 Analysis of Pxa1 and Pxa2 protein antisera 
In order to detect the Pxa1 and Pxa2 proteins in yeast cell lysates it was first necessary to raise anti-sera against these proteins to be used in immunoblot analysis. The C-terminal region of Pxa1 (residues 745-870) and Pxa2 (residues 620-853) were expressed in E.coli as (His)6-tagged fusion proteins to facilitate their purification by Ni2+-affinity chromatography (see material and methods section). Subsequently, the purified proteins were injected into rats to raise polyclonal antibodies. This was carried out by BioServe. 
After six weeks the first bleed anti-sera samples were obtained and tested but they failed to detect target proteins in yeast cell lysates. Upon analysis of the second bleed samples, Pxa1 and Pxa2 anti-sera specifically recognised their target proteins in wild-type cells grown on oleate. In addition, the respective GFP fusion proteins (Pxa1-GFP or Pxa2-GFP) in total lysates prepared from cells expressing these proteins from the GAL1 promoter were also efficiently recognised (figure 3.2). Pxa1 antisera produced in host number two seems to recognise target proteins more efficiently than that obtained from host one whilst anti-sera raised against Pxa2 appears equally good from both hosts. 
3.2.2 Expression of Pxa1 and Pxa2 proteins in yeast
In yeast the development of peroxisomes can be induced by metabolic shifts. Cells grown in the presence of glucose or glycerol have a few small peroxisomes, but when these cells are transferred to medium containing oleic acid as the sole carbon source peroxisomes are rapidly proliferated and increase in size (Veehuis et al., 1987). Coincident with this, expression of proteins involved in peroxisome biogenesis and function are increased during growth on oleate compared with glucose (Smith et al., 2002). 
Pxa1 and Pxa2 protein levels were compared in cells grown in various media, figure 3.3. As expected, the Pxa1 and Pxa2 proteins (functioning to transport LCFA-CoAs peroxisomes for β-oxidation) are expressed very little in glucose and glycerol grown cells containing few peroxisomes, but are abundant in cells grown on oleic acid. Adequate induction also occurs on other media containing LCFAs such as 
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Figure 3.2 Immunoblot analysis of second bleed anti-sera 
Wild-type cells were grown overnight on YPD then transferred to 0.3% glucose medium overnight before switching to oleate medium overnight. pxa1∆ and pxa2∆ cells serve as negative control grown under the same conditions. Cells transformed with PXA1-GFP and PXA2-GFP expressing plasmids under control of the GAL1 promoter were grown overnight on selective galactose medium. 1 OD600 units were analysed by immunoblotting with A) Pxa1 and B) Pxa2 antiserum, diluted 1/1000. Each antibody tested was raised in two separate hosts.
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Figure 3.3 Analysis of Pxa1 and Pxa2 expression during growth in various media 
Wild-type cells were grown overnight in YPD then switched to 0.3% glucose medium and grown for 6h before transferring to various different media overnight as indicated. 1 OD 600 units were analysed by immunoblotting with either Pxa1 or Pxa2 A) second bleed anti-sera or B) terminal bleed antisera. Ponceau staining indicated equal loading of each sample. 





YPGlycerol/Tween 40 and YPGlycerol/Tween 80. Immunoblot analysis was performed using second and terminal bleed Pxa1 and Pxa2 anti-sera samples (obtained from host number two). As the second bleed samples appear to produce blots of higher quality, they were used to this end. 
3.2.3 Selection and introduction of ALDP missense mutations into Pxa1
As of September 2014, the X-ALD database lists a total of 1585 mutations identified in X-ALD patients by mutation analysis (www.x-ald.nl). 61% of these are missense mutations, 22% are frame-shift, 10% are nonsense, 4% are amino-acid insertions or deletions, and 3% are large deletions of one or more exons, table 3.1. The distribution of missense mutations throughout the ABCD1 gene is not random and in some exons (1a, 2, 4, 5 and 10) fewer than expected missense mutations have been identified whilst in others (1b, 1c, 6, 7, 8 and 9) more missense mutations than would be expected have been found (Kemp et al., 2001). 
Approximately, 65% of missense mutations result in reduced level or absence of detectable ALDP based on immunofluorescence and immunoblot analysis (Kemp et al., 2001). Interestingly, no correlation between mutations in the ABCD1 gene and disease severity has been found and even patients harbouring the same mutation can present with different phenotypes (Berger et al., 1996).
The missense mutations listed in table 3.2 were selected from the X-ALD database and introduced into corresponding conserved residues in Pxa1 by carrying out site directed mutagenesis on the PXA1 gene. Firstly, the PXA1 gene (including 500bp of upstream promoter sequence and 200bp of downstream terminator sequence) was cloned into the yeast centromeric plasmid, ycplac111. Subsequently, this construct was used as a template for site-directed mutagenesis using primer pairs designed to harbour the missense mutations (indicated in chapter 2). Successful introduction of each of the desired mutations was confirmed upon sequencing of the PXA1 gene, which due to its large size (2600bp) required three separate sequencing reactions to read through the whole length.  The location of the missense mutations existing ALDP and the corresponding mutated residues in the yeast Pxa1 ortholog are indicated in a putative secondary structure, figure 3.4. 

Table 3.1 Frequency of ABCD1 mutations 
	
Type of mutation

	
Number of mutations

	
Missense

	
969 (61%)


	
Frame-shift

	
351 (22%)

	
Nonsense

	
160 (10%)

	
Amino acid insertion/deletion

	
60 (4%)

	
One or more exon deletion

	
45 (3%)

	
	
1585 = total number of all mutations




        Information obtained from the X-ALD database (www.x-ald.nl)









Table 3.2 Missense mutations in X-ALD patients selected for introduction into Pxa1 
	
ALDP
Mutation

	
Effect on ALDP Stability based on IF

	
Effect on ALDP stability based on immunoblot analysis (% of control)

	
N
	
Corresponding mutation in Pxa1

	
R104C

	
reduced
	
35%
	
7
	
R220C

	
S108A

	
absent
	
No data
	
1
	
S224A

	
N148S

	
present
	
No data
	
7
	
N264S

	
D221G

	
present
	
No data
	
3
	
D342G

	
K513R

	
absent
	
No data
	
1
	
K651R

	
G512S

	
absent
	
No data
	
17
	
G650S

	
R518Q

	
absent
	
No data
	
30
	
R656Q

	
R554H

	
absent
	
1%
	
33
	
R695H

	
E609K

	
absent
	
2%
	
23
	
E753K

	
R617H

	
absent
	
No data
	
25
	
R761H

	
R660W

	
absent
	
3%
	
22
	
R804W



Immunofluorescence (IF) studies performed in human fibroblasts have indicated whether mutant ALDP forms are reduced, absent or present. Re-investigation (by quantitative immunoblotting) detected residual ALDP in patient fibroblasts that is sometimes below the level of detection by IF. Immunoblot data are indicated as a % of the ALDP level detected in control cells (Zhang et al., 2011). Mutations highlighted in red are amongst the most frequently occurring in X-ALD patients
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Figure 3.4 A putative secondary structure of the ALD/Pxa1 protein
Six transmembrane domains are located in the NH2-terminal half of the protein. The Walker A, Walker B and ABC signature motif (C-sequence) are located within the C-terminal half of the protein. The eleven missense mutations found naturally occurring in X-ALD patients are indicated by red arrows and black text. Corresponding residues which were mutated by site-directed mutagenesis in the yeast Pxa1 ortholog are indicated by red text. (Figure adapted from Takahashi et al., 2007)






Mutations Gly512Ser, Arg518Gln, Arg554His, Glu609Lys, Arg617His and Arg660Trp were selected as they are amongst the most frequently identified missense mutations in X-ALD patients. These occur in conserved residues throughout the cytosolic nucleotide binding fold and as the resulting proteins appeared to be absent in fibroblast immunofluorescence studies, they were presumed to be the most unstable and therefore useful for studying quality control mechanisms responsible for the instability. The Arg104Cys and Ser108Ala mutations were chosen as they exist in conserved residues of the loop1 region exposed to the peroxisomal lumen whereas Asn148Ser and Asp221Gly reside within the transmembrane domain segments. Selection was made to ensure a variety of mutations in different domains (cytosolic, luminal and transmembrane) as these may be recognised by different factors when being targeted for destruction by quality control mechanism. Conveniently, immunoblot data and/or immunofluorescence microscopy data is available for some of the mutants, indicated in table 3.2. 
3.2.4 Pxa1 mutant alleles are unstable and reduced in protein level.
Initially, six plasmid based Pxa1 mutant alleles (R220C, S224A, N264S, D342G, K651R and an allele harbouring two point mutations: G650S and K651R) were expressed in the pxa1Δ strain and the level of protein was analysed by immunoblotting, figure 3.5. The level of the corresponding mutant ALDP forms have already been analysed in human fibroblasts by immunofluorescence and for R104C immunoblot data is also available – see table 3.2. Four out of the six mutant pxa1 forms analysed (R220C, N264S, D221G, and the G650S harbouring mutant) appear to behave the same in yeast as in humans. Notably, two of these (R220C and G650S; K651R) appear most reduced in level in comparison to the wild-type Pxa1, therefore suggesting quality control mechanisms operating to destroy them are conserved from yeast to humans. Thus, they may be most useful to study such mechanisms. Cells expressing Pxa1 forms that are noticeable reduced in level were also shown to have a reduced level of Pxa2 suggesting that Pxa2 is also unstable under such conditions. In addition, a reduced level of Pxa2 is observed in the pxa1Δ cells, suggesting that it is unstable in the absence of its partner protein, figure 3.5. This is in contrast to previously published data, which shows Pxa2 to remain stable in the absence of Pxa1 (Shani and Valle, 1996). 
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Figure 3.5 Immunoblot analysis of mutant Pxa1 forms expressed in pxa1Δ cells.
pxa1Δ cells were transformed with: vector alone, the wild-type PXA1 gene or mutant PXA1 alleles (as indicated) under control of the PXA1 promoter. Cells were grown in oleic acid medium to induce both Pxa1 and Pxa2 protein expression. The level of Pxa1 was analysed by immunoblotting using Pxa1-antisera whilst the level of Pxa2 in the same samples was analysed using Pxa2-antisera. 1 OD600 units were analysed. Asterisk indicates aspecific proteins.







3.2.5 ALDP mutations existing in X-ALD patients affect Pxa1 function
To study the effect of all the missense mutations outlined in table 3.2 on Pxa1 function mutant PXA1 alleles were expressed from either the endogenous or CTA1 promoter in pxa1/faa2Δ cells, and their ability to restore growth on oleic acid medium was analysed (figure 3.6). pxa1/faa2Δ cells completely fail to grow on oleic acid as the sole carbon source as both pathways by which fatty acids enter peroxisomes are blocked (Hettema et al., 1996). Growth can be restored by expression of the wild-type PXA1 gene from either the PXA1 or CTA1 promoter.  
Cells transformed with mutant PXA1 alleles expressed from their endogenous promoter show either complete failure or impaired growth on oleate. However, certain mutant forms (R220C, S224A, N264S, K651R, G650S, R656Q and the double mutant G650S;K651R) when overexpressed from the CTA1 promoter are able to rescue the growth phenotype, albeit to different extents. In particular, mutants harbouring K651R, G650S and R656Q when overexpressed from the CTA1 promoter are able to rescue growth substantially indicating that they largely retain functional ability. Immunoblot data examined for each of the mutants that rescue growth shows that the steady state level of the alleles (expressed from the native PXA1 promoter) is reduced (or absent in the case of R220C) in comparison to wild-type suggesting that these may be unstable (Figure 3.7). As expected the level of protein is increased upon overexpression from the CTA1 promoter. Interestingly, K651R, G650S and R656Q mutant forms that all have an ability to rescue growth substantially upon overexpression are all located in the Walker A motif of the nucleotide binding domain. 
Cells expressing the R695H, E753K and R761H mutant alleles, which are also located in the cytosolic domain, have a null phenotype regardless of expression level. One would therefore assume that these mutations render the half-ABC transporter completely non-functional. However, immunoblot analysis shows these protein forms are hardly increased upon expression from the CTA1 promoter (figure 3.7). Cells expressing the D342G allele do not behave like cells expressing any of the other mutant forms. Strangely, overexpression of this allele seems to actually inhibit growth. Lastly, no differential effect on growth can be seen for cells overexpressing the R804W allele. 
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Figure 3.6 Oleate growth analysis of pxa1/faa2Δ cells expressing different mutant Pxa1 forms
The pxa1/faa2Δ strain was transformed with: vector alone, the wild-type PXA1 gene and mutant pxa1 alleles under control of either the PXA1 or CTA1 promoter. Cells were grown overnight in selective minimal media containing 2% glucose. The following morning they were diluted 1/10 into selective minimal medium containing 0.3% glucose and grown for 6 hours before making serial dilutions and spotting onto oleate plates. Plates were incubated at 30ºC and imaged on days 7, 9 and 14 days. Mutant alleles R220C, S224A, N264S, K651R, G650S, R656Q and the double mutant G650S;K651R all rescue growth.



