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Preface

ABSTRACT

Amyloid-beta (AP) plaques are a major neuropathological feature of Alzheimer’s
disease (AD). These plaques are primarily composed of aggregates of AP peptides
generated via the amyloidogenic processing of the amyloid precursor protein. The two
major isoforms of AP peptide are AP4o and A4z, of which the latter is highly prone to
aggregation. Increased presence and aggregation of intracellular AB4, peptides is an
early event in the disease progression of AD. Improved understanding of cellular
processes involved in AP4, aggregation may have implications for understanding AD

progression and development of therapeutic strategies.

Here A4, fused to green fluorescent protein (AP4,GFP) was expressed in each mutant
of the homozygous diploid Saccharomyces cerevisiae genome-wide deletion library
(Winzeler et al., 1999) to identify proteins and cellular processes that affect intracellular
AP4, aggregation by assessing the fluorescence associated with expression of the
AB4GFP fusion protein. This screening identified 110 mutants exhibiting intense
APB4GFP-associated fluorescence. Four major cellular processes were over-represented
in the data set, including phospholipid homeostasis and mitochondrial function. Global
analysis of the S. cerevisiae lipidome by quantitative shotgun mass spectrometry led to
the discovery that disruption of phosphatidylcholine, phosphatidylserine and/or
phosphatidylinositol metabolism had a major effect on intracellular A4, aggregation
and localisation. Distinctive subcellular localisation of AB4,GFP in the phospholipid
mutants was observed. Confocal microscopy indicated that ABs,GFP in the
phospholipid mutants was juxtaposed to the nucleus of the cell, associated with the

endoplasmic reticulum.

Another novel outcome of the AB4sGFP fusion protein has been to identify putative
roles for two proteins of previously uncharacterised function. This study further
exploited the powerful and flexible platform of applying GFP-derived fluorescence-
based assay for the screening of the Library of Pharmacologically Active Compounds
(LOPAC) and the SPECTRUM  chemical/drug library for compounds with
amyloidogenic and anti-amyloidogenic properties. These libraries include FDA-
approved drugs and identifying such drugs as affecting intracellular A4, aggregation

may significantly reduce costs and the exhaustive process of introducing new drugs onto
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the market. Compounds identified through this approach may potentially change the
way these drugs are currently administered to patients. These data provide the first
genome-wide evidence of cellular processes and chemical compounds that affect
intracellular AB4GFP aggregation and may have important implications for
understanding cellular mechanisms that affect intracellular AP4, aggregation and

ultimately disease progression of AD.
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AB4oGFP amyloid-beta (40-amino acid peptide) fused to
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LCB
LCBP
LD
LOPAC
LTQ Orbitrap
lysoPA
lysoPC
lysoPE
lysoPI
lysoPS

ng

ul

mg

ml

mM
min
MIPC
M(IP),C
MS/MS
mtDNA
MW
PA

PC
PCR
PDME
PE
PEG
PG

PI

PM
PMME
PS
RNA

S. cerevisiae
SE
SGD
SCM
SCgal
SP
ssDNA
TAG
TCA

luria-bertani broth/media

long chain base

long chain base phosphate

lipid droplet

Library of Pharmacologically Active Compounds
hybrid linear ion trap Orbitrap mass spectrometer
lyso-phosphatidic acid
lyso-phosphatidylcholine
lyso-phosphatidylethanolamine
lyso-phosphatidylinositol
lyso-phosphatidylserine

microgram

microliter

milligram

milliliter

millimolar

minute(s)
mannosyl-inositolphosphoceramide
mannosyl-diinositolphosphoceramide
tandem mass spectrometry
mitochondrial DNA

molecular weight

phosphatidic acid
phosphatidylcholine

polymerase chain reaction
phosphatidyldimethylethanolamine
phosphatidylethanolamine
polyethylene glycol (MW 3350)
phosphatidylglycerol
phosphatidylinositol

plasma membrane
phosphatidylmonomethylethanolamine
phosphatidylserine

ribonucleic acid

Saccharomyces cerevisiae

steryl ester

Saccharomyces Genome Database
synthetic complete D-glucose media
synthetic complete D-galactose media
sphingolipid

single-stranded deoxyribonucleic acid
triacylglycerol

tricarboxylic acid cycle
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TLC
Ura

YNB
YPD

YPG

thin-layer chromatography

uracil

yeast nitrogen base

media containing yeast extract, peptone and D-
glucose

media containing yeast extract, peptone and D-
glucose

Saccharomyces cerevisiae gene names are designated by italicised, capitalised three-
letter mnemonic, followed by a number (e.g. DAK2). A mutant deleted of a specific
gene is in italicised lower case (e.g. dak?2). The protein product of the gene is designated
by Roman type, with the first letter capitalised and suffix “p” (e.g. Dak2p). Open
reading frames are designated with three letters, followed by a three digit numerical

code and ending in either

“w”. The nomenclature indicates the chromosomal

position of the open reading frame (e.g. YILO9OW).
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Introduction

1 INTRODUCTION

1.1 Alzheimer’s disease

1.1.1 Prevalence and incidence

Alzheimer’s disease (AD), a progressive and irreversible neurodegenerative
disorder, is the most common form of dementia in individuals over 65 years of age; and
the incidence of AD doubles every five years beyond the age of 65. According to the
World Alzheimer Report 2011, it is estimated that 36 million people worldwide are
afflicted with dementia, and numbers are expected to double every 20 years to 66
million by 2030, and 115 million by 2050 (Prince et al., 2011). This is of major social
and economic concern in both developed and developing countries because living
standards and the quality of medical treatment have increased life expectancy and a
trend towards aging populations (Cruz and Tsai, 2004). In 2010, the estimated global
economic burden of dementia was US$604 billion. Interestingly, this economic impact
is significantly more that the costs of cancer or heart disease (Prince et al., 2011). Onset
of AD is characterised by a gradual loss of short-term memory and decision-making
capability, which is subsequently associated with a decline in physical function and
behavioural changes (Brookmeyer et al., 1998). Therefore, over time, afflicted
individuals increase their dependency on others for day to day functioning and survival.
Death of AD-affected individuals often occurs due to pneumonia, malnutrition and/or
inanition (Walsh et al., 1990). With advances in therapeutic strategies, and possibly
preventive interventions, it is predicted that if interventions could delay both disease
onset and progression by a single year, there would be approximately 9.2 million fewer

cases of disease by 2050 (Brookmeyer et al., 2007).

1.1.2 Risk factors and genetics of AD

The common types of dementia are Alzheimer’s disease, vascular dementia,
mixed dementia, frontotemporal dementia, and Parkinson’s disease. However,
Alzheimer’s disease accounts for approximately 50-80% of all dementia cases (Abbott,
2011). The two subtypes of AD are based on the age of onset of the disease: early-onset
AD (or familial AD) and late-onset AD (or sporadic AD). Familial AD accounts for
about 5% of all AD cases with age of onset ranging from 30 to 65 years and shows

autosomal dominant inheritance (Bekris et al., 2010). Familial AD has been associated
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with mutations in three genes, namely APP (Chartier-Harlin et al., 1991; Goate et al.,
1991), PSENT1 (Sherrington et al., 1995) and PSEN2 (Levy-Lahad et al., 1995) (Table 1-
1). Late-onset AD is the most common form and it is defined as AD with an age at onset
after 65 years of age. This form of AD may also occur in people with a positive family
history of AD and studies have estimated the heritability of late-onset AD to be 76% of
all ‘sporadic’ AD cases (Blennow et al., 2006; Ferri et al., 2005). An example of this is
the epsilon 4 isoform (e4) allele of apolipoprotein E (4POE) gene, which has been
consistently identified in individuals with sporadic AD across several genetic studies
(Coon et al., 2007; Corder et al., 1993; Roses et al., 1995; Schellenberg, 1995).
Apolipoprotein E, and in particular the €2 allele, has a protective effect against apoptosis
(Hayashi et al., 2007). However, this is significantly reduced in the presence of the &4
allele. Current estimates indicate that presence of the €4 allele of APOE may account for
approximately 20% of the genetic risk for late-onset AD (Lambert and Amouyel, 2011),
increase the lifetime risk for AD from 20% to 90% and lower the age of onset of AD to
68 years of age as compared to 84 (Corder et al., 1994; Corder et al., 1993).
Interestingly, many individuals who carry the €4 allele of APOE live to an old age. This
may be indicative of other genetic and/or environmental risk factors affecting late-onset

AD that have yet to be identified.

Apart from APOE, almost 700 genes have been linked to AD. However, only
~2% of these genetic variants are supported by a strong association based on overall
epidemiological credibility (Bertram et al., 2007; Bird, 2008; Chai, 2007; Olgiati et al.,
2011). A list of candidate genes is provided in the AlzGene online database, which is a
web-based  compilation  of  published  association  studies on < AD
(http://www.alzforum.org/res/com/gen/alzgene/default.asp) (Bertram et al., 2007). The
Alzheimer’ Research Forum (Alzgene) database includes 1,395 studies where 695 genes
have been identified with 2973 polymorphisms (updated 18 April 2011). The number of
meta-analyses is 320. Analyses of this database suggest that there may be around 10
major late-onset AD susceptibility genes (Table 1-1), many of which were identified and
characterised in two of the largest genome-wide association studies (GWAS) performed
in AD with a combined sample size of more than 30,000 individuals (including controls)
(Harold et al., 2009; Hollingworth et al., 2011b; Lambert et al., 2009). At present, the

focus of research is turned towards how these genetic loci identified through the GWAS
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studies may be functionally relevant to AD disease progression. Since the identification
of these gene loci have been fairly recent, a better understanding is required before the
results of gene polymorphisms can be translated into diagnostic implementations or
potential targets for therapeutic strategies. Furthermore, sporadic AD appear to be a
complex disorder that is likely to involve multiple genetic and environmental factors
(Bird, 2008; Kamboh, 2004; Roses, 2006; Serretti et al., 2005). Limitations such as
genetic-genetic interactions and genetic-chemical/environment interactions (i.e. lifestyle
factors) which are significant aspects in the onset and progression of AD need to be
further studied. However, analyses of the Alzgene database and Gene ontology (GO)
terms indicate that the late-onset AD susceptibility genes (Table 1-1) may be implicated
in cellular processes such as cholesterol metabolism, intracellular transport of amyloid-
beta precursor protein, autophagy of damaged organelles and regulation of amyloid-beta
(AP) clearance from the brain (discussed in the Section 1.2.3). The role of inflammatory
response in AD pathogenesis is also highlighted (Olgiati et al., 2011; van Es and van
den Berg, 2009).

Table 1-1 Summary of genes associated with increased risk of AD

Gene name Chromosome Inheritance/ Phenotype Reference
Genetic variance relevant to AD
Amyloid precursor 21921 Autosomal Increased Ap  (Goate et al.,
protein (APP) dominant generation & 1991)
aggregation
Presenilin 1 (PSENI) 14q24.2 Autosomal Increased AP (Sherrington et
dominant generation al., 1995)
Presenilin 2 (PSEN2) 1q42.13 Autosomal Increased AB  (Levy-Lahad et
dominant generation al., 1995)
Apolipoprotein E 19q13.32 Autosomal Increased Ap  (Bekris et al.,
(APOE) dominant and aggregation & 2010; Corder et
may also be decreased al., 1993;
sporadic clearance Poirier et al.,
1993)
Bridging integrator 1~ 2ql14 Sporadic Unknown (Seshadri et al.,
(BINI) 2010)
Clusterin (CLU) 8p21-pl2 Sporadic Unknown (Corneveaux et
al., 2010)
ATP-binding cassette, 19p13.3 Sporadic Unknown (Hollingworth
subfamily A, member etal., 2011a;
7 (ABCA7) Naj et al., 2011)
Complement 1932 Sporadic Unknown (Corneveaux et
component (3b/4b) al., 2010)

receptor 1 (CR1)
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Phosphatidylinositol ~ 11ql4 Sporadic Unknown (Corneveaux et

binding clatherin al., 2010)

assembly protein

(PICALM)

Membrane-spanning  11q12.1 Sporadic Unknown (Hollingworth

4-domains, subfamily etal., 2011a;

A, member 6A Naj et al., 2011)

(MS4A464)

Mpyeloid cell surface  19q13.3 Sporadic Unknown (Bettens et al.,

antigen CD33 (CD33) 2010; Harold et
al., 2009)

Membrane-spanning  11q12.2 Sporadic Unknown (Hollingworth

4-domains, subfamily etal., 2011a;

A, member 4E Naj et al., 2011)

(MS4A44E)

CD2-associated 6pl2 Sporadic Unknown (Hollingworth

protein (CD2AP) et al., 2011a;

Naj et al., 2011)

Apart from genetic variations, the prevalence and incidence of AD strongly
indicate that age is the most prominent risk factor. Incidence of AD cases is ~1% in
individuals 60 - 70 years of age, ~5% for those between 70 — 80 years of age, and
increases significantly to ~35% for individuals above the age of 85 (Campion et al.,
1999; Mayeux, 2003). Age-related changes in the brain include atrophy of the brain,
inflammation, oxidative damage by free radicals, and mitochondrial dysfunction which
may cause neuronal cell death and ultimately AD (Querfurth and LaFerla, 2010).
Although the cellular mechanisms that lead to AD are yet to be established, the disease
onset and progression is generally agreed to be accompanied by the presence of A
protein, which is found to accumulate in the brains of AD afflicted individuals

(discussed below).

1.1.3 Characteristics and clinical manifestations of AD

In 1907, Alois Alzheimer reported two pathological lesions in the brain of
Auguste Deter, a female patient with dementia (Alzheimer et al., 1907). One of the
cerebral lesions described by Alzheimer was neurofibrillary tangles (NFTs) that
occurred intraneuronally. It was later discovered that these NFTs are composed of
aggregated forms of hyperphosphorylated microtubule-binding protein tau (Figure 1-1E)
(Goedert and Crowther, 1989; Goedert et al., 1988; Grundke-Igbal et al., 1986). These
NFTs are also identified in asymptomatic individuals and in other neurodegenerative

disorders such as progressive supranuclear palsy, corticobasal degeneration, Pick’s
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disease and frontal temporal dementia (Dickson et al., 1992; Lee et al., 2001b). The
biological function of soluble tau is to promote microtubule assembly and its
stabilisation. In addition to axonal transport, normal tau is also found to interact with
structural proteins and proteins involved in signal transduction indicating that tau may
play a crucial role in neuronal architecture (Wang and Liu, 2008). In its pathological
state, tau protein forms filamentous structures and is hyperphosphorylated at specific
residues (Bramblett et al., 1993; Goedert et al., 1992; Grundke-Igbal et al., 1986). Even
though the mechanism of tau hyperphosphorylation-mediated toxicity is not clearly
understood, available data suggest that aggregation prone hyperphosphorylated tau loses
its ability to bind to microtubules (Bramblett et al., 1993), sequesters normal
microtubule-associated proteins, disrupts microtubule dynamics, blocks intracellular
trafficking of the neurons and promotes cell cycle re-entry (Wang and Liu, 2008).
Interestingly, MAPT, the gene encoding tau, is not genetically linked to AD (Poorkaj et
al., 1998). The lack of genetic association to AD together with the identification that tau
dysfunction serves to cause neurodegeneration (Hutton et al., 1998) may be indicative of

a possible downstream role of tau in AD.

Figure 1-1 Amyloid-beta plaques and neurofibrillary tangles in the AD brain

A) Amyvid ("*F florbetapir), a radioactive tracer developed by Eli Lilly, binds to amyloid
plaques and allows imaging of amyloid plaque in the brain. The top two images from a
cognitively healthy elderly individual indicate absence of AP; while, the bottom two images
from an AD patient indicates significantly high levels of AP pathology (Sinha, 2011). Compared
with the brain of a healthy person (B), the brain of an AD patient (C) demonstrates significant
shrinkage of gyri in the temporal lobe (ie. lower part of the brain), frontal lobes (left part of the
brain) and in brain regions involved in learning and memory (Mattson, 2004). Representative
microphotographs of amyloid plaques in the AD brain visualised by immunostaining with an
anti-Af,, antibody (D) and of neurofibrillary tangles, visualised by immunostaining with an
anti-PHF1 antibody (E) (LaFerla and Oddo, 2005).
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The second cerebral lesion described as ‘peculiar substance’ by Alzheimer, is
more recently termed amyloid plaques, and occurs as extracellular deposits in specific
regions of the brain (Figure 1-1D). It was subsequently established that these compact
and extraneuronal amyloid plaques consist of aggregates of a ~4 kDa peptide called
amyloid-beta (AP) (Glenner and Wong, 1984; Masters et al., 1985). Both proteinaceous
tau and AP aggregates represent the hallmark features of AD, and their presence in the
post-mortem observation is necessary for complete diagnosis of AD. Amyloid plaques
are typically found in the limbic regions (i.e. hippocampus and amygdala) and in
specific cortical regions of the brain. However, according to the Braak Staging of AD,
there is a systematic progression of AP deposition in the brain where AP plaque
deposition first commences in the limbic regions and subsequently moves up to other
brain regions (Braak and Braak, 1991). Using the Campbell-Switzer silver technique
and immunohistochemistry, the first stage of AP deposition was observed near the
hippocampus and neocortex, and over the next four stages subsequently spread through
the allocortical brain regions, diencephalic nuclei, the striatum and finally the
cholinergic nuclei of the basal forebrain, which is important in the production of
acetylcholine (Braak et al., 2011; MacDonald, 2007; Thal et al., 2002). Together with
the presence of proteinaceous aggregates, the AD brain is further characterised by other
structural and neuropathological alterations. These include atrophy of the brain,
shrinkage of the gyri (Figure 1-1A-C), enlarged ventricles containing cerebrospinal fluid,
depletion of specific neurotransmitter systems and extensive degeneration of the
hippocampus and neocortex through the loss of neurons and synapses, which
subsequently lead to severe cognitive impairment affecting memory, orientation and
behavioural changes (Giasson et al., 2003; Hansen et al., 1993; Naslund et al., 2000;
Tanzi and Bertram, 2005).

AP has been the focus of AD research for almost three decades and is generally
accepted as the main causative factor for the onset and progression of AD. The reason
for its interest may lie in the initial discovery of APP, PSENI and PSEN2 mutations
(Table 1-1) that cause familial AD. All three genes encode proteins that play an
important role in the regulation and generation of AP (De Strooper et al., 1998; Price et
al., 1998) (discussed in Section 1.1.4). Furthermore, mutations in these genes were

found to increase the propensity for AP to aggregate (Scheuner et al., 1996). The
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identification of APP, PSENI and PSEN2 genes further lends support to earlier
observations that A is the major constituent of the amyloid plaque deposits observed in
AD brains (Glenner and Wong, 1984). In addition, in late-onset AD, the identification of
the €4 allele of APOE gene (Table 1-1) was found to affect the rate of AP aggregation
(Bales et al., 1999). These critical studies led to the formulation of the amyloid cascade
hypothesis (Hardy and Selkoe, 2002) (discussed in Section 1.2.3) and improved
understanding of the role AP played in the onset and progression of AD.

1.1.4 Endoproteolytic processing of APP and generation of amyloid-beta (Ap)

The amyloid precursor protein (APP) is a single-transmembrane protein, 695-
770 amino acids long, with an N-terminal extracellular domain. Of the three major
isomers of APP, the longest isoform (770 amino acids), consists of the Kunitz-type
protease inhibitor domain, which is absent in the shortest 695 amino acids long isoform,
and the OX-2 antigen domain, absent in both the 695 and 751 amino acids isoforms
(Goate et al., 1991). The amyloid-beta (AB) domain is partly embedded in the
membrane, with the first 28 amino acids outside the membrane and the remaining 12—-14
residues in the transmembrane domain. The cleavage and processing of APP can occur
via two pathways (Figure 1-2): the non-amyloidogenic pathway and the amyloidogenic
pathway. In the prevalent non-amyloidogenic pathway, APP is cleaved by a-secretase at
a position 83 amino acids from the C-terminus, producing a large N-terminal domain
(sAPPa) which is secreted into the extracellular space (Kojro and Fahrenholz, 2005).
The resulting 83-amino-acid C-terminal fragment (C83) is retained in the membrane and
subsequently cleaved by y-secretase, producing two short fragments termed p3 (Haass
and Selkoe, 1993) and the transcriptionally active APP intracellular domain (AICD)
(Beckett et al., 2012; Cao and Sudhof, 2001). Importantly, cleavage by the a-secretase
occurs within the AP region, thereby abrogating formation of Ap (Kojro and Fahrenholz,
2005). In humans, four enzymes with a-secretase activity, ADAM 9, ADAM 10,
ADAM 17 and BACE 2, have been identified and all belong to the ADAM (a
disintegrin and metalloproteinase) family of enzymes (Allinson et al., 2003; Nowotny et

al., 2001).

The amyloidogenic pathway is an alternative cleavage pathway for APP which

leads to the generation of AP peptides of various lengths (number of amino acid residues
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is indicated by the index). For example, AP4 and APs, are AP peptides of 40 and 42
amino acids in length, respectively. Amyloid beta is generated by sequential
endoproteolysis of APP, by classes of enzyme complexes termed - and y-secretases.
The initial proteolytic cleavage is mediated by the pB-secretase at a position located 99
amino acids from the C-terminus of APP. Cleavage of the B-site is performed by B-site
APP-cleaving enzyme 1 (BACEI), which is a type I integral membrane protein
belonging to the pepsin family of B-secretase (Sinha et al., 1999; Vassar et al., 1999).
The y-secretase is an intramembranous protease complex comprised of presenilin 1 or
presenilin 2 (homologous proteins that form the catalytic active site of y-secretase),
nicastrin, anterior pharynx defective 1 homolog A (or 1B) and presenilin enhancer 2
(Edbauer et al., 2003; Francis et al., 2002; Steiner, 2004; Wolfe et al., 1999). This
cleavage results in the release of SAPPf leaving the 99-amino-acid C-terminal portion of
APP (known as C99) in the membrane. The newly generated N-terminus corresponds to
the first amino acid of AP. Subsequent cleavage of this fragment (between residues 38
and 50) by y-secretase liberates an intact AP peptide (Hartmann et al., 1997; Saito et al.,
2011) (Figure 1-2). Due to the varied nature of y-secretase action, the y-cleavage of C99
generates AP forms in the range of 38 to 50 amino acids long. The two predominant
forms of AP generated are AP4o (~90%) while about 10% is the APs, form, which is
more neurotoxic than APy due to its higher hydrophobicity and propensity to aggregate
(Jarrett et al., 1993b). Furthermore, mutations associated with early-onset AD identified
in APP, PSENI and PSEN2 genes (Table 1-1), were found to increase A4, generation
and/or the ratio of AB4,/AP4o. Hence these data indicate that AB4, may be critical for the

onset of AD pathogenesis.

However, AP species of various lengths ranging from Af;sto APso have been
found to exist in AD brains and in transgenic mice (Miravalle et al., 2005; Van Vickle et
al., 2007). Interestingly, recent studies have shown that AP4; deposited in amyloid
plaques is found more frequently than A4 in both early-onset and late-onset AD
(Keller et al., 2010; Takami et al., 2009; Welander et al., 2009). It was recently
proposed that initially two long AP peptides, APasg and APa4o, are produced by y-secretase
and through subsequent stepwise tripeptide release APs, and A4, are generated
respectively (Takami et al., 2009). Therefore, AB43, which is generated from A4 which

itself was generated from AP, can produce A4 by y-secretase. On the other hand,
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AP4, 1s generated from APasg via ABss. These data are further supported since only two
species of AICD, namely 50-99 and 49-99 amino acids long peptides have been
discovered (Sato et al., 2003), indicating that there is significant amount of AP49 and
APag generated. It has also been reported that mutations in the PSEN/ gene increase the
production of longer AP species, such as AP, APss, APss and longer AP peptides
(Welander et al., 2009). The propensity of AB43 to aggregate is similar to that of AP
(Martins et al., 2008; Qi-Takahara et al., 2005). Accumulation of the longer A peptides,
AB42, APss and AP4s and/or shortage of the shorter AP peptides, APso and Afsg may
drive neuronal and synaptic dysfunction. However, at present, the possible implications

of AP4s or other varied-length A species have yet to be fully understood.
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Figure 1-2 Schematic overview of amyloid precursor protein proteolytic cleavage
pathways.

AP peptides are derived via proteolysis of the 695—770 amino acid long amyloid precursor
protein (APP). APP can undergo proteolytic processing by one of two pathways. Most APP is
processed through the non-amyloidogenic pathway, which precludes AP generation. y-secretase
cleaves in the transmembrane domain of APP in a variety of positions leading to the production
of AP species of various lengths ranging from Afssto APso (indicated by arrows). Generation of
AB4, and AP4y may also occur via successive tripeptide cleavages at every a-helical turn of APag
and A4 respectively (Takami et al., 2009). See text for a detailed explanation. Abbreviations:
AICD, APP intracellular domain; sAPPf, soluble ectodomain; sAPPa., soluble ectodomain; APP,
amyloid precursor protein; C83, carboxy-terminal fragment 83 amino acids in length; C99,
carboxy-terminal fragment 83 amino acids in length.
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1.2 Protein misfolding, aggregation and neurodegeneration

In neurodegenerative diseases, such as Parkinson’s disease, Alzheimer’s disease,
amyotrophic lateral sclerosis and Huntington’s disease, there are characteristic deposits
of protein aggregates from abnormal protein folding and interactions in the brain
(Dobson, 2003; Dobson and Ellis, 1998; Hammarstrom, 2009; Markossian and
Kurganov, 2004; Ross and Poirier, 2004; Selkoe, 2004). In each of these diseases, the
distribution and composition of protein aggregates are varied and can be either
intracellular (e.g. cytoplasmic or nuclear) and/or extracellular. These protein aggregates
are a typical hallmark of neurodegenerative diseases, and while the protein component
may vary in each disease, they have similar morphological, structural, and staining
characteristics. The accumulated aggregated protein is predominantly composed of the
disease protein in a fibrillar aggregated form called amyloid and may potentially contain
other proteins as well (Eanes and Glenner, 1968; Sunde and Blake, 1998). While causal
factors of protein aggregation are not clearly understood, it has been proposed that
genetic mutation(s) causing intracellular accumulation of normal protein, or mutation(s)
that leads to production of a disease-linked protein, may play an important role. It has
been shown that proteins that generally do not cause aggregation-linked diseases can
also form aggregates and cause toxicity (Dobson, 2003; Stefani and Dobson, 2003).
Apart from genetic alterations, environmental stress and aging may also trigger protein

aggregation (Lindner and Demarez, 2009).

Although protein aggregates are a hallmark of neurodegenerative diseases, there
is debate over the possible role of large aggregates in these diseases. While there is clear
evidence of protein misfolding and aggregation leading to toxicity, many studies
indicate that formation of large aggregates may not be linked directly to toxicity, and
possibly represent a cellular protective response (Arrasate et al., 2004; Ross and Poirier,

2005; Saudou et al., 1998; Terry et al., 1991).

1.2.1 States of AP oligomerisation and fibril formation, and, their 3-dimensional
structures
AP peptides generated by the amyloidogenic processing of APP are produced as
monomers, but they spontaneously self-associate to generate low-molecular weight to

high-molecular weight/higher order oligomers. The aggregation state of AP increases in
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degree of complexity in the order: monomer < dimer < trimer < tetramer < protofibril <
fibril. Therefore, soluble AP peptides have a high propensity to aggregate and the
fibrillar complexes are the highest molecular weight assemblies. The term ‘oligomer’ is
imprecise since various species of AP have been identified to exist in constant
equilibrium with monomers and higher-order oligomers. Hence the term oligomers used
herein refers to dimers to hexamers (i.e. 2 - 6 peptides) of APB. Unlike the AP plaques
deposits, which are composed of insoluble AP fibrils, soluble AP oligomers (dimeric,
trimeric and tetrameric forms), which are the most neurotoxic species, are found
intracellularly and disrupt synaptic function, long term potentiation, learning and
memory in AD (Cleary et al., 2005; Gouras et al., 2005; Lesne et al., 2006; Ono et al.,
2009; Walsh et al., 2002; Walsh and Selkoe, 2007). Furthermore, the total amount of
soluble AP oligomers in the AD brain was found to directly correlate with the degree of
cognitive defect in AD individuals (Li et al., 2010; Lue et al., 1999). Studies of mouse
models of AD have also corroborated these findings and indicated that increasing levels

of AP dodecamers specifically affect cognition and memory (Lesne et al., 2006).

Identification of atomic structures of AP fibrils is extremely challenging and
studying the structures of various oligomers and protofibrils is even more challenging.
At present, atomic structures of full-length AP fibrils have not been determined since
reasonable crystals of full-length AP fibrils for X-ray crystallography have not been
obtained (Fandrich et al.,, 2011). Due to the large size of AP fibrils, conventional
solution-state nuclear magnetic resonance (NMR) spectroscopic techniques are not
suitable. In the absence of atomic structures of AP fibrils, several structural models have
been proposed. The majority of these AP fibril models have a U-shaped peptide fold
called a B-arc (Kajava et al., 2010)(Figure 1-3). Interestingly, these U-shaped peptide
models have been shown to fit data from cryo-electron microscopic analyses (Sachse et
al., 2006; Zhang et al., 2009). Both transmission electron and atomic force microscopy
have shown that AP fibrils can have a length of more than 1 um, while the lateral width
is less than 25 nm (Goldsbury et al., 2000; Luhrs et al., 2005; Meinhardt et al., 2009;
Sachse et al., 2006; Schmidt et al., 2009). Both the AB4y and AP4, superhelical fibrils,
which consist of a few protofilaments (Lashuel et al., 2002; Lashuel and Lansbury,
2006; Makin and Serpell, 2005) appear to have a left-handed twist and therefore result

in regular crossovers that are visible by transmission electron microscopy (Figure 1-3).
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The formation of these fibrils appears to be directional, similar to that of actin filaments
or microtubules (Goldsbury et al., 2000; Meinhardt et al., 2009; Sachse et al., 2006;
Schmidt et al., 2009). A fibrils, which form the core of dense AP plaques within the
brain parenchyma, are fibrillar polypeptide aggregates with a cross-f structure as
demonstrated by X-ray diffraction (Fandrich, 2007; Sunde et al., 1997). The cross-3
structure represents intermolecular polypeptide assembly, where the B-sheet plane and
the backbone hydrogen bonds that connect the B-strands are oriented parallel to the main

fibril axis. Therefore, the B-strands run perpendicular to this direction (Figure 1-3).

Figure 1-3 Three-dimensional structure of A, fibril

Individual A4, peptides are coloured. The direction of the fibril axis is indicated by an arrow
pointing from even to ‘odd’ end. A) Using ribbon diagrams, the intermolecular AB-peptide
interactions are illutrated. B) Two intermolecular salt bridges formed between D23 and K28
amino acid residues (indicated by black box). C) Ribbon diagram and van der Waals contact
surface polarity identifies the hydrophobic, polar, negatively charged, and positively charged
amino acid side chains which are illustrated in yellow, green, red, and blue, respectively. The
positively and negatively charged surface patches are shown in blue and red, respectively, and
all others are shown in white. D and E) Four APy, protofilaments coloured individually with 5 X
magnification of the cross section perpendicular to the fibril axis is shown (right). Scale bar, 50
nm. Figure adapted from Luhrs et al., 2005.

It is noteworthy that AP fibrils are the end products of a complex fibrillation
process involving various AP oligomers, including dimers, trimers, amyloid-derived
diffusible ligands, globulomers and protofibrils. However, at present, the isolation and

purification of these A oligomers is a challenge and has not been done (Broersen et al.,
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2010). Oligomers and protofibrils, which are the most neurotoxic species found
intracellularly, exhibit variable molecular weights and shapes, including spherical
oligomers, curvilinear protofibrils and annular pores (Fandrich et al., 2011). Despite
these challenges and evidence of random coil-like structure assemblies (Sandberg et al.,
2010), data from many studies strongly indicate that APy and APs, oligomers also
display significant B-sheet content (Ahmed et al., 2010; Cerf et al., 2009; Chimon et al.,
2007; Habicht et al., 2007). While AP fibrils are generally localised extracellularly, the
formation of these extracellular deposits and their toxicity initiates from intracellular A

oligomeric species (Friedrich et al., 2010; Hu et al., 2009).

1.2.2 Intracellular AP: physiological roles, localisation and neurotoxicity of
soluble oligomers

Although the A peptide was first discovered and reported in many studies as a
component of extracellular insoluble AP plaques, Grundke-Igbal and colleagues (1989)
were the first to report the presence of intraneuronal AP in the cerebellum, cerebrum and
spinal cord of AD individuals (Grundke-Igbal et al., 1989). Since then, many post-
mortem studies have revealed the presence of intraneuronal A in AD and Down
syndrome individuals (Gyure et al., 2001; Mori et al., 2002; Wegiel et al., 2007). These
studies revealed strong correlations between levels of intracellular soluble AP oligomers
and synaptic loss (Lue et al., 1999) and cognitive function in AD (McLean et al., 1999).
It was further established that the majority of intraneuronal soluble AP in AD is the AP,
species (D'Andrea et al., 2002; Gouras et al., 2000; Ohyagi et al., 2007; Takahashi et al.,
2002) which are localised in multivesicular bodies (MVBs) of neuronal cells displaying
synaptic pathology (Takahashi et al., 2002). Furthermore, two independent studies
revealed that accumulation of intracellular soluble A4, oligomers preceded extracellular
plaque formation (Gyure et al., 2001; Wirths et al., 2001) and levels of intraneuronal Af
decreased with extracellular plaque build-up (Mori et al., 2002). Taken together, these
studies indicate that intracellular soluble AB4, may play a critical role in the onset and
progression of AD compared to the previously thought extracellular insoluble A
deposition. In addition, the increase in intracellular soluble AB4; may also prove to be an
early event in the onset of AD (Gouras et al., 2005; Gouras et al., 2000). The above idea

is strongly supported since individuals with mild cognitive impairment were found with
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intraneuronal A in the hippocampus and entorhinal cortex of the brain, where they are

likely found in the early stages of AD (Gouras et al., 2000).