[image: ][image: ]Figure 3.7 Immunoblot analysis of mutant Pxa1 forms expressed in pxa1/faa2Δ cells
Cells were induced in oleic acid before harvesting cell pellets and proceeding to extract and precipitate total cellular protein. 1 OD600 units were analysed by immunoblotting using rat antiserum to the Pxa1. The cells analysed are pxa1/faa2Δ yeast expressing: vector alone, the wild-type PXA1 gene or mutant PXA1 alleles under the control of either the PXA1 or CTA1 promoter (as indicated). The asterisk indicates a nonspecific band that serves as a convenient loading control.






Proceeding to analyse Pxa1 alleles using plasmid based assays proved difficult and results varied considerably perhaps due to inability to achieve good selection of plasmids on oleate. In attempt to overcome such problems two alleles (R220C and G650S;K651R) were selected for integrated into the genome. Selection of these mutants was made on the basis that they both appear to be unstable (or reduced in level) and rescue growth upon overexpression.              
3.2.6 Introduction of X-ALD point mutations into the yeast genome
The luminal domain mutation R220C (corresponding to human R104C) and cytosolic domain mutations G650S and K651R (corresponding to human G512S and K513R) were introduced into the yeast genome using the following approach. PCR was performed to amplify mutant pxa1 alleles (from vector constructs) including 500bp of sequence upstream and 200bp downstream of the PXA1 ORF. The PCR products were then transformed into the yeast knock out strain where the PXA1 ORF has been replaced with the URA3 marker. Recombinants were selected by their ability to grow on medium containing 5-Fluoro-orotic acid (5-FOA) supplemented with a small amount of uracil. Cells where recombination has resulted in the loss of the URA3 gene therefore fail to use orotic acid as the source of pyramidine ring. However, others have the ability to form fluorodeoxyuridine which is a potent inhibitor of thymidylate synthetase and thereby toxic to the cell. 
PCR was carried out on template genomic DNA extracted from colonies growing on 5-FOA-containing medium in order to verify integration of the Pxa1 mutant alleles into the genome (ten clones for each mutant pxa1 form were analysed). Desired colonies gave rise to a PCR product of ~700bp in size (when using a forward primer designed to anneal 500bp upstream of the PXA1 ORF and a reverse primer annealing 200bp downstream of the PXA1 ATG codon). No PCR product was detected when using a reverse primer designed to anneal within the URA3 cassette indicating that this had been lost (See figure 3.8). 
The ten clones were further checked by immunoblot analysis (figure 3.9). This indicates that correctly integrated mutant pxa1 forms (in clones 2, 3, 4, 5, 7 and 10, and clones 3, 4, 5, 8 and 9 transformed with pxa1-R220C and pxa1-G650S;K651R, respectively) are greatly reduced in level compared to the wild-type protein. The level of R220C appears to be reduced to ~ 30% whilst the level of the double mutant is 
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Figure 3.8 Introduction of PXA1 missense mutations into the yeast genome by homologous recombination and verification by PCR
Primers that anneal 500bp upstream of the PXA1 ATG and 200bp downstream of stop codon were used to amplify the PXA1 ORF, harbouring a point mutation (pink block) including promoter and terminator regions (represented as purple blocks).  The PCR product was transformed into pxa1Δ cells where the PXA1 gene had been replaced by the URA3 selectable marker (represented in yellow). As homologous recombination occurs the selectable marker is replaced by the pxa1 allele harbouring the point mutation. Only cells that have lost the URA3 marker are able to grow on medium containing 5-FOA. 
Ten clones transformed with pxa1-R220C or pxa1-G650S;K651R PCR product were selected from 5-FOA plates and subjected to test PCR to verify correct integration into the genome. 
Successful integration of pxa1-R220C was confirmed in clones 2, 3, 4, 5, 7 and 10 by detection of a PCR product using primer set VIP1274F and 1326R but not VIP1274F and 1079R. Colonies 1, 6, 8 and 9 failed to give rise to a PCR product with both primer sets indicating they had lost the URA3 gene (enabling them to grow on 5-FOA) but failed to integrate the mutant allele into the genome. 
Successful integration of pxa1-G650S;K651R was confirmed in clones 3, 4, 5, 8 and 9, which gave a PCR product with primer set VIP1274F and 1326R but not VIP1274F and1079R. Colonies 1, 2, 6, 7 and 10 failed to give rise to a PCR product with both primer sets indicating they have lost the URA3 gene (enabling them to grow on 5-FOA) but failed to integrate the mutant allele into the genome. 
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Figure 3.9 Immunoblot analysis indicates clones that harbour mutant Pxa1 alleles within the genome
Total yeast lysates of oleic acid induced cells were analysed by immunoblotting using rat anti-sera against Pxa1. The cells analysed are WT, pxa1::URA3 knock out yeast and cells transformed with pxa1-R220C or pxa1-G650S;K651R alleles (ten clones of each were analysed). Cells were grown overnight in YPD medium, diluted 1/10 the following morning into minimal media containing 0.3% glucose and grown for 6 h. Cells were then transferred to oleate overnight. 1 OD600 units were analysed by immunoblotting. Asterisk indicates aspecific proteins.
The pxa1-R220C allele appears to be successfully integrated in clones 2, 3, 4, 5, 7 and 10, which all show a remarkably reduced level of Pxa1 protein in comparison to the WT strain. Likewise, the pxa1-G650S;K651R allele appears successfully integrated in clones 3, 4, 5, 8 and 9. Clones 1, 6, 8 and 9 (for pxa1-R220C) and clones 1, 2, 6, 7 and 10 (for pxa1-G650S;K651R) appear not to have integrated pxa1 mutant alleles into the genome. These immunoblot data agree with verification of integration by PCR, previously described. 

reduced to 15-30% in comparison to the wild-type (figure 3.9). This is in agreement with previous initial examination of the level of these proteins in pxa1Δ cells (figure 3.5). Finally, to check that only the desired mutation had been introduced into the PXA1 ORF, the whole ORF was amplified from the genome in three 1000bp fragments. The forward primers used in the amplification were designed to contain 5’ sequence identical to the universal M13F sequencing primer in order to facilitate sequencing (figure 3.10). This approach successfully creates point mutations in the PXA1 genomic locus without leaving of any exogenous sequences in the genome that may cause unforeseen effects. A similar strategy (delitto perfetto) is described by Storici and co-workers (Storici et al., 2001).  
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Figure 3.10 PCR amplification of genome integrated PXA1 alleles. A) The primers indicated by arrows were used to amplify three regions of PXA1 sequence of around 1000bp in length. The forward primers were designed to contain a short 5’ extension, the sequence of which is identical to that of the universal M13 forward primer (indicated in green). Purple blocks indicate PXA1 promoter and terminator regions whilst pink blocks indicate PXA1 sequence. X indicates the PXA1 missense mutation. PCR products A, B and C were sequenced to confirm introduction of missense mutations into the PXA1 ORF. B) Agarose gel photo showing amplified PCR products (A, B and C) of genomically integrated pxa1-R220C (from clones 2 and 3) and pxa1-G650S;K651R (from clones 3 and 4 ). 5µl of PCR reaction was analysed on gel. Product A was excised from gel and purified from contaminating upper and lower bands prior to sequencing.

3.2.7 Subcellular localisation of wild-type and mutant Pxa1-GFP fusion proteins 
Wild-type Pxa1 and Pxa1 forms (R220C and G650S;K651R) existing as point mutations in the yeast genome were C-terminally tagged with green fluorescent protein (GFP) enabling the subcellular localisation of the proteins to be examined by fluorescence microscopy. Cells expressing wild-type Pxa1-GFP exhibited puncta which co-localised with the peroxisomal matrix protein marker HcRed-SKL thus, indicating that the fusion protein is correctly localised to peroxisomes. Similarly, the mutant Pxa1 forms also localised to peroxisomes but puncta were fewer and less intense in comparison to the wild-type version of the protein (figure 3.11). These fluorescence microscopy data appear to correlate well with the level of protein detected by immunoblot analysis, which shows only a portion of the mutant protein is present at steady state level, figure 3.9. 
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Figure 3.11 Fluorescence microscopy images of wild-type and mutant Pxa1 forms. 
Analysis of wild type and mutant forms of the Pxa1 protein in strains which harbour the mutant alleles integrated in the genome and C-terminally tagged with GFP. Cells are transformed with plasmid based peroxisomal matrix marker HcRed-SKL constitutively expressed from the HIS3 promoter. Cells were grown in selective medium containing 2% glucose overnight. The following morning they were diluted 1/10 into selective medium containing 0.3% glucose and grown for 6 hours before transfer to oleate medium overnight. The following day images were taken using identical exposure times. BF=Brightfield.
Microscopy Images were collected as z-stacks, which were merged together to produce this figure.



3.3 Discussion
In this chapter a model system has been successfully established in S.cerevisiae which can be used to study the underlying mechanism of X-ALD.  The ability to mimic instability of mutant ALDP forms suggests that the protein quality control mechanisms operating are conserved from yeast to humans. Whilst a much larger number of E3 ligases and other components involved in QC exist in humans thereby adding to the complexity of the process, yeast provide a much simpler model in which we can begin to unravel the pathway that this protein follows to destruction. 
The techniques used in this chapter (such as integration of mutations into the genome, GFP tagging and fluorescent microscopy in combination with oleate assays and western blot analysis) could potentially be used to group mutant Pxa1 forms into different classes. For example the G650S;K651R double mutant and the R220C which both rescue growth to different extents may be placed into different categories on the basis that one largely retains function, whilst the other may be largely non-functional. Categorising ALDP mutations in a yeast system would be important in the long-term for development of drugs, which would need to be administered differently to patients depending on their genetic defect. 
Mutations G650S, K651R and R656Q are all located in the walker A motif of the cytoplasmic domain, thus they may be affected in ATPase activity. Roerig et al have demonstrated that the X-ALD disease causing mutation G512S (corresponding to G650S mutation in yeast) located in the ATP-binding domain resulted in a decrease in ATP-binding capacity (Roerig et al., 2001). However, despite this decreased activity it seems the defective protein retains enough function to restore growth of yeast on oleic acid given the chance to locate to the peroxisomal membrane. Thus, an ability to adjust the cells quality control mechanisms, which at the moment for ALDP is unknown, could offer benefits to patients harbouring these types of mutation. 
Mutant Pxa1 forms R695H, E753K and R761K also located in the cytoplasmic domain are reduced in level but in contrast to the other mutants analysed there level hardly increases upon overexpression. It may be this region is important for stable formation of dimers in the peroxisomal membrane as it had been demonstrated that the carboxyl-terminal half of ALDP is important for dimerization (Liu et al., 1999). 
Interestingly, the level of the peroxisomal luminal domain mutant R220C can be seen to differ upon analysis (by immunoblotting) in the pxa1Δ and pxa1/faa2Δ mutant background. In the latter the protein is completely undetectable in comparison to the residual amount which can be detected in the single deletion mutant. In plants, both functional and physical interactions have been detected between comatose and the peroxisomal acyl-CoA synthetases, LACS6/7 (De Marcos Lousa et al., 2013), thus it may be possible that the Faa2 protein in yeast is interacting with Pxa1 and affecting its stability. Notably, immunoblot analysis of the level of genomically expressed R220C corresponds with that detected in pxa1Δ cells expressing plasmid based R220C. 
Quantification of the level of genomically expressed R220C show a reduction to ~30% of the wild-type level, in agreement with immunoblot data obtained from human fibroblast studies (Zhang et al., 2011). In addition, fluorescence microscopy analysis of this mutant reveals the protein in puncta that are less intense in comparison to the wild-type. This suggests that a portion of the mutant protein molecules are able to fold correctly and insert into the peroxisomal membrane while most are recognised and destroyed by quality control mechanisms.
In summary, we are able to mimic the effect of ALDP disease alleles in yeast thus, in principle this system could be used to study the underlying mechanism of X-ALD. However, it is important to be aware of the limitations of this system. As temperature can affect protein stability, certain mutant ALDP forms that are unstable in humans may not appear so in yeast, which grow optimally at the lower temp of 30ºC. Indeed, selected fibroblasts obtained from X-ALD patients actually show an increase in ALDP when cultured at 30ºC (Zhang et al., 2011). In addition, mutations in Pxa1 that cause instability due to a dimerization defect with Pxa2 may not necessarily have the same effect on ALDP, as this is thought to form homo-dimers in vivo (van Roermund et al., 2008). When analysing the effect of missense mutations in Pxa1 (that are located the NBD) it is also necessary to take into consideration the structure of the ATPase sites formed upon hetero-dimerization of Pxa1/Pxa2, and the likelihood of functional differences between the two sites, as previously observed with comatose in plants (Dietrich et al., 2009). In this respect, a Pxa1/Pxa2 hetero-dimeric complex may differ from the ALDP homo-dimer, which is composed of two identical half ABC-transporter proteins.
Chapter 4