Multiple studies have since shown that levels of intraneuronal AP decrease as
extracellular AP plaques accumulate (Gyure et al., 2001; Oakley et al., 2006; Oddo et al.,
2003; Oddo et al., 2006; Wirths et al., 2001). Two apparent processes have been
implicated as causative factors in intracellular A accumulation. First, since the majority
of AP generated intracellularly is secreted from the cell, an impaired secretory pathway
where AP generated intracellularly is not secreted would cause a build-up of AP in the
cell. Next, extracellular AP can be internalised by neuronal cells through endocytosis to
contribute to these intracellular pools. To determine localisation of AP, it is important to
understand trafficking and localisation of APP from which A is released. Studies have
showed that APP is localised to cellular plasma membrane (PM) (Kinoshita et al., 2003)
and subcellular membranes including the trans-Golgi network (Xu et al., 1995),
endocytic network, ER, lysosomal, endosomal (Kinoshita et al., 2003), exosomal
(Rajendran et al., 2006) and mitochondrial membranes (Mizuguchi et al., 1992). In the
presence of adjacent - and y-secretases, AP generation could possibly occur in all the
above cellular organelles. Therefore, amyloidogenic processing of APP within
subcellular membranes would lead to intracellular AB; and those within cellular PM and
secretory vesicles would be released into the extracellular space (Wertkin et al., 1993).
Intraneuronal A4, was also found to localise to outer membranes of MVBs (Langui et
al., 2004; Takahashi et al., 2002) and was most often located in the perinuclear region
(Langui et al., 2004). Interestingly, intracellular production of ABsy and AP4, was only
found in neuronal cells. In most non-neuronal cells, production of A predominantly
occurred on the plasma membrane (Hartmann et al., 1997). Although the neurotoxicity
of various APP mutant forms and their cellular localisation has been well established,
detailed cellular functions of APP are not clearly understood. At present, APP has been
predicted to have a role in cell adhesion (Kinoshita et al., 2003) and cell movement
(Sabo et al., 2001). Data from the loss-of-function phenotypes may also suggest the
involvement of APP during development (Zhang et al., 2012).

AP found in senile plaques was initially presumed to be an abnormal protein.

Therefore, an important finding was that AP is produced constitutively during normal
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cell metabolism (Haass et al., 1992; Wertkin et al., 1993). Soluble AP produced by cells
undergoes conformational change to contain high B-sheet content and this increases its
aggregation propensity to form soluble oligomers and extracellular fibrils found in
plaques. Furthermore, aggregation-prone A4, triggers the misfolding of other AP
species (Jarrett et al., 1993b). AP aggregation proceeds by a multistep, nucleation-
dependent process (Jarrett and Lansbury, 1993). Formation of nucleation seeds is rate
limiting, in the absence of preformed seed fibrils there is a significant lag period for the
formation of AP fibrils, followed by a rapid fibril elongation phase once seed fibrils
have been generated. The lag time for fibril formation can be dramatically shortened by
adding preformed fibril seeds to AR monomer (Jarrett and Lansbury, 1993). The rate of
AP fibril formation is controlled by both fibril seed and monomer concentrations (Naiki
and Nakakuki, 1996). Initially, only AP deposited in plaques was assumed to be
neurotoxic, however, recent data strongly indicate that soluble AP oligomers inhibit
hippocampal long-term potentiation and disrupt synaptic plasticity (Walsh and Selkoe,
2004).

Lipid membranes can influence both protein folding and kinetics of protein
aggregation. Therefore, alterations to lipid composition in the membranes of subcellular
compartment may have an important role in AP aggregation. The formation of AP
oligomers can occur during interactions with lipid bilayers, specifically lipid rafts,
which are cholesterol- and glycosphingolipid-rich microdomains in plasma membranes
(Hicks et al., 2012; Kim et al., 2006; Lai and McLaurin, 2010). Intracellular interactions
of soluble AP with clusters of monosialogangliosides in lipid rafts were found to
accelerate oligomerisation of AP. This results in the generation of AP bound to GM1
ganglioside, which then acts as a nucleation seed for further AP aggregation (Ikeda et al.,
2011; Matsuzaki et al., 2007; Wakabayashi et al., 2005). Interestingly, GM1 ganglioside
levels in the lipid rafts of synaptosomes are known to increase with age (Yamamoto et
al., 2004). Studies by Wakabayashi et al., (2005) suggest that these ganglioside clusters
in lipid rafts serve as a conformational catalyst, generating membrane-bound forms of
AP with the ability to act as a seed for aggregation. Interestingly, it was found that Af
aggregation is also accelerated in the presence of endosomal, lysosomal and plasma
membranes (Waschuk et al., 2001). Taken together, from these data it can be inferred

that the plasma membrane and intracellular membranes play a critical role in the
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generation of these neurotoxic species of AP. The seeding of toxic intracellular soluble
oligomers may be a prelude to pathological events and further seed extracellular plaque

formation by exocytosis (Walsh et al., 2002).

There is accumulating evidence that alterations in cholesterol homeostasis in the
AD brain may be linked to cerebral AP pathology (Austen et al., 2003). It was recently
shown that intracellular AP has a physiological role in maintenance of lipid homeostasis
(Grimm et al., 2007), besides its pathological impact. In brain cells, cholesterol was
found to increase AP production, and conversely AP production caused a decrease in
cholesterol synthesis. The decrease in cholesterol is mediated by the inhibition of 3-
hydroxy-3-methylglutaryl-coenzyme A reductase (HMGR) (Grimm et al., 2007).
Cholesterol also appears to modulate interaction of Ap with neuronal membranes. This
may account for the recent finding that statin treatment may afford protection against
AD (Grimm et al., 2007). However, the ‘AD protection’ mediated by statins cannot be
simply explained by reduction of cholesterol levels. In addition to their cholesterol-
lowering effects (Hartmann, 2001; Wolozin, 2004), statins offer pleiotropic effects such
as the reduction in protein isoprenylation (Ostrowski et al., 2007; Reid et al., 2007) and
decreasing association of the active form of the y-secretase complex with membrane

rafts (Urano et al., 2005).

Since the first study to implicate the presence of intracellular A in AD
(Grundke-Igbal et al., 1989), many studies have since reported intraneuronal A
aggregation. Recently, the role of intracellular AB in AD progression has received much
more attention (Haass and Selkoe, 2007; LaFerla et al., 2007). Studies using C-terminal-
specific antibodies against ABso and APs, have found that in AD brains most of the
intraneuronal AP ends at residue 4, (Gouras et al., 2005) and that the AB4, localises to
the outer membranes of multi-vesicular bodies (MVBs) within neuronal cells (Langui et
al., 2004; Takahashi et al., 2002). Interestingly, AB-containing MVBs in mice were most
often located in the perinuclear region (Langui et al., 2004). Furthermore, studies using
immuno-gold electron microscopy demonstrated that ABs; can be found in the
multivesicular bodies (MVBs) of neuronal cells, where it is implicated in synaptic
pathology (Takahashi et al., 2002). These findings have led to the hypothesis that the

build-up of intracellular AR may be an early event in the disease progression of AD
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(Gouras et al., 2005). Indeed accumulation of intracellular AP precedes extracellular

plaque formation in patients with AD (Gyure et al., 2001).

In addition, AP accumulation has been shown to inhibit the proteasome directly
(Almeida et al., 2006; Oh et al., 2005) suggesting that intracellular soluble AP is
responsible for toxicity. This is the case since AB-induced toxicity was found to increase
with impaired function of the proteasome. Gradual accumulation of AP in the
mitochondria (Manczak et al., 2006) has also been associated with diminished
enzymatic activity of electron transport chain complexes III and IV, and reduced rates of

oxygen utilisation (Caspersen et al., 2005).

1.2.3 The ‘updated’ amyloid cascade hypothesis — incorporating AP clearance

mechanisms

As indicated in Section 1.1.4, in brain cells, most of the AP peptides produced
are AP4o, while 10% is the 42 amino acid species (AP42). AP4; is more hydrophobic and
is more prone to aggregation and fibril formation than A4 (Jarrett et al., 1993b).
Interestingly, A4, peptides are the predominant form of AP found in intraneuronal
oligomers and the major component of extracellular plaques in AD brains (Younkin,
1998). Data from many studies have shown that deposition of A in senile plaques play
a seminal role in AD pathogenesis. Some of those studies include the identification of
multiple autosomal dominant mutations in early-onset AD susceptibility genes APP,
PSENI and PSEN2 (Table 1-1). Mutations in these three genes have been found to cause
hereditary cerebral hemorrhage with amyloidosis due to excessive AP deposition,
reduced flux via the non-amyloidogenic pathway and increased rate of APP
endoproteolysis by BACEI (via the amyloidogenic pathway) (Figure 1-2), increased
generation of AP, specifically AP4,, and a higher ratio of AB4/AB4o (Levy et al., 1990;
Nilsberth et al., 2001; Sahlin et al., 2007; Scheuner et al., 1996; Van Broeckhoven et al.,
1990). These, as well as other studies have proposed that extracellular AP deposition
initiates a pathological cascade that involves the formation of A plaque deposits, which
eventually disrupt neuronal and/or synapse function, resulting in AD. These genetic and
histopathological data led to the initiation and development of the amyloid cascade
hypothesis by Hardy and Higgins (1992), which posits that deposition of AB protein in
the brain parenchyma (Glenner and Wong, 1984; Hardy and Higgins, 1992; Masters et
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al., 1985; Selkoe, 1991), is the causative agent of AD pathology and that the
neurofibrillary tangles, cell loss, vascular damage, and dementia follow as a direct result

of the AP deposition.

However, since the amyloid cascade hypothesis was first proposed in 1992, it
has constantly evolved over the last two decades to remain up-to-date with recent
developments and to incorporate new data. The amyloid cascade hypothesis received
further support with the identification of mutations in the late-onset/sporadic AD
‘susceptibility’ genes (Table 1-1) in the recent genome-wide association studies. Genetic
variances identified in two genome-wide association studies point towards cellular
processes implicated in AP clearance from the brain (discussed below) (Harold et al.,
2009; Hollingworth et al., 2011b; Lambert et al., 2009). Impaired clearance of AP may
lead to late-onset AD via the gradual accumulation of APB. AP proteins can be degraded
by the peptidases such as the insulin-degrading enzyme, neprilysin, and by endothelin-
converting enzyme (Carson and Turner, 2002; Nalivaeva et al., 2012). AP clearance
from the brain can also be mediated by low-density lipoprotein receptor related protein
across the blood-brain barrier (Tanzi et al., 2004). At present, there is no indication for
alterations in these degradative enzymes in AD. However, it is possible that impaired
clearance of AP may occur through interactions with ApoE4, decreased cellular
catabolism/proteolysis of AP, reduced transport across the blood-brain barrier, or

impaired cerebrospinal fluid transport.

Deane and colleagues (2008) showed that in mouse brains, complexes of AB—
ApoE2 and AB—-ApoE3 were cleared at the blood—brain barrier at a significantly faster
rate than AB—ApoE4 complexes (Deane et al., 2008). Interestingly, ApoE is capable of
binding to a group of structurally related proteins such as the low-density lipoprotein
receptor. Overexpression of this receptor significantly reduced AP aggregation and
increased extracellular AP clearance (Kim et al., 2009b). In AD-inflicted brains, the
mRNA level of APOE is inversely correlated with the amount of amyloid plaques
(Lambert et al., 2005). These data were further supported when it was found that
mutations in the promoter region of the APOE gene led to reduced levels of APOE,
increased levels of AP plaques and also genetic predisposition to AD (Lambert et al.,

2002; Lambert et al., 2004; Lambert et al., 2001; Lambert et al., 2005). Taken together,
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these data strongly indicate that APOE isoforms may play an important role in the

regulation of extracellular and intracellular AP clearance in the brain (Kim et al., 2009a).

Another apolipoprotein identified by the genome-wide association studies is
clusterin (CLU), also known as apolipoprotein J, which is a chaperone involved in cell
death and neurodegeneration. Interestingly, it is also one of the most highly expressed
apolipoproteins in the central nervous system (Montine et al., 1998; Roheim et al., 1979).
Like ApoE, it has been proposed that CLU is involved in the clearance of AP, from the
brain via the blood-brain barrier (DeMattos et al., 2004). Gaps remain in our knowledge
of the cellular functions of BIN1 and PICALM but both proteins are known to be
involved in clathrin-mediated endocytosis, an important step in the intracellular
trafficking of neurotransmitters in neuronal cells. Due to their known endocytic
functions, both genes were proposed to be involved in APP metabolism (Leprince et al.,
1997; Tebar et al., 1999) leading to altered levels of intracellular AP. Therefore,
mutations in the PICALM gene may lead to synaptic dysfunction, possibly through
altered synaptic vesicle cycling. PICALM is ubiquitously expressed in all tissue types
with prominent expression in neurons, where it is randomly distributed at both pre- and
postsynaptic structures (Harold et al., 2009), and in the endothelium of blood vessel
walls (Baig et al., 2010). Therefore, it has been suggested to be localised in endothelial

cells along the blood-brain barrier and may be involved in AP clearance.

Mawuenyega and colleagues (2010) were the first to report a method to measure
the generation and clearance of AP in AD individuals. While the average production rate
of both AB4, and AP4y did not differ between the cognitively healthy control group and
the AD group, it was found that the average clearance rate of both AB4, and AP was
significantly slower in AD individuals compared to the controls (Mawuenyega et al.,
2010). It was further established that the 30% impairment in clearance mechanisms of
A4, and AP4 may be critical in the onset and progression of AD (DeMattos et al.,
2004; Mawuenyega et al., 2010).

The amyloid cascade hypothesis has also faced, and still faces, major criticisms.
It was recently reported that all AB-centred therapeutic approaches failed and this report

was further supported by two independent studies that showed poor correlation between
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extracellular insoluble amyloid fibrils/plaque counts and the degree of cognitive
impairment/clinical manifestations of AD (Dickson, 1997; Dickson et al., 1995;
Greenberg et al., 2003; Morgan et al., 2009; Robinson et al., 2003; Selkoe, 2011; Terry
et al., 1991). Interestingly, healthy older individuals, without any AD clinical symptoms,
were also found to have significant amount of AP plaque deposits in the limbic and
cortical regions of the brain; while in AD individuals, the severity of AD-associated
dementia does not correlate with plaque levels and density (Dickson, 1997; Lue et al.,
1999). Therefore, at present, it is unclear whether the extracellular insoluble A
aggregates are protective, inert or pathogenic. On the other hand, there are strong
correlations between levels of soluble AP oligomers (not AP plaques) and cognitive
function/clinical manifestations of AD. Therefore the ‘updated’ amyloid cascade
hypothesis posits that AD is caused by an imbalance between AP production and its
clearance, which may lead to increased amounts of soluble monomeric, oligomeric, and
insoluble fibrillar forms of AP in the central nervous system. The increased level of AP
subsequently initiates a cascade of events causing toxicity and neuronal cell death,

ultimately leading to AD (Figure 1-4).
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Figure 1-4 The ‘updated’ amyloid cascade hypothesis

The central events leading to familial AD (early-onset AD) and sporadic AD (or late-onset AD)
proposed by the amyloid cascade hypothesis as defined by Hardy and Selkoe (1992)
incorporating data from the recent GWAS studies. According to the updated hypothesis, the
imbalance between AP production and clearance may be critical in the onset and progression of
AD; with increased AP production observed in familial AD and decreased AP clearance in
sporadic AD. Instead of AP plaques and fibrils, AP oligomers may inhibit hippocampal long-
term potentiation and impair neuronal and synaptic function that lead to cognitive symptoms.
While tau pathology may contribute to neurodegeneration, it is likely to play a downstream role
in AD. Figure adapted from Blennow et al., 2006.

1.3 Enhanced green fluorescent protein (GFP)-based fluorescent reporter for

protein aggregation

The modified enhanced green fluorescent protein (GFP) from the jellyfish
Aequorea victoria is an important reporter molecule for monitoring gene expression and
protein localisation in vivo (Kain et al., 1995). Recently, GFP folding has been
exploited to study kinetics of protein aggregation in E. coli (Waldo et al., 1999). In an
aggregation reporter assay developed by Waldo et al., (1999), the exhibition of
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fluorescence from the GFP fluorophore is related to the productive folding of the
upstream fusion protein and avoidance of inclusion body formation. Therefore, in the
event that the fused protein aggregates prior to fluorophore formation, GFP-associated
fluorescence would not be observed. Observation of GFP-associated fluorescence would
indicate the solubility of correctly folded protein. The expression of GFP can
subsequently be qualitatively analysed using fluorescence microscopy and fluorescence-

activated cell sorting (FACS).

1.3.1 Amyloid-beta GFP fusion (ABGFP) in E. coli

As introduced in Section 1.2.2, the rapid aggregation of the AP4, peptides is
thought to be the main causative role for AD and its disease progression. In applying the
GFP-based aggregation assay to study aspects of AP, aggregation, consecutive studies
by Wurth et al., (2002), and, Kim and Hecht (2005) developed an aggregation assay
that used AP fused to GFP (ABGFP). In E. coli, it was found that cells expressing
APB4>GFP do not exhibit fluorescence, whereas cells expressing AB4GFP, or unfused
GFP exhibited high levels of fluorescence (Kim and Hecht, 2005; Wurth et al., 2002).
The lack of fluorescence was attributed to the aggregation of the AP4-moiety of the
fusion protein, prior to the formation of the fluorophore. The influence of the additional
two amino acid residues (isoleucine and alanine) in the C-terminal of A4, was found to
increase the aggregation propensity of this peptide compared to ABso (Kim and Hecht,
2006). These data were further confirmed using biophysical analysis, including electron

microscopy (Kim and Hecht, 2008).

In an analysis of mutations in the AB4, peptide that would reduce its propensity
to aggregate in E. coli, it was found that the C-terminal 41% and 42" amino acid
residues played a significant role in increasing the propensity of the A4, peptide to
aggregate relative to AB4o. A substitution of the C-terminus isoleucine (41* amino acid)
and alanine (42nd amino acid) to glutamic acid and proline respectively resulted in the
construction of a highly non-aggregating variant of AB4, (Kim and Hecht, 2005; Kim
and Hecht, 2006). The variant form of AP4, was termed APgp and the fluorescence
intensity exhibited by APgp was significantly greater than A4 or AP in E. coli cells.

This supported that ABGFP-derived fluorescence is a reliable indicator of the correct
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folding of GFP and highlighted the efficacy of using AB-GFP fusion to gain further

insight into mechanisms affecting A aggregation.

1.4  Model systems to study disease-related proteins implicated in

neurodegeneration

The factors affecting AP protein misfolding and aggregation remain elusive.
While it may be true that reduced protein quality control and other altered cellular
processes associated with aging may contribute to protein misfolding and aggregation
ultimately leading to AD (Gaczynska et al., 2001; Lindner and Demarez, 2009), there is
a lack of understanding as to why individuals develop various protein-misfolding
diseases with aging. It is worth noting that there are individuals who do not develop
protein-misfolding diseases or neurodegeneration as they age. Therefore, cellular factors
or disease-modifying factors may play a role in the pathogenesis. Identification of
genetic/cellular factors that affect AP aggregation would improve our understanding of
the underlying molecular basis of protein-misfolding diseases and may have

implications for the development of therapeutic strategies.

Genome-wide association studies and epidemiological studies have provided
limited mechanistic insight into the cellular processes that determine disease
susceptibility or age-at-onset of disease (Carrasquillo et al., 2009; Harold et al., 2009;
Hollingworth et al., 2011b; Lambert et al., 2009). Model organisms, such as
Saccharomyces cerevisiae, Caenorhabditis elegans and Drosophila melanogaster
heterologously expressing neurodegenerative disease-related proteins, together with
genome-wide screens, have been exploited to model many aspects of neurodegeneration,
including aggregation and toxicity of disease-related proteins and to gain further
mechanistic insight about cellular factors affecting protein-misfolding diseases
(Fernandez-Funez et al, 2000; Flower et al., 2005; Ghosh and Feany, 2004; Giorgini et
al., 2005; Hamamichi et al, 2008; Kazemi-Esfarjani and Benzer, 2000; Komano et al.,
1998; Kraemer et al, 2006; Kuwahara et al, 2008; Morley et al, 2002; Outeiro and
Lindquist, 2003; Treusch et al., 2011; Van Ham et al, 2008; Wang et al, 2009a;
Willingham et al., 2003; Zhang et al., 1994; Zhang et al., 1997). These model organisms

share a minimum of 30% homology with human genes and show evolutionary
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conservation of many cellular pathways. Interestingly, several regulatory pathways that
play a major role in the development of human embryo, regulation of programmed cell
death, neuronal function and cellular pathways regulating aging were first elucidated in
these organisms (van Ham et al., 2009). Therefore, evolutionarily conserved cellular
processes that play important roles in protein misfolding may provide a focal point for

future mechanistic studies in neurodegeneration.

A key feature of most neurodegenerative diseases is the late age of onset of the
disease. With age being an important factor, an advantage of using model organisms is
that they have significantly shorter lifespans compared to humans while exhibiting
similar pathobiological hallmarks of aging (Herndon et al., 2002). In the majority of
sporadic cases, the late age of onset would impede long term studies in humans directed
at identifying early events in the disease progression. Furthermore, there would be
serious ethical and practical limitations on the use of human individuals in scientific
research. As noted by Khurana and Lindquist (2010), the identification and
characterization of the upstream role for AP in AD has been a concerted effort by work
within model organisms and human brain tissue. Therefore, it is clear that various
complementary approaches will be required for the development of therapeutic

strategies for neurodegenerative diseases (Khurana and Lindquist, 2010).

1.4.1 Modelling aspects of neurodegeneration and AD in S. cerevisiae

The budding yeast S. cerevisiae has served as an important model organism for
understanding many aspects of eukaryotic molecular biology. It is the first eukaryote to
have its 12,157,105 bp genome (encoding 6607 ORFs; updated as of 2nd August 2012)
sequenced (Cherry et al., 2012). While at least 30% of S. cerevisiae genes have a
corresponding mammalian ortholog, an additional 30% show at least one conserved
domain with human genes (Botstein et al., 1997; Winderickx et al., 2008).
Approximately 30% of human disease-associated genes also have close yeast orthologs
(Bassett et al., 1996; Foury, 1997; Perocchi et al., 2008; Steinmetz et al., 2002). Use of S.
cerevisiae as a model organism has provided insight into cellular processes such as cell
cycle progression, vesicular trafficking, protein synthesis and degradation, and cellular
mechanisms involved in aging and cell death. This demonstrates the evolutionarily

conserved cellular processes shared between S. cerevisiae and human cells.
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Recently S. cerevisiae has also been used for the study of proteins implicated in
neurodegenerative disorders to study aspects related to AD (Bharadwa;j et al., 2009;
Caine et al., 2007; Caine et al., 2011; Dubey et al., 2009; Komano et al., 1998; Treusch
et al., 2011; Zhang et al., 1994; Zhang et al., 1997), frontal temporal lobar degeneration
(Braun et al., 2011; Johnson et al., 2008), Parkinson’s Disease (Flower et al., 2005;
Outeiro and Lindquist, 2003; Zhang et al., 1994) and Huntington’s Disease (Giorgini et
al., 2005; Willingham et al., 2003). In the majority of these studies, S. cerevisiae was
used to understand cellular processes involved in the various neurodegenerative diseases
caused by misfolded proteins. Disease-related proteins involved in neurodegeneration
were heterologously expressed in yeast cells since S. cerevisiae lack functional
counterparts; thereby constructing so-called ‘humanised-yeasts’ to study aspects of AD,
frontal temporal lobar degeneration, Parkinson's and Huntington's diseases. Genome-
wide screens based on the effects on growth have been performed for the identification
of genes that suppress or enhance toxicity to S. cerevisiae cells expressing AP, o-
synuclein or huntingtin proteins (Cooper et al, 2006; Giorgini et al, 2005; Treusch et al.,
2011; Willingham et al, 2003). Categorisation of these identified genes on the basis of
cellular processes indicated that modifiers of AP toxicity are overrepresented in
endocytosis, including the yeast homolog of phosphatidylinositol binding clathrin
assembly protein (PICALM); while a-synuclein toxicity mainly play a role in vesicle-
mediated transport and lipid metabolism. Modifiers of huntingtin toxicity were found to
be overrepresented in stress response pathways, protein folding and degradation. These
data strongly indicate that the neurodegenerative disease-related proteins cause toxicity

in S. cerevisiae through different mechanisms.

While the S. cerevisiae genome does not encode - or y-secretases, Yap3p and
Mkc7p have shown to exhibit a-secretase activity (Edbauer et al., 2003; Luthi et al.,
2003; Middendorp et al., 2004; Zhang et al., 1994; Zhang et al., 1997). Intracellular A
may play a causative role in the early progression of AD; therefore, detailed
understanding of AP aggregation into soluble oligomers or insoluble aggregates is
essential. Yeast cells expressing unfused APs, were reported not to produce detectable
levels of this protein via western blot analysis (Caine et al., 2007; von der Haar et al.,

2007). Whether this phenomenon is due to the toxicity of AP or rapid degradation of A}
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remains to be examined. However, AP can be expressed and detected in S. cerevisiae
cells as a component of N- or C-terminal fusion proteins, and studies with fusion
constructs indicated that AP expression slightly lowers growth yield and induces a heat
shock response, indicating that expression of A} may exert stress in cells (Caine et al.,
2007). Recently, two independent groups developed S. cerevisiae models expressing
AB-fusions that allowed analysis of AP oligomerisation. By substituting the N-terminal
prion forming domain of Sup35p, a transcriptional terminator and prion, with AB; an
oligomerisation assay was developed based on changes in colony colour (Bagriantsev
and Liebman, 2006; von der Haar et al., 2007). The aggregation of AP4,-Sup35p fusion
protein led to loss of function of Sup35p in transcription termination which resulted in
the transcriptional read-through of the premature stop codon of the adel-14 allele
resulting in the expression of Adelp protein, alleviating the adenine auxotrophy and
producing white colonies. Reduced or lack of aggregation of AP4-Sup35p fusion
protein led to decreased read-through of the premature stop codon in the mutant adel
allele, causing adenine auxotrophy and the accumulation of a red coloured intermediate
of the adenine biosynthetic pathway. This led to the growth of pink/red colonies.
Therefore, white-coloured colonies indicated that AB-Sup35p had aggregated, while red-
coloured colonies indicated a lack of aggregation. Using this approach, it was shown
that Hsp104p, a chaperone involved in protein disaggregation, was involved in the
formation of AP oligomers by binding directly to AP4,-Sup35p. In addition, the prion-
curing agent guanidine was found to accelerate oligomerisation of AP4-Sup35p
(Bagriantsev and Liebman, 2006). In a separate study, the expression of an AB4,-GFP
fusion protein allowed visualisation of intracellular AP aggregation and localization in S.
cerevisiae (Caine et al., 2007). Wild-type cells expressing AP4,-GFP exhibited
fluorescent cells with large fluorescent puncta in the cytosol, which may correspond to
the formation of intracellular oligomers/aggregates. Furthermore, an induction of the
heat shock response was noted in these cells. Taken together, these studies may indicate

a role for heat shock proteins in response to intracellular accumulation of Afa;.

These yeast systems illustrate the value of the §. cerevisiae model in
understanding cellular processes that are affected or triggered by intracellular AP
aggregation. While there may be many important aspects of neurodegenerative diseases

that lie beyond the reach of unicellular yeast cells, lacking a brain and a central nervous
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system, the evolutionarily conserved cellular processes in S. cerevisiae allow it to be
used to study fundamental alterations in cellular processes that may be responsible for

the onset and progression of neurodegeneration.

1.5 General aims and summary of this study

There are three general aims in this thesis. The first is to understand genetic
factors and cellular processes affecting intracellular AB4, aggregation. To address this
aim, the assay for AP4+,GFP aggregation reported by Kim and Hecht (2005) was
recapitulated in S. cerevisiae to facilitate screening of the genome-wide deletion library
(Winzeler et al., 1999) for genetic factors and cellular processes affecting intracellular
AP4, aggregation, by assessing the fluorescence associated with expression of the
APB4sGFP fusion protein. These data which are presented in Chapter 3, led to
identification of 110 mutants exhibiting intense AB42GFP-associated fluorescence. Four
major cellular processes were over-represented in the data set, including phospholipid
homeostasis and mitochondrial function. Identification of genetic/cellular factors that
affect AP aggregation may lead to the discovery of homologs and conserved pathways
in humans, improve our understanding of the underlying molecular basis of intracellular

AP, aggregation and have implications on the development of therapeutic strategies.

Given the importance of lipid metabolism/homeostasis and mitochondrial TCA
cycle function in affecting intracellular AB4, aggregation in S. cerevisiae, the second
aim of this study was to better understand underlying cellular mechanisms that
contribute to reduced AP4,GFP aggregation. This was carried out using the yeast gene
over-expression library (Gelperin et al., 2005) to elucidate specific lipid metabolites that
may play a role in reducing the propensity for AB4s>GFP to aggregate (Chapter 4). This
chapter further explores the distinctive subcellular localisation of AP4GFP in the
phospholipid mutants. Given the recent developments in the analysis of the S. cerevisiae
lipidome by quantitative shotgun mass spectrometry, this approach was undertaken to
identify specific lipid metabolites that may interact with AP4+GFP thus reduce its
propensity to aggregate (Chapter 5).
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The final aim of this study was to further exploit the powerful and flexible
platform of applying the GFP-derived fluorescence-based assay for the screening of
chemical/drug libraries for compounds with amyloidogenic and anti-amyloidogenic
properties. Both the Library of Pharmacologically Active Compounds (LOPAC'2**®;
Sigma-Aldrich), composed of 1280 compounds, and the Spectrum Collection library
(MicroSource Discovery Systems, Gaylordsville, CT, USA), containing 1997
compounds, were used in the high-throughput chemical and drug screen for modifiers of
AB4#,GFP and A4GFP aggregation/fluorescence in S. cerevisiae. These data are
presented in Chapter 6. Identifying such drugs as affecting intracellular Ap42
aggregation may significantly reduce costs and the exhaustive process of introducing
new drugs onto the market. Compounds identified through this approach may
potentially change the way these drugs are currently administered to patients. These data
provide genome-wide evidence of cellular processes and chemical compounds that
affect intracellular AB42GFP aggregation and may have important implications for

understanding cellular mechanisms that affect intracellular AP42 aggregation and

ultimately disease progression of AD.
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2 MATERIALS AND METHODS

2.1 General Materials and Reagents

General chemicals, reagents and organic solvents used in this study were of
analytical grade and were purchased from Invitrogen (Australia), Sigma-Aldrich

(Australia) or Ajax Chemicals. MilliQ water was used in all experimental procedures.

2.2 S.cerevisiae and E. coli strains, plasmids and primers

2.2.1 S. cerevisiae strains

The S. cerevisiae deletion strains used in this study were derived from the
BY4743 wild-type strain (Winzeler et al., 1999) (Open Biosystems). The genotypes of
the S. cerevisiae strains used in this study are given in Table 2-1. Unless otherwise
stated, the term ‘wild-type’ exclusively denotes wild-type S. cerevisiae cells of the

BY4743 background.

Table 2-1 S. cerevisiae and E. coli strains used in this study

Strain Genotype Source

BY4743 MATa/MATw;, his341/his3A41; leu2A0/leu2A0;
(Wild type) metl SAO0/METI15; LYS2/lys2A0; ura340/ura340 EUROSCARF

. . As in BY4743 except homozygous deletion for
Deletion library respective target gene. KanMX4:: target gene EUROSCARF
BY%743 As in strain BY4743 but rho’ This study
(rho™)
BY.4 741 MATa; his341; leu240; met1540; ura340 EUROSCARF
(Wild-type)
Quadruple mutant MATa; lrol::KanMX4; dgal::KanMX4, Karin Athenstaedt
AdgalAlrolAarelAare2 arel::KanMX4; are2::KanMX4 in BY4741 (Athenstaedt, 2011)
DAmP collection MATa/MATo; his341/his3A41; leu2A0/leu2A0,

(heterozygous diploids)  metlSAOMETIS; ura3A0/ ura3A0; CYH2+cyh2 ~OPen Blosystems

DAmP collection . Open Biosystems
. MATa; Al leu2A0, 1540, A .
(generated haploids) 8; his3AL leu2A0; metl5A0; ura3A0 & this study
MATa; canl A::STE2pr-Sp_URA; Paul Atkinson
yCG253 lyp1A::mCherry-Nat; his3A1; leu2A0, (Bircham et al.,
ura340::NLS-RedStar2-hph; LYS2+ 2011)
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2.2.2 E. coli strains

The E. coli strain DH50™ [F-¢80/acZAM15 A(lacZY A-argF)U169 recAl
endAl hsdR17(r, , ml:) phoA supE44 thi-1 gyrA96 relAl L] was used for plasmid

propagation and the Invitrogen™ Gateway System® reactions. The E. coli strains
(DH5a) in the yeast ORF library (YSC3868) were also used for plasmid propagation

and the Invitrogen™ Gateway System® reactions.

2.2.3 Plasmids

The plasmids used in this study are listed in Table 2-2. Centromeric plasmids
(denoted as CEN) indicate the presence of a centromeric sequence on the plasmid which
leads to its maintenance in S. cerevisiae cells at a low-copy number (usually as one or
two copies). Plasmids that encode a 2p origin of replication (denoted as 2p ori) are
maintained at high-copy number (20-50 copies) in S. cerevisiae (Sikorski and Hieter,
1989). The pAG series of plasmids were described in Alberti et al (2007). Yeast ORF
collection (BG1805 series of plasmids) was purchased from Open Biosystems. Relevant
plasmids were verified by sequencing using the DNA sequencing service provided by

the Ramaciotti Centre for Gene Function Analysis, UNSW.
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Figure 2-1 Schematic illustration of ABGFP plasmid constructs used in this study.

Using the same plasmid backbone pUG35GAL1 to cater for the expression of C-terminally
fused ABGFP fusion proteins A) APy fused to GFP; B) APy, fused to GFP and C) APgp fused to
GFP. Amino acids in red denote the AP sequence; fused to the N-terminus of GFP domain via a
four amino acid peptide linker, VDLD.

Table 2-2 Plasmids used in this study

Plasmid Genotype/Description Source
pUG35GALI1 Unfused vector for GFP expression under the Mathew
(Figure 2-1) regulation of GALI promoter, URA3 selection Traini

marker; CEN
pUG35GAL1-AB40  As in pUG35GALI but encoding human A4 Mathew
(Figure 2-1) with a C-terminal fusion to GFP Traini
pUG35GAL1-AB42  Asin pUG35GALI but encoding human AB4; Mathew
(Figure 2-1) with a C-terminal fusion to GFP Traini
pUG35GAL1-ABEP  As in pUG35GALI1 but encoding A4, variant Mathew
(Figure 2-1) with a C-terminal fusion to GFP (I41E and A42P Traini
substitutions)
pJR233-mDsRed Encodes peroxisome targeting signal 1 (PTS1) Brocard et
tripeptide Ser-Lys-Leu (SKL) fused to the C- al., (1997)

terminal of mDsRed. Expression under
regulation of the MLS! (constitutive) promoter,
LEU? selection marker; 2 ori
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pDONR221 Vector, KanR Invitrogen

pAG416GAL-ccdb  Vector, AmpR, CEN, URA3 Addgene

pAG416GAL-AB42  Asin pAG416GAL but encoding human A4, This study
with a C-terminal fusion to GFP

pAG416GAL-AB40  As in pAG416GAL but encoding human A4 This study
with a C-terminal fusion to GFP

pAG416GAL-ABEP  As in pAG416GAL but encoding human ABgp This study
with a C-terminal fusion to GFP

pAG416GAL-EGFP  As in pAG416GAL but encoding GFP This study

pAG415GAL-cecdb  Vector, AmpR, CEN, LEU2 Addgene

pAG415GAL-AP42  Asin pAG415GAL but encoding human A4, This study
with a C-terminal fusion to GFP

pAG415GAL-AB40  As in pAG415GAL but encoding human A4 This study
with a C-terminal fusion to GFP

pAG415GAL-ABEP  As in pAG415GAL but encoding human Afgp This study
with a C-terminal fusion to GFP

pAG415GAL-EGFP  As in pAG415GAL but encoding GFP This study

pAG426GAL-ccdb-  Vector, AmpR, 2u, URA3, GFP Addgene

EGFP

pAG426GAL- As in pAG426GAL but encoding DAK2 witha  This study

DAK2-EGFP C-terminal fusion to GFP

Yeast ORF collection Yeast ORF/Gene-of-interest expression under Open

(BG1805 family) the regulation of GALI promoter, URA3 Biosystems
selection marker; 2

pRS316-STE2pr- Mata-specific promoter, HIS5 Open

SpHISS Biosystems

2.2.4 Primers

Primers (Table 2-3) were purchased from GeneWorks (Australia) and were used

for generating strains or for plasmid construction.

Table 2-3 Primers used in this study

Primer Sequence Use(s)
OPI3- GAGCCATAAACAGCAATTGAAGACAACAA Deletion of
KanMXS1 GAATAGCGCAAGTCAAGCGATGATGGGTA  OPI3

AGGAAAAGACTCACG
OPI3- GGTAATAGCATAGGCTTCTAACATTATAGA Deletion of
KanMXS2 ATATATAGAAATAGAGCACTTATTAGAAAA OPI3

ACTCATCGAGCATCAAATG
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SLC4S1 ACGCCAAGACAAACCGTGGTGATTTAATTC Deletion of
TGCTGCTGATCGCTTCCAACATGCGTACGC SLC4
TGCAGGTCGAC

SLC4S2 ATAAGACAACAAGACTGTGACTTCCACACG Deletion of
CATCTGTCGTTTTTGGCCATCTAATCGATGA SLC4
ATTCGAGCTCG

SLC4-A CTTTCATGTAAAGCTGTTGAACCTT Verification of

SLC4 deletion

SLC4-D GGCAGACAATACCAAAGATAAAGAA Verification of

SLC4 deletion

AYRI1S1 CTTCTATTAATATATACTCAATTCAAATATT Deletion of
GATCAGGATTTCAAAGAGTATGCGTACGCT AYRI
GCAGGTCGAC

AYRI1S2 GGAATCTTGTATATAAATATAGGTAGCTAT Deletion of
TGACGATGGTGAAACACTAATCGATGAATT AYRI

CGAGCTCG
AYRI - A GACAGCCTTTTTACTTGAAGAATGA Verification of
AYR]I deletion
AYR1-D TTGAATATGCTGTTCTCACTTTTGA Verification of
AYR]I deletion
SLC1S1 TAGAGAAGTTTAGTGGTTTCCCTCCGTCAG  Deletion of
TGAATTCGAGCAAAAAAATAATGCGTACGC SLCI
TGCAGGTCGAC
SLC1S2 GATAATTACAGTTTTTGGGTCTATATACTAC Deletion of
TCTAAAAATGTGGTGGTGGCTTAATCGATG SLCI
AATTCGAGCTCG
SLC1 - A TCTTGTTGTGGTTTTTCAGACATTA Verification of
SLCI deletion
SLC1-D TTGTTGTTCCTCGTATTTTTCTTTC Verification of

SLC1 deletion

attB1-GFP GGGGACAAGTTTGTACAAAAAAGCAGGCT  Construction
TCATGTCTAAAGGTGAAGAATTATTCAC of
pDonr221-
GFP

attBl1-Abeta- GGGGACAAGTTTGTACAAAAAAGCAGGCT  Construction

GFP TCATGGATGCAGAATTCCGAC of
pDonr221-
ABGFP

attB2-Abeta- GGGGACCACTTTGTACAAGAAAGCTGGGTC Construction

EGFP CTATTATTTGTACAATTCATCCATAC of
pDonr221-
GFP and
pDonr221-
ABGFP

GPD CGGTAGGTATTGATTGTAATTCTG Sequence
promoter vectors from
Addgene

34



Materials and Methods

MI13F GTAAAACGACGGCCAG Sequence
pDONR221
and vectors
from Addgene

MI3R CAGGAAACAGCTATGAC Sequence
pDONR221
and vectors
from Addgene

BG1805F GGGGACAAGTTTGTACAAAAAAGCAGGCT  Sequence
BG1805-
based
plasmids

BG1805R GGGGACCACTTTGTACAAGAAAGCTGGGT  Sequence
BG1805-
based
plasmids

2.3 General methods/ laboratory procedures

2.3.1 Sterilisation and containment of biological waste

Media, labware and heat-stable solutions were sterilised by autoclaving at 121°C
(125 kPa) for 15 min with the exception of 70% (w/v) polyethylene glycol (MW 3350;
PEG) and 50% (v/v) glycerol which were sterilised at 121°C for 45 min. Heat labile
solutions were filter sterilised via passage through 0.22 pm Millex ™ sterile filters
(Millipore, NSW). DNases were inactivated by autoclaving. All biological materials

were autoclaved at 121°C for 20 min prior to disposal.

2.4 Media and growth conditions

2.4.1 E.coli growth media and storage conditions

For the purposes of plasmid propagation, the E. coli strain (Section 2.2.2) was
cultured in 50 ml Luria-Bertani (LB) media (1% tryptone, 0.5% yeast extract, 1% NaCl),
supplemented with relevant antibiotics, and incubated at 37°C with shaking (500 rpm)
for 12 h. Antibiotics were stored as 1000X concentrated stocks at -20°C and used at the
following final working concentrations: 100 pg/ml ampicillin; 50 pg/ml kanamycin
sulphate; 50 pg/ml chloramphenicol. For short term storage (<2 weeks), E. coli strains
were maintained on LB media solidified with 2% (w/v) agar, at 4°C. For long term

storage, cells were stored in 50% (v/v) aqueous glycerol at -80°C.
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2.4.2 S. cerevisiae growth media and storage conditions

The wild-type and mutant strains of S. cerevisiae used in this study were
predominantly of the BY4743 strain background (Table 2-1). Homozygous diploid
deletion mutants of all non-essential genes from the Saccharomyces Gene Deletion
Project (Winzeler et al., 1999) were obtained from the European Saccharomyces
cerevisiae Archive for Functional Analysis (EUROSCARF) (Table 2-1) and maintained
in YPD media (2% w/v) D-glucose, 2% (w/v) bactopeptone, 1% yeast extract). All
strains transformed with a plasmid were maintained in synthetic complete D-glucose
media (SCM) containing 2% (w/v) glucose, 0.5% ammonium sulfate, 0.17% yeast
nitrogen base and appropriate synthetic media supplements (listed in Table 2-4), but
lacking the necessary supplement to facilitate maintenance of plasmid. For example
synthetic complete medium lacking leucine is denoted as SCM-LEU. 2% (w/v) D-
galactose was used as carbon source in the SCM (SCgal) instead of glucose when
galactose induction of a gene-of-interest was required. SCgal medium lacking uracil is
denoted as SCM-URA. Unless otherwise stated, yeast strains were grown at 30°C, with
shaking (600 rpm) using a 96-well plate volume:medium volume of 2:1. For the western
blot and quantitative shotgun mass spectrometric lipidome analyses, yeast strains were
grown at 30°C, with shaking (500 rpm) using a vessel flask volume:medium volume of

5:1.

Table 2-4 Supplements for synthetic complete media

Supplement Final conc. Supplement Final conc.
(mg L (mg L)
Adenine 18 Leucine 260
Alanine 76 Lysine 76
Arginine 76 Methionine 76
Asparagine 76 p-aminobenzoic 8
acid potassium salt
Aspartic acid 76 Phenylalanine 76
Cysteine 76 Proline 76
Glutamic acid 76 Serine 76
Glutamine 76 Threonine 76
Glycine 76 Tryptophan 76
Histidine 211 Tyrosine 76
Myo-inoistol 76 Uracil 22
Isoleucine 76 Valine 76
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For short-term storage (<2 weeks), S. cerevisiae strains were maintained in
appropriate solidified media (YPD or SCM), with the addition of agarose 2% (w/v), at
4°C. For long-term storage, S. cerevisiae strains were stored in aqueous 15% (v/v)

glycerol at -80°C.

2.5 General molecular biology methods

Methods for agarose-gel electrophoration, ethanol precipitation and DNA
isolation were described in Sambrook et al (1989). Restriction enzymes, ligases and
associated buffers were purchased from New England Biolabs (NSW). Isolation of
DNA from agarose gels was performed using the Qiagen gel extraction kit according to
the manufacturer’s instruction. DNA ligations were performed for 3 h at room
temperature or overnight at 4°C in a 20 pl reaction volume. Conditions such as the
length of time for ligation and the vector to insert DNA quantity and ratio were

optimised for each ligation reaction.

2.5.1 Polymerase chain reaction

Proof reading polymerase (iProof, Biorad) was used according to the
manufacturer’s instructions for polymerase chain reactions (PCRs) to amplify DNA.
Annealing temperatures were optimised for each primer pair using a gradient
temperature function (50°C to 70°C). For verification of DNA amplification, PCR
products were run (80 V) on 1.5 % agarose gels run at 70 V using 1 x TAE (40 mM
Tris-HCI pH 8.5, 2 mM EDTA pH 8.0, 0.001% glacial acetic acid) as running buffer.
DNA was visualised using ethidium bromide (0.00008% final concentration) added

from a 10 mg/ml stock solution.

2.5.2 DNA sequencing

DNA was sequenced using the ABI BigDye Terminator system (Applied
Biosystems, NSW) according to manufacturer’s instructions. Samples were sequenced

and analysed by the Ramaciotti Centre for Gene Function Analysis (UNSW, Australia).
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2.5.3 Small-scale plasmid extraction
For plasmid purification, E. coli strain DH5a™ cultures were grown in 50 ml
LB media (Section 2.4.1) Plasmid DNA was purified using the QIAGEN Plasmid Midi

Kit according to the manufacturer’s instruction and maintained in TE buffer at -20°C.

2.5.4 Large-scale plasmid extraction

For the high-throughput transformation of the S. cerevisiae genome-wide
deletion library, large quantities of plasmid DNA were prepared. E. coli cultures
harbouring the desired plasmid were grown (Section 2.4.1) in LB media, supplemented
with ampicillin, for 8 h. Cells were pelleted via centrifugation (3,000 g; 15 min) at 4°C
and the supernatant removed. The cell pellet was resuspended in 2 ml GTE pH 8.0 (50
mM D-glucose, 10 mM EDTA, 25 mM Tris) and incubated at room temperature for 5
min. To lyse cells, 4 ml lysis solution (0.2 M NaOH, 1% SDS) was added and mixed
gently by inversion of the tube end-over-end until the solution became viscous and clear.
The tube was incubated on ice for 5 min and 3 ml of chilled 3 M potassium acetate
solution added, and the mixture gently mixed and placed on ice for a further 5 min. The
mixture was transferred into a pre-chilled Sorvall SS-34 centrifuge tube and centrifuged
(16,000 g; 30 min; 4°C). The supernatant was transferred into a fresh Sorvall SS-34
centrifuge tube containing 5.4 ml absolute isopropanol. After incubation for 5 min at
room temperature, the tubes were centrifuged (16,000 g; 30 min; 4°C) and the resulting
supernatant discarded. The pellet was washed and resuspended in 1 ml of 70% (v/v)
ethanol. The suspension was transferred into a 1.5 ml microfuge tube, and centrifuged
(18,000 g; 2 min). The supernatant was discarded and pellet washed in 1 ml of 70%
(v/v) ethanol followed by centrifugation (18,000 g; 2 min). The resulting supernatant
was discarded and the pellet dried in a Savant SpeedVac for 15 min at medium drying
rate. The resulting plasmid DNA pellet was resuspended in 500 pl of TE buffer and
stored at -80°C.
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2.6 Transformation of S. cerevisiae and E. coli strains

2.6.1 Low-throughput transformation of S. cerevisiae strains
The transformation of a limited number of S. cerevisiae strains was achieved
using the high-efficiency lithium acetate-based transformation protocol previously

described by (Gietz and Woods, 2002).

2.6.2 High-throughput transformation of S. cerevisiae genome-wide deletion

library in 96-well plate arrays

The genome-wide S. cerevisiae deletion library stored at -80°C freezer in 96-
plate format was thawed at room temperature and replicated into 96-well round-bottom
plates (Sarstedt, SA) containing YPD media, using a 96-pin replicating tool. Freshly
inoculated 96-well plates were incubated at 30°C with shaking (600 rpm) for 48 h.
Following centrifugation (800 g; 5 min), the resulting supernatant was removed and cell
pellets resuspended in 10 pl of sterile MilliQ water. For the transformation of a single
96-well plate, a 25 ml transformation mix containing 40% (w/v) PEG 3350, 0.1 M
lithium acetate, | mM EDTA, 10 mM Tris-HCI (pH 7.5), 2 mg single-stranded salmon
sperm DNA and 500 pl of the appropriate plasmid DNA dissolved in Tris-EDTA (TE)
buffer (e.g. pUG35GALI1-AB42; Table 2-2). Yeast strains were resuspended in the
transformation mix by gentle pipetting and the 96-well plates were incubated at 30°C
with shaking for 24 h. Following the incubation, strains were heat-shocked at 42°C for
30 min. Cells were pelleted after centrifugation (800 g; 5 min), the supernatant was
removed and the cell pellet resuspended in SCM-URA (medium lacking uracil to allow
auxotrophic selection of transformed cells) and incubated at 30°C with shaking for 48 h.
Subsequently, in the second round of selection, 5 pl of each yeast strain was transferred
into a fresh 96-well flat-bottom plate (Sarstedt, SA) containing SCM-URA and
incubated at 30°C with aeration for 48 h.

For storage purposes, each 96-well plate was centrifuged (800 g; 5 min),
supernatant removed and cell pellets resuspended in 15% w/v glycerol and stored at -

80°C. Mutants that were not transformed are listed Appendix A.
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2.6.3 Transformation of E. coli strains

E. coli competent cells were prepared by rubidium chloride treatment as
described in Hanahan et al (1991) or purchased from Biolines. Cells were stored at -
80°C and thawed on ice when required. Transformations were performed by mixing 50
ul of competent cells with the DNA and incubating on ice for 20 min. Cells were heat-
shocked for 45 s at 42°C, incubated on ice for 2 min and then incubated in LB medium
for 1 h at 37°C and plated onto the appropriate LB antibiotic selection medium
(Hanahan et al., 1991).

2.7 Induction of AP,GFP expression and screening of the S. cerevisiae genome-

wide deletion collection

S. cerevisiae strains transformed with the pUG35GAL1-AB42 plasmid in 96-
plate format, were thawed from the -80°C freezer and replicated in a fresh plate
containing SCM-URA. Plates were incubated at 30°C with aeration for 24 h. 5 pl of
each yeast strain was transferred into a fresh 96-well flat-bottom plate containing SCgal-
URA, induction medium for the expression of AP4+,GFP (galactose medium lacking
uracil to maintain transformed plasmids). For the initial growth in galactose medium,
yeast strains were incubated at 30°C with shaking for 48 — 72 h. In preparation for
screening mutants via microscopic analysis, yeast strains were replicated into a fresh 96-
well flat-bottom plate, containing SCgal-URA and incubated at 30°C with shaking for
12 to 18 h. Through fluorescence microscopy (Section 2.8), yeast strains were screened
individually for exhibition of AB4,GFP-associated fluorescence. Upon completion of the
genome-wide analysis, an array of 110 mutants exhibiting strong APB4,GFP-associated
fluorescence was prepared on a fresh 96-well flat-bottom plate and stored at -80°C
(Section 2.6.2). This screen was performed in conjunction with Mathew Traini,

University of New South Wales, Australia.

2.8 Epifluorescence and confocal microscopy, and the visualisation of organelles

Fluorescence and differential interference contrast (DIC) microscopy was
performed using a LEICA DMS5500B microscope with a 100X/1.3 oil objective lens
(Leica Microsystems, Germany). GFP, DAPI and LipidTOX Red-derived fluorescence

40



Materials and Methods

was observed using the 13 FLUO-Filtercube (LEICA; 450-490 nm bandpass excitation
filter), C/Y FLUO-Filtercube (LEICA; 360/40 nm bandpass excitation filter) and the
TX2 FLUO-Filtercube (LEICA; 560/40 nm bandpass excitation filter) respectively.
Images were electronically captured and processed using the Leica Application Suite.
Image overlays were performed using NIH Image] v1.38 software and saved as TIFF
files. False colouring, multiple image overlays and image editing was achieved using the

National Institutes of Health (NIH) ImageJ v1.38 software (http://rsb.info.nih.gov/ij).

Confocal fluorescence microscopy was performed using an Olympus FV-1000
confocal microscope under 100X objective. GFP, DAPI and LipidTOX Red images
were visualised using 488 nm, 405 nm and 633 nm excitation lasers respectively. 3D-
Confocal data analysis and image processing were performed using the Imaris 7.2

software package (Bitplane™).

2.8.1 Nuclear and mitochondrial DNA staining

For the visualisation of nuclear and mitochondrial DNA, 4’,6’-diamidino-2-
phenylindole (DAPI) staining was used in conjunction with fluorescence microscopy.
An aliquot of 100 pl from a culture of S. cerevisiae, growing at exponential phase, was
centrifuged (8000 g; 5 min) and supernatant was discarded. The cell pellet was
resuspended in 100 pl of water and DAPI was added to a final concentration of 3 pg/ml.
The cell suspension in the DAPI staining solution was incubated in the dark, at room
temperature, for 15 min. Cells were examined directly under the fluorescence
microscope using the C/Y FLUO-Filtercube (excitation: 360/40 nm), suitable for

visualisation of DAPI fluorescence.

2.8.2 Staining of lipid droplets with LipidTOX Red and Nile Red

For the visualisation of lipid droplets, LipidTOX Red staining (Invitrogen) (Nioi
et al., 2007) was used in conjunction with fluorescence microscopy. An aliquot of 100
ul from a culture of S. cerevisiae, growing at exponential phase, was centrifuged (8000
g; 5 min) and supernatant was discarded. The cell pellet was resuspended in 100 pl of
water and LipidTOX Red was added to the cell suspension by diluting the manufacturer-

supplied 1000 X stock to a final 1 X working concentration. The cell suspension in the
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LipidTOX Red staining solution was incubated in the dark, at room temperature, for 15
min. Cells were examined directly under the fluorescence microscope using the TX2
FLUO-Filtercube (excitation: 560/40 nm), suitable for visualisation of LipidTOX Red
fluorescence. LipidTOX Red staining used in the detection of lipid droplets in S.
cerevisiae, displays an emission spectrum that does not overlap with that of GFP

(Invitrogen).

Nile Red (9-diethylamino-5H-benzo[a]phenoxazine-5-one) is  another
fluorescent lipophilic stain characterised by a shift of emission from red to yellow
according to the degree of hydrophobicity of lipids (Fowler and Greenspan, 1985;
Greenspan and Fowler, 1985; Greenspan et al., 1985). Therefore, unlike LipidTOX Red,
Nile Red stain is able to detect both polar and non-polar/neutral lipids. Polar lipids such
as phospholipids appear red while neutral lipids that are present in LDs, stain yellow-
gold. Due to the significant emission spectral overlap of GFP and Nile Red fluorescence
(Listenberger and Brown, 2007), Nile Red stain was only used in cells not expressing
and GFP fusion proteins. As in LipidTOX Red staining, S. cerevisiae cells were washed
in water and Nile Red was added to the cell suspension by diluting the manufacturer-
supplied stock to a final 2 pg/ml working concentration. The cell suspension in the Nile
Red staining solution was incubated in the dark, at room temperature, for 15 min. Nile
red-stained cells were washed once with water before visualisation. Cells were
examined directly under the fluorescence microscope using the TX2 FLUO-Filtercube

(excitation: 560/40 nm), suitable for visualisation of Nile Red fluorescence.

2.8.3 Peroxisome-targeted fluorescent protein (SKL-DsRed)

Peroxisome localisation was identified based on a peroxisome-targeted
fluorescent protein (SKL-DsRed) (Brocard et al., 1997) (Table 2-3). Plasmids encoding
SKL-DsRed (pJR233) were isolated from a culture of E. coli strain DH5a as described
in Section 2.4.1 and transformed into the sub-array plate containing all 110 mutants
exhibiting strong AP4,GFP-derived fluorescence (Section 2.7). Peroxisomes were
visualised in the cells examined directly by fluorescence microscopy using the TX2

FLUO-Filtercube (excitation: 560/40 nm).
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2.9 Scientific databases used in this study

The Saccharomyces Genome Database (SGD) and the accompanying Gene
ontology (GO) annotation tool, GO Term Finder, genetic and physical interactions tools
(http://www.yeastgenome.org) were used in the analysis of genes that when deleted, led
to exhibition of AB4s,GFP-associated fluorescence. The Yeast GFP Fusion Localisation
Database (http://yeastgfp.ucsf.edu) was used in the analysis of protein localisation in S.
cerevisiae (Huh et al., 2003). Both the Munich Information centre for Protein Sequence
(MIPS) Functional Catalogue Database (FunCatDB) (http://mips.gsf.de/projects/funcat)
(Ruepp et al., 2004) and the FunSpec GO databases (GO-consortium, 2001; Robinson et
al., 2002) were used for the analysis of gene function. For the quantitative analysis of
determining over-representation of functional groups, FunSpec (Gene Ontology, 2001,
Robinson et al., 2002; Ruepp et al., 2004) was used. Homologene (NCBI) is a program
that makes use of amino acid sequence searching for the automated detection of
homologues among annotated genes of several completely sequenced eukaryotic
genomes (Wheeler et al., 2008). This program was used in the identification of human
orthologues of S. cerevisiae genes. Negative genetic interaction networks were
generated and analysed using a web-based database of quantitative genetic interaction
networks called Data Repository of Yeast Genetic Function (DRYGIN)
(http://drygin.ccbr.utoronto.ca) (Baryshnikova et al., 2010; Koh et al., 2010). The Yeast
Resource Center Public Data Repository database (www.yeastrc.org/pdr) (Malmstrom et
al., 2007; Reynolds et al., 2008; Riffle et al., 2005) was used in the identification of

known signal sequences or transmembrane regions encoded by proteins.

2.10 Generation of strains and plasmids

2.10.1 Generation and transformation of BY4743 Rho-zero (Rhoo) petite cells

The wild-type (BY4743) strain was rendered respiratory incompetent (Rho”) by
loss of mtDNA according to the method reported by Fox et al., (1991). Briefly, wild
type cells were grown in YPD media at 30°C for 24 h shaking at 600 rpm. Cells were
inoculated into SCM containing 25 pg/ml ethidium bromide and incubated at 30°C for
72 h with shaking (600 rpm). After the initial ethidium bromide treatment, 50 pl of
culture was re-inoculated into fresh SCM containing ethidium bromide and incubated

for 72 h at 30°C. After the second round of ethidium bromide treatment, cells were
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spread onto YPD agar media to produce single colonies. Following incubation at 30°C
for 48 h, single colonies were picked/patched onto YPD and YPG (3% (v/v) glycerol,
2% (w/v) bacteriological peptone and 1% yeast extract) agar media and growth was
assessed after 72 h of incubation. Cells that grew on YPD but not on YPG media were
tested for complete loss of mitochondrial DNA content using DAPI staining (Section
2.8.1) (Fox et al., 1991). At least five independent rho” cells generated were examined

for each experiment.

2.10.2 Generation of plasmids

AB-GFP fusion constructs for the over-expression screen were generated using
the Invitrogen Gateway system according to the manufacturer’s instructions. Briefly, the
primer pair attB1-Abeta-GFP and attB2-Abeta-GFP was used to generate the three AB-
GFP fusion PCR fragments from pUG35GAL1-AB42, pUG35GAL1-AB40 and
pUG35GAL1-ABEP respectively. These PCR fragments were used for the BP reaction
of the Gateway system (Invitrogen, San Diego, CA, USA) with the destination vector
pDONR221. The resulting plasmids, pDonr221-AB42-GFP/pDonr221-AB40-
GFP/pDonr221-ABEP-GFP, were used for the LR reaction using the destination vector
pAG415GAL-ccdB and pAG416GAL-ccdB (Alberti et al., 2007). This generated the
following plasmids: pAG415GAL-AB42-GFP/ pAG415GAL-AB40-GFP/
pAG415GAL-ABEP-GFP/ pAG416GAL-AB42-GFP/ pAG416GAL-AB40-GFP/
pAG416GAL-ABEP-GFP. Using the method described above, control plasmids
pAG415GAL-GFP/ pAG416GAL-GFP were generated using the primer pair attB1-GFP
and attB2-Abeta-GFP. Plasmids were maintained and amplified in E. coli DH5a cells.

High-copy galactose-inducible plasmids (BG1805 family) containing S.
cerevisiae open reading frames in the yeast ORF library (Gelperin et al., 2005) were
purchased from OpenBiosystems. To generate the pAG426GAL-DAK2-EGFP fusion
construct, the 2-step recombination reactions, BP and LR, was utilised to first shuttle
DAK?2 into pDONR221 and subsequently into pAG426GAL1-ccdB-EGFP (Alberti et al.,
2007). All plasmids were verified by sequencing using the DNA sequencing service
provided by the Ramaciotti Centre for Gene Function Analysis, UNSW.

44



Materials and Methods

2.11 Proteomic methods

2.11.1 Protein extraction, SDS-PAGE and western blot analysis

Yeast cultures (50 ml) were grown to ODgyy of 1.5 in induction medium (SD-
galactose) lacking uracil at 30°C. Cells were harvested, washed with water and lysed
using a mini-bead beater (Biospec Scientific) (1 min high speed, 4°C) with acid-washed
glass beads in ice-cold lysis buffer (0.1 mM Tris-HCI pH 8.0, 20% v/v glycerol)
supplemented with protease inhibitors (Complete™, Roche). Samples were centrifuged
(17500 g;10 min; 4°C) and the protein concentration in the supernatant determined by
Bradford protein assay (Pierce) or BioRad microtitre plate assay based on the methods
of Bradford (1976) and Wright et al (1996). Total cellular proteins (15 pg per well) in
sample loading buffer (Tris-HCI pH 6.8, 40% v/v glycerol, 5% v/v B-mercaptoethanol)
were boiled for 10 min and separated by SDS-PAGE on Bis-Tris 4-12% NuPAGE
gradient gels with MES running buffer (Invitrogen). Proteins were electroblotted onto
nitrocellulose membranes for western blotting, and probed with rabbit anti-GFP
(Invitrogen), mouse anti-Af (6E10; Covance), rabbit anti-Wbplp, rabbit anti-Porlp
(kind gifts from Prof. Guenter Daum, Institut fiir Biochemie, Technische Universitét
Graz), rabbit anti-Pgklp (Santa Cruz Biotechnology) antibodies for 1 h at a 1:1000
dilution. Immunodetection was performed using appropriate horseradish peroxidase-
conjugated secondary antibodies (Jackson Immunolaboratories) at a 1:5000 dilution and
Amersham ECL advanced chemiluminescence detection kit (GE Healthcare). Analysis
and quantitation of western blot images was performed using NIH Image] v1.38

software.

2.11.2 Protein-protein interaction network analysis

To determine protein interactions, protein-protein interaction networks were
generated and analysed using the GEOMI visual analytic platform (GEOmetry for
Maximum Insight) together with two metadata sets (Bertin et al., 2007; Yu et al., 2008).
This work was completed in collaboration with the Systems Biology Initiative at
University of New South Wales. Only direct interactions of proteins were mapped

where a maximum distance of two interactions from the protein-of-interest was assessed.

45



Materials and Methods

2.12 Lipidomic methods

2.12.1 Total cellular lipid extraction and lipidomic profiling using mass

spectrometry

Total lipid compositions of samples were determined by quantitative shotgun
lipidomic analysis as previously described (Ejsing et al., 2009; Surma et al., 2011).
Briefly, cells expressing the ABs,GFP fusion were grown to exponential phase (ODggo
1.5) in galactose induction medium, washed and resuspended in 150 mM ammonium
bicarbonate. Cells were lysed using 200 pl of Zirconia beads in the TissueLyser 11
(Qiagen) (20 min; 4°C) and a volume equivalent to 0.2 ODggy units was diluted with
ammonium bicarbonate up to 200 ml. Samples were spiked with 30 pL of internal lipid
standard mixture providing a total of 24 pmol diacylglycerol (DAG) 17:0-17:0, 22 pmol
PA 17:0-14:1, 41 pmol PE 17:0-14:1, 41 pmol PS 17:0-14:1, 42 pmol PC 17:0-14:1, 40
pmol PI 17:0-14:1, 14 pmol CL 15:0-15:0-15:0-16:1, 22 pmol ceramide 18:0;3/18:0;0,
37 pmol IPC 18:0;2/26:0;0, 36 pmol MIPC 18:0;2/26:0;0, 31 pmol M(IP),C
18:0;2/26:0;0 and 57 pmol cholesterol-D7. Two-step lipid extraction described in Klose
et al., 2012 was carried out on samples and lipid extracts were dissolved in 100 pl
chloroform/methanol (1:2, v/v). Quantitative mass spectrometric analysis was carried
out using an LTQ Orbitrap XL (Thermo Fisher Scientific) equipped with a robotic
nanoflow ion source TriVersa NanoMate (Advion Biosciences, Inc.).
Glycerophospholipids ~ (phosphatidic  acid, = PA;  phosphatidylcholine,  PC;
phosphatidylethanolamine, PE; phosphatidylinositol, PI; phosphatidylserine, PS;
cardiolipin, CL) and complex sphingolipids (inositolphosphorylceramide, IPC;
mannosyl-inositol  phosphorylceramide, MIPC; mannosyl-di-(inositolphosphoryl)
ceramide, M(IP),C) species were analysed by negative ion mode Fourier transform ion
cyclotron resonance mass spectrometry (FT MS), while diacylglycerol (DAG) and
ceramide species (Cer) were analysed by positive ion mode FT MS. Ergosterol and
cholesterol-D7 were derivatised using sulfation and analysed by negative ion mode FT
MS (Sandhoff et al., 1999). This quantitative shotgun lipidomic analysis was performed
in conjunction with Christian Klose and Andrej Shevchenko, Max Planck Institute —

Cell Biology and Genetics, Dresden, Germany.

Lipid species identification and quantitative analysis were performed using

LIPIDX software (Herzog et al., 2011). Lipid species were annotated according to their
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molecular composition. Glycerophospholipid and diacylglycerol species are annotated
as: <lipid class><sum of carbon atoms in the two FAs>:<sum of double bonds in the
two FAs> (e.g. PC 36:1). Sphingolipid species are annotated as: <lipid class><sum of
carbon atoms in the long chain base (LCB) and fatty acid (FA) moiety>:<sum of double
bonds in the LCB and the FA moiety>;<sum of hydroxyl groups in the LCB and the FA
moiety> (e.g. MIPC 46:1;2).

2.12.2 Polar lipid extraction and one-dimensional thin-layer chromatography

Total polar lipid extracts were prepared from cells expressing AB4,GFP grown to
exponential phase (ODggo 1.5) in galactose induction medium based on Folch et al.,
(1957). Briefly, cells were harvested, washed in distilled water and resuspended in 4 ml
breakage buffer (5 mM MES, 1 mM KCl, 0.5 mM EDTA, 0.6 M sorbitol, pH 6.0). Two
volumes of acid-washed glass beads were added and cells were lysed using a mini-bead
beater for an 1 h at 4 °C. Upon determination of protein concentration (Lowry et al.,
1951), 2 mg of protein from the total cell lysates were used for lipid extraction.
Appropriate amount of total cell lysate was added to 3 ml of CHCl;:MeOH (2:1; v/v)
and polar lipids were extracted to the organic phase while vortexing at room temperature
for 1 h. Contaminating proteins were removed by consecutive washing with 0.2 volumes
0.034 % MgCl,, 1 ml 2 N KCI/MeOH (4:1; v/v) and 1 ml of an artificial upper phase
(CHCl3:MeOH:H,O0; 3:48:47; per vol.). Upon centrifugation, the aqueous phase was

removed by aspiration and lipids dried down under gaseous N, (Folch et al., 1957).

Polar lipids were separated by one-dimensional thin-layer chromatography
(TLC) on silica gel 60 plates (Merck, Germany) using chloroform/methanol/acetic
acid/water (80:10:10:2.5; v/v) as developing solvent (Letts and Dawes, 1983).
Individual lipid spots were visualised by staining with iodine vapour in a saturated

chamber for 10 min.
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2.13 Biochemical methods

2.13.1 Assessment of the effects of choline supplementation to mutants exhibiting

strong AB4>,GFP derived fluorescence

Selected S. cerevisiae strains were grown in SCM-URA in a 96-well flat bottom
plate at 30° C with shaking for 48 h. Cells were replicated into 2 fresh 96-well plates;
one containing SCgal-URA and the other SCgal-URA supplemented with 1 mM choline.
These plates were incubated at 30°C with shaking for 24 h and replicated into a fresh
96-well plate containing the appropriate media prior to screening via microscopic
analysis, outlined in Sections 2.7 and 2.8. To identify mutants that were reproducibly
able to exhibit a reversal of the AB4>,GFP fluorescence, when grown in the presence 1
mM choline, AB4,GFP-associated fluorescence was analysed by counting florescent

cells in three replicates in a single experiment.

2.13.2 Assessment of the effects of dihydroxyacetone (DHA) supplementation to

wild-type cells expressing AB4-GFP

Wild-type cells were grown in SCM-URA in a 96-well flat bottom plate at 30° C
with shaking for 48 h. Cells were replicated into 2 fresh 96-well plates; one containing
SCgal-URA and the other SCgal-URA supplemented with 50 uM DHA. These plates
were incubated at 30°C with shaking for 24 h and replicated into a fresh 96-well plate
containing the appropriate media prior to screening via microscopic analysis, outlined in
Sections 2.7 and 2.8. To identify whether wild-type cells were able to exhibit
fluorescence due to an accumulation of dihydroxyacetone or dihydroxyacetone
phosphate, when grown in the presence 50 uM DHA, AB4,GFP-associated fluorescence
was analysed by flow cytometry in three replicates in a single experiment. 10,000 cells

were counted for each sample.