4 Identification of the subcellular location of peroxisomal membrane protein (PMP) quality control

4.1 Introduction
PMPs have been proposed to target to peroxisomes in two different ways (Jones et al., 2004). Those belonging to Class I target directly to the peroxisomal membrane in a Pex19-dependent manner. A few Class II PMPs (Pex3, Pex22 and Pex16) are thought to target first to the endoplasmic reticulum (ER) before arriving in peroxisomes (Hoepfner et al., 2005; Jones et al., 2004; Halbach et al., 2009; Kim et al., 2006). However, van der Zand and co-workers recently proposed that all PMPs route to peroxisome via the ER (van der Zand et al., 2012). 
Further insight into how PMPs traffic could be gained by identifying the subcellular location of QC of newly synthesised proteins. Taking into consideration the proposed ways in which PMPs may route to peroxisomes, figure 4.1 highlights the locations of possible QC mechanisms that may operate on PMPs. Obvious places include the ER, peroxisomal membrane or cytosol.
S.cerevisiae Pxa1 (homolog of human ALDP) is a good PMP to study as it does not affect peroxisome assembly (Swatzman et al., 1996). It is also known to be unstable under several conditions: when harbouring missense mutation - discussed in chapter 3, in the absence of partner protein Pxa2 (Shani and Valle, 1996), and in the absence of peroxisomal membranes (Hettema et al., 2000). 
Many proteins entering the ER are monitored by the ERQC system that checks whether they have folded and assembled into complexes properly, prior to their transport to latter compartments of the endomembrane system. Those that fail to do so are targeted for ER associated degradation (reviewed by Bagola et al., 2011). We therefore hypothesised that if Pxa1 and Pxa2 target to the peroxisomal membrane via the ER as recently proposed (van der Zand et al., 2010), then we would expect protein 
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Figure 4.1 Potential locations of quality control for PMPs 
PMPs may first insert into the ER before routing to peroxisomes. Those that misfold and fail to assemble correctly may be recognised and subject ERAD. Ultimate destruction is by the 26S proteasome. Aberrant proteins entering the secretory pathway that have escaped ERAD may instead be recognised by Golgi QC mechanisms. Such proteins are ubiquitinated and diverted to the vacuole where they are destroyed. However, if PMPs target directly to the peroxisomal membrane QC may occur at the ribosome, in the cytosol or at the peroxisomal membrane itself. A machinery mechanistically similar to ERAD functions at the peroxisomal membrane in the recycling or degradation of the Pex5 import receptor. In addition, QC at the organelle level may also operate on peroxisomes to deliver them to the vacuole, this is termed autophagy. Ultimately QC mechanisms deliver misfolded proteins to either the 26S proteasome or the vacuole.

QC and assembly of the hetero-dimeric complex to occur here. Thus, inactivation of ERAD may stabilise Pxa1 in the absence of Pxa2 and also mutant Pxa1 forms. Notably, in yeast an unstable mutant allele of the multi-spanning membrane protein Ste6 is retained in the ER, recognised and degraded by ERAD (Loayza et al., 1998). One of the best characterised examples of a mutant membrane protein who’s trafficking is delayed by the ERQC system is the mutant protein CFTRΔF508. Ultimately this ER-retained mutant protein is ubiquitinated and degraded by the 26S proteasome (Cheng et al., 1990; Ward et al., 1995). 
Alternatively, Pxa1 and Pxa2 may insert directly into the peroxisomal membrane in a Pex19-dependent manner. In support of this, an N-terminal fragment of ALDP (ortholog of Pxa1) and related ABC-transporters (PMP70 and ALDRP) have been shown to interact with Pex19 (PMP import receptor/chaperone) in both yeast two-hybrid and in vitro GST pull down assays (Gloeckner et al., 2000). This is supported by in vitro import studies, where newly synthesised PMP70 is post-translationally inserted into isolated peroxisomes (Imanaka et al., 1996). The same study showed that newly synthesised PMP70 is first released in the cytosol before associating with peroxisomes in vivo (Imanaka et al., 1996). Furthermore, studies in plants have demonstrated that two pseudo half-molecules of comatose are able to bind Pex19 in vitro (Nyathi et al., 2012). 
If Pxa1 does target from the cytosol directly to peroxisomes then QC mechanisms operating on Pxa1/Pxa2 may possibly be located in cytosol, at the ribosome (ribosome-associated) or at the peroxisomal membrane. A machinery resembling that of ERAD exists in the peroxisomal membrane and is required for recycling and degradation of the Pex5 matrix import receptor (Kiel et al., 2005). However, it is not known if this machinery has an extended role in PMP QC.  
The aim of this work was to develop a simple assay, which could be used to identify components involved in the QC of Pxa1. This may be important in the long-term for therapeutic intervention. In addition, identification of the subcellular location of quality control may provide further insight into the trafficking route taken by the ABC transporters and other PMPs to the peroxisomal membrane.

4.2 Results
4.2.1 A simple assay to analyse Pxa1 stability 
Under normal glucose grown conditions Pxa1 and Pxa2 are not expressed but like many peroxisomal proteins they are induced when cells are grown in fatty acid containing medium (Smith et al., 2002). In oleate grown pxa2Δ cells the level of Pxa1 is reduced (data not shown), possibly as a consequence of increased degradation. To test this a Pxa1 stability assay was developed. This can in principle be achieved by either 1)  knocking out Pxa2 and growing cells on oleate or by 2) inducing Pxa1 under conditions where Pxa2 is not expressed for example in glucose grown cells. The problem with option one is that Pxa2 cells do not grow as well on oleate compared to wild-type cells and oleate medium interferes with OD measurements and proper quantification. Pxa1 was therefore induced from the GAL1 promoter, which on glucose medium is switched off, de-repressed on raffinose medium and activated on galactose medium.
Pxa1 was cloned behind the GAL1 promoter and C-terminally tagged with GFP. Similarly Pxa2 was also cloned under control of GAL1 but this was left untagged. This enables Pxa1 and Pxa2 to be conditionally expressed. Wild-type yeast cells were transformed with Pxa1-GFP expressing construct alone and induced in galactose- containing medium for one hour before shut down initiated by the addition of cycloheximide (a potent inhibitor of protein synthesis). Pxa1-GFP protein synthesised during this time was then followed over a period of time (chase period). Following shutdown, cells were harvested from samples of equal volume at several time points over a period of six hours. Total cellular protein extracted from cell pellets was analysed by immunoblot analysis to detect Pxa1-GFP protein levels using anti-GFP antisera. Cells co-expressing Pxa1-GFP and Pxa2 were processed and analysed in the same way (Figure 4.2A). In addition, blots were also probed with anti-Pxa2 in order to detect the level of untagged Pxa2 in total cellular extracts (Figure 4.2B).
As expected, Pxa1-GFP is unstable in the absence of Pxa2 but remains more stable throughout the chase upon co-expression of its partner protein (see figure 4.2C). The half-life of Pxa1 in the absence of Pxa2 is ~ 1 hour. However, in the presence of Pxa2 this is extended to over six hours.  
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Cells transformed with GAL1 Pxa1-GFP and either empty vector or untagged Pxa2 also under control of the GAL1 promoter were grown overnight in selective minimal (DO) medium containing 2% raffinose. The following morning cells were inoculated into galactose-containing medium at OD600 = 1.0 and induced for 1h 15 minutes before addition of cycloheximide. Samples of equal volume were harvested at each time point indicated and 0.5 OD600 units were analysed by immunoblotting with A) anti-GFP B) anti-Pxa2 antibody. * indicates nonspecific band, which provides a convenient loading control. C) Graph representing the Pxa1-GFP protein level quantified at each time point throughout the chase period. As this experiment was repeated several times, average values are plotted for each time point and error bars indicate the highest and lowest values obtained.
Similarly, this assay was used to analyse the stability of Pxa1 mutant alleles R220C, S224A, N264S, D342G, K651R and G650S;K651R, which were also expressed from the GAL1 promoter and chased both in the presence and absence of Pxa2. Immunoblot analysis shows all of the mutant forms are unstable in the absence of Pxa2 expression. However, upon co-expression of Pxa2 some of the mutants appear to be partially stabilised while others show no stabilisation (Figure 4.3). 
This simple assay gives the potential to analyse the instability of Pxa1 and mutant Pxa1 forms in many different mutant backgrounds and obviates the need to grow cells on oleate medium. 
4.2.2 Pxa1 in the absence of Pxa2 targets to peroxisomes 
Immunoblot analysis shows that Pxa1 is unstable in the absence of Pxa2 protein (Figure 4.2A). One would therefore question if this breakdown is occurring at the peroxisomal membrane. In an attempt to test this, plasmid-based Pxa1 C-terminally tagged with GFP was visualised by fluorescence microscopy after induction and at various time points following shutdown to see if the signal disappears from peroxisomes over time in cells expressing Pxa1 alone in comparison to cells co-expressing both partners (Figure 4.4). Suprisingly, Pxa1-GFP is localised to puncta that comprise peroxisomes. However, the intensity of Pxa1-GFP signal on peroxisomes is greatly increased when co-expressed with Pxa2. Whilst the puncta appear to remain the same intensity throughout the chase upon co-expression with Pxa2, there is a large decrease in the intensity of Pxa1-GFP on peroxisomes observed between one and three hours when Pxa1-GFP is expressed alone. This suggests breakdown of the fusion protein is taking place at the peroxisomal membrane.
Within the first hour of the chase the fluorescence signal intensity of Pxa1-GFP (both in the presence and absence of Pxa2) does not decrease. However, immunoblot analysis does show a decrease in protein level of roughly 50%. This may be attributed to breakdown of a cytoplasmic pool of the fusion protein which has not yet targeted to peroxisomes. This pool may fail to be observed at the initial time point as the cytoplasmic portion of Pxa1-GFP may be largely unfolded meaning it is not detected by fluorescence microscopy. 
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Figure 4.3 Pulse-chase analysis of Pxa1-GFP and mutant Pxa1 forms in wild-type cells
Cells transformed with Pxa1-GFP under control of the GAL1 promoter were grown overnight in selective (DO) medium containing 2% raffinose. The following morning cells were induced for 1h 15 minutes in galactose containing medium before addition of cycloheximide. Samples of equal volume were harvested for immunoblot analysis throughout the chase period. This was performed both in the presence and absence of Pxa2 partner protein, also expressed from the GAL1 promoter, as indicated. 1 OD600 units of cells were analysed by immunoblotting with anti-GFP. 
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Figure 4.4 Fluorescence microscopy pulse-chase analysis
Cells were grown overnight in selective minimal (DO) medium containing raffinose. The following morning cells were inoculated to OD600 = 1 in selective medium containing galactose. Pxa1-GFP was induced for 1 hour and 15 minutes from the GAL1 promoter before addition of cycloheximide. This was performed in cells co-expressing GAL1 regulated Pxa2 or empty vector as a control. Cells were visualised throughout the chase at the time points indicated (0, 1, 3 and 6 hours). Images were taken using identical exposure times of 200 milliseconds, gain 81 and offset 12. Images were collected as z-stacks which were merged to form this figure. This experiment was performed three times and representative images are shown.
4.2.3 Quality control delivers wild-type and mutant Pxa1 forms to the proteasome
The two major proteolytic systems within the eukaryotic cell are the 26S proteasome and the lysosome, or vacuole in yeast (Finley et al., 2012). To determine whether Pxa1 is degraded in the vacuole or elsewhere its breakdown was examined in a pep4Δ mutant deficient in the major vacuolar protease Pep4 that is responsible for proteolytic activation of other vacuolar proteases (Ammerer et al., 1986). Pxa1 in the absence of Pxa2 undergoes degradation at the same rate in the pep4 mutant and the wild-type strain (Figure 4.5). This Pep4-independent degradation suggests that Pxa1 (in the absence of its partner protein) does not reach the vacuole. In agreement with this conclusion is the inability to detect a free GFP product in wild-type cells (data not shown). This is a characteristic product of vacuolar degradation of fusion proteins since GFP itself is relatively protease resistant. Similarly, no stabilisation of Pxa1 mutant alleles (harbouring cytosolic G650S and K651R mutations or the luminal R220C mutation) expressed in the presence of Pxa2 is observed in the pep4Δ mutant (Figure 4.5).
Since the vacuolar proteolytic system appears not to be involved in the degradation, the other alternative is the ubiquitin-proteasome system. A large number of compounds that interfere with the activity of the proteasome have been described. One of these, MG132 is a peptide aldehyde known to bind and inhibit several of the subunits of the 26S proteasome and therefore reduce its activity in vivo (Lee and Goldberg, 1996). The next logical step was therefore to analyse Pxa1 stability in the presence of this drug. These types of experiments were performed in erg6Δ cells, which are defective in sterol biosynthesis and have increased drug permeability (Lee and Goldberg, 1996). Pxa1-GFP in the absence of Pxa2 can be seen to stabilise in the presence of MG132. Treatment with MG132 increases the half-life of Pxa1-GFP to ˃ 3h in comparison to ~11/4 hours for DMSO-treated control cells. Similar observations are made for pxa1-R220C-GFP and pxa1-G650S;K651R-GFP (Figure 4.6). These data support a model whereby quality control mechanisms acting on Pxa1 and mutant forms (in the absence and presence of Pxa2, respectively) deliver them to the proteasome for ultimate destruction. 