2.13.3 Assessment on the effects of citrate supplementation in BY4743 wild-type
cells expressing AB4,,GFP
Wild-type cells (BY4743) expressing ABs>,GFP were grown in SCM-URA in a
96-well flat bottom plate at 30°C for 48 h with shaking. Cells were replicated in to fresh
plate of SCgal-URA containing no citric acid, 20 mM, 40 mM, 60 mM, 80 mM and 100

mM citric acid and incubated at 30°C with shaking for 48 h. Following incubation, cells
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were induced in SCgal-URA supplemented with various concentrations of citric acid
and screened for ABs,GFP-derived fluorescence as described in Section 2.7 and 2.8. To
identify whether wild-type cells were able to exhibit fluorescence due to an
accumulation of citrate, AB4,GFP-associated fluorescence was analysed by counting

fluorescent cells in three replicates in a single experiment.

2.13.4 Subcellular fractionation — Mitochondrial and ER fractions

Subcellular fractions of S. cerevisiae cells were prepared as previously described
(Serrano, 1988; Leber et al., 1994; Zinser and Daum, 1995; Rosenberger et al., 2009)
and the purity of the ER and mitochondrial fractions verified by western blot analysis
using antibodies against Wbplp and Porlp respectively. Briefly, cells expressing
APB4>GFP were grown to exponential phase (ODgy 1.5) in galactose (induction) medium,
harvested, washed in distilled water and converted to spheroplasts (Daum et al., 1982).
Preparation of spheroplasts was performed using 2 mg zymolyase 20T per gram of cell
wet weight and incubating for 1.5 h at 30 °C shaking (600 rpm). Spheroplasts were
homogenised on ice using a Dounce homogeniser with a tight fitting pestle and
centrifuged to remove unbroken cells and nuclei. For preparation of crude mitochondrial
fraction, cell lysates were centrifuged at 30,000 g (30 min; 4°C). In order to enhance the
yield and purity of mitochondria, the resulting pellet was thrice resuspended in breakage
buffer, re-homogenised and centrifuged as described above. For preparation of crude ER
microsomal fraction, the remaining supernatant was centrifuged at 45,000 g (45 min;
4°C). In order to enhance the yield and purity of ER, the resulting pellet was
resuspended in breakage buffer, re-homogenised and centrifuged as described above. To
determine the purity of the subcellular fractions, proteins from these fractions were
precipitated with 50% trichloroacetic acid for an hour on ice, protein concentration was
determined (Lowry et al., 1951) and western blot analysis was subsequently performed
as described in Section 2.11.1. This subcellular fractionation was performed in
conjunction with Vid Vojko Flis and Guenter Daum, Institut fiir Biochemie, Technische

Universitit Graz, Austria.
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2.14 High-content chemical and drug libraries screen

Both the Library of Pharmacologically Active Compounds (LOPAC'*®;
Sigma-Aldrich), composed of 1280 compounds, and the Spectrum Collection library
(MicroSource Discovery Systems, Gaylordsville, CT, USA), containing 1997
compounds, were used in the high-throughput chemical and drug screen for modifiers of
AB4,GFP and AB4GFP aggregation/fluorescence in S. cerevisiae. The chemical/drug
compounds from the LOPAC and SPECTRUM libraries were diluted in dimethyl
sulfoxide (DMSO) to a final concentration of 1 mM and stored at -80°C in 96-well
plates. The automated use of the CyBi®-Well 96- and 384-Channel Simultaneous
Pipettor (CyBio, Germany) and the accompanying CyBio® Composer software enabled
the precise aliquot of 2 ul of the chemical/drug compounds from both libraries, in
duplicates, into CellCarrier' ™ 384-well clear bottomed microplates (PerkinElmer Inc.,
Waltham, MA, USA) containing SCgal-URA (induction) media to a final concentration
of 20 puM. Plates containing chemical/drug compounds in induction media were

prepared two days (maximum) prior to the screening and stored at 4°C.

Wild-type yCG253 cells expressing either AB4s,GFP or AB4oGFP co-expressed
both a nuclear marker, nuclear localisation signal (NLS) tagged to fluorescent marker
RedStar2 (NLS-RedStar2) and a cytosolic marker, mCherry expressed in the cytosol,
under the regulation of the constitutive TEF2 promoter (Table 2-1). Cells were grown to
exponential phase (ODggo 1.5) in galactose (induction) medium, diluted to an ODggg 0.1
and used to inoculate 384-well plates containing 20 pM chemical/drug compounds in
SCgal-URA. The first two columns and last two columns of each 384-well plate were
designated as controls where wild-type cells expressing either ABsx>,GFP or AB4GFP
were grown in SCgal-URA and DMSO. Freshly-inoculated 384-well plates were
incubated at 30°C for 4 h (without shaking) and analysed using the Opera® High
Content Screening System (PerkinElmer, USA) as previously described (Bircham et al.,
2011). Two separate images were taken for each sample using the high-throughput
microlens-enhanced Nipkow spinning disc confocal microscope on the 60X water
immersion lens NA 1.2. GFP, and, RedStar2 and mCherry-associated fluorescence were
excited using 488 nm and 561 nm lasers respectively, with emission fluorescence
captured through 520/35 and 600/40 dual filter cameras at a focal distance of 4 pum with

400 ms exposure.

50



Materials and Methods

High-throughput image analysis was carried out using Evotec Technologies
Acapella™ image analysis software v2.0 suite of scripts accompanying the Opera high-
throughput confocal microscope. Live cells were identified using the NLS-RedStar2
nuclear marker and the mCherry cytosolic marker. During the image analysis,
autofluorescence from dead cells, crystallising drugs and other artefacts were omitted by
restricting fluorescence intensity, size and roundness of cells. In addition to the
automated image analysis described above, manual inspection of the images removed
any false-positives. This high-content chemical and drug libraries screen was performed
in conjunction with Peter Bircham and Paul Atkinson, Victoria University of Wellington,

NZ.

2.15 Statistical analyses

Statistical analysis was performed using the unpaired Student's #-test, using
Prism 5 for Windows version 5.02 (GraphPad Software, Inc., La Jolla, CA, USA). Data
are presented as mean + standard deviation. Significant differences are indicated by a p

— value for data in the text and figures.

For the analysis of the genome-wide screen data, significant terms were
determined using the Gene Ontology (GO) and Munich Information Centre for Protein
Sequences (MIPS) databases via FunSpec (Robinson et al, 2002), with the p — value
threshold set at 0.01. FunSpec calculated p-values using a hypergeometric distribution,
and the p — value represent the probability that the intersection of a given list with any
given functional category occurs by chance. The p — values were Bonferroni corrected
which accounts for spurious significance due to multiple testing over the categories of a

database.
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3 CHAPTER 3: GENOME-WIDE DELETION ANALYSIS IDENTIFIES
CELLULAR PROCESSES AFFECTING AMYLOID-BETA AGGREGATION IN
S. CEREVISIAE

3.1 Introduction and Aims

GFP folding has been exploited to study the kinetics of protein aggregation in E.
coli (Waldo et al., 1999). In an aggregation reporter assay developed by Waldo et al.,
(1999), the fluorescence from a GFP fluorophore is related to the productive folding of
the upstream fusion protein and avoidance of inclusion body formation. If the GFP-
fused protein aggregates prior to fluorophore folding, GFP-associated fluorescence is
not observed. In applying the GFP-based aggregation assay to study aspects of AP,
aggregation, consecutive studies by Wurth et al., (2002), and, Kim and Hecht (2005)
(APGFP) developed an aggregation assay in E. coli cells that used AP fused to GFP
(ABGFP). It was found that cells expressing AB4,GFP do not exhibit fluorescence,
whereas cells expressing the less-aggregation prone AP4GFP or GFP exhibited high
levels of fluorescence (Kim and Hecht, 2005; Wurth et al., 2002). The lack of
fluorescence was attributed to the aggregation of the AB4,-moiety of the fusion protein,
prior to the formation of the fluorophore. This was further confirmed via biophysical

analysis (Kim and Hecht, 2008).

The budding yeast Saccharomyces cerevisiae has served as an important
eukaryote model organism for understanding many aspects of eukaryotic molecular
biology. Interestingly, S. cerevisiae has also been exploited for the study of proteins
implicated in neurodegenerative disorders including Alzheimer’s disease (Komano et al.,
1998; Treusch et al., 2011; Zhang et al., 1994; Zhang et al., 1997). In this chapter, a
GFP-derived fluorescence-based assay for intracellular A4, aggregation was developed
and characterised in S. cerevisiae. The assay for AP4,GFP aggregation previously
reported by Kim and Hecht (2005) in E. coli was recapitulated in S. cerevisiae. This
facilitated screening of the genome-wide deletion library for genes and cellular
processes affecting intracellular AP4, aggregation by assessing the fluorescence
associated with AP4,GFP expression. The work described in this chapter further

examines these cellular mechanisms. In order to further understand these cellular
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processes involved in AP aggregation, APsGFP fluorescence and intracellular

localisation of was also examined.

3.2 Results - Development of the APGFP fusion-associated aggregation/

fluorescence assay

3.2.1 Fluorescence production in wild-type cells expressing enhanced green
fluorescent protein fused to AB4; (AB4s2GFP)

Wild-type (BY4743) S. cerevisiae cells were transformed with plasmids
encoding enhanced green fluorescent protein (GFP) or GFP fused to the C-terminus of
AB4y (Section 2.1.3). Expression of the plasmid-encoded GFP or the AB4,GFP fusion
was under the regulation of a GALI promoter, which induced expression of GFP or
APB4GFP when cells were grown in galactose medium (SCgal-URA). Wild-type cells
exhibiting GFP and AB4,GFP-associated fluorescence were visualised via microscopic
analysis at 10, 20 and 30 h after induction in SCgal-URA. Wild-type cells expressing
the AP4,GFP fusion peptide yielded very weak A4 ,GFP-associated fluorescence that
was restricted to 5% = 2.0 % of the cell population (Figure 3-1A). AB4+>,GFP-associated

fluorescence was absent at 30 h post induction, with no fluorescent cells were observed.

In contrast to wild-type cells expressing ABs,GFP, wild-type cells expressing
GFP (i.e. unfused) yielded a significantly higher (p < 0.00001) proportion of fluorescent
cells which exhibited cytosolic-diffuse fluorescence in 85 % + 5% of the cell population
(Figure 3-1B). In wild-type cells GFP-associated fluorescence was maintained at 10, 20
and 30 h post induction in galactose medium. Quantification of fluorescence intensity
using the FLUOstar Optima™™ fluorescent plate reader (BMG Labtech, Germany) at 20
h post induction indicated that the average relative intensity of APs,GFP-associated
fluorescence in wild-type cells was significantly lower (p < 0.00001) than those

exhibiting only GFP fluorescence (Figure 3-1).

Acknowledgement: The development of AP constructs, transformation and screening
of the genome-wide yeast deletion library was performed in conjunction with Mathew Traini, a
previous Doctoral candidate in the laboratory of Prof. lan Dawes.
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Figure 3-1 Fluorescent cell population in wild-type cells expressing AB,,GFP or GFP.

A) Fluorescent and light microscopic images (100 X magnification) of wild-type cells
expressing GFP or AP, GFP at 10, 20 and 30 h post induction in galactose medium (SCgal-
URA). B) Quantification of the proportion of fluorescent cells in wild-type cells expressing GFP
or AB;,GFP at 10, 20, and 30 h post induction in galactose medium. C) Quantification of
average fluorescence intensity of fluorescing wild-type cells expressing GFP or ABs,GFP at 20 h
post induction. The data shown are the means of triplicate measurements + standard deviation
from two independent experiments. Asterisks (**) denote a significant difference (p < 0.0001) in
the abundance of fluorescent cells between wild-type cells expressing GFP versus AB,,GFP.
Scale bars indicate 5 pm.

Lack of AB4,GFP fluorescence by wild-type cells was hypothesised to be due to
aggregation of the AP4,-moiety of the fusion peptide prior to, and/or interfering with,
correct folding of the GFP fluorophore. This hypothesis was based on the observation
that full length AB4,GFP was detected at reasonable abundance by western blot analysis
of total cellular protein extracts when its expression was induced in wild-type cells
(Figure 3-3). These data also indicated that AB4>,GFP fusion protein was expressed intact

in wild-type cells and that separate AB or GFP proteins were not detected in cells
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expressing AP4GFP fusion peptides. Therefore, the absence of AP4,GFP-associated
fluorescence in wild-type cells was likely to be due to aggregation of the ABs,-moiety of
the fusion protein. To examine this proposal further, two less aggregation-prone variants
of AB (Kim and Hecht, 2005), fused to GFP, specifically AB4GFP or APgpGFP, were
introduced into wild-type cells. The reduced propensity for aggregation of the AB4y and

APgp variants of AP is described in more detail in Sections 1.3.1 and 3.3.

3.2.2 Fluorescence production in wild-type S. cerevisiae cells expressing less
aggregation-prone forms of Ap: AB4GFP or ABgpGFP

Wild-type cells expressing AB4oGFP or APppGFP were analysed for ABGFP-
associated fluorescence via microscopic analysis 12 h post induction in galactose
medium. Expression of AB4GFP yielded predominantly cytosolic-diffuse fluorescence
(Figure 3-2A) in 50% = 5% of the cell population, with ~20% of these fluorescent cells
exhibiting one or more fluorescent puncta. The proportion of fluorescent cells observed
with AB4GFP was significantly higher (p < 0.001) than those expressing AB4s,GFP; but,
lower (p = 0.0024) relative to number of wild-type cells expressing GFP, under identical
conditions. The relative intensity of AP4oGFP-associated fluorescence also appeared
significantly lower (p < 0.0001) compared to wild-type cells expressing GFP alone
(Figure 3-2B), but significantly higher (p = 0.00019) than those expressing AP4,GFP.
Since A4 is less prone to aggregation than Afa,, these data indicated that if the AB-
moiety of the fusion peptide did not aggregate, prior to the correct folding of the GFP

fluorophore, ABGFP-associated fluorescence was observed.

This hypothesis was further supported by experiments performed using wild-
type cells expressing APgpGFP, which exhibited strong cytosolic-diffuse APgpGFP-
associated fluorescence in 60% =+ 8% of the cell population (Figure 3-2A).
Approximately 5% of cells expressing ABgpGFP also contained APppGFP-associated
fluorescent puncta. The proportion of wild-type cells exhibiting ABgpGFP-associated
fluorescence was significantly higher than cells expressing ABsGFP (p < 0.00001) or
AB4GFP (p = 0.15) (Figure 3-2B); but significantly lower (p = 0.015) than those
expressing unfused GFP. The average relative fluorescence intensity produced with

ABepGFP also appeared significantly higher than those observed with AB4,GFP (p <
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0.00001) or AB4GFP (p = 0.001) but comparable to those expressing unfused GFP
(Figure 3-2B).

Figure 3-2 Fluorescent cell population in wild-type cells expressing AB,GFP, AB4,GFP,
AﬁEPGFP or GFP.

A) Wild-type cells expressing AB4GFP (two left panels) or ABgpGFP (two right panels) were
induced in galactose medium (SCgal-URA) and ABGFP-associated fluorescence analysed at 12
h. Wild-type cells expressing AB4GFP, exhibited moderate cytosolic-diffuse fluorescence with
multiple fluorescent puncta (indicated by the arrows). Wild-type cells expressing ABepGFP
(right panels) exhibited strong cytosolic-diffuse fluorescence. Scale bars indicate 5 um. B)
Quantification of the proportion of fluorescent cells (left panel) and the corresponding
fluorescence intensities of fluorescing wild-type cells expressing AP42GFP, AP40GFP,
APBEPGFP or GFP. The data shown are the means of triplicate measurements + standard
deviation from a single experiment. Asterisks (**) denote a significant difference (p < 0.001) in
the abundance of fluorescent cells and higher fluorescent intensities between wild-type cells
expressing GFP, AB4GFP or ABepGFP versus AB4,GFP.

Both the percentage of fluorescent cells and their relative degree of fluorescence
intensity were in the order GFP > ABgpGFP > AB4GFP > AB4,GFP (Figures 3-1B and
3-2B). This trend in fluorescence inversely correlates with the propensities of AB42, APao,
APgp variants and GFP to undergo aggregation (Kim and Hecht, 2005; Kim and Hecht,
2008). These results are consistent with the hypothesis that aggregation of the Afa-
moiety of the fusion protein affects fluorescence production by interfering with the
folding state of the GFP fluorophore. Since AB4GFP in wild-type cells yielded a higher
abundance of intense AP4GFP-associated fluorescence relative to APB4,GFP, these data

also highlight that in terms of aggregation propensity, AP peptides appear to behave in
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an analogous manner in S. cerevisiae, as in humans (AB4; and Aso) (Gouras et al.,
2005; Gouras et al., 2000) and in E. coli (ABa2, APso and ABgp) (Kim and Hecht, 2005;
Kim and Hecht, 2008; Wurth et al., 2002). These observations support the validity of
using S. cerevisiae to investigate factors affecting intracellular AB4, aggregation; i.e.,

through the analysis of fluorescence production by ABGFP fusions.

3.2.3 Western blot analysis of wild-type cells expressing AP,GFP, AB4 GFP,

ABrpGFP or GFP

This inverse correlation between fluorescence intensity and the amyloidogenicity
of the AP moiety supported the validity of using ABs,GFP and a fluorescence-based
approach in S. cerevisiae cells to identify cellular factors that may influence intracellular
AP4, aggregation. However, it was important to investigate if the increased A4 GFP
and ABgpGFP fluorescence was due to increased levels of non-aggregated and soluble
APBGFP fusion proteins. In order to assess if increased fluorescence was due to an
increase in soluble ABGFP, wild-type BY4743 cells expressing ABsxGFP, AB4GFP,
APBrpGFP fusion proteins or unfused GFP were grown to exponential phase (ODgy 1.5)

in galactose (induction) medium.

The expected molecular mass of ABGFP fusion protein is approximately 32 kDa.
Cells expressing any of the forms of ABGFP fusion exhibited a characteristic band of
~30 kDa expected from the molecular mass of the fusion proteins (Figure 3-3). The
relative intensity of this ~30kDa band in soluble cell fractions of wild-type cells
expressing ABs,GFP, AB4GFP or ABgpGFP fusion proteins indicated that the higher
fluorescence associated with the expression of a less aggregation-prone moiety of A3
fused to GFP (i.e. AP4GFP and APppGFP) was not due to increased expression or
accumulation of soluble ABGFP fusion protein. Furthermore, the western blot analysis
further validated that the aggregation-prone AB4,GFP was still present in wild-type cells

but lacked fluorescence due to aggregation associated with the AB4, moiety.
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Figure 3-3 Western blot analysis of soluble cell extracts from BY4743 wild-type cells
expressing AB,,GFP, AB4,GFP, ABepGFP and GFP control vector

Load-controlled soluble cell extracts were prepared from wild-type cells expressing AB4,GFP,
AB4GFP, ABepGFP fusion proteins or unfused GFP were grown to exponential phase (ODgg
1.5) in galactose (induction) medium. Analysis by western blot analysis was carried out using
anti-GFP antibody. PGK1p was used as a loading control.

3.2.4 Ap4; seeds formation of punctate aggregates of Ap40

AP toxicity has been shown to correlate with the presence of fibrils or B-sheet
structures (Howlett et al., 1995; Seilheimer et al., 1997, Simmons et al., 1994).
However, gaps remain in understanding mechanisms by which A aggregation mediates
neuronal death. AP aggregation proceeds by a multistep, nucleation-dependent process
(Jarrett and Lansbury, 1993). Formation of nucleation seeds is rate limiting. In the
absence of preformed seed fibrils there is a significant lag period for the formation of
AP fibrils, followed by a rapid fibril elongation phase once seed fibrils have been
generated. The lag time for fibril formation can be dramatically shortened by adding
preformed fibril seeds to AP monomer (Jarrett and Lansbury, 1993) and the rate of AP
fibril formation is controlled by both fibril seed and monomer concentrations (Naiki and
Nakakuki, 1996). To examine if the more aggregation prone APsGFP affected
fluorescence produced by the less aggregation prone AB4oGFP form, parallel expression
in wild-type cells of GFP tagged AP4, and APao, APs» and APgp, and, ABso and APgp

were undertaken.

The co-expression analysis made use of the various ABGFP fusions constructs in
the pUG35GALLI vector (under the URA3 selectable marker) and the pAG415GAL1
vector (under the LEU2 selectable marker) to allow co-expression of various ABGFP
fusions in cells. As controls, wild-type BY4743 cells were co-transformed with of

APBGFP fusions in the pUG35GALI plasmid together with pAG415GALI (an empty
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LEU?2 vector). Co-expression of the ABGFP fusion proteins in each strain was induced
by growth in galactose medium and APGFP-associated fluorescence was analysed 15 h

post-induction.

Co-induction of AP4GFP and AP4GFP gave rise to more fluorescent cells
(~22%) than those expressing AP4,GFP alone (5%) but significantly fewer than cells
expressing AP4GFP alone (~40%; Figure 3-4). Cells expressing both ABs,GFP and
AB4oGFP exhibited trace cytosolic fluorescence with intense large puncta and in some
cells there were elongated structures (Figure 3-4). Co-induction of AP GFP and
ABepGFP in wild-type cells also gave rise to more fluorescent cells (~28%; exhibiting
cytosolic fluorescence with small intense puncta) compared to those expressing
APB4,GFP alone but significantly fewer than cells expressing ABgpGFP alone (~70%).
Co-induction of AB4GFP and ABgpGFP in wild-type cells gave rise to intense cytosolic
fluorescent cells (~60%) comparable to wild-type cells expressing APgp alone and 30%
of the fluorescent cells contained small puncta (Figure 3-4). The increased presence of
puncta and lower levels of cytosolic fluorescence in wild-type cells co-expressing either
AB4GFP and AB4GFP or AB4»GFP and ABgpGFP, indicate that the more aggregation
prone APsxGFP can act as a seed for aggregation. Preformed AP4,GFP aggregates
formed in the cytosol may therefore accelerate nucleation and act as seeds for further

formation of intracellular aggregates and fibrils.

Figure 3-4 Fluorescent cell population of wild-type cells co-expressing AB42GFP AB40GFP
or ABEPGFP.

Fluorescent microscopic images of wild-type cells co-expressing (A) AP, GFP and AP4GFP
(B) AP4,GFP and ABgpGFP (C) AB4GFP and ABgpGFP. Wild-type cells expressing the above
constructs were induced in SCgal-URA medium and fluorescence analysed at ODggl.5. Bar, 5
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um. (D) Proportion of fluorescent wild-type cells expressing GFP, AB,,GFP, AB4GFP or
APBepGFP. 900 cells were counted per sample and data shown is an average of three independent
experiments. Asterisks (*) denote p < 0.01.

3.2.5 Screening of the Saccharomyces cerevisiae genome-wide deletion library for

genetic factors affecting AP, GFP fluorescence

The S. cerevisiae genome-wide deletion library utilised in this study consisted of
~4600 diploid strains, otherwise isogenic except that one of each of 4600 non-essential
genes was deleted in a given strain (Winzeler et al., 1999). In order to introduce the
pUG35GAL1-AB42 plasmid, which encodes the AB4>GFP fusion, into the strains of the
S. cerevisiae genome-wide library, an established standard lithium acetate S. cerevisiae
transformation method developed by Gietz and Woods (2002) was modified and
implemented for the high-throughput transformation of strains (Section 2.6.2).
Transformation of each of the ~4600 strains with the pUG35GAL1-APB42 plasmid was
attempted. Approximately 95% of the genome-wide deletion mutants were transformed,
those not successfully transformed are listed in Appendix A. All transformed strains
were maintained in synthetic complete glucose media lacking uracil (SCM-URA) in 96-

well plates.

3.2.6 Pilot-scale screening of the S. cerevisiae deletion library to establish
parameters and selection criteria for use in the genome-wide screening

For screening of the S. cerevisiae genome-wide deletion library, expression of
AB4,GFP was induced by growth of cells, transformed with pUG35GAL1-AB42, in
galactose medium (SCgal-URA) prior to microscopic analysis. Some transformed
strains that grew in glucose-supplemented medium, did not grow in galactose-
supplemented medium (SCgal-URA) and therefore were not screened. Prior to
commencing the high-throughput analysis, it was important to define the selection
criteria that would be used for classifying strains during the genome-wide screen. A
pilot scale screen of ~600 strains was undertaken to establish suitable parameters and
selection criteria to determine the optimal conditions for screening AP4,GFP-associated
fluorescence production on a genome-wide scale. Mutant strains transformed with
pUG35GAL1-AB42 plasmid were grown in galactose media (SCgal-URA) and
fluorescence examined between 12 and 18 h via microscopic analysis. The 12 to 18 h

time interval was selected since wild-type cells expressing GFP alone (Figure 3-1) and
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the less aggregation-prone AR+ GFP or ABgpGFP, exhibited a relatively constant degree
of fluorescence between 12 to 18 h post induction. This pilot scale screen also enabled
the preliminary investigation of the effect of a subset of the genome-wide deletion

library or AB4>GFP fluorescence.

In broad terms, three distinct phenotypes were observed with respect to
AB4,GFP-associated fluorescence. First, most mutants exhibited trace levels of
fluorescence in a limited number of cells, which was qualitatively comparable to wild-
type cells expressing AB4>,GFP. These mutants were classified as exhibiting a wild-type
(or trace) fluorescence phenotype (hereinafter as wild-type levels/phenotype). Secondly,
mutants that exhibited faint or weak Ap4,GFP-associated fluorescence in a small
proportion of the cell population (between 5-10%) were classified as exhibiting a
weak/moderate fluorescence phenotype. Finally, mutants that produced intense
AB4GFP-associated fluorescence in 10% or more of the cell population were classified
as exhibiting a strong fluorescence phenotype. Figure 3-5 displays representative images
of mutants scored as exhibiting strong, weak or wild-type fluorescence phenotypes
associated with AB4,GFP expression. The parameters and selection criteria established
during the pilot scale screen were implemented for the screening of the S. cerevisiae

genome-wide deletion library (Section 3.2.7).

Figure 3-5 Fluorescent and light microscopic images of representative mutants depicting
strong, weak and wild-type Ap4,GFP-associated fluorescence phenotypes.

Strains expressing AP, GFP were induced in galactose medium (SCgal-URA) and AB4,GFP-
associated fluorescence analysed between 12 to 18 h post induction. The AB4,GFP-associated
fluorescence exhibited were classified as A) strong fluorescence, as observed in the Ascs?2 strain;
B) weak fluorescence, as observed in the Ag/n3 strain; and C) trace or wild-type levels of
fluorescence, as observed in the Aelal strain. Scale bars indicate 5 pm.
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3.2.7 Genome-wide screening of deletion mutants that exhibit altered AB4,GFP-
associated fluorescence

To identify genetic factors that may affect AP4, aggregation, a genome-wide
screen of the S. cerevisiae deletion library was performed to identify mutants exhibiting
increased A4, GFP-associated fluorescence relative to wild-type cells (BY4743).
Transformation of pUG35GAL1-A4; plasmid, encoding the AP GFP fusion peptide,
was successfully achieved for ~4300 mutant strains of the genome-wide deletion library
(Section 2.6.2). The expression of the AB4,GFP fusion protein in strains was induced by
the growth in galactose medium (SCgal-URA) and AP4,GFP-associated fluorescence
was analysed between 12 to 18 h post induction. Analysis of ~4300 strains identified
344 mutants that appeared to exhibit altered ABs,GFP-associated fluorescence relative
to wild-type cells. These 344 mutants were subsequently rescreened for confirmation of
altered fluorescence and in mutants exhibiting strong AB4,GFP-associated fluorescence,
the proportion of fluorescent cells was quantified. According to the parameters
established following the pilot scale screen (Section 3.2.6), 110 of the 344 mutants were
classified as exhibiting strong APs,GFP-associated fluorescence in 15-40% of cells,
while the remaining 234 mutants were identified as exhibiting weaker fluorescence in 5-
10% of cells. Efforts were focussed on the 110 mutants exhibiting strong AP4,GFP-
associated fluorescence and members of this set were considered for further
characterisation and experiment (Table 3-1). The list of 234 mutants exhibiting weak
fluorescence, as well as details of the biological function of each of their respective gene

products is provided in Appendix B.
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Table 3-1 List of 110 mutants that exhibited strong AB4,GFP-associated fluorescence, their localisation patterns and the biological
function of each of their respective gene products based on descriptions provided in the Saccharomyces Genome Database (SGD)

Gene name/ . o e AP4GFP fusion Respiratory
ORF Gene Functional Description localisation pattern incompetence
Chromatin remodelling/Histone exchange
SWRI Compqnent of the Swrlp complex; required for the incorporation of Mkl prasiss No
Htzl1p into chromatin
Protein of unknown function, component of the Swrlp complex that D
. . . : . Cytosolic with single
VPS72 incorporates Htzlp into chromatin; required for vacuolar protein No
. large punctate
sorting
SWCS Proteln of unknown‘ function, component of the Swrlp complex that Shaslle gl urmeais No
incorporates Htz1p into chromatin
Protein of unknown function, component of the Swrlp complex that .
. ) : . . Multiple small
VPS71 incorporates Htzlp into chromatin; required for vacuolar protein unctates No
sorting p
One of histone H2A subtypes; core histone required for chromatin
assembly and chromosome function; DNA damage-dependent .
HTA2 phosphorylation by Meclp facilitates DNA repair; acetylated by SIS S No
Natdp
Transcriptional co-repressor involved in cell cycle-regulated
HIR] transcription of hlstope H2A, H2B, H3 aqd H4 genes; cont.rlbutes to Single small punctate No
nucleosome formation, heterochromatic gene silencing, and
formation of kinetochores
Nucleosome remodelling factor that functions in regulation of
CHDI transcription elongation; contains a chromo domain, a helicase Crizeslic No

domain and a DNA-binding domain; component of both the SAGA
and SILK complexes
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YDLO41W

Protein of unknown function; overlaps the verified gene SIR2/
YDLO042C; sporulation defective

Multiple small puncta

No

Mitotic cell cycle

SWi4

DCCI

POGI

CTSI

DNA binding component of the SBF complex (Swidp-Swibp), a
transcriptional activator that in concert with MBF (Mbp1-Swi6p)
regulates late G1-specific transcription of targets including cyclins
and genes required for DNA synthesis and repair

Subunit of a complex with Ctf8p and Ctfl8p that shares some
components with Replication Factor C, required for sister chromatid
cohesion and telomere length maintenance

Putative transcriptional activator that promotes recovery from
pheromone induced arrest; inhibits both alpha-factor induced G1
arrest and repression of CLNI and CLN2 via SCB/MCB promoter
elements; potential Cdc28p substrate; SBF regulated

Endochitinase, required for cell separation after mitosis;
transcriptional activation during late G and early M cell cycle phases
is mediated by transcription factor Ace2p

Cytosolic with single
small punctate

Single small punctate

Single small punctate

Cytosolic

No

Yes

No

No

Gene expression/regulation

HFI1

ELCI

SYCI

Adaptor protein required for structural integrity of the SAGA
complex, a histone acetyltransferase-coactivator complex that is
involved in global regulation of gene expression through acetylation
and transcription functions

Elongin C, forms heterodimer with Elalp that participates in
transcription elongation; expression dramatically upregulated during
sporulation; widely conserved among eukaryotes

Subunit of the APT subcomplex of cleavage and polyadenylation
factor, may have a role in 3' end formation of both polyadenylated

Cytosolic

Single small punctate

Single small punctate

Yes

No

No
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NCLI

MOT?2

SSN2

MEDI

SSN3

SRBS

CIK1I

and non-polyadenylated RNAs

S-adenosyl-L-methionine-dependent tRNA: mS5C-methyltransferase,
methylates cytosine to m5C at several positions in tRNAs and intron-
containing pre-tRNAs; similar to Nop2p and human nucleolar
protein p120

Component of the Ccrdp-Notp transcription regulatory complex,
which represses transcription by inhibiting functional TBP-DNA
interactions; aids in transcription elongation; interacts with C-
terminal region of Notlp

Protein required for stable association of Srb10p-Srb11p kinase with
RNA polymerase holoenzyme; subunit of the RNA polymerase II
mediator complex; essential for transcriptional regulation

Subunit of the RNA polymerase II mediator complex; associates
with core polymerase subunits to form the RNA polymerase II
holoenzyme; essential for transcriptional regulation
Cyclin-dependent protein kinase, component of RNA polymerase 11
holoenzyme; involved in phosphorylation of the RNA polymerase 11
C-terminal domain; involved in glucose repression

Subunit of the RNA polymerase Il mediator complex; associates
with core polymerase subunits to form the RNA polymerase II
holoenzyme; essential for transcriptional regulation; involved in
glucose repression

Catalytic subunit of C-terminal domain kinase 1, which
phosphorylates the C-terminal repeated domain of the RNA
polymerase II large subunit (Rpo21p) to affect both transcription and
pre-mRNA 3' end processing

Single small punctate

Single small punctate
Cytosolic with single
large punctate

Cytosolic with 1/2 small
punctates

Multiple small

punctates

1/2 small punctates

1/2 small punctates

Yes

No

Yes

Yes

No
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TIF4631

LSM7

GDT1

SNT309

DEGI

GATI

Translation initiation factor eIF4G, subunit of the mRNA cap-
binding protein complex (elF4F) that also contains eIF4E (Cdc33p);
associates with the poly(A)-binding protein Pablp, also interacts
with elF4A (Tiflp)

Lsm protein; part of heteroheptameric complexes (Lsm2p-7p and
either Lsmlp or 8p): cytoplasmic Lsmlp complex involved in
mRNA decay; nuclear Lsm8p complex part of U6 snRNP

Protein of unknown function; expression is reduced in a gcr/ null
mutant; GFP-fusion protein localises to the vacuole; expression
pattern and physical interactions suggest a possible role in ribosome
biogenesis

Component of NineTeen complex (NTC) containing Prpl9p
involved in mRNA splicing, interacts physically and genetically with

Prp19p

Non-essential tRNA:pseudouridine synthase, introduces
pseudouridines at position 38 or 39 in tRNA, important for
maintenance of translation efficiency and normal cell growth,
localises to both the nucleus and cytoplasm

Transcriptional activator of genes involved in nitrogen catabolite
repression, member of the GATA family of DNA binding proteins;
activity and localisation regulated by nitrogen limitation and Ure2p

Multiple small
punctates

Multiple small
punctates

Single small punctate

Cytosolic with 1/2 small
punctates

Single large punctate

Single small punctate

Yes

Yes

Yes

Yes

No

No

Methinonine metabolism

METS

MXRI

Bifunctional dehydrogenase and ferrochelatase, involved in the
biosynthesis of siroheme; also involved in the expression of PAPS
reductase and sulfite reductase

Peptide methionine sulfoxide reductase, reverses the oxidation of
methionine residues; involved in oxidative damage repair,
providing resistance to oxidative stress and regulation of lifespan

Single small punctate

Single small punctate

No

No
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3'-phosphoadenylsulfate reductase, reduces 3'-phosphoadenylyl
sulfate to adenosine-3',5'-bisphosphate and free sulfite using

L reduced thioredoxin as cosubstrate, involved in sulfate assimilation Sinjle smal prreiziz Ne
and methionine metabolism
Purine metabolism
ADEI2 Adefnylosuc?lqate synthase, catalyges the first committed step in Shaalle el umeais No
the 'de novo' biosynthesis of adenosine
ADKI Adenylate kinase, regulred for. purine metabolism; localised to the Single small punctate No
cytoplasm and the mitochondria
Spindle pole body
Microtubule-binding protein that together with Kar9p makes up
BIM1 the cortical microtubule capture site and delays the exit from Single small punctate No
mitosis when the spindle is oriented abnormally
Component of the GTPase-activating Bfalp-Bub2p complex Sinele small bunctate
BFAI involved in multiple cell cycle checkpoint pathways that control & P No
exit from mitosis
Phospholipid metabolism
Integral ER membrane protein with type-III transmembrane
ICE?2 domains; mutations cause defects in cortical ER morphology in Membrane-associated No
both the mother and daughter cells
Integral ER membrane protein that regulates phospholipid
metabolism via an interaction with FFAT motif of Opilp; involved Single large punctate
SCS2 . L . . . No
in telomeric silencing, disruption causes inositol auxotrophy above
34°C, VAP homolog
YER119C-A Protein of unknown function; deletion mutation blocks replication Sinle el s No

of Brome mosaic virus in S. cerevisiae, but this is most likely due
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CHO?2

OPI3

PSDI

INO?2

INO4

UME6

IPK1

DETI

to effects on the overlapping gene SCS2

Phosphatidylethanolamine methyltransferase catalyses the first
step in the conversion of phosphatidylethanolamine to
phosphatidylcholine (PC) during the methylation pathway of PC
biosynthesis

Phospholipid methyltransferase (methylene-fatty-acyl-
phospholipid synthase), catalyses the last two steps in
phosphatidylcholine biosynthesis

Phosphatidylserine decarboxylase of the mitochondrial inner
membrane, converts phosphatidylserine to
phosphatidylethanolamine

Component of the heteromeric Ino2p/Ino4p basic helix-loop-helix
transcription activator that binds inositol/choline-responsive
elements, required for derepression of phospholipid biosynthetic
genes in response to inositol depletion

Transcription factor required for derepression of inositol-choline-
regulated genes involved in phospholipid synthesis; forms a
complex, with Ino2p, that binds the inositol-choline-responsive
element through a basic helix-loop-helix domain

Key transcriptional regulator of early meiotic genes, binds URSI1
upstream regulatory sequence, couples metabolic responses to
nutritional cues with initiation and progression of meiosis, forms
complex with Imelp, and with Sin3p-Rpd3p

Inositol 1,3,4,5,6-pentakisphosphate 2-kinase, nuclear protein
required for synthesis of 1,2,3,4,5,6-hexakisphosphate (phytate),
which is integral to cell function

Acid phosphatase involved in the non-vesicular transport of
sterols in both directions between the endoplasmic reticulum and

Cytosolic with 1/2 small
punctates

Membrane-associated

Membrane-associated

Membrane-associated

Punctate

Single small punctate

Cytosolic with single large
punctate

Cytosolic

Yes

No

No

No
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PDX3

plasma membrane; deletion confers sensitivity to nickel

Pyridoxine (pyridoxamine) phosphate oxidase, has homologs in
E. coli and Myxococcus xanthus; transcription is under the general
control of nitrogen metabolism

Cytosolic with punctate and
nuclear

Yes

Mitochondrial functions

MRPL7

HAP3

PETI12

RSM18

CYM1I

MIC14

RIMI

KGDI

Mitochondrial ribosomal protein of the large subunit

Subunit of the heme-activated, glucose-repressed Hap2p/3p/4p/Sp
CCAAT-binding complex, a transcriptional activator and global
regulator of respiratory gene expression; contains sequences
contributing to both complex assembly and DNA binding

Protein required for mitochondrial translation; mutation is
functionally complemented by a B. subtilis ortholog

Mitochondrial ribosomal protein of the small subunit, has
similarity to E. coli S18 ribosomal protein

Lysine-specific =~ metalloprotease =~ of the  mitochondrial
intermembrane space, degrades proteins and presequence peptides
cleaved from imported proteins; required for normal
mitochondrial morphology

Mitochondrial intermembrane space cysteine motif protein of 14
kDa

Single-stranded DNA-binding protein essential for mitochondrial
genome (mMtDNA) maintenance and involved in mtDNA
replication

Component  of the  mitochondrial  alpha-ketoglutarate
dehydrogenase complex, which catalyses a key step in the TCA
cycle, the oxidative decarboxylation of alpha-ketoglutarate to
form succinyl-CoA

Cytosolic punctates

Single small punctate

Single small punctate

Single small punctate

Single small punctate

Cytosolic

Cytosolic

Cytosolic

Yes

Yes

Yes

Yes

No

No

Yes

Yes
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KGD2

LPDI

LSCI

LSC2

ATP11

MRPL35
PETI17

HAP2

RSM7

COXli6

COX20

ACOI

Dihydrolipoyl transsuccinylase, a component of the mitochondrial
alpha-ketoglutarate dehydrogenase complex, which catalyses a
step in the TCA cycle, the oxidative decarboxylation of a-
ketoglutarate to succinyl-CoA

Dihydrolipoamide dehydrogenase, the lipoamide dehydrogenase
component (E3) of the pyruvate dehydrogenase and 2-
oxoglutarate dehydrogenase multi-enzyme complexes

Alpha subunit of succinyl-CoA ligase, which is a mitochondrial
enzyme of the TCA cycle that catalyses the nucleotide-dependent
conversion of succinyl-CoA to succinate

Beta subunit of succinyl-CoA ligase, which is a mitochondrial
enzyme of the TCA cycle that catalyses the nucleotide-dependent
conversion of succinyl-CoA to succinate

Molecular chaperone, required for the assembly of alpha and beta
subunits into the F; sector of mitochondrial F,Fy ATP synthase

Mitochondrial ribosomal protein of the large subunit
Protein required for assembly of cytochrome c oxidase

Subunit of the heme-activated, glucose-repressed Hap2p/3p/4p/5p
CCAAT-binding complex, a transcriptional activator and global
regulator of respiratory gene expression; contains sequences
sufficient for both complex assembly and DNA binding
Mitochondrial ribosomal protein of the small subunit, has
similarity to E. coli S7 ribosomal protein

Mitochondrial inner membrane protein, required for assembly of
cytochrome ¢ oxidase

Mitochondrial inner membrane protein, required for proteolytic
processing of Cox2p and its assembly into cytochrome c oxidase
Aconitase, required for the TCA cycle and also independently
required for mtDNA maintenance; component of the

Cytosolic

Cytosolic

Cytosolic

Cytosolic

Cytosolic with 1/2
punctates

Cytosolic
Cytosolic

Cytosolic

Cytosolic
Cytosolic

Cytosolic

Cytosolic with 1/2 small
punctates

Yes

Yes

Yes

No

Yes

Yes
Yes

Yes

Yes

Yes

Yes

Yes
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ACO2

CITI

CIT3

FUMI

IDP]

IDH]1

IDH?2

MDH]I

mitochondrial nucleoid; mutation leads to glutamate auxotrophy

Putative mitochondrial aconitase isozyme; similarity to Acolp, an
aconitase required for the TCA cycle; expression induced during
growth on glucose, by amino acid starvation via Gcndp, and
repressed on ethanol

Citrate synthase, catalyses the condensation of acetyl coenzyme A
and oxaloacetate to form citrate; the rate-limiting enzyme of the
TCA cycle

Dual specificity mitochondrial citrate and methylcitrate synthase;
catalyses the condensation of acetyl-CoA and oxaloacetate to
form citrate and that of propionyl-CoA and oxaloacetate to form
2-methylcitrate

Fumarase, converts fumaric acid to L-malic acid in the TCA
cycle; cytosolic and mitochondrial localization determined by the
N-terminal mitochondrial targeting sequence and protein
conformation

Mitochondrial NADP-specific isocitrate dehydrogenase, catalyses
the oxidation of isocitrate to a-ketoglutarate; not required for
mitochondrial respiration and may function to divert a-
ketoglutarate to biosynthetic processes

Subunit of  mitochondrial NAD'-dependent isocitrate
dehydrogenase, which catalyses the oxidation of isocitrate to
alpha-ketoglutarate in the TCA cycle

Subunit of  mitochondrial NAD'-dependent isocitrate
dehydrogenase, which catalyses the oxidation of isocitrate to
alpha-ketoglutarate in the TCA cycle

Mitochondrial malate dehydrogenase, catalyses interconversion of
malate and oxaloacetate in the TCA cycle

Cytosolic

Cytosolic with 1/2 small
punctates

Cytosolic with 1/2 small
punctates

Cytosolic with punctates

Cytosolic with punctates

Cytosolic with punctates

Cytosolic with punctates

Cytosolic

No

Yes

No

Yes

Yes

Yes

No
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PYCI

PYC2

CBP3

AIM4

YDR230W

SDH1

SDH?2

SDH4

TUF1

Pyruvate carboxylase isoform, cytoplasmic enzyme that converts
pyruvate to oxaloacetate; highly similar to isoform Pyc2p but
differentially regulated

Pyruvate carboxylase isoform, cytoplasmic enzyme that converts
pyruvate to oxaloacetate; highly similar to isoform Pyclp but
differentially regulated

Mitochondrial protein required for assembly of ubiquinol
cytochrome-c reductase complex (cytochrome bcl complex);
interacts with Cbp4p and function is partially redundant with that
of Cbp4p

Protein proposed to be associated with the nuclear pore complex;
null mutant displays decreased frequency of mtDNA loss and a
severe growth defect in minimal glycerol media

Protein of unknown function; partially overlaps the verified gene
COX20; exhibits growth defect on a non-fermentable (respiratory)
carbon source

Flavoprotein subunit of succinate dehydrogenase (Sdhlp, Sdh2p,
Sdh3p, Sdh4p), which couples the oxidation of succinate to the
transfer of electrons to ubiquinone as part of the TCA cycle and
the mitochondrial respiratory chain

Iron-sulfur protein subunit of succinate dehydrogenase (Sdhlp,
Sdh2p, Sdh3p, Sdh4p), which couples the oxidation of succinate
to the transfer of electrons to ubiquinone as part of the TCA cycle
and the mitochondrial respiratory chain

Membrane anchor subunit of succinate dehydrogenase (Sdhlp,
Sdh2p, Sdh3p, Sdh4p), which couples the oxidation of succinate
to the transfer of electrons to ubiquinone

Mitochondrial translation elongation factor Tu; comprises both
GTPase and guanine nucleotide exchange factor activities, while
these activities are found in separate proteins in S. pombe and

Cytosolic with punctates

Cytosolic

Cytosolic with punctates

Single small punctate

Cytosolic

Cytosolic

Cytosolic

Cytosolic with punctates

Single small punctate

Yes

Yes

Yes

No

Yes

Yes

Yes
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humans

Putative protein of unknown function, required for mitochondrial
RRGS genome maintenance; null mutation results in a decrease in

plasma membrane electron transport

Protein involved in regulation of the mitochondrial F;Fy-ATP
STF2 synthase; Stflp and Stf2p act as stabilising factors that enhance

inhibitory action of the Inh1p protein

Large punctate and
nuclear-diffused Yes
Cytosolic with single large

punctate A

Ubiquitin/Proteasome

Ubiquitin-protein ligase (E3) that interacts with Rad6p/Ubc2p to
ubiquitinate substrates of the N-end rule pathway; binds to the
Rpn2p, Rptlp, and Rpt6p proteins of the 19S particle of the 26S
proteasome

Ubiquitin-protein ligase, involved in the proteasome-dependent
degradation of aberrant nuclear proteins; san/ mutations suppress
sir4, spt16, and cdc68 mutations, suggesting a role in chromatin
silencing

Ubiquitin regulatory X domain-containing protein that regulates
Glc7p phosphatase activity and interacts with Cdc48p; interacts
with ubiquitylated proteins and is required for degradation of a
ubiquitylated model substrate

UBRI Cytosol with large punctate No

SANI Cytosolic No

SHPI Cytosolic with puncta Yes

MAP Kkinase activity

Sensor-transducer of the stress-activated Pkclp-Mpklp kinase

SLG1 pathway involved in maintenance of cell wall integrity; involved Single small punctate No
in the organization of actin cytoskeleton
Protein overexpression suppresses the growth defect of mutants

SOK1 lacking protein kinase A activity; involved in cAMP-mediated Multiple small punctates No
signaling; localised to the nucleus; similar to the mouse testis-
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specific protein PBS13

MAP kinase kinase that plays a pivotal role in the osmosensing

PBS2 signal-transduction pathway, activated under severe osmotic Single small punctate No
stress
Bud site selection
Protein involved in bud-site selection; diploid mutants display a .
AULE, random budding pattern instead of the wild-type bipolar pattern Chiisliy Tmlin puei s Yes
Protein involved in bud-site selection; diploid mutants display a .
BUD23 random budding pattern instead of the wild-type bipolar pattern Cytosolic with punctate Yes
Others / Unknown
APJI Putatlve chaperone of the HSP40. (DNAJ) family; overexpression Stinyale el jprmsits No
interferes with propagation of [Psi+] prion
RADG1 Prot.e1.n‘ of unknown function; mutation confers radiation Cytosolic punctate No
sensitivity
PHMS Protein of unknown function, expression is regulated by sl pracis No
phosphate levels
Protein of unknown function with a possible role in glutathione
metabolism, as suggested by computational analysis of large-scale .
GTT3 protein-protein interaction data; GFP-fusion protein localises to Single small punctate No
the nuclear periphery
Dubious open reading frame, unlikely to encode a protein; not
YIM2 conserved in closely related Saccharomyces species; 5% of ORF Cytosolic No
overlaps the verified gene IMP1
RIBI GTP cyclohydrolase II; catalyses the first step of the riboflavin Multiple punctates Yes

biosynthesis pathway
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EMI2

SNX41

RKM4

ASM4

ICY2

PAUII

YELOOSW

YDROI15C

YOR364W
YDL242W

Non-essential protein of unknown function required for
transcriptional  induction of the early meiotic-specific
transcription factor IME1p, also required for sporulation

Sorting nexin, involved in the retrieval of late-Golgi SNAREs
from the post-Golgi endosome to the trans-Golgi network; forms
a complex with Snx4p and Atg20p

Ribosomal lysine methyltransferase specific for monomethylation
of Rpl42ap and Rpl42bp (lysine 55); nuclear SET-domain
containing protein

Nuclear pore complex subunit, part of a subcomplex also
containing Nup53p, Nup170p, and Pselp

Protein of unknown function; mobilised into polysomes upon a
shift from a fermentable to nonfermentable carbon source;
potential Cdc28p substrate

Putative protein of unknown function; mRNA expression appears
to be regulated by SUT and UPC2

Protein of unknown function; predicted to be involved in
metabolism

Protein of unknown function; overlaps the verified gene HED1/
YDRO14W-A

Protein of unknown function

Protein of unknown function

Cytosolic with small
punctates

Cytosolic with 1/2 small
punctates

Single small punctate

Cytosolic with large punctate

Single small punctate

Cytosolic
Single small punctate
Cytosolic

Single small Punctate

Cytosolic

No

No

No

No

No
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3.2.8 Identification of over-represented cellular processes affecting Ap4+,GFP

fluorescence through bioinformatics analysis

The 110 genes (Table 3-1) identified through the genome-wide screen were
analysed using the Munich Information centre for Protein Sequence (MIPS) Functional
Catalogue Database (FunCatDB) (http://mips.gsf.de/projects/funcat) (Ruepp et al.,
2004) and the FunSpec GO databases (GO-consortium, 2001; Robinson et al., 2002)
with the aim of determining cellular processes affecting AP4,GFP fluorescence and
whether these processes or functional groups were over-represented in the data set,
relative to their presence in the data set by chance alone. In this analysis, both MIPS
FunCatDB and FunSpec GO databases use parameters for calculating probability values
based on the premise that every gene in the S. cerevisiae genome (6607 genes; updated
as of 2™ August 2012) was included in the study. Since ~4600 of the possible 6607
genes were screened in this study, it should be noted that the probability values
generated by the above databases would tend to underestimate the presence of over-
represented groups; that is, probability values generated were likely to be lower (more
significant) in reality. By virtue of this, there is a possibility that additional over-
represented groups may be present amongst the 110 genes but were not identified as

statistically significant using the above bioinformatics tools.

The FunSpec GO database was used to identify over-representations in process
ontology, function ontology and component ontology. Analysis using the process
ontology annotation (Tables 3-2, 3-3 and 3-4), to identify broad biological/ cellular
processes, indicated that tricarboxylic acid (TCA) cycle (GO: 0008654; p < 1 x 107%),
histone exchange (GO: 0043486; p = 2.12 x 107), phospholipid biosynthetic process
(GO: 0008654; p = 0.0005), ER inheritance (GO: 0048309; p = 0.005), methylation
(GO: 0032259; p = 0.008), chromatin modification (GO: 0016568; p = 0.001) and
remodelling (GO: 0006338; p = 0.009) were significantly over-represented among the
110 mutants identified by the genome-wide screen. Analysis using the function ontology
annotation, to identify the individual roles of gene products, indicated that transcription
regulator activity, specifically RNA polymerase II transcription cofactor activity (GO:
0001104; p = 0.005) and RNA polymerase II core promoter proximal region sequence-
specific DNA-binding transcription factor activity involved in positive regulation of

transcription (GO: 0001077; p = 0.001) was a significantly enriched functional category.
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Finally, analysis using the component ontology annotation, to identify cellular
components encompassed in subcellular structures, locations, and macromolecular
complexes, indicated that components of CCAAT-binding transcription factor complex
(GO: 0016602; p = 0.07) and Swrl complex (GO: 0000812; p = 0.001) were over-
represented in the 110 mutants identified by the screen. A complete list of the biological
process, molecular function and cellular component ontologies generated from FunSpec

GO database are provided in Tables 3-2, 3-3 and 3-4.

Table 3-2 Functional grouping of the 110 mutants identified through the genome-wide
screen that exhibited strong Ap,,GFP-associated fluorescence, based on molecular
function ontology (FunSpec GO database).

k: number of genes from the input cluster in given category. f: total number of genes in the
category.

Category p -value Genes in Category k f
isocitrate hydro-lyase (cis- 0.00027 ACO2 ACOI 2 2
aconitate-forming) activity
[GO:0052633]
citrate hydro-lyase (cis- 0.00027 ACO2 ACOI 2 2

aconitate-forming) activity

[GO:0052632]

oxidoreductase activity, 0.001214 IDP1 MDHI IDHI IDH?2 4 29
acting on the CH-OH group

of donors, NAD or NADP as

acceptor [GO:0016616]

oxoglutarate dehydrogenase  0.001585 LPDI KGDI 2 4
(succinyl-transferring)

activity [GO:0004591]

RNA polymerase II core 0.001989 HAP3 INO2 HAP2 INO4 4 33
promoter proximal region

sequence-specific DNA

binding transcription factor

activity involved in positive

regulation of transcription

[GO:0001077]

succinate dehydrogenase 0.003498 SDH4 SDH1 SDH?2 3 19
(ubiquinone) activity

[GO:0008177]

isocitrate dehydrogenase 0.003879 IDHI IDH2 2 6
(NAD") activity

[GO:0004449]

RNA polymerase 11 0.005363 SRBS SSN2 MEDI 3 22

transcription cofactor activity

[GO:0001104]

transferase activity, 0.005372 CITI CIT3 2 7
transferring acyl groups, acyl

groups converted into alkyl

on transfer [GO:0046912]
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aconitate hydratase activity 0.005372 ACO2 ACOI 2 7
[GO:0003994]

metal ion binding 0.006088 RIBI PYC2 IDPI SAN1 SDH4 20 670
[GO:0046872] UMEG6 CYM1 MOT2 GATI PYCI

UBRI ACO2 SDH2 ACO1 VPS71
IDHI APJ1 ADEI2 IDH2 SSN3

NAD binding [GO:0051287] 0.006094 IDP1 IDHI IDH2 3 23
transcription regulator 0.006223 HIRI INO2 UMEG6 INO4 4 45
activity [GO:0030528]

4 iron, 4 sulfur cluster 0.006881 ACO2 SDH2 ACOI1 3 24
binding [GO:0051539]

pyruvate carboxylase activity 0.007085 PYC2 PYCI 2 8
[GO:0004736]

succinate-CoA ligase (ADP-  0.009012 LSC2 LSCI 2 9

forming) activity
[GO:0004775]

biotin carboxylase activity 0.009012 PYC2 PYCI 2 9
[GO:0004075]
magnesium ion binding 0.009681 IDPI IDHI ADEI12 IDH2 4 51

[GO:0000287]

Table 3-3 Functional grouping of the 110 mutants identified through the genome-wide
screen that exhibited strong AB,,GFP-associated fluorescence, based on biological process
ontology (FunSpec GO database).

Category p-value Genes in Category k f
tricarboxylic acid cycle <le-14 IDP] KGD2 SDH4 LSC2 KGD1 16 61
[GO:0006099] ACO2 MDHI SDHI SDH2 ACO1

IDHI CITI IDH2 LSCI FUM1 CIT3

2-oxoglutarate metabolic 4.38E-06 KGD2 LPDI KGDI1 3 3
process [GO:0006103]

glutamate biosynthetic 1.08E-05 [DPI ACOI IDHI CITI IDH?2 5 19
process [GO:0006537]

histone exchange 2.12E-05 SWC5 SWRI1 VPS72 VPS71 4 11
[GO:0043486]

mitochondrial electron 4.27E-05 SDH4 SDHI SDH?2 3 5

transport, succinate to

ubiquinone [GO:0006121]

isocitrate metabolic process 0.000342 IDPI IDHI IDH?2 3 9
[GO:0006102]

phospholipid biosynthetic 0.0005115 [INO2 SCS2 CHO2 OPI3 PSDI INO4 6 62
process [GO:0008654]

citrate metabolic process 0.0008014 ACOI CITI 2 3
[GO:0006101]
nuclear-transcribed mRNA  0.0009202 [PK1 SSN2 SSN3 MED1 4 27
catabolic process, non-stop
decay [GO:0070481]
transcription, DNA- 0.0009433 HIRI HAP3 SWC5 SRBS INO2 20 572
dependent [GO:0006351] UMEG6 SWRI SSN2 VPS72 MOT?2

SWi4 CHD1 GATI HAP2 POGI

CTK1 INO4 SSN3 HFIl MED]
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chromatin modification 0.001441 HIRI SWC5 UMEG6 SWRI VPS72 8 132
[GO:0016568] CHDI VPS71 HFII

succinyl-CoA metabolic 0.001585 LSC2 LSCI 2 4
process [GO:0006104]

cellular respiration 0.001723 SDH4 SDH1 SDH?2 3 15
[GO:0045333]

regulation of cellular 0.002614 HAP3 HAP? 2 5
respiration [G0O:0043457]

positive regulation of 0.002614 SSN2 SSN3 2 5

transcription from RNA
polymerase II promoter by
galactose [GO:0000435]

metabolic process 0.002908 METS PYC2 BUD23 DETI KGD2 16 453
[GO:0008152] PYCI LSC2 KGDI1 ACO2 MDH1

CTS1 ACOI1 IDHI IDH2? LSC1

METI6
phosphatidylcholine 0.002981 CHO2 OPI3 PSDI 3 18
biosynthetic process
[GO:0006656]
cellular carbohydrate 0.003498 MDHI CITI CIT3 3 19

metabolic process

[GO:0044262]

carbon catabolite activation 0.003879 HAP3 HAP2 2 6
of transcription from RNA

polymerase II promoter

[GO:0000436]

mitochondrial genome 0.004855 RIMI1 KGD2 ACOI RRGS 4 42
maintenance [GO:0000002]

NADPH regeneration 0.005372 PYC2 PYCI 2 7

[GO:0006740]

endoplasmic reticulum 0.005372 SCS2 ICE?2 2 7

inheritance [GO:0048309]

propionate metabolic 0.005372 ACOI CIT3 2 7

process [GO:0019541]

mitochondrial translation 0.007228 PETI112 MRPL7 MRPL35 RSM18 6 104
[GO:0032543] RSM7 TUF'1

methylation [GO:0032259] 0.008612 NCLI BUD23 RKM4 CHO2 OPI3 5 77
chromatin remodeling 0.009084 SWC5 SWRI VPS72 CHDI VPS71 5 78

[GO:0006338]

k: number of genes from the input cluster in given category. f: total number of genes in the
category.

Table 3-4 Functional grouping of the 110 mutants identified through the genome-wide
screen that exhibited strong Ap,GFP-associated fluorescence, based on cellular
component ontology (FunSpec GO database).

Category p -value Genes in Category k f
mitochondrial nucleoid 4.20E-08 RIM1 IDPI KGD2 LPDI KGDI1 8 33
[GO:0042645] ACOI IDHI LSC1
mitochondrial oxoglutarate 4.38E-06 KGD2 LPDI KGDI1 3 3

dehydrogenase complex
[GO:0009353]
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mitochondrial respiratory 4.27E-05 SDH4 SDHI1 SDH?2 3 5
chain complex II

[GO:0005749]

mitochondrial isocitrate 0.00027 [DHI IDH?2 2 2

dehydrogenase complex
(NAD") [GO:0005962]

mitochondrial matrix 0.0002715 LPDI1 KGDI MDHI ACOI IDH1 10 159
[GO:0005759] ATPI11 CITI IDH2 TUFI FUMI

Swrl complex 0.001568 SWC5 SWRI VPS72 VPS71 4 31
[GO:0000812]

CCAAT-binding factor 0.007085 HAP3 HAP2 2 8
complex [GO:0016602]

k: number of genes from the input cluster in given category. f: total number of genes in the
category.

Analysis using the MIPS FunCatDB also yielded a very similar set of functional
categories as the FunSpec GO database but also identified phospholipid metabolism
(01.06.02.01; p = 0.001), regulation of lipid, fatty acid and isoprenoid metabolism
(01.06.10; p = 0.008), sulphate assimilation (01.02.03.01; p = 0.007) and transcriptional
control (11.02.03.04; p = 0.0005) to be over-represented in the data set of 110 genes.
Functional categories that are over-represented in this group of 110 genes indicate the
cellular processes affecting AP4,GFP fluorescence, and by extension intracellular ABa,

aggregation.

In addition to these bioinformatics tools, the 110 gene products were also
considered following consultation of available scientific literature on the established or
putative cellular roles of each of the respective gene products. From these analyses, it
was possible to categorise the 110 genes into broad biological functional groups/cellular
processes that affected AP4,GFP-associated fluorescence including: chromatin
remodelling complexes/ histone exchange, gene expression, methionine metabolism,
phospholipid metabolism, and mitochondrial functions (Table 3-1). A graphical
representation of the proportion of mutants in each functional group is illustrated in
Figure 3-6. Mutants belonging to each of the groups in Figure 3-6 are given in Table 3-1
where a comprehensive description of the function of each of the 110 encoded gene

products and the observed AB4,GFP localisation phenotype is provided.

The use of more than one database increased the possibility of identifying all

over-represented functional groups amongst the 110 mutants. Despite this advantage, all
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database searches are limited to the gene ontology descriptions used to classify genes,
which are often simplifications and generalisations derived from available scientific
literature. It was therefore of benefit to also ensure that the 110 genes were considered
with respect to the available scientific literature. This required manual categorisation of
mutants following analysis of the available literature, relative to each gene. In addition
to the functional groups described above, the manual categorisation indicated that
among the 110 mutants sulphite reductase activity appeared to affect APB4,GFP-
associated fluorescence. This was the case since deletion of MXR, encoding methionine
sulphite reductase, MET16, encoding PAPS reductase, and METS, encoding a protein
required specifically for sulphite reductase activity all affected AP4,GFP-associated
fluorescence, while the deletion of the other genes required for sulphur assimilation and

synthesis of methionine/cysteine did not (Thomas and Surdin-Kerjan, 1997).

Figure 3-6 Graphic representation of cellular processes identified affecting AP ,,GFP-
associated fluorescence in S. cerevisiae.

Percentages reflect the number of mutants identified in a particular cellular process relative to
the total number of mutants identified by the genome-wide screen.
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Table 3-5 Broad functional grouping of the 110 mutants identified through the genome-
wide screen that exhibited strong Ap,,GFP-associated fluorescence, by manual

categorisation
Functional group Deleted gene Common AB4,GFP
localisation

Bud site selection BUD23, BUD31 Cytosolic and
punctate(s)

Chromatin CHDI, HIRI, HTA2, IPK1, SWRI, Punctate(s)

remodelling/ Histone  SWCS5, VPS71, VPS72, YDLO4IW

exchange

Mitotic cell cycle
MAP kinase activity

Methionine
metabolism
Mitochondrial
functions

Phospholipid
metabolism
Purine metabolism
Spindle pole body

Gene expression/
regulation

Ubiquitin/ Proteasome

Others / Unknown

CTS1, POGI, SWI4

PBS2, SLG1, SOK1

METS, MET16, MXRI

CITI, CIT3, ACO1, ACO2, IDHI,
IDH?2, IDP1, KGDI1, KGD2, LPDI,
LSCI1, LSC2, SDHI, SDH2, SDH4,
FUMI, MDHI, PYCI, PYC2, AIM4,
ATPI11, CBP3, COX16, COX20,
CYMI, HAP2, HAP3, MIC14, MRPL?7,
MRPL35, PET112, PETI17, RIMI,
RSM7, RSM18, STF2, TUF 1,

YDR230W

CHO2,ICE2,INO2, INO4, OPI3,
PSD1, SCS2, UMEG6, YERI19C-A

ADEI2, ADK1

BFAI, BIMI

CTK1, DEGI, ELC1, GATI, GDTI,
HFIl, LSM7, MED1, MOT2, NCLI,
SNT309, SRBS, SSN2, SSN3, SYCI,

TIF4631
SAN1, SHPI, UBRI

APJI, ASM4, DCC1, EMI2, GTT3,
ICY2, PAUI1, PDX3, PHM6, RADG1,
RIBI, SET7, SNX41, YIM2, YDL242W,
YDRO15C, YELOOSW, YOR364W,

YPRII6W, YDRO51C

Cytosolic and
punctate(s)

Punctate(s)

Single small
punctate
Cytosolic and
punctate(s)

Membrane
/Organelle
associated and
punctate(s)
Single small
punctate
Single small
punctate
Punctate(s)

Cytosolic and
punctate(s)
Cytosolic and
punctate(s)
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As indicated above, bioinformatics analysis identified PC biosynthesis as an
over-represented function in the data set of 110 genes. In addition to this, manual
categorisation indicated that it was the disruption of genes required for conversion of
phosphatidylserine (PS) to phosphatidylcholine (PC), and not other steps in the
phospholipid biosynthetic pathway that affected APs,GFP-associated fluorescence.
Refer to Figure 4-1 (page 97) for the PL metabolic pathway. These findings indicate the
value of using bioinformatics tools in conjunction with detailed consultation of the
broader scientific literature, for identification of the relevant cellular processes that

affect AB4,GFP-associated fluorescence.

3.2.9 Quantitative assessment of APs,GFP-associated fluorescence in the over-

represented functional categories identified by the genome-wide screen

The bioinformatic analyses above identified over-represented cellular processes
that affect AB4,GFP-associated fluorescence. In order to determine whether some over-
represented functional categories had a greater effect on APsGFP-associated
fluorescence than others, a representative group of mutants from each functional
category were selected for further quantitative analysis. For each of the selected mutants,
exhibition of AB4,GFP-associated fluorescence was quantified 12 h post induction in
galactose medium. In each case, 300 cells were counted in triplicate and the mean and

standard deviation for each are given in Table 3-6.
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Table 3-6 Proportion of Ap,,GFP-associated fluorescent cells in representative mutants
from major over-represented functional groups identified by bioinformatics analysis.

Strains expressing AP4,,GFP were induced in galactose medium (SCgal-URA) and Ap,,GFP-
associated fluorescence analysed at 12 h post induction. The data shown are the mean of
triplicate measurements + standard deviation from a single experiment. All deletion mutants
below exhibited a significant increase in the proportion of cells exhibiting APs,GFP
fluorescence compared to those in wild-type cells (p < 0.0001).

Strain expressing % Fluorescent | Strain expressing % Fluorescent
A, GFP cells + std. dev. | Ap,,GFP cells + std. dev.
Phospholipid metabolism

Aino?2 17+2 Aopi3 23+2
Aino4 14+2 Ascs?2 26+2
Apsdl 18+2 Aice? 28+2
Acho2 18+2 Aumeb 22+3
Mitochondrial function

Acox16 43+9 Alpd1 19+2
Acox20 25+7 Alscl 20+ 1
Acitl 19+3 Alsc2 20+2
Acit3 17+3 Asdhl 27 +2
Aacol 38+7 Asdh2 22+1
Aaco2 31+3 Asdh4 19+8
Aidhl 23+6 Afuml 42+5
Aidh?2 23 +£2 Amdhl 22+4
Akgdl 217 Apycl 17+2
Akgd?2 24 +4 Apyc2 17+2
Chromatin remodeling/ Histone exchange*

Aswrl 23+3 Avps71 18+2
Avps72 18+3 Ahta?2 15+2
Aswcs 215 Ahirl 18+5

*500 cells were counted in triplicates for mutants in this functional group.

The data in Table 3-6 indicate that the average proportion of fluorescent cells
that belong to the phospholipid metabolism and the chromatin silencing/ histone
functional groups was approximately 21%; whereas the average percentage of
fluorescent cells belonging to mitochondrial functional group was approximately 25%.
This significant difference (p = 0.008) in the proportion of fluorescent cells between
functional categories may indicate the relative impact of a given function with respect to
AB4,GFP-associated fluorescence. Since all of the mutants that were selected exhibited a
significantly higher proportion of fluorescent cells relative to wild-type cells, these data
also indicated that most, if not all, mutants categorised as exhibiting strong fluorescence

phenotype (Table 3-1), were likely to be significantly different to wild-type cells.

84



Chapter Three

3.2.10 Protein-protein interaction network

To determine if any of the 110 mutants identified in the genome-wide deletion
screen were physically associated to each other, protein-protein interaction analyses
were undertaken. This work was completed in collaboration with the Systems Biology
Initiative at University of New South Wales. To generate and analyse the protein-protein
interaction networks, a visual analytic platform called GEOMI (GEOmetry for
Maximum Insight) was utilised together with two metadata sets (Bertin et al., 2007; Yu
et al., 2008). Protein interaction networks were generated to map S. cerevisiae proteins
that interact with proteins identified in the genome-wide screen. Out of the 110 proteins
identified in the genome-wide deletion screen, 35 have no known protein interactions
(Table 3-7). To increase the confidence of a physiologically relevant protein-protein
interaction, only direct interactions of the remaining 75 proteins were mapped (Figure 3-
7), where a maximum distance of two interactions from the protein-of-interest was

assessed.