[image: ][image: ][image: ][image: ][image: ][image: ]Figure 4.5 Analysis of wild-type Pxa1-GFP and mutant Pxa1 forms in pep4Δ cells. Wild-type and pep4Δ cells transformed with Pxa1-GFP (in the absence of Pxa2) or mutant forms R220C or K651R;G650S (co-expressing Pxa2) under control of the GAL1 promoter were induced on galactose medium for 1h 15 minutes before the addition of cycloheximide. Samples of equal volumes were harvested at each time point throughout the chase period and 1 OD600 units were analysed by immunoblotting using anti-GFP. Graphs show the level of protein at each indicated time point, quantified from immunoblots. 
Each of these experiments was carried out three times. Average values were plotted on the graphs and errors bars indicate the highest and lowest values obtained.





[image: ][image: ][image: ][image: ][image: ][image: ]Figure 4.6 Analysis of the effect of the proteasome inhibitor MG132 on the stability of Pxa1-GFP and mutant Pxa1-GFP. Wild-type Pxa1 (in the absence of Pxa2) and mutant forms (in the presence of Pxa2) tagged with GFP were expressed from the GAL1 promoter in erg6Δ cells. After induction, cycloheximide was added along with MG132 proteasome inhibitor or DMSO for control cells. The stability of Pxa1 and Pxa1 mutant forms was determined by western blot analysis using anti-GFP. Graphs represent the protein level quantified at the indicated time points. 
Each of these experiments was carried out three times. Average values were plotted on the graphs and errors bars indicate the highest and lowest values obtained.


As a rule, the 26S proteasome recognises only ubiquitinated proteins (Ciechanover and Stanhill, 2014). However, an exception to this is the ubiquitin-independent degradation of ornithine decarboxylase (ODC) by the proteasome (Murakami et al., 1992). In this instance, interaction with a small polyamine-induced protein antizyme alters ODC conformation resulting in its degradation by the 26S proteasome (reviewed by Kahana et al., 2005). In addition to the 26S proteasome, it is thought that cells may harbour a smaller 20S proteasome, lacking the 19S regulatory complex. Some studies suggest the 20S proteasome is able to degrade substrates such as ODC, tumour suppressors P53 and P73 and BIM extra-long (member of the BCL2 family) in a ubiquitin-independent manner (reviewed by Kravtsova-Ivantsiv and Ciechanover, 2012). However, whether or not the 20S proteasome participates in cellular proteolysis is still under debate. 
Evidence to suggest that Pxa1 is ubiquitinated comes from the finding that Pxa1 steady state level is increased in the absence of the Doa4 deubiquitinating enzyme. In S.cerevisiae, Doa4 is required for the recycling of ubiquitin from ubiquitinated substrates prior to their destruction by the proteasome or the vacuole. Thus, doa4Δ mutants become depleted in ubiquitin, which is destroyed by the two major proteolytic machineries (Swaminathan et al., 1999). In addition the activity of the proteasome has been shown to be compromised in the doa4Δ mutant (Papa and Hochstrasser, 1993). The steady state level of Pxa1 was therefore analysed in pxa2Δ cells and in pxa2/doa4Δ cells. Pxa1 is hardly detectable by immunoblot analysis in the absence of its partner protein. However, a partial stabilisation of Pxa1 is observed upon deletion of Doa4 (Figure 4.7). 
In the process of ubiquitination substrate recognition is achieved by an E3 (ubiquitin-protein ligase) enzyme which specifically binds its substrate and E2 enzyme to mediate ubiquitin transfer to the substrate (Finely et al., 2012). The decision was therefore made to screen E3 ubiquitin ligase mutants for their effect on the stability of both wild-type and mutant forms of Pxa1. 
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Figure 4.7 Pxa1 in the absence of Pxa2 is partially stabilised in doa4Δ cells
Cells were grown on rich medium overnight and the following day grown to log phase in minimal medium (YM1) containing 0.3% glucose before transferring to oleic acid containing medium overnight. 1 OD600 units were analysed by immunoblotting with anti-Pxa1. Six independent pxa2/doa4Δ strains were analysed. 


4.2.4 E3 ubiquitin-protein ligase screen
There are two families of E3 ubiquitin ligase enzymes: HECT and RING domain families (Metzger et al., 2012). Database searches using the Saccharomyces Genome Database (www.yeastgenome.org) and BLAST identified forty seven proteins containing either a HECT or RING domain (see table 4.1). Whilst most of these proteins are previously characterised ubiquitin-protein ligases, other potential candidates have unknown functions. Notably, five of the proteins listed are known to be essential.
The forty two non-essential ligases were screened for a role in Pxa1 QC via use of the previously described assay in which Pxa1-GFP is conditionally expressed from the GAL1 promoter and chased over a period of 6 hours. The wild-type strain was also chased alongside each mutant (serving as a control) and samples were loaded on the same gel so the protein level at each time point could be easily compared. It was thought that such an approach would reveal mutants that exhibit stabilisation of Pxa1-GFP, similar to that observed upon co-expression of the Pxa2 partner protein. First, the obvious ubiquitin-protein ligase candidates involved in quality control at the ER were screened. 
4.2.4.1 Analysis of the involvement of ERAD in PMP QC
Two E3 ligases: Doa10 and Hrd1 exist in the ER that mediate ubiquitination and degradation of ER substrates. The Hrd1 E3 enzyme was first identified due to its role in the regulated degradation of HMG-CoA reductase, an integral ER membrane protein and key regulator of the mevalonate pathway (Hampton et al., 1996). Steady state levels of this substrate are increased in the absence of Hrd1, thus enabling growth of cells on lovastatin. ER-retention of mutants of the ABC transporter Ste6 has been demonstrated and one particular allele, classed as ‘hyperunstable’ was localise to the ER instead of the Golgi as seen for the wild-type version of this protein (Loayza et al., 1998). The stability of this mutant was increased by inactivation of the proteasome or the ubiquitin conjugation enzymes (Ubc6 and Ubc7) implicated in ERAD (Loayza et al., 1998). Ste6 was also strongly stabilised in a doa10Δ mutant indicative of its destruction via the Doa10 pathway (Huyer et al., 2004). 

Table 4.1 Ubiquitin-protein ligase enzymes containing RING or HECT domains
	ORFΔ
	Gene 
	Function

	
Rad18
Pep5

Ubr1

Far1
Pep3
Rad16
Slx5

Rad5
Ste5
Mot2
Hel1
Unknown
Etp1
Vps8
Slx8
Snt2
Fap1
Itt1
Rkr1


Hel2
Mag2
Irc20
Pib1
Asr1
Bre1
Ubr2
Rtc1/sea2

Uls1
Psh1
Dma1
Dma2
Hul4*
Hul5*
Ufd4*

Tom1*
Pex2

Pex10
Pex12
Tul1

Hrd1
Doa10
San1
	
Ycr066w
Ymr231w

Ygr184c

Yjl157c
Ylr148w
Ybr114w
Ydl013w

Ylr032w
Ydr103w
Yer068w
Ykr017c
Ybr062c
Yhl010c
Yal002w
Yer116c
Ygl131c
Ynl023c
Yml068w
Ymr247c


Ydr266c
Ylr427w
Ylr247c
Ydr313c
Ypr093c
Ydl074c
Ydl024c
Yol138c

Yor191w
Yol054w
Ynl115c
Yhr116w
Yjr036c
Ygl141w
Ykl010c

Ydr457w
Yjl210w

Ydr265w
Ymr026c
Ykl034w

Yol013c
Yil030c
Ydr143c

	
Ubiquitinates Pol30 to activate translesion repair after DNA damage
Peripheral vacuolar membrane protein required for protein trafficking and vacuolar biogenesis.
An E3 ligase of the N-end rule pathway; major role in the targeting of misfolded cytosolic proteins for degradation.
Protein kinase inhibitor
Forms a complex with Pep5 and is required for vacuolar biogenesis
Involved in DNA repair
Functions as a two component ubiquitin ligase (in complex with slx8) to control genome stability and sumoylation.
DNA ubiquitin ligase
Pheromone-responsive MAPK scaffold protein
Ubiquitinates nascent polypeptide-associated complex subunits
Involved in ubiquitination and degradation of excess histones
Putative protein of unknown function containing RING domain
Unknown function; contains RING domain
Functions in endosomal to vacuole protein targeting
Works in complex with slx5
Various roles; interacts with Ubc4
Confers rapamycin resistance
Protein that modulates the efficiency of translation termination
alias LTN1: a component of the ribosome-bound quality control complex (RQC) required for the degradation of polypeptides arising from stalled translation
Involved in co-translational ubiquitination of nascent polypeptides 
Cytoplasmic protein of unknown function 
Interacts with cdc48
RING ubiquitin ligase of the endosomal and vacuolar membrane
Ubiquitin-protein ligase that modulates and regulates Pol II
forms a heterodimer with Rad6p to mono-ubiquinate histone H2B-K123
Cytoplasmic ubiquitin-protein ligase
Subunit of a vacuole associated coatomer complex; contains a C-terminal RING motif
Ubiquitin ligase for SUMO conjugates
Mediates polyubiquitination and degradation of Cse4
Various functions including ubiquitination of swe1 and Pcl1
Same as Dma1
HECT domain ubiquitin ligase found in TRAMP complex
Multi-ubiquitin chain assembly factor (E4)
Interacts with Rpt4 and Rpt6 subunits of the of the 19S particle of the 26S proteasome
Controls Cdc6 degradation in G1 phase
Component of the RING complex; functions in peroxisomal matrix protein import
Forms a complex with Pex2 and Pex12
Forms a complex with Pex2 and Pex10
Involved in sorting transmembrane domain containing proteins into multi-vesicular bodies for delivery to the vacuole
ER-membrane bound E3 ligase involved in ERAD
ER-membrane bound ligase involved in ERAD
Involved in proteasome-dependent degradation of aberrant nuclear proteins