From the protein-protein interaction analyses, a total of 398 proteins were
identified to physically interact with the 75 proteins that were mapped forming a total of
1290 interactions. In an attempt to identify functional interaction or cross-talk between
cellular processes identified in the genome-wide deletion screen, data from the protein
interaction network were analysed for shared protein interacting partners between
cellular processes. Detailed analysis of the protein-protein interaction network indicated
that Hap2, Hap3 (subunits of the heme-activated Hap2p/3p/4p/5p CCAAT-binding
complex, which regulates respiratory gene expression) and Cox20p (belonging to the
mitochondrial functional group), Opi3p (belonging to lipid metabolism functional
group) and Met8p (belonging to the methionine metabolism functional group) were
found to share a common protein interacting partner in Cmd1p. Calmodulin (Cmdlp), is
an essential calcium-binding protein in S. cerevisiae and therefore not analysed in the
genome-wide screen performed in the above section. It regulates a wide range of
cellular processes, both calcium-dependent and independent, including response to
stress conditions, mating, budding, and remodelling of the actin cytoskeleton (Cyert,
2001; Eitzen et al., 2002). Identification of this physical interaction between CmdIp-
Hap2p/ Hap3p/Cox20p, Cmd1p-Opi3p and Cmd1p-Met8p is made further interesting by

recent data indicating that calcium-dependent phospholipases are an important factor in
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the onset and progression of neurodegenerative mechanisms in AD brains (Farooqui et
al., 2006; Gentile et al., 2012). Several studies have also demonstrated that AP peptides
form channels in cell membranes, causing calcium influx into the cell and subsequently
stimulating several cellular processes leading to mitochondrial dysfunction,
inflammation and cell death (Ballard et al., 2011; Querfurth and LaFerla, 2010). These
data suggest the possibility of an underlying calcium-dependent mechanism which
affects AP4,GFP aggregation between mutants of the mitochondrial, lipid metabolism

and methionine metabolism functional groups.

Table 3-7 List of 35 genes which encode proteins with no known protein interactions and
were not mapped on the protein-protein interaction network

NCLI MICl4  PETII7  ICE2 TUF1
RIBI SDH4 CHO2 COXI6 FUMI
PDX3 RKM4 DEGI ACO?2 CIT3
GDT1 PHM®6 GATI CTS1 RRGS
PYC2 IPK1 PYCI ACOI IDP]
RIMI  MRPL35 PAUII YIM2 GIT3

BUD23 CYM1I STF2 APJI  YERII9C-A
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Figure 3-7 Visualisation of protein-protein interaction network depicting 75 out of 110
proteins identified in the genome-wide screen that affect AB,,GFP aggregation, generated
using GEOMI

A) 398 proteins (small nodes) were identified to physically interact with the 75 proteins that
were identified in the genome-wide screen (large nodes), forming a total of 1290 interactions.
Blue and red nodes indicate genes belonging to the mitochondrial function and phospholipid
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metabolism functional groups, respectively. Three different functional groups were found to
share a common interacting partner in Cmdlp (highlighted within a green box). B) A close-up
view of the same protein interaction network within the green box redrawn using the force-
directed layout.

Additional insight into common mechanisms through which various biological
processes affect AP4s,GFP aggregation has been gained through this bioinformatics
approach. However, this analysis should be attempted again in future when more protein
interaction partners, especially of the remaining 35 proteins, have been identified as this
may reveal further insight into common underlying mechanisms between other cellular
processes that affect APsGFP aggregation in S. cerevisiae. Since, cellular processes are
usually delivered through biological pathways, rather than individual proteins, in the
following chapters, this study attempts to provide possible mechanistic insights into how

these cellular processes may affect A4, GFP aggregation.

3.2.11 Human orthologs of S. cerevisiae genes identified by the genome-wide screen

Since many genes of S. cerevisiae have human orthologues, identification of
these genetic factors may help to identify cellular processes in humans that may play a
role in AP4, aggregation. To identify human orthologues of S. cerevisiae genes, an
analysis using the NCBI database resource tool, HomoloGene, was performed and the

results are presented in Table 3-8.

Table 3-8 Human orthologs of S. cerevisiae genes identified through the genome-wide
screen.

S. cerevisiae genes have been sorted according to the biological functional groups described in
Table 3-5.

S. cerevisiae

Gene Name Human orthologue (Gene name)

Mitochondrial functions

ACOI ACQO?2; aconitase 2, mitochondrial

ATPI1 ATPAFI1; ATP synthase mitochondrial F1 complex assembly factor 1
CBP3 UQCC; ubiquinol-cytochrome c reductase complex chaperone

CYMI PITRM1,; pitrilysin metalloproteinase 1

SDH1 SDHA; succinate dehydrogenase complex, subunit A, flavoprotein (Fp)
SDH?2 SDHB; succinate dehydrogenase complex, subunit B, iron sulfur (Ip)

SDHD; succinate dehydrogenase complex, subunit D, integral membrane
SDH4 .
protein
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IDPI IDH1; isocitrate dehydrogenase 1 (NADP"), soluble
IDHI IDH3B; isocitrate dehydrogenase 3 (NAD") beta

IDH?2 IDH3A; isocitrate dehydrogenase 3 (NAD") alpha
LPDI DLD; dihydrolipoamide dehydrogenase

KGDI OGDH; oxoglutarate (alpha-ketoglutarate) dehydrogenase (lipoamide)
KGD2 DLST; dihydrolipoamide S-succinyltransferase

LSC1 SUCLGI,; succinate-CoA ligase, alpha subunit

MDH]1 MDH2; malate dehydrogenase 2, NAD (mitochondrial)
PYCI PC; pyruvate carboxylase

PYC2 PC; pyruvate carboxylase

MRPL35 MRPL35; mitochondrial ribosomal protein L35
PETI12 PET112L; PET112-like (yeast)

FUMI FH; fumarate hydratase

HAP? NFYA; nuclear transcription factor Y, beta

HAP3 NFYB; nuclear transcription factor Y, beta

TUF1I TUFM; Tu translation elongation factor, mitochondrial
Phospholipid metabolism

OPI3 PEMT; phosphatidylethanolamine N-methyltransferase
SCS2 VAPA; VAMP (vesicle-associated membrane protein)
IPK1 IPPK; inositol 1,3,4,5,6-pentakisphosphate 2-kinase
PDX3 PNPO; pyridoxamine 5'-phosphate oxidase

PSDI PISD; phosphatidylserine decarboxylase

Purine metabolism

ADEI2 ADSSLI; adenylosuccinate synthase like 1

ADKI1 AK2; adenylate kinase 2

Bud site selection

BUD23 WBSCR22; Williams Beuren syndrome chromosome region 22
BUD31 BUD31; BUD31 homolog

Chromatin remodelling/ Histone exchange

CHDI CHD2; chromodomain helicase DNA binding protein 1
HIRI HIRA; HIR histone cell cycle regulation defective homolog A
HTA2 H2AFX; H2A histone family, member X

SwWCs CFDP1; craniofacial development protein 1
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Gene expression/regulation

CTK1 CDC2L5; cell division cycle 2-like 5

DEGI PUS3; pseudouridylate synthase 3

GDTI TMEM165; transmembrane protein 165

MEDI MED1; mediator complex subunit 1

NCLI NSUN2; NOL1/NOP2/Sun domain family, member 2
SRBS MED12L; mediator complex subunit 12-like

SSN2 MED13L; mediator complex subunit 13-like

SSN3 CDKS; cyclin-dependent kinase 8

TIF4631 EIF4G1; eukaryotic translation initiation factor 4 gamma, 1
LSM7 LSM7; LSM7 homolog, U6 small nuclear RNA associated
Ubiquitin/ Proteasome

SHPI NSFL1C; NSFL1 (p97) cofactor (p47)

UBRI UBRU1; ubiquitin protein ligase E3 component n-recognin 1
Methionine homeostasis

MXRI MSRA; methionine sulfoxide reductase A

Mitotic cycle

DCClI DSCCI1; defective in sister chromatid cohesion 1 homolog
Spindle pole body

BIM1 MAPREI; microtubule-associated protein, RP/EB family, member 1
MAP Kkinase activity

PBS?2 MAP2K4; mitogen-activated protein kinase kinase 4

Of the 110 S. cerevisiae genes in Table 3-1, 52 were found to have human
orthologues. To identify if these human genes have implications in Alzheimer’s disease
individuals, the 52 human genes should now be screened in AD patients. It is
hypothesised that mutations in some of these human genes may affect the onset of AD

or may render a degree of protection against AD, by affecting AB4, aggregation.
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3.3 Discussion

3.3.1 Development and characterisation of APGFP aggregation assay in S.

cerevisiae

A major histopathological feature of Alzheimer’s disease (AD) is the occurrence
of insoluble extracellular plaques, composed of aggregates of amyloid-f (AP) peptides,
in specific cognitive domains of the brain (Glenner and Wong, 1984; Masters et al.,
1985). These AB-plaques were found to be enriched with the AP peptides, specifically
A4 (40 amino acids) and A4, (42 amino acids) peptides in the ratio 10:1 (Jarrett et al.,
1993a). The A4, peptide is more hydrophobic and prone to aggregation and fibril
formation than the AP4o (Jarrett et al., 1993b). According to the amyloid cascade
hypothesis by Hardy and Higgins (1992), “deposition of AP protein, the main
component of the plaques (Glenner and Wong, 1984; Hardy and Higgins, 1992; Masters
et al., 1985; Selkoe, 1991), is the causative agent of AD pathology and that the
neurofibrillary tangles, cell loss, vascular damage, and dementia follow as a direct result
of the AP deposition”. Despite extracellular plaques being implicated as the causative
agent of AD, intraneuronal AP aggregation has also been long reported (Grundke-Igbal
et al., 1989). However, only recently presence of intraneuronal A4, aggregation has
been implicated as an early event in neuronal dysfunction and in the disease progression
of AD (Gouras et al., 2005; Kienlen-Campard et al., 2002; Lesne et al., 2006; Lesne and
Kotilinek, 2005; Younkin, 1995; Younkin, 1998).

AP4z is the predominant form of AP found intraneuronally (Younkin, 1995) and
i1s more neurotoxic than AB4 (Kienlen-Campard et al., 2002). AP has been found to
exist in many assembly states such as monomers, oligomers, protofibrils and fibrils, and
it is these assembly states, particularly the oligomeric and protofibrillar forms, that are
considered the most neurotoxic (Haass and Selkoe, 2007; Selkoe, 2002; Selkoe, 2008;
Walsh et al., 2002). Formation of fibrils or oligomers is nucleation-dependent and AP,
has been strongly implicated in this role (Jarrett et al., 1993b). Strategies that target A4,
oligomerisation or aggregation states have been proposed to be possible therapeutic
strategies to treat/prevent AD (Gouras et al., 2005). Improved understanding of genetic
factors and biological processes that affect intracellular A4, aggregation is therefore

vital.
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S. cerevisiae has served as a useful model to study aspects neurodegeneration;
specifically in Huntington’s disease (Giorgini et al., 2005; Giorgini et al., 2008;
Willingham et al., 2003), Parkinson’s disease (Cooper et al., 2006; Flower et al., 2005;
Outeiro and Lindquist, 2003; Zhang et al., 1994), frontotemporal lobar degeneration
(Johnson et al., 2008; Tardiff et al., 2012) and Alzheimer’s disease (Bharadwaj et al.,
2010; Caine et al., 2011; Komano et al., 1998; Macreadie et al., 2008; Treusch et al.,
2011; Zhang et al., 1994; Zhang et al., 1997). In this study, a GFP-derived fluorescence-
based assay for intracellular AP4, aggregation was developed and characterised in S.
cerevisiae. The primary aim for this was to identify proteins and cellular processes that
affect APsGFP aggregation through screening of the S. cerevisiae genome-wide

deletion library.

Principally, the assay for APs, aggregation used in this study is based on the
system developed by Kim and Hecht (2005, 2008), who exploited the fusion of
enhanced green fluorescent protein (GFP) to the C-terminus of AB4; (ABsGFP) to show
that a direct correlation exists between fluorescence exhibited and A4, aggregation in E.
coli. In the studies by Kim and Hecht (2005; 2008), it was identified that aggregation of
the APs;—moiety of the ABGFP fusion proteins precludes correct folding of the GFP
fluorophore, thus not exhibiting AB4,GFP-associated fluorescence. Detailed biophysical
analysis demonstrated that the lack of fluorescence can indeed be attributed to
aggregation of the APs-moiety (Kim and Hecht, 2008). As such, when AP4,GFP
aggregation is reduced, AP4,GFP-associated fluorescence is restored (Kim and Hecht,
2005; Waldo et al., 1999). It was revealed that the last two amino acid residues on the
C-terminus of A4, isoleucine (residue 41) and alanine (residue 42), strongly influenced
the amyloidogenicity of the AP4, peptide relative to AP peptide (Kim and Hecht, 2005;
Wurth et al., 2002). It was also found that substitution of the isoleucine and alanine
residues with glutamic acid and proline residues respectively, to generate a variant form
of AP4y, termed APgp, led to dramatically increased fluorescence due to reduced

aggregation propensity.

Expression of AB4,GFP in wild-type S. cerevisiae cells led to trace levels of
AB4,GFP-associated fluorescence in ~5% of the cell population; in contrast to wild-type

S. cerevisiae cells expressing GFP alone, where ~85% of the cell population exhibited
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GFP-derived fluorescence. The lack of AB4,GFP-associated fluorescence in wild-type S.
cerevisiae cells was hypothesised to be due to aggregation of the fusion protein prior to
the correct formation of the GFP fluorophore. This was supported by a number of
observations. Western blot analysis of wild-type S. cerevisiae cells expressing AP4,GFP
fusion protein indicated that the fusion protein was expressed intact and not
cleaved/degraded. Expression of the less aggregation-prone AB4GFP or ABgpGFP led to
higher levels of fluorescence in the wild-type S. cerevisiae cells. ABgpGFP-associated
fluorescence was predominantly intense cytosolic-diffuse observed in ~60% of the cell
population; whereas the intensity of AP4GFP-associated fluorescence was lower
relative to ABgpGFP in 50% of the cell population, and this was often accompanied by

the presence of one or more intense fluorescent puncta.

Fluorescent puncta were not observed in wild-type S. cerevisiae cells expressing
GFP alone. The reduced cytosolic-diffuse fluorescence and presence of puncta with
AP4oGFP are likely to reflect aggregation of AB4oGFP after correct folding of the GFP
fluorophore had occurred. The binding and interaction of one AP peptide to another A
peptide is thought to be facilitated through interaction of one or more of four regions of
the AP peptide. These amino acid regions of AP4, are 15-21, 24-32, 35-37, and 4042
(Hilbich et al., 1992; Morimoto et al., 2004; Williams et al., 2004). Three of four
regions identified to play a role in AB-AP interaction are present in the AP4 peptide,
which accounts for the potential of A4 peptide to undergo aggregation. The
importance of the 41% and 42" amino acid residues of AB4> peptide in influencing
aggregation in S. cerevisiae is demonstrated by the increased overall fluorescence and
size of the fluorescent puncta observed with AB4GFP relative to AB4sGFP (Kim and
Hecht, 2005; Morimoto et al., 2004).

Despite AP and APy sharing ~95% sequence identity, both peptides have been
shown to behave characteristically differently in vivo (Gouras et al., 2000) and in vitro
(Jarrett et al., 1993b). Studies by Jarret et a/ (1993) showed that concentrated solutions
of A4y did not show signs of aggregation following days of incubation, whereas
comparable concentrations of A4, aggregated almost immediately (within
minutes/hours). These data supported the notion that the aggregation kinetics of

AB4,GFP and AP4 GFP were characteristically different and that fluorescent puncta
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observed in wild-type S. cerevisiae cells expressing ABsGFP were therefore likely to be
aggregates that formed subsequent to folding of the GFP-domain. The difference in
overall fluorescence observed with AB4>,GFP versus AB4GFP was also likely to reflect

differences in the aggregation kinetics of these ABGFP fusions.

AP aggregation proceeds by a multistep, nucleation-dependent process (Jarrett
and Lansbury, 1993). Formation of nucleation seeds is rate limiting, in the absence of
preformed seed fibrils there is a significant lag period for the formation of AP fibrils,
followed by a rapid fibril elongation phase once seed fibrils have been generated. The
lag time for fibril formation can be dramatically shortened by adding preformed fibril
seeds to AP monomer (Jarrett and Lansbury, 1993). The rate of AP fibril formation is
controlled by both fibril seed and monomer concentrations (Naiki and Nakakuki, 1996).
In mammalian cells, it has been proposed that aggregation of APs, may act as a
nucleation seed for more rapid aggregation of APy, the latter being the major
component of extracellular plaques found in AD brains (Jarrett et al., 1993b). Data from
the seeding experiment demonstrate that ABs,GFP and AP4GFP fusion proteins
appeared to behave in the same way in S. cerevisiae cells. Co-induction of AB4,GFP and
AB4GFP gave rise to more fluorescent cells (~22%) than those expressing AP4s,GFP
alone (5%) but significantly fewer than cells expressing AB4GFP alone (~40%). Cells
expressing both AB4xGFP and AP4GFP exhibited trace cytosolic fluorescence with
intense large puncta and in some cells there were elongated structures. These data lend
further support to the use of S. cerevisiae as a model system to examine the role of AB4,

in the aggregation of Aao.

Approximately 50% of wild-type cells expressing AB4GFP displayed intense
cytosolic-diffuse fluorescence but did not exhibit fluorescent puncta. This indicated that
a threshold level of A4 GFP may need to be reached prior to onset of aggregation and
generation of fluorescent puncta. Interestingly, in addition to the intense cytosolic-
diffuse ABgpGFP-associated fluorescence, ~5% of the fluorescent cells exhibited intense
fluorescent puncta. The presence of APgpGFP-associated fluorescent puncta indicated
that APgp is still capable of aggregation to some extent in S. cerevisiae. This finding
differs from those of Kim and Hecht (2005) who found that substitution of the 41% and

42™ amino acids of AB4, with glutamic acid and proline completely prevented
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aggregation in E. coli cells (Kim and Hecht, 2005), since these two amino acids were
found to disrupt B-sheet formation (Creighton, 1992). The differences observed with
ABgpGFP in E. coli and S. cerevisiae may be due to formation of inclusion bodies in the
latter. Inclusion bodies appear as small membrane-bound bodies that contain over-
expressed protein and their formation does not necessarily reflect aggregation. A more
detailed analysis of ABgpGFP in S. cerevisiae using biophysical analysis as performed
by Kim and Hecht (2008) would be required to determine whether the ABgpGFP puncta

observed in S. cerevisiae are indeed inclusion bodies.

The identification of factors affecting AP, oligomerisation/aggregation are
important for the understanding of AD disease progression (Gouras et al., 2005). A
primary aim of this study was to identify genes of the S. cerevisiae genome that affected
intracellular AP4,GFP aggregation. To address this aim, the single gene deletion
collection was used to screen for genes that altered the levels of A4, GFP fluorescence
compared to those observed in wild-type cells. Screening of the S. cerevisiae genome-
wide deletion library identified 110 mutants that exhibited strong AB4,GFP-associated
fluorescence and 236 mutants that exhibited weak fluorescence. Analysis of the 110
mutants (that exhibited strong AP4,GFP-associated fluorescence) indicated that four
groups were over-represented in the data set with respect to biological function. These
over-represented functional groups were: mitochondrial function;
transcription/translational regulation; chromatin remodelling/gene silencing/histone
exchange; and, phospholipid metabolism and indicated that these cellular processes may
play a role in intracellular AP4, aggregation. Since the mutants belonging to the
phospholipid metabolism functional group and mitochondrial functional group were

studied in detail, the remainder of this thesis focuses primarily on these mutants.

3.3.2 Disruption to phosphatidylcholine biosynthesis/phospholipid metabolism
leads to increased ABs,,GFP-associated fluorescence in S. cerevisiae cells
Phospholipid (PL) metabolism was over-represented in the data set from the

genome-wide screen. Genes in this functional group included INO2, INO4, UMESG,

SCS2, PSDI, CHO?2 and OPI3. A detailed description of each gene function is given in

Table 3-1. Six of these mutants (Aino2, Aino4, Apsdl, Acho2, Aopi3 and Aice2)
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exhibited the characteristic arc-shaped organelle/membrane-associated APs,GFP

localisation.

Ino2p and Ino4p form a basic heteromeric helix—loop—helix dimer that functions
as a transcriptional regulator, specifically for induction of genes involved in
phospholipid biosynthesis in response to choline depletion, including /NO!I and OPI3,
(Bailis et al., 1987; Hirsch and Henry, 1986). The Ino2p-Ino4p transcriptional regulator
is also involved in the regulation of phospholipid methylation in the membranes (Loewy
and Henry, 1984). Loewy and Henry (1984) reported that the Aino2 and Aino4 mutants
have a reduced capacity to produce phosphatidylcholine (PC) via methylation of
phosphatidylethanolamine (PE) and that both Ino2p and Ino4p are specifically involved
in the regulation of PC biosynthesis. Aino2 and Aino4 mutants exhibited ~25% decrease
in PC and a ~50% and 400% increase in PE and phosphatidyl-N-dimethylethanolamine
(PDME) respectively in cellular membranes compared to the wild-type strain (Loewy

and Henry, 1984).

In a genome-wide microarray analysis, 28 genes were found to be strongly
regulated by the Ino2p and Ino4p transcriptional complex, including OPI3, PSD1, CDSI,
INOI, CHOI, ITRI, CKI1, SAHI and HNM1 (Jesch et al., 2005). These target genes are
involved in phospholipid biosynthesis and unfolded protein response pathways. The
latter is a response used by cells to counter endoplasmic reticulum (ER) stress (Travers
et al., 2000). Psd1p, Cho2p and Opi3p, which encode phosphatidylserine decarboxylase,
phosphatidyl-N-methylethanolamine N-methyltransferase or phosphatidylethanolamine-
N-methyltransferase (PEMT) repectively, are involved in the de novo synthesis of PC.
Deletion of PSDI, CHO2 or OPI3 genes affected AP4,GFP fluorescence. Psdlp
converts phosphatidylserine (PS) to PE, Cho2p subsequently catalyses the methylation
of PE to phosphatidyl-monomethylethanolamine (PMME), while Opi3p, catalyses
conversion of PMME to PDME and PC via two sequential steps. S-adenosyl-L-
methionine (SAM) acts as the methyl-group donor in the reactions catalysed by Cho2p
and Opi3p, to form S-adenosyl-L-homocysteine (SAH) (Kodaki and Yamashita, 1987,
McGraw and Henry, 1989; Summers et al., 1988). Refer to Figure 4-1 (page 97) for an

overview of the PC biosynthetic and PL metabolic pathways.
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The membranes of both Acho2 and Aopi3 strains were found to be depleted of
PC. However, significant differences in phospholipid composition were observed
between the Acho2 and Aopi3 strains. The Acho?2 strain showed a ~70% decrease in PC
relative to wild-type cells (Summers et al., 1988) compared to the Aopi3 strain, where
membranes were almost devoid of PC (McGraw and Henry, 1989). The Aopi3 mutant
showed a ~50% decrease in PE but an over-accumulation of PMME (McGraw and
Henry, 1989), while Acho2 mutants exhibited a 2-fold increase in PE (Summers et al.,
1988). Based on the reported phospholipid content of the Acho2 and Aopi3 mutants, it is
likely that AP4,GFP-associated fluorescence is affected by PC depletion, or, PE/PMME

over-accumulation or a combination of both.

The Acho?2 strain exhibited strong AP4,GFP-associated cytosolic and punctate
fluorescence, as opposed to the Aopi3 strain, which exhibited weaker cytosolic
fluorescence but intense fluorescent puncta arranged in an arc-shape. Differences in the
phospholipid composition of Acho2 and Aopi3 mutants may have led to the different
localisation patterns of AB4,GFP. Alternatively, since Opi3p was found to efficiently
suppress the phospholipid methylation defect in cells with the Acho? mutation by
masking the methyltransferase function (Preitschopf et al., 1993), the slight increase in
PC in Acho? relative to Aopi3 mutants may have led to a less profound effect on
AB4,GFP localisation. It is interesting to note that the mutants exhibiting the
characteristic arc-shaped AB4+>GFP localisation, Aino2, Aino4 and Aopi3 strains were all

found to have significantly increased levels of PE or PMME respectively.

To understand  the link  between phosphatidylcholine (PC)
biosynthesis/phospholipid (PL) metabolism and AP4,GFP aggregation, a ‘reverse-
genetics’ approach was used to screen for genes that when over-expressed altered
ABsGFP aggregation in S. cerevisiae. These data are presented in Chapter 4, which
elucidates the important role of phospholipid homeostasis in intracellular membranes of

cells.
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3.3.3 Disruption to mitochondrial function leads to increased Ap4,GFP-associated

fluorescence in S. cerevisiae cells

The mitochondria functional group represents the largest functional category of
mutants over-represented in the data set from the genome-wide screen. Detailed
descriptions of each gene belonging to this functional group and its cellular functions
are given in Table 3-1. It is also interesting to note that many mutants identified in this
screen have disrupted mitochondrial functions indicated by their respiratory
incompetence. Increased AP4,GFP fluorescence was detected in mutants affected in
assembly of ETC complexes (complex III (Acbp3), complex IV (Acox16, Acox20 and
Apet117) and ATP synthase (Aatpl] and Astf2), mitochondrial genome maintenance, or
the TCA cycle (Acitl, Acit3, Aacol, Aaco2, Aidhl, Aidh2, Aidpl, Akgdl, Akgd?2,
Alpdl, Alscl, Alsc2, Asdhl, Asdh2, Asdh4, Afuml, Amdhl, Apycl, Apyc2). The very
significant over-representation of mutants involved in mitochondrial functions raises the
possibility of an interaction between AP4,GFP and mitochondria. Cellular sub-
fractionation indicated that AB4,GFP fusion proteins were detected in the mitochondrial
fraction in wild-type cells, but mitochondrial co-localisation was not observed using
fluorescence microscopy in wild-type or mutant strains affected in mitochondrial
function. Therefore, one possible explanation may be that non-fluorescent AB4,GFP

aggregates present in cells are co-fractionating with the mitochondria.

During growth in exponential phase on fermentable carbon sources, S. cerevisiae
is less dependent on mitochondrial ETC function. Since the genome-wide screen for
AB4,GFP fluorescence was performed using galactose media, reduced energy
metabolism due to mitochondrial respiratory defects is less likely to be the cause of
altered AB4>GFP fluorescence. One possibility is that a metabolite in, or derived from,
the TCA cycle may affect APs,GFP aggregation. TCA cycle intermediates, oxaloacetate,
a-ketoglutarate, citrate and succinyl-CoA are precursors for several anabolic processes,
such as biosynthesis of porphyrins (for heme production), amino acids, purines,
pyrimidines, fatty acids, sterols, and neurotransmitters (in neuronal cells). Apart from
porphyrins, all other metabolites provide the TCA cycle with the intermediates when
turned over by the metabolic activity of the cell. Porphyrins and heme may be possible

candidate metabolites to be analysed since its metabolism has been previously found to
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be altered in AD (Atamna, 2006; Atamna and Boyle, 2006; Atamna and Frey, 2004;
Atamna and Frey, 2007; Chuang et al., 2012).

Heme is tightly linked to the TCA cycle and to several metabolic processes in
the cell. Porphyrin, whose cellular functions are not yet properly understood, is an
important precursor for heme biosynthesis. The biosynthesis of one mole of heme
requires 8 moles of succinyl-CoA and glycine (Woods, 1976; Ponka, 1999) from the
TCA cycle and mitochondrial pool of amino acids, respectively. ETC complex IV
contains heme-a at a stoichiometry of two molecules per ETC complex IV (Mogi et al.,
1994) and it is the only protein complex in the cell to contain heme-a. Interestingly, it
was found that heme and other related porphyrins inhibit in vitro aggregation of A
even at very low AP/heme ratios. It was further demonstrated that heme protected
neuronal cells against Af-induced toxicity (Howlett et al., 1997). It has been
hypothesised that since AP peptide contains three histidines, it can potentially bind
heme and subsequently prevent aggregation either by changing conformation of the AB
peptide, its hydrophobicity, or by masking sites that binds free iron or copper, which
may trigger AP aggregation (Atamna, 2004). However, the effect of endogenous heme
on AP aggregation and consequences of metabolic changes on the TCA cycle (such as

levels of succinyl-CoA) and heme is not clearly understood.

While glycolysis and oxidative phosphorylation decrease in the aging brain and
in AD patients (Blass, 2001; Valla et al., 2001), heme degradation has been found to
increase with age and in neurodegeneration (Bitar and Shapiro, 1987; Schipper, 2000;
Smith et al., 2000). Bilirubin, a by-product of heme degradation, is found to be
increased in the CSF in AD patients (Kimpara et al., 2000). Furthermore, levels of a
heme/heme-metabolite which inhibits the muscarinic acetylcholine receptor, isolated
from AD brains, was found to be threefold higher in AD brains than in controls (Fawcett
et al., 2002). These data strongly suggest a possible link between mitochondrial function,
heme and AP aggregation. Although heme is important for metabolic homeostasis,
mitochondrial integrity, and regulation of specific transcription factors, the role of
endogenous heme in cell metabolism is poorly understood, especially in
neurodegeneration. Hence, the consequences of altered levels of heme in vivo,

especially on the brain are unknown.
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The TCA cycle is an amphibolic biochemical pathway, where intermediates of
this pathway are involved in both anabolic and catabolic processes either by supplying
or receiving the carbon skeleton of several metabolites (Owen et al., 2002). It is
tempting to speculate that disruption of the TCA cycle would affect acetyl-CoA
metabolism and affect processes including lipid homeostasis. However, a more detailed
analysis of the mechanism(s) mediating the changes in AB4+,GFP fluorescence in the
mitochondrial mutants is required, and a metabolomics approach to identify changes in
mitochondrial metabolites may be informative. To understand the link between
mitochondrial/respiratory function and AP4,GFP aggregation, biochemical and reverse
genetics approaches were used to screen for genes that when over-expressed altered
AP4,GFP aggregation in S. cerevisiae. These data are presented in Chapter 5, which

elucidate the important role of mitochondrial function in AB4,GFP aggregation.
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4 CHAPTER 4: UNDERSTANDING MECHANISMS OF AMYLOID-BETA
AGGREGATION AND LOCALISATION IN S. CEREVISIAE

4.1 Introduction and Aims

Since the genome-wide screen identified phospholipid metabolism as an
important biological process affecting AP aggregation, relevant information concerning
phosphatidylcholine biosynthesis and phospholipid metabolism in S. cerevisiae is

provided below.

Phospholipids play important roles in intracellular signalling, membrane
structure and identity, membrane trafficking pathways as well as anchoring of
membrane proteins (Carman and Henry, 1999; Fujita and Jigami, 2008; Henry et al.,
2012; Pittet and Conzelmann, 2007; Roth et al., 2006; Vicinanza et al., 2008). As such,
phospholipid biosynthesis is tightly regulated in cells depending on factors such as
availability of exogenous supplies of phospholipid precursors/intermediates, membrane
trafficking and growth stage. This facilitates biogenesis and maintenance of membranes
(Carman and Henry, 1999). Phosphatidylcholine (PC), phosphatidylethanolamine (PE),
phosphatidylglycerol (PG), phosphatidylinositol (PI), phosphatidylserine (PS) and
cardiolipin (CL) constitute a class of lipids termed glycerophospholipids, which
comprise 70-80% of total cellular lipids. These glycerophospholipids as well as neutral
glycerolipids diacylglycerol (DAG) and triacylglycerol (TAG) are derived from the
precursor lipid phosphatidic acid (PA). On average, intracellular membranes of
eukaryotes have a phospholipid composition of 50% PC, 10-25% PE and 1-10% PS
(Voelker, 2005).

The S. cerevisiae Dbiosynthetic pathways for the synthesis of
glycerophospholipids and glycerolipids, the localisation of the enzymes and transporters
involved in their metabolism are illustrated in Figure 4-1. S. cerevisiae synthesises PC
via reactions performed in the endoplasmic reticulum, Golgi and mitochondria (van
Meer et al., 2008). Phosphatidylserine decarboxylases Psdlp and Psd2p, which are
localised in the mitochondria and Golgi/vacuoles respectively, catalyse the
decarboxylation of PS to PE (Clancey et al., 1993; Trotter et al., 1993; Trotter et al.,
1995; Trotter and Voelker, 1995). Mitochondria-localised Psd1p contributes almost 90%
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of total PS decarboxylase activity in cells. Cho2p subsequently catalyses methylation of
PE to phosphatidyl-monomethylethanolamine (PMME), while Opi3p, -catalyses
conversion of PMME to phosphatidyl-dimethylethanolamine PDME and PC via two
sequential steps. S-adenosyl-L-methionine (SAM) acts as the methyl-group donor in the
reactions catalysed by Cho2p and Opi3p, to form S-adenosyl-L-homocysteine (SAH)
(Kodaki and Yamashita, 1987; McGraw and Henry, 1989; Summers et al., 1988).
Phosphatidylcholine can also be synthesised from uptake of exogenous choline via the

Kennedy salvage pathway (Kennedy and Weiss, 1956).

Synthesis of PI, an inositol-containing phospholipid, is regulated in response to
inositol levels. Through the activity of Pislp, cytidine-diphosphate-diacylglycerol
(CDP-DAG) donates its phosphatidyl moiety to inositol to form PI (Figure 4-1) (Fischl
and Carman, 1983; Paulus and Kennedy, 1960). Supplementation of inositol in the
growth media increases PI levels in cells due to increased activity of PI synthase and
reduced levels of PS, PE and PC due to inhibition of PS synthase, Cholp activity
(Kelley et al. 1988; Loewen et al. 2004). PI subsequently serves as a precursor for the
synthesis of sphingolipids, polyphosphoinositides and glycolipid anchors for a few
plasma membrane proteins (Dickson and Lester, 2002; Liu et al., 2005; Strahl and
Thorner, 2007).

In view of the link between lipid homeostasis and AD (Jones et al., 2010), this
chapter examines the phospholipid mutants which gave rise to increased AP4,GFP
fluorescence and exhibited a distinctive subcellular localisation. In addition to
identifying this subcellular localisation using confocal microscopy, the GFP-derived
fluorescence-based assay for intracellular AP4, aggregation (described in Chapter 1) was
further exploited using gene over-expression analysis. This approach was undertaken to
investigate if the increased AB4,GFP fluorescence and partitioning of AB4>,GFP into the
ER in the relevant phospholipid mutants were caused by an accumulation of a specific
phospholipid intermediate upstream of the PC biosynthetic pathway. This ‘reverse-
genetics’ approach provided further insight into the link between altered phospholipid
homeostasis and AB4>,GFP fluorescence. In order to understand the cellular mechanisms
involved in AP aggregation in these phospholipid mutants, the work described in this

chapter further examines the effects of intracellular levels of important lipid
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precursors/co-factors involved in the de novo phospholipid biosynthetic pathway on

AB4,GFP aggregation.
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Figure 4-1 Overview of the pathways for lipid metabolism and their subcellular
localisation in S. cerevisiae

The pathways shown for the synthesis of major glycerophospholipids and the relevant steps
discussed in the text. PA serves as the immediate precursor of CDP-DAG, glycerophospholipids
and glycerolipids diacylglycerol (DAG) and triacylglycerol (TAG). As illustrated, synthesis of
PC from PA is performed in the endoplasmic reticulum, Golgi and mitochondria (van Meer et
al., 2008). PS is decarboxylated to form PE via Psdlp and Psd2p, followed by Cho2p which
catalyses the first methylation step to convert PE to PMME. Opi3p catalyses two sequential
methylation steps to convert PMME to PDME and PC. S. cerevisiae cells are able to take up
exogenous choline or ethanolamine to synthesise PC via the Kennedy salvage pathway (as
indicated). Abbreviations used: TAG, triacylglycerols; PI, phosphatidylinositol; PA,
phosphatidic acid; CDP-DAG, CDP-diacylglycerol; DAG, diacylglycerol; MAG,
monoacylglycerol; Gro, glycerol; DHAP, dihydroxyacetone phosphate, PS, phosphatidylserine;
PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PGP phosphatidylglycerol phosphate;
CL* precursor cardiolipin, MLCL, monolyso-cardiolipin; CL, mature cardiolipin; PMME,
phosphatidylmonomethylethanolamine; PDME, phosphatidyl-dimethylethanolamine; PC,
phosphatidylcholine; FFA, free fatty acids; Cho, choline, Etn, ethanolamine, Ins, inositol; Cho-
P, choline phosphate; CDP-Cho, CDP-choline; Etn-P, ethanolamine phosphate; CDP-Etn, CDP-
ethanolamine; PI 3-P, phosphatidylinositol 3-phosphate; PI 4-P, phosphatidylinositol 4-
phosphate; PI 4,5-P2, phosphatidylinositol 4,5-bisphosphate; PI 3,5-P2, phosphatidylinositol
3,5-bisphosphate. Nucl, nucleus; ER, endoplasmic reticulum; Mito, mitochondria; LD, lipid
droplets; G/E/V, Golgi, endosomes, vacuole; Pex, peroxisomes; Cyt, cytoplasma; PM, plasma
membrane. Figure modified from Henry et al., 2012.

4.2 Results — Understanding the link between phospholipid metabolism and
AP4GFP aggregation

4.2.1 Investigation of AP4,GFP localisation in mutants identified by the S.

cerevisiae genome-wide screen

In this study, five apparently distinct ABsGFP localisation patterns were
observed among the 110 mutants listed in Table 3-1. These distinct localisation patterns
were single punctate (29%), multiple puncta (9%), cytosolic-diffuse (22%), distinct arc-
shaped membrane/ organelle associated localisation (5%) and a combination of punctate
and cytosolic-diffuse fluorescence (35%). The percentage values provided reflect the
number of mutants that exhibit AP4,GFP-associated fluorescence in a specific
localisation, with respect to the 110 mutants identified by the screen. A graphical
representation of these data and an example of each localisation pattern is given in

Figure 4-2.

A structured A4, GFP fluorescence localisation was likely to be indicative of a
distinct cellular localisation; possibly organelle and/ or membrane-associated. Of the

AB4,GFP localisation patterns identified, the arc-shaped fluorescence localisation in
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mutants affected in phosphatidylcholine biosynthesis/phospholipid homeostasis and the
combination of cytosolic-diffused and/or small puncta fluorescence observed in mutants
affected in mitochondrial function were distinctive and these mutants were selected for
further investigation. Deletion of six genes expressing AP4,GFP exhibited a structured
arc-shaped AB4>,GFP fluorescence. Of these six genes, three encode consecutive steps in
the conversion of phosphatidylserine to phosphatidylcholine (phosphatidylserine
decarboxylase, PSDI; and phosphatidylethanolamine methyltransferases, CHO2 and
OPI3) (Figure 4-1); two encode a heterodimeric transcriptional regulator of
phospholipid and inositol biosynthesis (/INO2 and INO4) (Ambroziak and Henry, 1994);
and lastly /CE2, which encodes an integral ER membrane protein involved in cortical
ER inheritance (Estrada de Martin et al., 2005). The localisation of AB4,GFP in these six
mutant strains as well as mutants affected in mitochondrial function, illustrated in Figure
4-3, and their corresponding genes are discussed in further detail in this chapter and in

Chapter 5.

Cytosolic-diffuse; 22%
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Figure 4-2 Fluorescent microscopic images of representative mutants exhibiting various
A4 GFP localisation patterns.

Strains expressing AP4,,GFP were induced in galactose medium (SCgal-URA) and Ap,,GFP-
associated fluorescence analysed between 12 to 18 h post induction. The AP4,GFP-associated
localisation patterns were classified as A) fluorescent punctate, Ascs2; B) multiple fluorescent
puncta, Aacol; C) combination of puncta and cytosolic fluorescence, Apdx3; D) arc-shaped
organelle/ membrane-associated fluorescence, Apsdl; and E) cytosolic-diffuse fluorescence,
Akgd2. Arrows indicate the specific type of localisation in each of the mutants. Scale bars
indicate 5 um. B) Graphic representation of the various types of AB4,GFP localisation described
above.

Figure 4-3 Fluorescent microscopic images of representative mutants from the
phospholipid metabolism and mitochondrial functional groups exhibiting various
AP, GFP localisation patterns

TCA cycle and phospholipid mutants expressing AB4,GFP induced in galactose medium and
AP4,GFP-associated fluorescence analysed at 12 h post induction. TCA cycle mutants (A)
Aacol, (B) Afuml, (C) Aidp1, (D) Akgd2 and (E) Asdh4 were observed to predominantly exhibit
cytosolic-diffuse AP4,GFP-associated fluorescence, with some mutants exhibiting fluorescent
puncta. Phospholipid mutants (F) Aopi3, (G) Apsdl, (H) Acho2, (1) Aino2, (J) Aino4 and (K)
Aice? were observed to exhibit a distinct arc-shaped organelle/ membrane-associated
fluorescence. Scale bar indicate 5 pm.
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4.2.2 Localisation of less aggregation-prone AB4GFP and ABgpGFP in mutants of
the phospholipid metabolism functional group

To examine whether the distinct localisation of AB4,GFP in Aopi3, Acho2 and
Aice2 mutants was dependant on the aggregation propensity of the AB4r-moiety of the
fusion protein, the localisations of AB4GFP and ABgpGFP were analysed. In the Aopi3,
Acho2 and Aice?2 mutants expressing the less aggregation-prone fusion proteins,
AB4GFP and APppGFP was localised in an arc-shaped structure, analogous to the
manner in which AB4,GFP localised in these strains (Figure 4-4).

The rationale for this approach is that in wild-type cells APgpGFP does not
appear to aggregate and exhibits a cytosolic-diffuse localisation pattern (Figure 3-2).
Comparable localisations of ABsx,GFP, AB4GFP or ABgpGFP in the Aopi3, Acho2 and
Aice? strains indicated that the distinct localisation of AB4>GFP in these strains does not
depend on the aggregation propensity of the AB-moiety of the fusion protein i.e. the
fluorescent structures observed for ABs,GFP in Aopi3, Acho2 and Aice2 strains are

unlikely to be aggregates.

Figure 4-4 Fluorescent microscopic images of Aopi3, Acho2 and Aice2 strains expressing
APy, GFP, AB4GFP, APgpGFP or GFP.

Aopi3, Acho?2 and Aice2 strains expressing various forms of A fusion proteins were induced in
galactose medium (SCgal-URA) and AP4,GFP-associated fluorescence analysed at 12 h post
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induction. The distinct arc-shaped localisation is observed in Aopi3, Acho2 and Aice2 strains
expressing AR, GFP, AB4GFP and ABgpGFP. Scale bar indicate 5 um.

4.2.3 Western blot analysis of mutants affected in phospholipid metabolism
expressing AB4»GFP, AB4GFP, ABgpGFP or GFP

The inverse correlation between fluorescence intensity and the amyloidogenicity
of the AP moiety supported the validity of using AB4+,GFP and a fluorescence-based
approach in S. cerevisiae cells to identify cellular factors that may influence intracellular
AP4, aggregation. In view of the link between lipid homeostasis and AD (Jones et al.,
2010), it was important to investigate in the phospholipid mutants if the increased
APB4GFP fluorescence was due to increased levels of non-aggregated and soluble
AP4,GFP. In order to examine this, wild-type BY4743 and Aopi3 cells expressing
AB4sGFP, AB4GFP, ABepGFP fusion proteins or GFP were grown to exponential phase
(ODggo 1.5) in galactose (induction) medium. Soluble proteins were harvested from cell
extracts and protein concentration determined by Bradford protein assay. Load-
controlled soluble proteins were analysed by western blot analysis using anti-GFP

antibody.

Wild-type BY4743 and Aopi3 cells expressing any of the forms of ABGFP
fusion exhibited a band of ~30 kDa expected from the molecular mass of the fusion
proteins (Figure 4-5). The relative intensity of this band in Aopi3 cells expressing
APB4GFP was similar in wild-type cells expressing the same construct, and hence
similar expression levels of AB4x>GFP peptide were present in both the Aopi3 and wild-
type cells. Similar intensity of the AB4GFP and ABrpGFP bands was also observed in
both wild-type and Aopi3 cells (Figure 4-5). These data indicated that the increase in
fluorescence in Aopi3 cells is not due to increased expression of AB4,GFP protein, but
the possible presence of soluble fluorescent AB4,GFP peptides in deletion mutant strains

exhibiting increased level of AP4,GFP-associated fluorescence.
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Figure 4-5 Western blot analysis of soluble cell extracts from BY4743 wild-type and Aopi3
cells expressing AB,,GFP, AB4GFP, ABgpGFP and GFP control vector

Load-controlled soluble cell extracts were prepared from wild-type cells expressing AB4,GFP,
APB4GFP, ABgpGFP fusion proteins or GFP were grown to exponential phase (ODgy 1.5) in
galactose (induction) medium. Analysis by western blot analysis was carried out using anti-GFP
antibody. PGK1p was used as a loading control.

4.2.4 Perinuclear localisation of fluorescent AP4,,GFP in mutants of the
phospholipid metabolism functional group was determined to be interacting with
the endoplasmic reticulum (ER) and not lipid droplets (LD).

In order to determine the cellular localisation of APs,GFP in the Aice? mutant,
and, Aopi3 and other mutants of the phosphatidylcholine biosynthetic pathway,
AB4,GFP was induced for 12 h and cells were stained with 4’,6’-diamidino-2-
phenylindole (DAPI). Staining with DAPI showed that in Aice? and Aopi3 strains, the
arc-shaped AP4,GFP localisation was juxtaposed to the nucleus (i.e. perinuclear) in
these mutants. Evidence of the perinuclear localisation is indicated by the merged

images in Figure 4-6 using both fluorescence microscopy and confocal microscopy.
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Figure 4-6 Fluorescent and confocal microscopic images of Aopi3, Acho2 and Aice2 strains
exhibiting strong Ap,,GFP-associated fluorescence and DAPI staining.

Strains expressing AP.,GFP were induced in galactose medium (SCgal-URA). Cells were
stained with DAPI and the localisation of nuclear and mitochondrial DNA, and AB4,GFP-
associated fluorescence were analysed at 12 h post induction. A) AB4,,GFP localisation in Aopi3
and Aice?2 strains is observed in the top series of panels (arrows indicate ABs,GFP localisation).
DAPI staining of mitochondrial and nuclear DNA is observed in the middle series of panels
(arrows indicate the nucleus of each cell). Merged images of ABs»,GFP and DAPI staining
(bottom series of panels) indicate the close proximity of A4, GFP to the periphery of the
nucleus. B) Series of confocal microscopic images, taken at 1 um intervals (as indicated), of
Aopi3 cell exhibiting the distinct arc-shaped localisation, demonstrates that APs,GFP is
juxtaposed to the nucleus. C) 3D construction of the confocal microscopic images from (B) of
the Aopi3 cell (left panel) and Acho?2 cell (right panel) exhibiting intense AB4,GFP fluorescence
with perinuclear localisation. Scale bars indicate 5 um.

The perinuclear localisation of fluorescent AP4+,GFP in mutants affected in
phospholipid metabolism appeared to resemble that of the endoplasmic reticulum (ER).

In order to determine the precise localisation of AB4,GFP in the mutants affected in
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phospholipid metabolism and assess if the perinuclear localisation of AP4,GFP was
interacting and/or adsorbed in to the ER, subcellular fractionation was carried out on
wild-type BY4743 and Aopi3 cells expressing AB4,GFP (Figure 4-7). Expression of
AB4>,GFP in both strains was induced in galactose media (SCgal-URA) and grown to
exponential phase (ODgop 1.5). Pelleted cells were spheroplasted and subcellular
fractions collected based on sucrose density gradients. Soluble proteins were harvested
from subcellular fractions and load-controlled soluble proteins were analysed by
western blot analysis using anti-Porlp antibody (to detect the presence of mitochondrial

proteins), anti-Wbpl antibody (to detect the presence of ER proteins) and anti-GFP

antibody (to detect the presence of AB4>,GFP) (Figure 4-7).
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Figure 4-7 Western blot analysis of subcellular fractions from Aopi3 and BY4743 wild-type
cells expressing Ap,,GFP.

Load-controlled soluble proteins were prepared from subcellular fractions (mitochondria and
ER) of Aopi3 and wild-type cells expressing AB4,GFP. Strains were grown to exponential phase
(ODgpo 1.5) in galactose (induction) medium. Analysis by western blot was carried out using
anti-GFP (top panel), anti-Porlp (middle panel) and anti-Wbplp antibodies (bottom panel).
Based on the purity of the subcellular fractions and the lack of cross-contamination between the
mitochondrial and ER fractions, presence of AB4,GFP is clearly indicated in the ER fraction of
Aopi3 cells.

Qualitative assessment using western blot analysis of the mitochondrial and ER
fractions indicated that both subcellular fractions were of high purity and lacked cross-

contamination between the two organelles during subcellular fractionation. As
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previously shown (Figure 4-5), an expected band of molecular mass ~30kDa of
AB4,GFP was observed when probed with the anti-GFP antibody. In wild-type cells,
APB4>GFP was observed predominantly in the mitochondrial fraction with a very trace
amount observed in the ER fraction (Figure 4-7). In contrast, Aopi3 cells, which
exhibited perinuclear localisation of fluorescent ABs,GFP, had AP4+GFP in both
mitochondrial and ER fractions. As indicated by Figure 4-7, a significant increase of
AB4,GFP was observed in the ER fraction compared to wild-type cells. These data
correlate with the confocal microscopy images indicating that the perinuclear, intensely
fluorescent AB4,GFP in the deletion mutants is localised to the ER/ER membrane. The
APB4GFP in the mitochondrial fraction may be due to aggregated non-fluorescent
APB4GFP in these organelles since AP4>,GFP-associated fluorescence was not observed
in the mitochondria in whole cells via microscopic analysis. This proposition can be
tested by carrying out subcellular fractionation of wild-type cells expressing the non-

aggregating ABgpGFP fusion protein.

Detailed analysis of Acho2 cells indicated that in addition to the ER/ER-
membrane AP4GFP localisation, these cells also exhibited A4 GFP-associated
fluorescent puncta in an aberrant localisation of punctate bodies not associated to the
nucleus or mitochondria. These AP4,GFP-associated fluorescent puncta were also
observed in Ascs2 cells (Figure 4-2A). The ER/ER-membrane AB4,GFP localisation in
these mutants affected in phospholipid metabolism resembled that of lipid droplets
(LDs). LDs are composed of a highly hydrophobic core formed by neutral lipids,
triacylglycerols (TAG) and steryl esters (SE), surrounded by a phospholipid monolayer
containing a well-defined set of proteins (Athenstaedt et al., 1999; Leber et al., 1994). It
has recently been shown that SE form several ordered shells below the surface of the
phospholipid monolayer and TAG is randomly packed in the core of the LD (Czabany et
al., 2008). Both these neutral lipids are highly hydrophobic and are not typically found
within the membrane lipid bilayer. The biogenesis of LDs is still a matter of discussion,
however, a widely favoured model proposes that accumulation of large amounts of non-
polar lipids between the two membrane bilayer leaflets of the ER results in budding of
nascent LDs (Athenstaedt and Daum, 2006; Czabany et al., 2007; Rajakumari et al.,
2008; Walther and Farese, 2009). It is important to note that while many alternative
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mechanisms for LD biogenesis have been proposed (Robenek et al., 2006), all of them
agree that LDs originate from the ER.

To further determine the exact localisation of AB4>GFP in the mutants affected in
phospholipid metabolism, Aice2 and Aopi3 strains expressing ABs,GFP were stained
with LipidTOX Red, which stains the neutral lipid core of LDs. The Aice2 and Aopi3
strains were induced in galactose media (SCgal-URA) for 12 h for AB4,GFP expression
and cells were stained with LipidTOX Red to visualise the LDs via fluorescence
microscopy. Fluorescent microscopic analysis indicated that in the Aice2 and Aopi3
mutants, AB4,GFP was localised in close association/proximity to, but not co-localised

with, lipid droplets (Figure 4-8).

Figure 4-8 Fluorescent microscopic images of Aopi3 and Aice2 strains expressing Ap,,GFP
stained with LipidTOX Red.

Strains expressing AP, GFP were induced in galactose medium (SCgal-URA) for 12 h and
stained with LipidTOX Red. AB4,GFP localisation in Aopi3 and Aice?2 strains is shown in the
left panel. LipidTOX Red staining which stains lipid droplets is shown in the middle panel.
Merged images of AP, GFP and LipidTOX Red staining (right panel) indicate that the
localisation of AP4;,GFP in the Aopi3 and Aice? mutants was in close association with but not
co-localised to lipid droplets. Scale bars indicate 5 um.

Given the close association between fluorescent AB4>GFP to lipid droplets in
mutants affected in phospholipid metabolism, it was important to understand if the
presence and localisation of lipid droplets in the cells played a role in the ER/ER-
membrane localisation in these mutants. Approximately forty proteins have been
identified on the LD phospholipid monolayer (Athenstaedt et al., 1999; Grillitsch et al.,
2011). These include enzymes mainly involved in lipid metabolism, including

phosphatidic acid biosynthesis (Athenstaedt and Daum, 1999), fatty acid activation
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(Johnson et al., 1994; Watkins et al., 1998), sterol biosynthesis (Watkins et al., 1998),
TAG biosynthesis and degradation (Athenstaedt and Daum, 2003; Athenstaedt and
Daum, 2005; Sorger et al., 2004) and SE hydrolysis (Jandrositz et al., 2005; Koffel and
Schneiter, 2006; Mullner et al., 2005). It is interesting to note that in S. cerevisiae,
hydrophobic regions of the C-terminus were found to have an influence on the correct
targeting of LD proteins to the phospholipid monolayer (Mullner et al., 2004). While the
mechanisms by which proteins are targeted to and associated with the LD phospholipid
monolayer is still a matter of debate, neutral lipids of LDs have been shown to be
involved in protein stabilisation, as demonstrated for squalene epoxidase, Erglp (Sorger
et al., 2004). Interestingly, the last two hydrophobic amino acid residues on the C-
terminus of A4, isoleucine (41% amino acid) and alanine (42™ amino acid), also
strongly influence the amyloidogenicity of the AP4, peptide (Kim and Hecht, 2005;
Waurth et al., 2002).

TAG is synthesised by two TAG synthases Dgalp and Lrolp while SE is
synthesised by SE synthases Arelp and Are2p (Dahlqgvist et al., 2000; Oeclkers et al.,
2000; Sandager et al., 2002; Yang et al., 1996; Yu et al., 1996). Therefore a quadruple
mutant, Adgal Alrol Aarel Aare2, which is devoid of all four acyltransferases is unable
to synthesise TAG and SE, and, do not form LDs in cells (Sandager et al., 2002). To
determine if the presence and localisation of LDs in cells played a role in the ER/ER-
membrane localisation in mutants affected in phospholipid metabolism, the quadruple
mutant Adgal Alrol Aarel Aare2 (a kind gift from Prof. Guenter Daum, Institut fiir
Biochemie, Technische Universitit Graz) was transformed with the pUG35GAL1-AB42
plasmid. Expression of the AB4,GFP fusion protein in the quadruple mutant was induced
by growth in galactose medium and AB4,GFP-associated fluorescence was analysed 15

h post-induction via microscopic analysis.

Prior to the analysis of APs,GFP-associated fluorescence, wild-type BY4743
cells and the quadruple mutant (Adgal Alrol Aarel Aare) expressing ABs,GFP were
stained with LipidTOX Red, to determine the presence of LDs in these cells. As
indicated by Figure 4-9A, wild-type cells exhibited intense fluorescent puncta of LDs
stained with LipidTOX Red, which were completely absent in the quadruple mutant.

AB4GFP-associated fluorescence levels exhibited in the quadruple mutant expressing
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AB4GFP yielded multiple intense fluorescent puncta in ~13% of the cell population,
with a majority of these fluorescent puncta localised in close proximity to the nucleus of
the cell (Figure 4-9B). Detailed analysis of the quadruple mutant expressing ABs,GFP
indicated that the ‘discontinuous’ localisation of intensely fluorescent puncta of
AB4,GFP around the nucleus of the cell differed to that observed in the six deletion
mutants belonging to the phospholipid metabolism functional group (Apsdi, Acho2,
Aopi3 Aino2, Aino4 and Aice? strains) (Figure 4-9B). Interestingly, the quadruple
mutant was found to exhibit inositol auxotrophy at elevated growth temperature,
indicative of altered /INOI expression and/or defective PI biosynthesis (Gaspar et al.,
2011) and demonstrating the role LDs play in phospholipid homeostasis/metabolism.
Taken together, these data lend further support that AB4,GFP aggregation is strongly

influenced by altered phospholipid homeostasis in S. cerevisiae cells.

Figure 4-9 Fluorescent microscopic images of the quadruple mutant, Adgal Alrol Aarel
Aare2, expressing AP, GFP stained with DAPI and LipidTOX Red.

Wild-type cells and the quadruple mutant deleted of four acyltransferase genes, (Adgal Alrol
Aarel Aarel), expressing AB4,GFP were induced in galactose medium (SCgal-URA) for 15 h
and stained with LipidTOX Red or DAPIL. A) Wild-type cells exhibit intense fluorescent puncta
around the nucleus of the cell while the quadruple mutant completely lacks LDs. B) AB4,GFP
localisation in the quadruple mutant expressing A4, GFP and AB4GFP is shown in the top panel.
DAPI staining which stains nuclear and mitochondrial DNA is shown in the middle panel.
Merged images of AP, GFP and DAPI staining (bottom row) indicate that the localisation of
AB4,GFP in the quadruple mutant was perinuclear. Scale bars indicate 5 pm.
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4.2.5 Some, but not all, of the intense fluorescent puncta of ABs,,GFP in mutants
affected in phospholipid metabolism co-localise with peroxisomes

Peroxisomes and lipid droplets have been shown to be closely associated with
the ER in S. cerevisiae (Bascom et al., 2003; Binns et al., 2006). This raised the
possibility that the APsGFP localisation in the phospholipid mutants may be
peroxisomal. The peroxisome targeting signal 1 (PTS1) tripeptide Ser-Lys-Leu (SKL)
fused to mDsRed, leads to localisation of the fusion protein to peroxisomes. To examine
whether AB4,GFP was co-localised to peroxisomes in the Aice2 and Aopi3 mutants,
localisation of SKL-mDsRed and ABsx,GFP was examined. Since the intensity of
APB4GFP-associated fluorescence in the phospholipid metabolism mutants (i.e. Acho2
and Ascs2 mutants) was shown to be significantly influenced by choline (Table 4-1)
these mutants were also included in analyses with SKL-mDsRed. Expression of the
AB4GFP fusion protein and SKL-mDsRed in each strain was induced by growth in
galactose medium and APs,GFP-associated fluorescence was analysed 15 h post-

induction.

Figure 4-10 Fluorescent microscopic images of Acho2 and Ascs2 strains exhibiting strong
AP, GFP fluorescence with SKL-mDsRed peroxisomal marker.

Strains expressing AP, GFP were induced in galactose medium (SCgal-URA) and AP4,GFP-
associated fluorescence analysed at 12 h post induction. AB4,GFP localisation in the Acho2 and
Ascs?2 strains is presented in the left panels. SKL-mDsRed peroxisomal marker, which allows
for visualisation of peroxisomes, is observed in the middle column. Merged images of AB4,GFP
and SKL-mDsRed marker indicate co-localisation (right column). The data indicate that some of
the AB4,GFP are in close association with peroxisomes, whereas others are observed to be distal
from peroxisomes. Scale bars indicate 5 pm.
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Attempts to visualise SKL-mDsRed in the Aice2 and Aopi3 strains were not
successful, due to a very weak fluorescent signal produced by SKL-mDsRed in these
strains. Although at present, it is unclear why this occurred; one possible explanation
may be that these experiments were conducted at mid-exponential phase where S.
cerevisiae cells are not as enriched in peroxisomes as compared to cells growing in the
late exponential/early stationary phase (Connerth et al., 2010; Thieringer et al., 1991).
However, in Figure 4-10, it is observed that some of the intense fluorescent AP4,GFP
puncta was found to co-localise with SKL-mDsRed in the Acho2 and Ascs2 mutants,

indicating that some AP4,GFP was localised to peroxisomes in these strains.

4.2.6 Effects of choline supplementation on mutants that belong to the
phospholipid metabolism functional group

One of the major functional groups identified through the genome-wide screen
approach was the phospholipid metabolism functional group which included the Apsd1,
Acho?2 and Aopi3 mutants. Psdlp converts phosphatidylserine (PS) to
phosphatidylethanolamine (PE) while Cho2p and Opi3p catalyse the methylation of PE,
phosphatidyl-N-methylethanolamine (PMME), and phosphatidyl-N-
dimethylethanolamine (PDME) respectively. Sequential action of Cho2p and Opi3p
yields PC. Other mutants that were classified into the phospholipid metabolism
functional category were Ascs2, Aume6, Aino2 and Aino4, which lack genes known to
play a role in regulating phospholipid metabolism. Phosphatidylcholine depletion in the
Acho2 and Aopi3 mutants can be reversed by the growth of these strains in media
supplemented with choline. In S. cerevisiae, exogenous choline can be assimilated to
produce PC, via the Kennedy salvage pathway (Kennedy and Weiss, 1956). This
alternative pathway of PC biosynthesis depends on the availability of precursor
molecules such as monomethylethanolamine (MMEA), dimethylethanolamine (DMEA)
or choline (McGraw and Henry, 1989; Summers et al., 1988). Since these precursor
molecules were not present in the galactose (induction) medium used in the genome-
wide deletion screen, it is likely that the membranes of Apsdl, Acho2 and Aopi3
mutants were PC depleted. It was therefore predicted that the fluorescence of the various

forms of ABGFP fusions in OPI3 mutants would be reversed by choline addition.
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In order to investigate this Aopi3 and Acho2 strains expressing APsGFP,
AB4oGFP, ABgpGFP, or unfused GFP were grown in medium lacking or supplemented
with 1 mM choline. Since the Aice? mutant exhibited an arc-shaped APs,GFP
localisation, the Aice2 mutant was also included in this analysis. Expression of the
AB4>,GFP fusion protein in each strain was induced by growth in galactose medium and
AB4,GFP-associated fluorescence was analysed 12 h post-induction. The ER/ER-
membrane localisation in the Aopi3 and Acho?2 strains was reversed for all three forms
of AP fusion proteins (A4, GFP, AB4GFP and ABgpGFP) upon choline addition, but not
in Aice2 strain (Figure 4-11). Interestingly in the Aice2 strain, while choline
supplementation did not affect the abundance of cells exhibiting fluorescence with
APBsGFP or AB4GFP, a distinct change/reversal of the arc-shaped localisation by
APppGFP, was observed with choline addition. That is, APgpGFP-associated
fluorescence in the Aice? strain was predominantly cytosolic (Figure 4-11) under
choline supplementation conditions, as observed in the case of wild-type cells
expressing APgpGFP (Figure 3-2). Choline supplementation to all three mutants

expressing GFP alone had no effect on the intensity or localisation of GFP fluorescence.

These data indicate that appearance of the ER/ER-membrane localisation of
AB4,GFP fluorescence in the phospholipid mutants is dependent on the capacity of the
cells to synthesise PC and/or maintain phospholipid homeostasis. However, in the Aice?2
mutant, these data may suggest otherwise. The underlying mechanism of AP4xGFP
localisation in Aice2 cells may be independent of the PC composition of intracellular
membranes. Furthermore, a critical evaluation of AB4GFP localisation exhibited in
Aopi3 and Aice? strains revealed subtle differences between the ER/ER-membrane
localisation observed in both these mutants. It was observed that while Aopi3 cells
exhibited AP4>GFP-associated fluorescence in multiple puncta aligned contiguously in a
structured arc-shape around the nucleus, Aice2 cells appeared to exhibit AB4,GFP-
associated fluorescence in a continuous ‘uninterrupted’ arc around the nucleus of the

cell (Figure 4-11).
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ABuGFP  AB4GFP ABrpGFP GFP

Figure 4-11 Fluorescent microscopic images of Aopi3, Acho2 and Aice2 strains expressing
AB4,GFP, AB4WGFP, ABgpGFP or GFP grown in media either lacking or supplemented
with choline.

Strains expressing various forms of AP fusion proteins (as indicated) were induced in galactose
medium (SCgal-URA) either lacking or supplemented with 1 mM choline chloride. APGFP-
associated fluorescence was analysed at 12 h post induction. Aopi3 and Acho?2 strains, but not
the Aice2 strain, expressing APspGFP, AB4GFP or APgpGFP, indicated that the ER/ER-
membrane localisation in both these strains were reversed for all three forms of AP fusion
proteins upon choline supplementation. Scale bars indicate 5 pum.
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These data indicated that although Aopi3 and Acho?2 cells exhibited an arc-
shaped AP4,GFP localisation, the localisation of ABgpGFP was also reversed by choline
supplementation. In order to investigate the effect of choline on the abundance of
APB4>GFP-associated fluorescence in the Aopi3 and Aice2 strains more quantitatively
these strains were grown in media either lacking or supplemented with choline and the
percentage of fluorescent cells measured. It was also of interest to determine whether
AB4,GFP-associated fluorescence in other mutants that were classified into the
phospholipid metabolism functional category (Table 3-1) or mutants belonging to the
other over-represented groups were also affected by choline addition. This may indicate
that Aice2 and possibly other mutants, listed in Table 3-1, affected AB4,GFP-associated
fluorescence due to an effect independent of PC levels in the cells. In each case, 300
cells were counted in triplicate and the mean and standard deviation for each are given

in Table 4-1.

AP4,GFP-associated fluorescence was analysed following growth of strains in
media either lacking or supplemented with 1 mM choline chloride 12 h post induction.
The data generated through this analysis are presented in Table 4-1. Choline
supplementation did not affect APs»GFP, AB4GFP, APgpGFP or GFP-associated
fluorescence in wild-type cells. The results from the choline supplementation
experiment demonstrated that the Acho2, Aopi3 and Aume6 strains expressing APsGFP
exhibited a significant decrease in the proportion of fluorescent cells, when the p—value
threshold was set at 0.005. However, an increase of the p—value threshold to 0.05
indicated that Apsdl, Aino2, Aino4, Aice2, Ascs2, Aswc5, Aapjl and Asanl mutants
exhibited a significant decrease in the proportion of cells exhibiting A4, GFP-associated

fluorescence upon choline addition.
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Table 4-1 Proportion of AB,GFP fluorescent cells grown in media lacking or
supplemented with choline

Strains expressing AP, GFP were induced in galactose medium (SCgal-URA) either lacking or
supplemented with choline and AP, GFP-associated fluorescence analysed at 12 h post
induction. 300 cells were counted and the data shown are the mean of triplicate measurements +
standard deviation. p - values denote the significance in the difference of the proportion of cells
exhibiting AP, GFP-associated fluorescence, grown in media either lacking or supplemented
with choline.

Percentage of fluorescent cells

Strains expressing expressing AB,,GFP _value
AB4,,GFP No choline 1 mM choline P
addition addition
Wild-type — AB4,GFP 5+2 5+2 1.0
Wild-type — AB4GFP 50+5 50+3 1.0
Wild-type — ABgpGFP 60+8 60=x5 1.0
Wild-type — GFP 85+5 80+ 5 0.29
Phospholipid metabolism
Acho? 18+2 6+3 0.0045
Aopi3 23+£2 6+3 0.0012
Apsdl 16 +2 9+2 0.0128
Aino2 17+2 9+3 0.0184
Aino4 14+2 9+2 0.0376
Aumeb 22+3 10+2 0.0045
Ascs2 26 +2 20+3 0.0449
Aice?2 28 +2 21 +£2 0.0128
Mitochondrial function
Afuml 42+5 36+£2 0.1258
Aacol 38+7 38+2 1.0
Amdhl 22+4 20+3 0.5265
Apycl 17+£2 15+£2 0.2879
Apyc2 17+£2 17+£2 1.0
Asdhl 27+2 22+1 0.0179
Asdh4 19+8 16 +2 0.5628
Alscl 20+ 1 20+ 1 1.0
Alsc2 20+£2 20+ 1 1.0
Akgdl 21+7 20+2 0.8236
Akgd? 24+4 22+ 1 0.1963
Aidhl 23+6 21+3 0.6328
Aidh2 23+£2 22+2 0.5734
Acitl 19+3 20+ 1 0.613
Chromatin remodelling/ Silencing/ Histone exchange
Aswrl 23 +3.1 21+£2.8 0.401
Avps72 18+£3.5 20+4.3 0.403
Aswed 21+4.6 15+£23 0.045
Ahta2 15+£2 20+ 4 0.168
Heat shock protein
Aapjl 18+4.9 11+£1.8 0.018
Ubiquitin/ Proteosome
Asanl 45+£4.6 36+ 34 0.016
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4.2.7 Investigation of altered localisation of phosphatidic acid (PA) and
phosphatidylserine (PS) in mutants that belong to the phospholipid
metabolism functional group
In S cerevisiae, exogenous choline can be assimilated to produce

phosphatidylcholine, via the Kennedy salvage pathway (Kennedy and Weiss, 1956) and

the PC depletion in the Acho2 and Aopi3 mutants can be reversed by the growth of these
strains in media supplemented with choline. However, it is interesting to note that while
choline supplementation leads to repletion of PC levels, it also reverses the PE and

PMME over-accumulation phenotype of these mutants respectively. Hence, data from

the choline supplementation study may be indicative that the ER/ER-membrane

localisation of AP4sGFP fluorescence in mutants affected in phosphatidylcholine
biosynthesis/phospholipid metabolism may be due to a possible depletion or over-
accumulation of one or more lipid metabolites in the yeast lipidome. Within the cell,
each membrane compartment has a unique lipid composition and may be enriched in
specific lipid types (Schneiter et al., 1999). Since the sequential action of Psd1p, Cho2p
and Opi3p yields PE and PC (Figure 4-1) and growth of Acho2 and Aopi3 strains
expressing AB4>GFP in choline supplemented media led to significant reduction in ER-
localised AB4,GFP fluorescence, it was hypothesised that altered accumulation and
localisation of phospholipid intermediates upstream of PC, such as PS and PA, may
have led to the ER-localised AP4,GFP fluorescence in these mutants. Interestingly,
Acho?2 cells exhibit a four-fold increase in PA (Daum et al., 1999) while Aopi3 cells
show a two-fold increase in PS, PI and PE (Kodaki and Yamashita, 1987).