	
Hrt1
Tfb3
Cwc2
Apc11
Rsp5*
	
Yol133w
Ydr460w
Ydl209c
Ydl008w
Yer125w
	
Core subunit of multiple ubiquitin ligase complexes
RING finger protein similar to CAK and TFIIH in mammals
Member of the NineTeen Complex (NTC)
ubiquitin-protein ligase required for degradation of anaphase inhibitors
E3 ubiquitin ligase of the NEDD4 family; involved in regulating many cellular processes



The essential E3 ligases are indicated in red 
* Indicates ubiquitin-protein ligases containing a HECT domain, all others contain a RING domain

It was hypothesised that if unstable wild-type Pxa1 (in the absence of Pxa2) and unstable Pxa1 mutant forms route to peroxisomes via the ER then inactivation of the E3 ligase enzymes required for ERQC may lead to their stabilisation. Pulse-chase analysis of wild-type Pxa1-GFP (in the absence of Pxa2) and pxa1- R220C-GFP (in the presence of Pxa2) showed in both cases that the fusion proteins are efficiently degraded in the hrd1Δ and doa10Δ mutants (Figure 4.8). 
Pxa1 stability was also analysed in a pex19/cue1Δ mutant lacking the Cue1 ERAD component Cue1. It was hypothesised that if Pxa1 first inserts to the ER before arriving on peroxisomes then in pex19Δ cells lacking peroxisomal membranes Pxa1 may be trapped in the ER and consequently recognised for degradation. Inactivation of ERAD may therefore stabilise Pxa1 under such conditions. Cue1 is common to both ERAD E3 ligase complexes and broadly required for ERAD (Xie and Ng, 2010). It binds the E2 ubiquitin conjugating enzyme Ubc7 to position it at the ER membrane (Biederer et al., 1997) and has been shown to bind polyubiquitin chains via its CUE domain and thereby regulate polyubiquitination activity of the E3 ligase complexes (Bagola et al., 2013). Its inactivation decreases degradation of well-known ERAD substrates such as membrane bound Ubc6, luminal substrate CPY* (Bagola et al., 2013) and the ABC transporter Ste6* (Huyer et al., 2004). 
Pxa1-GFP was induced from the GAL1 promoter in wild-type, pex19Δ and cue1/pex19Δ cells and subsequently chased over a period of 4 hours following shut down. Immunoblot analysis shows the fusion protein is degraded more rapidly in pex19Δ cells in comparison to wild-type cells, and appears slightly stabilised in pex19/cue1Δ (Figure 4.9A). The graph represented in figure 4.9B shows the Pxa1-GFP protein level quantified from immunoblots at indicated time points throughout the chase period. In wild-type cells the half-life of Pxa1 is ~1h 45 minutes, and this is reduced to 1h 15 minutes in pex19Δ cells indicating that the fusion protein is more rapidly degraded in the latter. In pex19/cue1Δ cells the half-life of Pxa1-GFP is increased slightly to 1hr 30 minutes (Figure 4.9B). Cells were also visualised by fluorescent microscopy throughout the chase period (Figure 4.9C). Pxa1-GFP is seen in puncta in wild-type cells but diffuse in the cytoplasm in pex19Δ and pex19/cue1Δ cells. Although not visible from the images a slight labelling of the ER was observed in both pex19Δ and pex19/cue1Δ cells. However, due to rapid bleaching this could not 
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Figure 4.8 Pulse-chase analysis of Pxa1-GFP and pxa1-R220C-GFP in hrd1Δ and doa10Δ cells, lacking the E3 ubiquitin ligases involved in ERAD
Pxa1-GFP (in the absence of Pxa2) or mutant Pxa1 form pxa1-R220C-GFP (co-expressing Pxa2) were induced for 1hour 15 minutes from the GAL1 promoter and chased over a period of 6h following cycloheximide addition. Immunoblots were probed with anti-GFP.
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Figure 4.9 Analysis of Pxa1-GFP stability in cue1/pex19Δ cells 
A) Immunoblot analysis. Pxa1-GFP (in the absence of Pxa2) was induced from the GAL1 promoter for 1h before addition of cyclohexamide and chased over a period of 4 hours. B) Graph representing the level of Pxa1-GFP at each time point. C) Fluorescence microscopy pulse-chase analysis. Cells were grown overnight in selective minimal medium. The following morning they were diluted to 1OD in selective medium containing galactose. Pxa1-GFP was induced for 1 hour 15 minutes from the GAL1 promoter and imaged at several points throughout the chase, following the addition of cycloheximide. pex19Δ cells and cue1/pex19Δ cells transformed with empty vector serve as controls. Images were acquired using identical exposure times of 30ms, gain 55 and offset 0, thus each time point can be compared with the next. To create this figure z-stacks were capture and merged. This experiment was repeated three times and representative images are shown
be captured. Over time the diffuse cytoplasmic labelling becomes less intense suggesting that Pxa1-GFP breakdown in the absence of peroxisomal membranes is mainly occurring in the cytosol. 
To confirm the inactivation of ERAD in cue1Δ cells the well characterised class II PMP Pex3 was analysed. Previous studies have demonstrated that Pex3 traffics to peroxisomes via the ER and in the absence of peroxisomes becomes trapped there and unable to exit (Hoepfner et al., 2005; Kragt et al., 2005; Tam et al., 2005; Thoms et al., 2012; Fakieh et al., 2013). The steady state level of Pex3 in pex19Δ cells is reduced in comparison to in wild-type cells (Hettema et al., 2000) suggesting that Pex3 may be degraded by ERAD. It was therefore hypothesised that deletion of Cue1 in cells lacking peroxisomal membranes would increase the stability of Pex3.
Pex3-GFP was induced from the GAL1 promoter and chased over a period of 4h in wild-type, pex19Δ, pex19/cue1Δ and pex19/hrd1 cells. The level of protein was analysed by immunoblot analysis after shut-down (Figure 4.10A). As expected, in pex19Δ cells Pex3-GFP is unstable, thus the level of protein decreases over time. However, stabilisation of Pex3-GFP can be seen in cue1/pex19Δ and hrd1/pex19Δ cells suggesting that ERAD is involved in the quality control of Pex3 as would be expected for a PMP routing to peroxisomes via the ER. The same samples, probed with anti-Pex3 (which enables detection of endogenous Pex3 in addition to the Pex3-GFP fusion protein) are presented in figure 4.10C. Fluorescence microscopy images of Pex3-GFP were also obtained throughout the chase period that correlate well with immunoblot analysis (Figure 4.10D). After four hours shutdown the GFP signal in the pex19Δ cells is barely visible in comparison to the pex19/cue1Δ cells in which Pex3-GFP can be seen brightly in small foci. It is possible that these foci are an important quality control compartment, referred to in the literature as ERACs (ER-associated compartments), although this would need to be confirmed by co-labelling. Notably the unstable Ste6* mutant is seen in such domains of the ER in doa10Δ cells (Huyer et al., 2004). Observations of Pex3 suggest that quality control is occurring at the ER. However, we do not see complete stabilisation which indicates that E3 ligase complexes can still function to some extent without the Cue1 component or that a second QC mechanism may also be operating on Pex3.  Undoubtedly, there are clear differences between Pex3-GFP and Pxa1-GFP, which may indicate that the PMPs target to peroxisomes via a different routes. 
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Figure 4.10 Stabilisation of Pex3-GFP in pex19/cue1Δ cells. Cells transformed with Pex3-GFP under control of the GAL1 were induced in galactose-containing medium for 30 minutes and chased over a period of 6 hour after shutdown following cyclohexamide addition. Samples of equal volume were harvested at each time point as indicated during the chase. 1 OD 600 units of sample was analysed by immunoblotting with A) anti-GFP and C) anti-Pex3 antibody. * indicates a non-specific band which demonstrates equal loading and pex3Δ cells serve as a control sample. B) Graph showing the level of Pex3-GFP at each time point, quantified from immunoblots. Average values are plotted and error bars indicate the highest and lowest values obtained. D) Fluorescence microscopy images acquired during the chase period show stabilisation of Pex3 upon deletion of the Cue1 component. Images were captured as z-stacks, which were merged to create this figure. Microscopy was carried out several times and representative images are shown.
4.2.4.2 Analysis of Pxa1 stability in cells lacking components of PexAD
The stability of Pxa1-GFP and pxa1-R220C-GFP was next analysed in mutants (pex2Δ and pex10 and pex12Δ) that lack the E3 ligase components of the RING complex situated in the peroxisomal membrane. Breakdown in the mutants appears to be identical to the wild-type strain (Figure 4.11) suggesting that these RING finger E3 ligase proteins, although they are involved in ubiquitination of the PTS1-receptor Pex5, their absence does not affect the degradation of Pxa1-GFP. 
4.2.4.3 Screening of the remaining E3 ligases 
As no stabilisation of wild-type Pxa1 was detected in the mutants analysed so far, the remaining ligase deletion strains were screened (Figure 4.12). Unfortunately, no obvious or partial phenotype was observed in any of the mutant backgrounds analysed. 
As QC mechanisms function at multiple levels, the factors involved in the monitoring of wild-type Pxa1 to ensure it assemble correctly into a hetero-dimeric complex may be different to those involved in the QC of mutant Pxa1 alleles, which may be destroyed due to misfolding. Considering this, the non-essential ligase mutants were also screened for stabilisation of pxa1-R220C-GFP under conditions where it is co-expressed with partner protein Pxa2, figure 4.13. A few of these, in the first instance appeared to stabilise the mutant allele, such as hel1Δ, mot2Δ, rkr1Δ and snt2Δ. However, upon repeating the analysis in these strains, the breakdown of pxa1-R220C-GFP appeared similar to that observed in the wild-type strain, except for in the rkr1Δ, figure 4.14A. Unfortunately, problems were experienced with the pxa1-R220C mutant screen, making it difficult to interpret the data obtained. Firstly, considerable variation in the breakdown of pxa1-R220C-GFP (co-expressed with partner protein) in the wild-type strain was observed between each experiment. In addition, intra-experimental variation of the wild-type control sample obtained from the same pulse-chase experiment was also detected. When analysed on separate gels, the same samples varied as illustrated in figure 4.14B.
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Figure 4.11 Pulse-chase analysis of Pxa1-GFP and pxa1-R220C-GFP in pex2Δ, pex10Δ and pex12Δ cells. 
Pxa1-GFP (in the absence of Pxa2) or mutant Pxa1 form pxa1-R220C-GFP (co-expressing Pxa2) were induced for 1 hour 15 minutes from the GAL1 promoter and chased over a period of 6h following cycloheximide addition. Immunoblots were probed with anti-GFP. This was carried out in pex2Δ, pex10Δ and pex12Δ cells, lacking peroxisomal membrane protein E3 ubiquitin ligases, which are involved in the recycling and degradation of the PTS1-import receptor Pex5.
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Figure 4.12 Analysis of Pxa1-GFP stability in ubiquitin-protein ligase mutants 
Wild-type Pxa1 C-terminally tagged with GFP was expressed (in the absence of Pxa2) in ubiquitin-protein ligase mutant strains as indicated. Cells were grown overnight in selective medium containing 2% raffinose and the following morning inoculated into galactose medium at OD600 = 1.0 and induced for 1hour 15 minutes. Cycloheximide was added to inhibit protein synthesis and samples of equal volume were collected throughout chase period for analysis at t = 0, 1, 3 and 6 hours. 
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Figure 4.13 Analysis of pxa1-R220C-GFP stability in ubiquitin-protein ligase mutants 
The mutant Pxa1 form R220C tagged with GFP was expressed in ubiquitin ligase mutant strains as indicated, which lack E3 ligase enzymes functioning in various locations within the cell. Cells were grown overnight in selective medium containing 2% raffinose and the following morning inoculated into galactose medium at OD600 = 1.0 and induced for 1hour 15 minutes. Cycloheximide was added to inhibit protein synthesis and samples of equal volume were collected throughout chase period for analysis at t = 0, 1, 3 and 6 hours. Note pep3Δ and pep5Δ missing from this screen. 
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Figure 4.14 A) repeat of pxa1-R220C-GFP pulse-chase analysis in wild-type, hel1Δ, mot2Δ, rkr1Δ and snt2Δ cells. pxa1-R220C-GFP was induced from the GAL1 promoter (in the presence of Pxa2) and chased for 6h after the addition of cycloheximide to inhibit protein synthesis. B) Intra-experimental variation seen upon immunoblot analysis of the same samples on separate blots. Following pulse-chase of the pxa1-R220C-GFP mutant (in the presence of Pxa2) in wild-type cells the samples obtained throughout the chase period were loaded onto four separate gels and subsequently blotted and probed separately.












4.2.5 A possible role for Msp1 in Pxa1 quality control
Recent data has shown Msp1, a conserved AAA-ATPase, to be involved in the clearance of tail-anchored protein Pex15 when mislocalised to the outer mitochondrial membrane (Okreglak and Walter, 2014). As Msp1 not only localises to mitochondria but also peroxisomes it is possible that its function may extend to QC at the peroxisomal membrane. This was tested by immunoblot analysis of samples collected during a pulse-chase of wild-type Pxa1-GFP in wild-type and msp1Δ cells. Mutant forms pxa1-R220C-GFP and pxa1-K651R;G650S-GFP were also analysed in cells co-expressing Pxa2 (Figure 4.15A). An increased amount of wild-type and Pxa1 mutant forms is detected in msp1Δ cells both initially and following 6 hours chase. Microscopy images were obtained at t = 0 and t = 6 during the chase period, which clearly shows more Pxa1-GFP on peroxisomes at the final time point in msp1Δ cells compared to wild-type cells in which the signal is scarcely detected (Figure 4.15B). 

These data indicate that Msp1 may well be functioning in Pxa1QC. It was therefore inferred that the absence of Msp1 may lead to an increased steady state level of Pxa1. To test this, pxa1/faa2/msp1Δ triple deletion cells were constructed and transformed with plasmids harbouring pxa1 mutant forms (R656Q, G650S, K651R, or G650S; K651R) that were previously seen to rescue growth of the pxa1/faa2Δ cells on oleate upon overexpression (see chapter 3). Growth on oleate of the triple deletion strain was compared to the pxa1/faa2Δ double knock out strain: both of which were transformed with mutant pxa1 forms under control of the PXA1 promoter. In the first growth assay performed, the triple deletion strain failed to be rescued when transformed with wild-type Pxa1 (data not shown). Thus, it was reasoned that msp1Δ cells perhaps are unable to grow on oleate due to a loss of mitochondrial DNA. In an attempt to rectify this problem cells were grown on glycerol-containing medium to select cells that have retained mitochondrial DNA. The oleate assay was then repeated and cells expressing pxa1-K651R (expressed from the PXA1 promoter) showed increased growth upon disruption of the msp1Δ gene (Figure 4.16). 
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Figure 4.15 Pulse-chase analysis of Pxa1-GFP and mutant Pxa1 forms in WT and msp1Δ cells. 
A) Immunoblot. Pxa1-GFP (in the absence of Pxa2) and mutant alleles (in the presence of Pxa2) were induced from the GAL1 promoter before shutdown by addition of cycloheximide. Samples harvested throughout the chase period were analysed by immunoblotting with anti-GFP. Quantification of the level of protein at each time point is represented in graphs on the following page. 
B) Fluorescence microscopy images. WT and msp1Δ cells expressing Pxa1-GFP were induced in galactose-containing medium and visualised at 0 and 6 hours during the chase period. Images were acquired using the same exposure times. Images captured as Z-stacks were merged to create this figure. This fluorescence microscopy assay was carried out three times and representative images are shown.
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Graphs representing the level of Pxa1-GFP quantified from immunoblots shown in the previous figure 4.15A. mspΔ* represents levels of protein quantified in msp1Δ cells as a percentage of the amount quantified at t = 0 in wild-type cells. Quantification data represented in these graphs was obtained from only one set of experiments.
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Figure 4.16 Oleate growth assay of pxa1/faa2Δ and pxa1/faa2/msp1Δ cells expressing Pxa1 mutant form K651R. 
Cells were transformed with: empty vector, wild-type Pxa1 expressed from the PXA1 promoter (indicated in blue), pxa1-K651R expressed from the PXA1 promoter (indicated in blue) or catalase promoter (pink). Prior to transformation cells were grown on glycerol plates to select for cells that had not lost mitochondrial DNA. Cells were grown overnight in selective minimal medium containing 2% glucose. The following morning they were diluted into selective minimal medium containing 0.3% glucose and grown for six hours before making serial dilutions and spotting onto oleate plates and other medium as indicated. The PXA1 ORF was disrupted using the URA3 cassette and MSP1 using the HIS3 cassette. Plasmids transformed contain a selectable LEU marker therefore both triple and double deletion strains grow on medium lacking uracil and leucine. In addition, the triple deletion strain grows on medium lacking uracil, leucine and histidine.

4.3 Discussion
In this chapter a simple system was developed which enabled 42 ubiquitin protein ligase mutants to be screened for their effect on Pxa1 protein stability. This assay a) omits the need to induce Pxa1 and Pxa2 protein expression in oleate medium which is difficult to work with and b) enables analysis of Pxa1 stability in many mutant backgrounds without the need to disrupt also PXA2 in these strains. Using this assay it became clear that Pxa1 is degraded by the proteasome and that ubiquitin is required as in doa4Δ cells, steady state levels were increased.  
Interestingly, Pxa1-GFP is visualised on peroxisomes when expressed in the absence of its partner Pxa2, demonstrating that Pxa1 is capable of targeting to the peroxisomal membrane independently. This is in agreement with findings that two pseudo-half molecules of comatose (heterologously expressed in yeast) are target independently to the peroxisomal membrane (Nyathi et al., 2012). However, it remains to be investigated if the portion of Pxa1-GFP localising to the peroxisome is correctly integrated into the membrane in the absence of Pxa2. It appears that a small portion of the protein (between 10-20%) remains stable on the peroxisome as it is still present following six hours chase. Notably, the decrease in signal intensity of Pxa1-GFP (in the absence of Pxa2) observed between one and three hours is suggestive of a QC mechanism operating at the peroxisomal membrane to destroy the unassembled protein. However, there appears to be no effect on Pxa1 stability (in the absence of Pxa2) in pex2Δ, pex10Δ and pex12Δ mutants suggesting that the peroxisomal E3 ligases that function in Pex5 ubiquitination are not involved in Pxa1QC. Furthermore, inactivation of the peroxisomal RING proteins has no effect on the stability Pxa1 mutant form R220C.

In the absence of peroxisomal membranes Pxa1 fails to be strongly stabilised in the ER upon inactivation of ERAD. This is in contrast to Pex3, which is well characterised to traffic via the ER and in cells lacking peroxisomes and can be seen in a specialised compartment within the ER (Hoepfner et al., 2005, Fakieh et al., 2013). This may suggest Pxa1 and Pex3 reach peroxisomes via different routes.

In the E3 ubiquitin ligase screen no none-essential ligase component has been found to stabilise Pxa1 in the absence of Pxa2 but this does not rule out a role for these factors as there may be redundancy between them. For example, redundancy is known to occur amongst Rrk1 and Hel2 E3 ligase enzymes operating in ribosome quality control to ubiquitinate nascent polypeptides (Duttler et al., 2013). Partially redundant functions of Doa10 and Hrd1 have also been observed for Ste6-166 mutant (Huyer et al., 2004). The synthetic genetic array technique (SGA) could be used to create an array of double deletion strains in which to analyse Pxa1 instability, but there was no indication that this was worth following up.  

[bookmark: _GoBack]Still remaining to be tested for a role in Pxa1 stability are the essential E3 ligases.  Pulse-chase assays could possibly be carried out in strains harbouring temperature sensitive mutations within essential E3 ligase genes. Induction of Pxa1 from the GAL1 promoter can be seen to occur at restrictive temperature in wild-type cells of 37ºC (data not shown), therefore these types of experiments may be possible. However, other alternative methods involving the use of a degron tag (for example an auxin inducible degron) may provide a better approach. Upon addition of auxin to cell cultures, an essential E3 ligase protein that harbours a degron tag would be cleared from the cell (by proteasomal degradation) enabling pulse-chase analysis of Pxa1 to be carried out in its absence.

QC of Pxa1 seems to be biphasic. An early rapid degradation phase followed by a slower degradation phase. It appears that Msp1 may act at this initial QC step as in the absence of Msp1, Pxa1 mutant levels are increased during the early phase. However, the kinetics of subsequent breakdown are very similar to that in wild-type cells. The only reason of detecting more Pxa1-GFP mutant at the peroxisomal membrane seems to be the consequence of escaping the early degradation. 

In summary, Pxa1 in the absence of Pxa2, and Pxa1 mutant forms are delivered to the proteasome for ultimate destruction. No evidence has been found to implicate ERAD in this degradation. Furthermore, components of a machinery that is mechanistically similar to ERAD functioning at the peroxisomal membrane, have not been shown to play a role in Pxa1 QC. Interestingly, the AAA-ATPase Msp1, functioning in QC of Pex15 at the outer mitochondrial membrane may also have an extended function in Pxa1 QC. Not only has an increased level of Pxa1 detected following induction, but there is also more Pxa1-GFP detected on peroxisomes following six hours chase period. However, the involvement of Msp1 in PMP stability remains to be further investigated. Unfortunately, failure to detect any other E3 ligase that affects Pxa1 stability means that subcellular location Pxa1 QC (both wild-type and mutant forms) remains unknown.


















Chapter 5

5 Atg36 Interactions

5.1 Introduction
Autophagy is a process that delivers cytoplasmic material and organelles to lysosomal degradation. During macro-autophagy cytoplasmic components are sequestered in double membrane structures called autophagosomes, which subsequently fuse with the vacuolar membrane to deliver their contents to the vacuolar lumen. Although this process is primarily non-selective, some cargoes may follow selective autophagic pathways. A selective type of autophagy which destroys peroxisomes that are no longer required for cellular metabolism is called pexophagy. Like all types of selective autophagy, pexophagy relies on the core autophagy-related machinery, but also requires other proteins that confer specificity of the pathway to a particular cargo (reviewed by Suzuki, 2013). 
In S.cerevisiae, Atg36 was recently identified as the autophagy receptor that mediates the selective degradation of peroxisomes. Atg36 binds the integral peroxisomal membrane protein Pex3 and can be mislocalised to mitochondria when Pex3 is directed there. In addition, certain Pex3 alleles failed to recruit Atg36 to peroxisomes and block pexophagy. Thus, Pex3 was proposed to localise Atg36 to peroxisomes (Motley et al., 2012). 
Other cargo-specific receptors that are known in S.cerevisiae include Atg19 and Atg34, receptors for the well-characterised Cvt pathway (Shintani et al., 2002; Suzuki et al., 2010), and the mitophagy receptor Atg32 for the selective degradation of excess or damaged mitochondria (Okamoto et al., 2009). In Pichia pastoris the pexophagy receptor has been identified as Atg30 (Farre et al., 2008). 
All of these receptors have been shown to interact with Atg11 that links them to the core autophagy machinery and behaves as a scaffold in the formation of the phagophore assembly site (PAS) (Shintani et al., 2012; Okamoto et al., 2009; Farre et al., 2008). Atg36 has also been demonstrated to bind Atg11 in co-immunoprecipitation assays (Motley et al., 2012). 
Besides their interaction with Atg11, cargo-receptors bind another key autophagy component Atg8 (Shintani et al., 2002; Okamoto et al., 2009; Farre et al., 2013). This is a ubiquitin-like protein that is covalently linked to the phagophore membrane. Interactions with Atg8 are through WxxL-like sequences, called Atg8-family-interacting motifs (AIMs in yeast). Similar, known autophagic receptors (in mammalian cells) interact with Atg8-family orthologs via an LC3-interacting region (LIR) (reviewed by Noda et al., 2010). 
At the time the work described in this chapter was carried out, interactions between Atg36-Atg11 and Atg36-Atg8 had been demonstrated by co-immunoprecipitation (Motley et al., 2012). However, we sought to identify the binding sites for these proteins on Atg36 using a two-hybrid approach. Unfortunately, during the course of this work, Farre et al described a common model for phosphoregulation of selective-autophagic receptors. A phosphoregulatable AIM has been located on Atg30, Atg32 and Atg36 that is proposed to facilitate Atg8 binding when modified. Introduction of a S31A mutation in Atg36 was reported to delay pexophagy due a lack of Atg8 binding. Likewise, the same effect was observed by mutation of the AIM motif (FEVL) located a few residues downstream. The authors also located a conserved Atg11-binding site within Atg36 and suggest that a serine residue located within this site is phosphorylated to facilitate Atg11 binding (Farre et al., 2013). 

5.2 Results
5.2.1 Interactions of Atg36 and Atg11 in yeast two-hybrid
The yeast two-hybrid was developed to detect protein-protein interactions (Fields and song, 1989). It works on the basis that a protein of interest referred to as the bait is fused to the DNA binding domain (DBD) of the transcriptional activator Gal4. A second protein referred to as the ‘prey’ is fused to the activation domain (AD) of the Gal4. If two fusion proteins interact then the DBD and AD domains are brought into close proximity. Thus, they are able to activate transcription of a reporter gene/s (in this case HIS and ADE) under control of the gal4 responsive promoter (Figure 5.1).
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Figure 5.1 Yeast two-hybrid 
The DNA binding domain (DBD) of the Gal4p transcription factor interacts with the upstream activator sequence (UAS). Protein-protein interaction between the bait and prey fusion proteins brings the DBD and the activation domain (AD) into close proximity resulting in transcriptional activation of the reporter gene (Fields and Song, 1989).  









As the reporter genes encode enzymes for histidine or adenine biosynthesis, diploids co-expressing interacting fusion proteins can be selected for by their ability to grow on selective medium lacking these components. 
A problem with two-hybrid is that DBD-fusions may self-activate transcription of the reporter gene.  Thus, cells lacking an interacting AD-fusion protein are able to grow at basal levels. Such growth can be eliminated by addition of 3AT, which competitively inhibits Imidazole-glycerol-phosphate dehydrogenase, the product of the HIS3 gene (Walhout et al., 1999).  
To test for an Atg36-Atg11 and Atg36-Atg8 interaction Atg36 was first fused to the Gal4 DBD in the pOBD2 vector whilst the wild-type Atg11 ORF and Atg8 ORF were individually fused to the Gal4 AD in the pOAD vector. pOBD2 and pOAD are vectors commonly used in yeast two-hybrid assays to tag proteins at the N-terminus. Both constructs contain a multiple cloning site containing a PvuII restriction site that was used to linearise the vectors and ORFs were cloned into the vectors by homologous recombination. As pOBD2 constructs contained a selectable TRP1 marker they were transformed into the PJ694α strain. Conversely, pOAD constructs containing a LEU marker were transformed into the PJ694a mating type. Cells were mated and diploids were replica plated onto selective medium containing 3AT. Strong interactions were detected between full-length Atg36 and Atg11. However, no interaction of Atg36-Atg8 was observed (figure 5.2). Atg36 was therefore fused to the AD and Atg8 to the BD to test if this combination now resulted in an interaction of the two. However, both attempts to produce an Atg36-8 interaction were unsuccessful. 
Atg36 was also C-terminally tagged with the DBD by cloning into the PBDC vector and tested for binding against AD-Atg8 and AD-Atg11, but this fusion protein failed to interaction with either of the AD-fusions. Diploids expressing both DBD-Atg32 and AD-Atg11 were included as a positive control as an interaction was previously demonstrated between the two proteins (Okamoto et al., 2009). Interestingly, in this assay binding was not observed between DBD-Atg32 and AD-Atg8. However, a strong interaction was detected in diploids expressing AD-Atg32 and DBD-Atg8.
In attempt to located the Atg11 binding site in Atg36, various BD-Atg36 truncations were constructed (Figure 5.3) and subsequently tested against full-length Atg11 in the 
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Figure 5.2 Binding of Atg36 and Atg11 in yeast two-hybrid 
Cells expressing full-length Atg36 fused to the DBD or AD were tested for binding to full-length Atg11 and Atg8. Diploids were replica plated onto medium lacking histidine, supplemented with 3AT. Growth was scored after five days. Diploids co-expressing DBD-Atg32 and AD-Atg8 or DBD-Atg8 and AD-Atg32 were included as positive controls as these proteins have been shown previously to interact (Okamoto et al., 2009). Atg36 was also tagged at the C-terminus in the pBDC vector, but this construct did not interact with either AD-Atg11 or AD-atg8.
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Figure 5.3 Atg36 truncations
N-terminal and C-terminal truncations of Atg36 were fused to the DBD. Cell expressing these constructs were mated with cells expressing either full length AD-Atg11 or AD-Atg36 fusions. Diploid were selected and replica plated onto minimal medium containing 60mM 3AT. This condition eliminates background growth whilst still allowing growth of diploids co-expressing BD-Atg36 and AD-Atg11 fusion proteins. All diploids were scored for growth after 5 days incubation at 30ºC, as indicated. The truncations coloured in blue self-activated reporter gene transcription in the absence of AD-fusion proteins, thus they cannot be interpreted. 
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Figure 5.4 Yeast two-hybrid growth assay of Atg36 truncations 
Cells expressing Atg36 truncations fused to the DBD were mated with cells expressing either AD-Atg11 or AD-Atg36 fusion proteins. N-terminal Atg36 truncations are indicated in red, C- terminal truncations in blue and truncated versions lacking both N- and C-terminal regions are indicated in green. Diploids replica plated onto minimal medium lacking histidine, supplemented with 60mM 3AT and growth was scored after 5 days. Diploids expressing empty vectors serve as negative controls.





[image: ]two-hybrid assay (figure 5.4). In addition, Atg36 was also fused to the AD in order to test if the protein interacts with itself. It is clear from these data that Atg36 does not bind to itself. However, the interaction between BD-Atg36 and AD-Atg11 is strong and reproducible in this assay. Diploids expressing certain truncations (indicated in blue-figure 5.3) appear to self-activate, thus they cannot be interpreted in this experiment. All of the N-terminal Atg36 truncations fail to interact except for one which maintains a strong interaction (Δ1-19). This suggests that a region required for interaction with Atg11 may reside within the N-terminal 20-50 amino acids of Atg36. However, it is also possible that lack of interaction could be a consequence of misfolding of the fusion protein or breakdown of the fusion protein. Nonetheless we further analysed this region in more detail for its importance in pexophagy.  Figure 5.5 illustrates this region aligned with orthologs in other fungi. 

Figure 5.5 Sequence comparison of Atg36 (residues 20-50) 
This region is conserved amongst other fungal species (red = identical residues, green = similar residues and blue = weakly similar). A high proportion of these residues are negatively charged and two potential AIMs are present within this region (underlined).
(Figure modified from Saccharomyces Genome Database, fungal alignments)




Four N-terminal Atg36 truncations made within this region, 1-31Δ and Δ1-42Δ, 1-20Δ and 1-50Δ which were cloned behind the Atg36 promoter and C-terminally tagged with GFP. The wild-type Atg36-GFP fusion protein is internalised in the vacuole under starvation conditions (Motley et al., 2012), and free GFP is generated, which is protease resistant. This is a useful indicator of the amount of pexophagy that is taking place. Pexophagy was tested in atg36Δ cells transformed with plasmid constructs harbouring either wild-type Atg36 or N-terminal Atg36 truncations under control of the Atg36 promoter. The same constructs were also transformed into atg36/atg11Δ, which served as a negative control in this experiment. As Atg11 is a scaffold protein that is required for all selective autophagy pathways in yeast, no pexophagy occurs in atg36/atg11Δ cells. For pexophagy assays, cells were grown overnight in oleate medium in which peroxisomes are abundant and then switched to medium lacking nitrogen, to induce pexophagy. Samples were harvested at the indicated time points as show in figure 5.6.
As expected the wild-type Atg36-GFP is broken down in atg36Δ cells transformed with this construct and a protease resistant GFP fragment can be detected, most intensely following 22h on starvation medium. However, in transformed atg36Δ/atg11Δ cells no cleavable product is detected as Atg11 is required for selective autophagy pathways. Interestingly, for wild-type Atg36 a band of higher molecular weight can be observed, which appears to become more intense over time. This is indicative of Atg36 modification, possibly by phosphorylation (Motley et al., 2012; Farre et al., 2013; Nuttall et al., 2014). Atg36 (Δ1-19)-GFP and Atg36 (Δ1-32)-GFP migrate as a single band suggesting that the modifications have been lost that cause Atg36 to migrate as multiple species during SDS-PAGE. In addition, less free GFP is detected in cells expressing these truncated versions suggesting that the regions missing are affecting pexophagy efficiency. Interestingly, further deletion restores pexophagy to near normal levels and again, Atg36 species of different electrophoretic mobility are observed. This suggests that the N-terminal 20-50 residues act as a regulatory domain of Atg36 activity. 
At this point, because of time constraints and because the paper by Farre et al., 2013 was published describing the Atg8 and Atg11 binding sites in Atg36, it was decided to stop this research. However, our preliminary data suggest a more complex regulation of Atg36 activity than postulated by Farre et al., 2013, see discussion. 
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Figure 5.6 Immunoblot analysis of wild-type Atg36-GFP and N-terminal Atg36 truncations in atg36Δ and atg36/atg11Δ cells 
Plasmid based Atg36 (full-length) and N-terminal truncations 1-19Δ, 1-32Δ, 1-42Δ and 1-50Δ C-terminally tagged with GFP were expressed from the ATG36 promoter. Cells were grown overnight in selective glucose-containing medium. The following morning cells were diluted 1/10 into selective medium containing oleate and grown overnight.  Cells were then transferred to nitrogen starvation medium and samples of equal OD600 units were collected at the indicated time points. Samples were processed and analysed by immunoblotting with anti-GFP. Generation of free GFP (depicted by arrow heads) indicates transport of Atg36-GFP to the vacuole. 

5.3 Discussion
In this work a two-hybrid interaction between Atg11-Ag36 was detected an Atg36-Atg8 interaction was not found. At the time it was reasoned that perhaps Atg36 needs to become modified to facilitate binding to Atg8, and that it was probably not accessible within the nucleus to factors required for its modification. Another reason may be that Atg8 binding is only weak or transient, thus it may be hard to detect. Since then Farre et al have managed to show interactions between both Atg36-Atg8 and Atg36-Atg11 in their two-hybrid assay. This may be attributed to their use of different backbone vectors. Interestingly, the authors were not able to show binding between the Atg30 (the pexophagy receptor identified in Pichia pastoris and Atg8 unless a serine residue upstream of the AIM was replaced by a phosphomimetic amino acid (Asp or Glu) (Farre et al., 2013). 
The S97 in Atg36 (located within a suggested Atg11-binding site) is thought to be phosphorylated to enables activation of Atg36. Mutation of this residue causes defective pexophagy and loss of Atg11 binding to Atg36 (Farre et al., 2013). Interestingly, the N-terminal truncations of 1-19 also results in reduced pexophagy and whilst it does not abolish Atg11 binding it does loose its ability to become modified.
Farre et al also report that Atg36F33A/L36A (Atg36 harbouring point mutations within the proposed Atg8 binding site) and Atg36S31A (Atg36 with mutated Atg8 phospho-site) are delayed in pexophagy as these mutants no longer bind Atg8. However, the effect observed is rather small. In contrast, my data show that the N-terminus including the Atg8 binding site can be removed without affecting activity as the level of pexophagy detected in the largest (1-50 residue) truncation appears similar to that in wild-type cells. In support of this Motley et al tested Atg36F33/L36 and found that it had no effect on pexophagy assayed by using Pex11-GFP marker protein (Motley et al., 2012). 
An interesting outcome of this research is that the region in Atg36 identified to affect Atg11 binding (residues 20-50) has actually been proposed by Farre et al to contain the Atg8 binding site (Figure 5.7).
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Figure 5.7 Atg36 truncations made within the N-terminus of Atg36 
The proposed Atg8 and Atg11 binding sites in Atg36 are indicated in red, and the phospho-sites which are also suggested to be required for Atg8 and Atg11 binding are underlined (Farre et al., 2013). The Atg36 truncations (1-19Δ, 1-32Δ, 1-42Δ and 1-50Δ) made in this study are indicated as blue lines. Whilst truncations up to 42 residues reduce pexophagy regardless of whether they are modified or not, the longest truncation 1-50 functions effectively in pexophagy indicating that perhaps the proposed Atg8-binding site is not essential for pexophagy

6 General Discussion

The main aim of this project was to establish a model system in yeast to study the underlying mechanism of X-ALD. Patients suffering from X-ALD harbour mutations within the ABCD1 gene, which encodes the half-ABC transporter ALDP that functions to transport VLCFAs into peroxisomes. Missense mutations within ABCD1 are the most common type of mutation found in X-ALD patients and 65% of these result in instability of the ALD protein (Kemp et al., 2001).  In this study it has been shown that the introduction of certain selected ALDP mutations into corresponding residues in the yeast ortholog Pxa1 also result in instability. This suggests that quality control mechanisms operating to destroy the defective protein are conserved from yeast to humans. S.cerevisiae is therefore a model system in which to study this disorder. 
A further aim of this work was to identify the sub-cellular location of QC of mutant Pxa1 forms. As Pxa1 forms a heterodimeric complex with Pxa2 the QC mechanisms monitoring assembly of Pxa1/Pxa2 dimers were also of interest. Identification of the factors involved in these mechanisms would not only reveal potential therapeutic targets but could provide insight into how the peroxisomal ABC transporters and other PMPs traffic to peroxisomes. Currently, the route by which PMPs traffic to peroxisomes is a controversial topic. Two pathways have been proposed 1) ER to peroxisome trafficking and 2) Direct targeting to peroxisomes in a Pex19-dependent manner (Jones et al., 2004). 
Selected missense mutations occurring in X-ALD patients when introduced into corresponding residues in Pxa1 affect Pxa1 stability and cells expressing mutant Pxa1 forms are found to be defective in growth on oleate. Interestingly, overexpression of mutant forms (R220C; S224A; N264S, K651R, G650S and R656Q) is able to restore growth indicating that they retain function, although to a varied extent. This suggests that some Pxa1 forms can escape QC surveillance when present at high levels. A means to interfere with QC mechanisms may therefore increase the amount of mutant Pxa1 on peroxisomes and be beneficial to patients harbouring certain types of ALDP mutations. 
Similar lines of research are being followed with ABC-transporter protein, CFTR. The most common point mutant F508del-CFTR is retained in the ER due to its incorrect folding and destroyed prematurely by ERAD. It is thought that 99% of the mutant protein is degraded before it has chance to reach the apical membrane of the airway epithelial cells (Ward and Kopito, 1994). However, upon overexpression a portion of molecules can escape QC mechanisms, locate to the cell surface and increase transport of chloride ions, indicating that the mutant protein retains some residual activity (Dalemans et al., 1991; Cheng et al., 1995). High throughput compound screening has identified various corrector, and potentiator molecules that may enable increased CFTR trafficking or effect channel activity of the transporter, respectively (reviewed by Rowe and Verkman, 2013). 
The corrector compound VX-809 (lumacaftor) is the first to be tested in CF patients, and has been shown to improve trafficking and enhance chloride ion secretion of F508del-CFTR but only to 16% of wild-type levels (van Goor et al., 2011; Clancy et al., 2012). On the other hand, efforts to develop potentiators to treat a different class of mutation have proved more successful in clinical trials. In particular, a compound VX-770 (ivacaftor) is able to bind the transporter (harbouring the G551D mutation) that makes it to the membrane but is stuck in the closed position, to enable flux through the channel (van Goor et al., 2009; Wainwright, 2014). In clinical trials, this drug considerably benefited patients with the G551D defect and was recently approved by the US Food and drug administration (FDA), and the European medicines agency (EMA). 
As done with CFTR, it would be useful categorise mutant versions of Pxa1. In the simplest way, Pxa1 forms that are able to target and rescue growth on oleate upon overexpression may be placed in a different group to those that are more stable at the peroxisomal membrane but fail to rescue growth. In addition the oleate growth assay (described in chapter 3) may have the potential to be developed to enable random screening for compounds that allow growth of cells expressing mutant Pxa1 versions on oleate. This type of research may be important for the development of drugs or combinations of drugs desperately needed to treat X-ALD patients, as currently no therapies exist to treat the underlying cause of X-ALD. 
It has been demonstrated that QC mechanisms operating on Pxa1 (in the absence of Pxa2) and mutant Pxa1 forms that are unstable ultimately lead to destruction by the proteasome, not the vacuole. Furthermore, Pxa1 becomes partially stabilised in doa4Δ cells in which the level of ubiquitin is severely reduced (Swaminathan et al., 1999). Together these findings suggest that Pxa1 is ubiquitinated prior to its destruction by the proteasome. However, ubiquitination of Pxa1 needs to be demonstrated properly and has not been tested directly. 
As ubiquitin is attached to a target substrate via an E3 ligase which determines selectivity, the decision was taken to analyse Pxa1 stability (wild-type and mutant forms) in E3 ligase mutants with the aim of revealing the ligase responsible for Pxa1 ubiquitination. If successful this approach may have identified a potential target for therapeutic intervention. Since the success of anti-cancer drug Bortezombin, which targets the activity of the proteasome, efforts are underway to develop small molecular inhibitors that selectively block certain steps of the UPS. It is thought that inhibitors of E3-E2 or E3-substrate interactions may enable specific targeting of a limited number of proteins and therefore providing a better therapy with fewer side effects (Landré et al., 2014). 
Unfortunately the E3 ligase screen carried out, in which wild-type Pxa1 stability (in the absence of Pxa2) was analysed, failed to detect a partial or complete stabilisation of Pxa1 in any of the mutant backgrounds studied. Data obtained from a second screen carried out using the Pxa1-R220C mutant form, was difficult to interpret due to various difficulties experienced. However, one factor Rkr1 perhaps warrants further investigated by a different assay. 
The simple assay designed to enable screening of ligase mutants for a role in Pxa1 stability, involved the expression of Pxa1 from the GAL1 promoter. Perhaps this method was not sensitive enough to detect Pxa1 stabilisation in any of the mutants screened. Radioactive pulse-chase assays may provide a more effective assay. This would enable labelling of newly synthesised Pxa1 produced from its own promoter, thus we could be sure overexpression is not occurring. One danger with overexpression of proteins is that it may activate the unfolded protein response (UPR) and consequently backup pathways to deal with accumulating misfolded protein. This has been demonstrated using the well-studied ERAD substrate CPY*. Overexpression of CPY* is shown to restore degradation in ERAD-deficient mutants due to saturation of ERAD and activation of a second QC mechanism of the secretory pathway (Haynes et al., 2002). 
Interestingly, a portion of Pxa1 in the absence of Pxa2 is capable of targeting to the peroxisomal membrane, suggesting that it does not need to be in complex with Pxa2 to reach the peroxisomal membrane, although it may need Pxa2 to remain stable in the membrane. It should be further investigated to determine if Pxa1 is properly integrated into the peroxisomal membrane in cells lacking Pxa2. Breakdown of Pxa1 can be observed to take place at the peroxisomal membrane as the intensity of Pxa1-GFP foci diminishes between one and three hours during the fluorescence pulse-chase assay. Since the addition of cycloheximide stops cell division and no increase in fluorescent puncta is observed in the cells, the reduced fluorescence intensity is likely to be a consequence of degradation. This is suggestive of a QC mechanism acting on PMPs residing at the peroxisome. However, disruption of the Pex5 receptor recycling machinery resembling ERAD located on peroxisomes (Schliebs et al., 2010) does not affect Pxa1 stability in the absence of Pxa2, nor does it stabilise the pxa1-R220C mutant form. This machinery is well-characterised for its role in the recycling and degradation of the Pex5 import receptor from the peroxisomal membrane to the cytosol (Platta et al., 2014). Also, in H. polymorpha it has been assigned a function in the regulated degradation of Pex3 in the early stage of pexophagy (Williams and van der Klei, 2013).
In contrast to Pex3-GFP, which can be observed in the ER in pex19Δ cells indicative of its targeting route via the ER to peroxisomes (Hoepfner et al., 2005; Tam et al., 2005; Krag et al., 2005), Pxa1-GFP is visualised mainly in the cytosol with only a slight labelling of the ER. As the cytosolic signal appears to diminish over time in pex19Δ cells, this suggests the PMP is being broken down here. In line with this are findings that many PMPs, including Pxa2, are mislocalised to the cytosol in the absence of peroxisomal membranes where they degraded (Hettema et al., 2000). Although, the half-life of Pxa1 increases slightly upon deletion of Cue1 this may be attributed to stabilisation of a minor ER portion of Pxa1 that may have mislocalised there. 
Recently, a conserved AAA-ATPase Msp1 has been found to localise to both mitochondria and peroxisomes. On mitochondria Msp1 functions in a QC pathway that degrades tail-anchored protein Pex15 from the outer mitochondrial membrane, in order to maintain mitochondrial function (Okregalak and Walter, 2014; Chen et al., 2014). The finding that there is a higher level of Pxa1 (in the absence of Pxa2) in msp1Δ cells suggests that in addition to its role in mitochondrial QC it may also have an extended role in peroxisome QC. Also suggestive that Msp1 is involved in Pxa1 QC is the finding that Msp1 disruption can restore growth on oleate of pxa1/faa2Δ cells expressing pxa1-K651R (from the PXA1 promoter). Currently β-oxidation assays, which are more sensitive than oleate growth assays, are being carried out by van Roermund at the Academic Medical Centre in Amsterdam to compare β-oxidation rates in pxa1/faa2Δ and pxa1/faa2/msp1Δ cells expressing pxa1 forms (R220C; K651R; K651R;G650S and R656Q). 
In conclusion, I have analysed Pxa1 instability under different conditions and attempted to identify the subcellular location of Pxa1 QC. However, the work carried out in this thesis has proved more problematic than first anticipated, therefore moving forward with this project will be difficult. Future directions of this work may involve confirming directly that Pxa1 is ubiquitinated and if so it may be worth developing an assay to analyse the role of the essential ubiquitin ligases in Pxa1 stability. In addition, an array of double deletion strains could be screened but this would involve a lot of strain construction, and it is questionable if this is worth doing. If results of the β-oxidation assays that are currently being carried out can confirm a role for Msp1 in Pxa1 QC then this would provide an interesting avenue for further investigation.
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