In order to investigate the subcellular distribution of PA, the four deletion
mutants which exhibited the ER-localised AB4>GFP fluorescence (Apsdl, Acho2, Aopi3
and Aice?) together with wild-type cells were transformed with pRS426-G20, encoding
GFP-Spo20p°"™" under the regulation of a TEF2 promoter (Nakanishi et al., 2004), to
allow in vivo visualisation of PA localisation via direct GFP fluorescence. Diploid S.
cerevisiae cells undergo meiosis and differentiate into haploid spores in response to
starvation conditions. Prospore membranes form during this process of sporulation by
coalescing post-Golgi secretory vesicles from the plasma membrane (PM), to
encapsulate each of the daughter nuclei (Moens, 1971; Moens and Rapport, 1971;

Neiman, 1998). Spo20p, which is a member of the soluble N-ethylmaleimide sensitive
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factor attachment protein receptor (SNARE) subfamily, mediates the fusion of these
vesicles with the prospore membrane, where it plays an important step in spore

formation. Expression of GFP-Spo20p”"™"

was induced by growth of cells, in galactose
medium (SCgal-URA) prior to microscopic analysis. Analysis of these strains
expressing the fluorescent biosensor of PA indicated that in all strains except Acho?2
cells, PA is localised predominantly to the PM (Figure 4-12). Approximately 35% of the
cells also exhibited PA localisation in the prospore membranes, where it has been
previously reported (Nakanishi et al., 2004). Interestingly, Acho2 cells exhibited a
perinuclear GFP-Spo20p "' localisation, analogous to the ER/ER-membrane
localisation of APsGFP fluorescence in the six deletion mutants affected in
phospholipid metabolism. When Acho2 cells were subsequently analysed following
growth in media supplemented with 1 mM choline chloride, the apparent accumulation
and localisation of PA in the ER of Acho2 cells was reversed to those observed in the
case of wild-type cells expressing GFP-Spo20p>"™! (Figure 4-12). While intracellular
accumulation of lipid metabolite(s) has been previously reported in the mutants affected

in lipid metabolism, these data indicate that the lipid metabolites may be localised in

specific subcellular compartments of the cell.

Figure 4-12 Fluorescent microscopic images of wild-type, Apsdl, Acho2, Aopi3 and Aice2
cells expressing a fluorescent biosensor of PS and PA grown in galactose media.

Strains expressing either GFP-Spo20p°"®! for the detection of PA, or GFP-Lact-C2 for the
detection of PS, (as indicated) were induced in galactose medium and analysed at 15 h post
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induction. PS is localised predominantly to the PM (top panel) in all mutants including Apsdl
cells which exhibited trace levels of GFP-Lact-C2 associated fluorescence. All strains, except
Acho2, also indicated that PA is localised predominantly to the PM with ~35% of the cell
population exhibiting PA localisation in prospore membranes (middle panel). In addition to the
PM localisation, Acho?2 cells also exhibited perinuclear PA localisation which was reversed to a
wild-type phenotype upon choline supplementation in the media (bottom panel). Scale bars
indicate 5 um.

Similarly, to investigate the subcellular distribution of PS, the four deletion
mutants that exhibited the ER-localised AP4+GFP fluorescence (described above)
together with wild-type cells were transformed with p416-GFP-Lact-C2, encoding GFP
fused to the C2 domain of lactadherin under the regulation of a GPD promoter (Yeung
et al., 2008), to allow in vivo visualisation of PS localisation via direct GFP fluorescence.
Lactadherin is a glycoprotein found in milk which binds to PS in a calcium-independent
manner. Within the lactadherin protein, the major PS-binding motif is associated with its
C2 domain (Andersen et al., 2000; Shi et al., 2004). Expression of GFP-Lact-C2 was
induced by growth of cells, in galactose medium (SCgal-URA) prior to microscopic
analysis. The analysis of strains expressing the fluorescent biosensor of PS indicated

that in all four deletion strains, PS is localised predominantly to the PM (Figure 4-12).

These data indicated that it was unlikely that accumulation of PA and/or PS in
the ER-membranes of the six deletion mutants led to partitioning of AB4>,GFP into the
ER in those strains. However, the accumulation of PA in the ER of Acho2 cells
indicated the possibility of other lipid metabolite(s) influencing the partitioning of
APB4>GFP into the ER/ER-membrane in mutants affected in phospholipid metabolism.

4.2.8 A ‘reverse-genetics’ approach to identify specific lipid metabolite(s) that

influence partitioning of ABs,GFP in to the ER membrane

Gene over-expression analysis was undertaken to investigate if the increased
APB4>GFP fluorescence and partitioning of APsxGFP into the ER in the phospholipid
mutants were caused by an accumulation of a specific phospholipid intermediate
upstream of the PC biosynthetic pathway. This ‘reverse-genetics’ approach was
undertaken to provide further insight into the link between altered phospholipid
homeostasis and AB4>GFP fluorescence. In wild-type cells, over-expression of a gene in
a cellular pathway is likely to increase flux through that particular pathway. In an

attempt to force accumulation of a specific phospholipid metabolite, the upstream
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gene(s) leading to its synthesis was over-expressed and the gene(s) leading to the
utilisation of the ‘target’ phospholipid metabolite was deleted. The genes encoding
enzymes of the phospholipid precursors and intermediates that were over-expressed
included those involving 1-acyl-dihydroxyacetone phosphate, lyso-phosphatidic acid,
phosphatidic acid, 1,2-diacylglycerol (DAG), triacylglycerol (TAG), -cytidine-
diphosphate-diacylglycerol (CDP-DAQG), phosphatidylserine (PS),
phosphatidylethanolamine (PE), phosphatidyl-mono-methylethanolamine (PMME),
phosphatidyl-dimethylethanolamine (PDME), phosphatidylcholine (PC),
glycerophosphocholine and lysophosphocholine (refer to Figure 4-1 for an overview of
the PC biosynthetic and PL metabolic pathways). A list of all target lipid metabolites
analysed, the strains and plasmids used in this ‘reverse-genetics’ approach are

summarised in Table 4-2.

Table 4-2 List of genes encoding enzymes of the phospholipid intermediates that were
over-expressed in wild-type cells and relevant phospholipid mutants

Accumulation of metabolite-of-interest Gene over- Strains
expressed
DPPI Wild-type Acho2 Alrol
Diacylglycerol (DAG) PAHI Aopi3 Apsdl Adgal
PLCI Aice2 Apsd?2
1-acyl-Dihydroxyacetone-Phosphate (1- Wllq—type Acho2 Aayri
acyl-DHAP) and lyso-phosphatidic-acid GATI Aopi3 Apsdl Aslel
(IysoPA) GAT2 Aice2 Apsd?2 Aslc4
Y Afuml
Cystidine-Diphosphate-DAG Wllq—type Acho2 Apsd2
CDS1 Aopi3 Apsdl Achol
(CDP-DAG) ;
Aice?
Wild-type Apsdl Agpt2
. DAK] Aopi3 Apsd?2 Asctl
Dihydroxyacetone phosphate (DHAP) DAK? Aice2 Agpd] Afiml
Acho? Agpd?
Phosphatidic acid (PA) SLCI Wild-type  Acho2 — Afuml
SPO14 Aopi3 Apsdl Alppl
Aice2 Apsd?2 Adppl
. . Wild-type Aopi3 Apsdl
Phosphatidylserine (PS) CHO!I Aice? Acho? Apsd?
. . PSDI Wild-type Aopi3 Apsdl
Phosphatidylethanolamine (PE) PSD2 Aice? Acho? Apsd?
Phosphatidylcholine (PC) and Wild-type Apsdl Aspol4
phosphatidyl-dimethyl-ethanolamine OPI3 Aice?2 Apsd?2 Antel
(PDME) Acho? Aplbl

The over-expression screen made use of pAG415GAL1-AB42-GFP (under the

LEU? selectable marker) to allow co-expression of the genes in the yeast ORF library
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(under the URA3 selectable marker) (Gelperin et al., 2005). Plasmids containing the 2
origin of replication are maintained at high-copy number (20-50 copies) and are useful
in over-expression studies in S. cerevisiae (Sikorski and Hieter, 1989). High-copy
galactose-inducible plasmids (BG1805 family) containing 5854 S. cerevisiae open
reading frames (ORFs) in the yeast ORF library (Gelperin et al.,, 2005)
(OpenBiosystems'™) were utilised in this study. Wild-type BY4743 cells and the
appropriate deletion mutants were co-transformed with pAG415GAL-AB42-GFP
construct and BG1805 plasmids carrying lipid gene ORFs as indicated in Table 4-2. As
controls, both wild-type BY4743 cells and deletion mutants were co-transformed with
pAG415GAL-AB42-GFP and pYES-DESTS52 (an empty URA3 vector) (Invitrogen, San
Diego, CA, USA). In this ‘reverse-genetics’ approach, successful transformants over-
expressing a particular lipid ORF were examined to identify those exhibiting increased
APB4GFP fluorescence and/or altered fluorescence localisation compared to wild-type

cells.

Expression of the AP4>GFP fusion protein and the lipid gene ORF in each strain
was induced by growing cells in galactose medium and A4 GFP-associated
fluorescence was analysed 15 h post-induction. Fluorescence levels exhibited in wild-
type cells co-expressing pAG415GAL-AP42-GFP, pAG415GAL-AB40-GFP,
pAG415GAL-ABEP-GFP, or, pAG415GAL-GFP and the control pYES-DESTS52
plasmid yielded similar levels of fluorescence to those observed in wild-type cells
expressing pUG35GAL1-AB42, pUG35GAL1-AB40, pUG35GALI1-ABEP, or,
pUG35GALL, respectively (Figure 4-13); as described in Section 3.3.2. Wild-type cells
expressing AP4GFP yielded very weak AB4>GFP fluorescence that was restricted to 8%
+ 3% of the cell population whereas expression of AB4GFP yielded predominantly
cytosolic-diffuse fluorescence (Figure 4-13) in 65% + 4% of the cell population, with
~20% of these fluorescent cells exhibiting one or more fluorescent puncta. The
proportion of fluorescent cells observed in wild-type cells expressing APgpGFP was
significantly higher than those expressing AB4>GFP (p < 0.0001) or AB4GFP (p = 0.05),
where intense cytosolic-diffuse fluorescence in 75% =+ 5% of the cell population was

observed, under identical conditions (Figure 4-13).
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AB4,GFP AB4GFP ABepGFP

Figure 4-13 Fluorescent cell population of wild-type cells expressing Ap,,GFP, Ap,GFP or
APBgpGFP and the pYES-DESTS52 control plasmid.

A) Fluorescent microscopic images of wild-type cells expressing ABs,GFP, AB4 GFP or
APepGFP (as indicated) together with the pYES-DEST52 control plasmid. Wild-type cells
expressing the above constructs were induced in galactose medium and fluorescence was
analysed 15 h post-induction. Bar, 5 um. (B) Proportion of fluorescent wild-type cells
expressing AP, GFP, AB4GFP or ABgpGFP. 300 cells were counted per sample and data shown
is an average of three independent experiments. Asterisks (*) denote p < 0.001.

4.2.9 Over-expression of CDS1, encoding cytidine diphosphate-diacylglycerol
synthase, and DAK2, encoding dihydroxyacetone kinase, alter Ap4,,GFP-
associated fluorescence
AB4GFP-associated fluorescence was analysed following growth of strains in

galactose induction media 15 h post induction. Analysis of ~170 strains in the over-

expression screen identified two genes that when over-expressed appeared to exhibit
altered AP4,GFP fluorescence relative to wild-type cells. Strains over-expressing CDS/
or DAK2 were subsequently rescreened for confirmation of altered levels of
fluorescence and the proportion of fluorescent cells was quantified (Figure 4-14; Table
4-3). CDS1 encodes cytidine diphosphate-diacylglycerol (CDP-DAG) synthase, which
is responsible for CDP-DAG-dependent synthesis of phospholipids from phosphatidic
acid (PA) (Figure 4-1) (Homann et al., 1985). Wild-type cells over-expressing CDS/
and AB4,GFP gave rise to more fluorescent cells (~27%) than those observed in wild-
type control cells. CDSI over-expression in wild-type cells also expressing APB4,GFP
exhibited ER/ER-membrane localisation of intensely fluorescent puncta analogous to
that observed in the six deletion mutants belonging to the phospholipid metabolism
functional group (Apsdl, Acho2, Aopi3 Aino2, Aino4 and Aice2 strains) (Figure 4-14A).

CDS!I over-expression in these six deletion strains, identified from the genome-wide
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deletion screen, appeared to exacerbate the phenotype since the proportion of cells with
ER/ER-membrane localised intensely fluorescent puncta of ABs,GFP was significantly
increased in these six deletion mutants compared to their relevant control strains. In
each case, 500 cells were counted in triplicate and the mean and standard deviation for
each are presented in Table 4-3. CDSI over-expression in wild-type cells expressing
either AP4GFP or APgpGFP gave rise to 42% + 5% and 64% + 3% of the cell
population, respectively. These two strains exhibited slightly more cytosolic-diffuse
fluorescence compared to wild-type cells over-expressing CDS! with APsGFP (Figure
4-14A). These data further support that ABs,>,GFP aggregation is strongly influenced by
altered phospholipid homeostasis in S. cerevisiae cells. This effect of CDSI over-
expression on AP4,GFP aggregation in cells is further investigated in the following

section.
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AB4,GFP AB4oGFP ABrpGFP

Figure 4-14 Fluorescent microscopic images of wild-type cells over-expressing CDS1 or
DAK2 together with AB,,GFP, AP GFP or ABgpGFP

Wild-type cells over-expressing A) CDS1 or B) DAK?2 together with various forms of AB fusion
proteins (as indicated) were induced in galactose medium (SCgal-URA). APGFP-associated
fluorescence was analysed at 15 h post induction. A) CDSI over-expression in wild-type cells
yielded ER/ER-membrane localisation of APR»GFP, AByGFP and ABgpGFP. B) DAK2 over-
expression in wild-type cells exhibited a structured localisation of fluorescent ABGFP fusion
proteins in a large globular compartment in the cell (as indicated by arrowheads). Scale bars
indicate 5 pm.
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Table 4-3 Proportion of ABGFP fluorescent cells in strains over-expressing CDS1 or DAK2

Strains over-expressing either CDSI or DAK2 were induced for AP, GFP expression in
galactose medium (SCgal-URA) and AP4,GFP-associated fluorescence analysed at 15 h post
induction. 500 cells were counted and the data shown are the mean of triplicate measurements =+
standard deviation. p - values denote the significance in the difference of the proportion of cells
exhibiting AB4,GFP-associated fluorescence either in the absence or presence of CDSI or DAK?2
over-expression.

Percentage of fluorescent cells
Controls CDS1over- p-value DAK2over- p-value

Strains expressing
AB4,GFP

expression expression

Wild-type — AB4,GFP 8=£3 26+2 0.001 35+2 0.0002
Wild-type — AB4GFP 65+ 4 42+5 0.0034 52+5 0.0245
Wild-type — ABepGFP 75+ 5 64+3 0.0309 60+ 5 0.0213
Phospholipid metabolism

Acho?2 15+3 24+3  0.0213 20+2 0.0742
Aopi3 17+2 24+2  0.0128 21+2 0.0705
Aice2 23+2 27+2  0.0705 23+2 1.00

DAK? encodes dihydroxyacetone kinase, which is responsible for detoxification
of dihydroxyacetone (Molin et al., 2003; Norbeck and Blomberg, 1997). Wild-type cells
over-expressing DAK?2 also gave rise to more fluorescent cells (~35%) than those in
wild-type control cells. Interestingly, however, DAK2 over-expression in wild-type cells
exhibited a structured localisation of fluorescent AP4,GFP in a large globular
compartment in the cell (Figure 4-14B). Based on the intensity of AB4,GFP fluorescence,
it appeared that fluorescent AB4,GFP peptides accumulated inside this large globular
compartment, which was found to be visible under differential interference contrast
(DIC) microscopic images. DAK2 over-expression in wild-type cells expressing either
AB4oGFP or ABepGFP gave rise to 52% + 5% and 60% + 5% of the cell population,
respectively. Interestingly, expressing the less-aggregation prone AB4GFP or ABppGFP
in these strains, yielded almost no cytosolic-diffuse fluorescence. This is unlike what
was observed in wild-type cells where predominantly cytosolic-diffuse fluorescence was
seen in cells expressing either AB4GFP or ABgpGFP. Almost all fluorescent AP4GFP
or ABepGFP fusion proteins were contained within the large globular compartment in
cells over-expressing DAK?2 (Figure 4-14B). DAK?2 over-expression in mutants affected
in phospholipid metabolism gave rise to similar levels of fluorescent cells compared to
their relevant control strains; however the ER/ER-membrane localisation of AB4s,GFP
appeared to be less prominent in these lipid mutants. In each case, 500 cells were

counted in triplicate and the mean and standard deviation for each are given in Table 4-4.
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The relationship between DAK2 over-expression and ABs,GFP aggregation in cells is

further investigated in Chapter 5.

4.2.10 Choline supplementation alters AP4+,GFP fluorescence in wild-type cells
over- expressing CDS1, but not DAK2.

In S. cerevisiae, exogenous choline can be assimilated to produce PC, via the
Kennedy salvage pathway (Kennedy and Weiss, 1956). The PC depletion in Acho2 and
Aopi3 strains can be reversed by the growth of these strains in media supplemented with
choline. In Section 4.2.6, it was shown that the increased fluorescence of the various
forms of ABGFP fusion proteins in Aopi3 and Acho?2 cells was reversed by choline
supplementation in the growth medium. Cdslp is responsible for CDP-DAG-dependent
synthesis of phospholipids from phosphatidic acid (PA) (Figure 4-1) (Homann et al.,
1985). Shen and colleagues (1996) previously reported that galactose-induced CDSI
over-expression in wild-type cells led to a ten-fold increase of Cdslp activity relative to
the wild-type control strain. While an increase in CDP-diacylglycerol synthase activity
led to significantly higher levels of PA, PI, PE, DMPE and cardiolipin (CL) compared to
wild-type cells, a significant decrease in PS and PC was also reported (Shen et al., 1996).

In order to investigate if PC depletion influenced the increased proportion of
fluorescent cells and partitioning of fluorescent ABs,GFP in to the ER/ER-membrane of
wild-type cells over-expressing CDS1, these cells expressing ABsGFP were grown in
medium lacking or supplemented with choline. Since wild-type cells over-expressing
DAK?2 exhibited increased fluorescence and accumulation of fluorescent A4, GFP in a
large globular compartment in the cell, this strain was also included in the choline
supplementation analysis. APB4,GFP-associated fluorescence was analysed following
growth of strains in media either lacking or supplemented with 1 mM choline chloride
15 h post induction. In each case, 300 cells were counted in triplicate and the data

generated though this analysis are presented in Table 4-4.

Over-expression of CDSI in wild-type, Aopi3 and Acho2 cells expressing
AB4,GFP indicated that the ER/ER-membrane localisation in these strains was
significantly reduced upon choline supplementation (Table 4-4). It is worth noting that

in Section 4.2.6, the ER/ER-membrane localisation of fluorescent AB4,GFP in Aopi3
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and Acho?2 cells were successfully reversed to wild-type levels upon choline addition.
However, with the over-expression of CDS/ in these strains, levels of AP4,GFP-
associated fluorescence were not completely reversed to those of the wild-type, Aopi3
and Acho?2 control cells. Since Cdslp activity is associated with both the ER and
mitochondria (Shen et al., 1996), this may indicate that lipid metabolites, other than PC,
may be involved in the partitioning of APs>,GFP in to the ER/ER-membrane of mutants
affected in lipid metabolism. Data from the choline supplementation experiments
support this hypothesis since PC repletion via choline addition to the media did not
reverse the ER/ER-membrane localisation of AB4,GFP to the extent observed in the
wild-type controls. The possible effects of CDSI over-expression in cells is further

investigated in the following section.

In wild-type cells over-expressing DAK?2, choline supplementation did not affect
the proportion of cells exhibiting AB4,GFP-associated fluorescence (Table 4-4). These
data may suggest a phospholipid-independent mechanism affecting AP4,GFP
aggregation by partitioning into a distinct cellular compartment in the cell. The effect of

DAK? over-expression in cells is further investigated in Chapter 5.

Table 4-4 Proportion of ABGFP fluorescent cells grown in media lacking or supplemented
with choline

Strains over-expressing either CDSI or DAK2 were induced for APs,,GFP expression in
galactose medium (SCgal-URA) either lacking or supplemented with choline and AP, GFP-
associated fluorescence analysed at 15 h post induction. 300 cells were counted and the data
shown are the mean of triplicate measurements =+ standard deviation from a single experiment. p
- values denote the significance in the difference of the proportion of cells exhibiting AB4,GFP-
associated fluorescence, grown in media either lacking or supplemented with choline.

Strains expressing Percentage of fluorescent cells

AB,GFP and CDS1 or No choline 1 mM choline p - value
DAK?2 addition addition

Wild-type — AB4,GFP 8+3 6+2 0.3911
Wild-type — AR, GFP 65+ 4 61 +4 0.2879
Wild-type — ABgpGFP 75£5 69+ 6 0.2541
Phospholipid metabolism

Wild-type — CDS1 26 +2 17£2 0.0053
Acho2 — CDS1 24 +3 15+3 0.0213
Aopi3 — CDS1 24+2 14+£2 0.0036
Aice2 — CDS1 27+2 21+2 0.0213
Wild-type — DAK?2 35+2 33+3 0.3911
Acho2 — DAK2 20+2 18+3 0.3911
Aopi3 — DAK2 2142 18+£2 0.1401
Aice2 — DAK2 23+2 22+4 0.7183
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4.2.11 Investigating the role of essential genes involved in phospholipid

metabolism in AR, GFP aggregation

Over-expression of CDS! in wild-type cells and the single-gene deletion mutants,
Acho?2, Aopi3 and Aice2 strains, not only gave rise to increased levels of fluorescence
but these mutants also exhibited the ER/ER-membrane-localised AB4,GFP fluorescence.
It was hypothesised that AB4>,GFP may be interacting with specific lipid metabolite(s) in
these mutants with altered phospholipid homeostasis giving rise to the characteristic
localisation. As illustrated in the S. cerevisiae phospholipid biosynthetic pathway
(Figure 4-1), Cdslp catalyses the generation of CDP-DAG from PA using CTP as a co-
factor and plays an essential role in the biosynthesis of all major phospholipids. CDP-
DAG is subsequently partitioned between PC, PI or CL biosynthesis. Therefore, the
over-expression of CDS/ may have caused increased flux into these three separate
pathways leading to altered phospholipid composition in intracellular membranes.
Interestingly, Shen and colleagues (1996) previously reported that galactose-induced
CDS1 over-expression in wild-type cells led to significantly higher levels of PA, PI, PE,
DMPE and CL; and significantly reduced levels of PS and PC compared to wild-type
cells (Shen et al., 1996). These data indicated that cells over-expressing CDS! favoured
an increased flux into the PI and CL biosynthetic pathways compared to the PS/PC
biosynthetic pathway. In a subsequent study, this regulation of phospholipid
biosynthesis, particularly of Cholp (PS synthase), Pislp, (PI synthase) and Inolp
(inositol 1-phosphate synthase) activities by intracellular levels of Cdslp activity, was

further reported (Shen and Dowhan, 1997).

To investigate if the increased fluorescence in phospholipid mutants was caused
by an increased flux into one of these three branched pathways (ie. biosynthesis of PC,
PI or CL; Figure 4-1), a targeted screen approach using CDSI over-expression in
selected single gene-deletion mutants (Aplcl, Acrdl and Achol) was undertaken. As
controls, wild-type BY4743, Aplcl, Acrdl and Achol cells were co-transformed with
pAG415GAL-AB42-GFP and pYES-DESTS52 (an empty URA3 vector) (Invitrogen, San
Diego, CA, USA). Expression of the AB4+»GFP fusion protein in each strain was induced
by growth in galactose medium and AP4,GFP-associated fluorescence was analysed 15
h post-induction. In addition to the use of non-essential gene deletion mutants, essential

genes for viability of S. cerevisiae were also analysed.
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In the S. cerevisiae genome, 1033 genes (~18% of ORFs) have been identified to
be essential for viability (Nash et al., 2007). Since CDSI (which encodes phosphatidate
cytidylyltransferase to produce CDP-DAG from PA), PISI (which encodes
phosphatidylinositol synthase to produce PI from CDP-DAG) and PGS/ (which encodes
phosphatidylglycerolphosphate synthase to produce CL from CDP-DAG), are essential
genes for viability, selected strains from the Decrease Abundance mRNA Pertubation
(DAmP) yeast library were used. The DAmP yeast library of hypomorphic alleles
(alleles with reduced gene function) for 970 heterozygous diploid DAmP essential genes
was purchased from OpenBiosystems™ and sporulated into 842 MATa haploid strains.
In the haploid strains, the insertion of a kanamycin resistance cassette between the stop
codon and the 3’ untranslated region of an ORF leads to destabilisation in the resulting
mRNA transcript and a 2-10 fold reduction in mRNA levels present in the cell relative
to the heterozygous diploid (Breslow et al., 2008). Haploid DAmP strains of CDS/
(cdsI-DAmP), PGSI (pgsI-DAmP) and PIS! (pis]-DAmP) were transformed with
pAG415GAL-AB42-GFP and successful transformants were examined to identify those
exhibiting increased AP4,GFP fluorescence and/or altered fluorescence localisation
compared to wild-type cells. Expression of the AB4,GFP fusion protein in each of these
three strains was induced by growth in galactose medium and AP4GFP-associated

fluorescence was analysed 20 h post-induction, as they were generally slow-growers.

Control strains, Aplcl, Acrdl and Achol cells, yielded trace levels of AB4,GFP
fluorescence similar to those observed in wild-type cells. Fluorescence levels in Aplcl,
Acrdl and Achol cells over-expressing CDS/ exhibited an increased proportion of
fluorescent cells (~14%, ~14% and ~16% of the cell population, respectively) compared
to their appropriate control strains and similar to those observed in wild-type cells over-
expressing CDS1 where intensely fluorescent puncta of AB4,GFP appeared continuous
and in an ordered-manner in the ER/ER-membrane localisation. Analysis of cdsi-
DAmP, pgsI-DAmP and pis/-DAmP cells expressing APs,GFP indicated that in all
three strains, intensely fluorescent puncta of AP4GFP were localised in a
‘discontinuous’ arrangement around the nucleus of the cell (Figure 4-15); unlike those
observed in wild-type cells over-expressing CDSI or in the six deletion mutants
belonging to the phospholipid metabolism functional group (Apsdl, Acho2, Aopi3
Aino2, Aino4 and Aice?2 strains). CDS1 over-expression in the cds/-DAmP, pgs/-DAmP
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and pis/-DAmP cells was able to restore the ‘continuous’ arrangement of fluorescent

AB4>,GFP puncta in the ER/ER-membrane localisation in these cells (Figure 4-15).

Figure 4-15 Fluorescent microscopic images of cdsl-DAmP, pgsl-DAmP and pisl-DAmP
cells expressing Ap,,GFP grown with and without CDS1 over-expression.

cds1-DAmMP, pgsI-DAmP and pis/-DAmP cells expressing AP, GFP grown with or woithout
CDS1 over-expression (as indicated) were induced in galactose medium (SCgal-URA) and
APGFP-associated fluorescence was analysed at 20 h post induction. All three strains without
CDS1 over-expression yielded intense AP4,GFP fluorescent puncta localised in a
‘discontinuous’ arrangement around the nucleus of the cell while the same strains over-
expressing CDS/ led to the characteristic ER/ER-membrane localisation of AB4,GFP. Scale bars
indicate 5 pm.

To determine if the partitioning of AB4+,GFP in to the ER/ER-membrane of the
phospholipid mutants was caused by an increased flux into the CL or PI biosynthetic
pathways, PGS and PISI over-expression in wild-type and Achol cells was undertaken.
Over-expression of PIS! in wild-type and Achol cells expressing AB4>GFP indicated
that in both strains intense APsGFP fluorescent puncta were localised in a
‘discontinuous’ arrangement around the nucleus of the cell (Figure 4-16). Interestingly,

over-expression of PGS/ in wild-type and Achol cells expressing AP4,GFP yielded
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multiple AB4,GFP fluorescent puncta of various sizes in a randomly distributed manner
in both these strains (Figure 4-16). Taken together with results from the Adgal Alrol
Aarel Aare? quadruple mutant analysis (Section 4.2.4), pgsI-DAmP and the pisi-
DAmP cells (above), these data clearly indicate that reduced flux into PI biosynthesis,
and by extension reduced levels of PI may contribute to the ER/ER-membrane
localisation of APB4>GFP in mutants affected in phospholipid metabolism. To validate
these data from a genetic approach, quantitative lipidomics using shotgun mass
spectrometry was undertaken in mutants that gave rise to APsGFP in the ER/ER-

membrane localisation. These data are presented in Chapter 5.

Figure 4-16 Fluorescent microscopic images of PGS1 and PIS1 over-expression in wild-
type and Achol cells expressing Ap,,GFP.

All four strains over-expressing either PIS/ or PGS/ (as indicated) were induced in galactose
medium (SCgal-URA) and ABGFP-associated fluorescence was analysed at 15 h post induction.
PISI over-expression in both wild-type and Achol cells indicated AB4,GFP fluorescent puncta
was localised in a ‘discontinuous’ arrangement around the nucleus of the cell. However, PGS!
over-expression in both wild-type and Achol cells yielded multiple A4, GFP fluorescent puncta
of various sizes in a randomly distributed manner. Scale bars indicate 5 um.
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4.2.12 Effects of intracellular levels of water-soluble lipid precursors on Ap4s,GFP

aggregation

4.2.12.1 Altered levels of S-adenosyl-L-methionoine (AdoMet) do not affect
AB4GFP aggregation

The data provided thus far strongly suggest that APs,GFP aggregation is
influenced by altered phospholipid homeostasis in S. cerevisiae cells. Important co-
factors involved in the de novo phospholipid biosynthetic pathway (Figure 4-1) include
cytidine-triphosphate (CTP), myo-inositol, serine and S-adenosyl-L-methionine
(AdoMet). The genome-wide deletion mutant analysis identified that the deletion of
CHO2- and OPI3-encoded phospholipid methyltransferases resulted in an increased
proportion of AP4,GFP fluorescent cells. Cho2p and Opi3p catalyse the AdoMet-
dependent methylation of phosphatidylethanolamine (PE), phosphatidyl-N-
methylethanolamine (PMME), and phosphatidyl-N-dimethylethanolamine (PDME)
respectively, to sequentially yield PC. S-adenosyl-L-homocysteine (AdoHcy), which is
produced as a result of the above methylation reactions, is a competitive inhibitor of
Cho2p and Opi3p (Gaynor and Carman 1990). To determine if altered levels of the rate-
limiting AdoMet affect AP4,GFP aggregation, analysis of genes involved in the S-
adenosyl-L-methionine biosynthetic cycle was undertaken. Wild-type BY4743 cells
were co-transformed with pAG415GAL-AB42-GFP construct and BG1805 plasmids
carrying one of the genes: SAMI, SAM2, SAHI and MET6. As controls, wild-type,
Asaml, Asam2 and Amet6 cells were co-transformed with pAG415GAL-AB42-GFP and
pYES-DESTS52 (an empty URA3 vector) (Invitrogen, San Diego, CA, USA). Successful
transformants over-expressing a particular ORF were examined to identify those
exhibiting increased AP4,GFP fluorescence and/or altered fluorescence localisation.
Asaml, Asam?2 and Amet6 strains, also included in this analysis, were transformed with
pUG35GAL1-AB42. Expression of the AB4>GFP fusion protein and gene ORF in each
strain was induced by growth in galactose medium and AP4,GFP-associated

fluorescence was analysed 15 h post-induction.

Fluorescence levels exhibited in Asaml, Asam2 and Amet6 strains expressing
pUG35GAL1-AB42 yielded weak AP4,GFP fluorescence that was restricted to ~6% of
the cell population, similar to that observed in wild-type cells (data not shown). Wild-

type cells over-expressing SAM1, SAM2, SAHI or MET6 also gave rise to similar trace
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levels of AP4,GFP fluorescence as the wild-type control cells. These data indicate that
while intracellular levels of AdoMet and AdoHcy may be altered in mutants affected in
phospholipid metabolism, these water-soluble lipid precursor molecules are unlikely to

influence the AB4,GFP aggregation and partitioning in to the ER/ER-membrane directly.

4.2.12.2 Over-expression of URA5, encoding orotate phosphoribosyltransferase,
and URA7, encoding cytidine-triphosphate (CTP) synthase, give rise to

increased AB4,GFP fluorescence

Over-expression of CDS/-encoded phosphatidate cytidylyltransferase, identified
through the ‘reverse-genetics’ approach (Section 4.2.8), also led to an increased
proportion of AB4,GFP fluorescent cells. The nucleotide cytidine-triphosphate (CTP),
derived from uridine-triphosphate (UTP), is required by Cdslp for the catalytic
conversion of PA to CDP-DAG (Chang and Carman, 2008; Ozier-Kalogeropoulos et al.,
1991). To determine if altered levels of intracellular CTP affect AB4,GFP aggregation,
analysis of genes involved in the de novo biosynthesis of pyrimidine ribonucleotides
was undertaken. Wild-type BY4743 cells were co-transformed with pAG415GAL-
AP42-GFP construct and BG1805 plasmids carrying one of the genes: URAI, URAA4,
URAS5, URA6, and URA7. As controls, both wild-type BY4743 cells were co-
transformed with pAG415GAL-AB42-GFP and pYES-DEST52 (an empty URA3
vector) (Invitrogen, San Diego, CA, USA). Aura2, Aura4, Aural, Auras, Aural0,
Aura7 and Aura8 strains, also included in this analysis, were transformed with
pUG35GAL1-AB42. Expression of the AB4>GFP fusion protein and gene ORF in each
strain was induced by growth in galactose medium and AP4,GFP-associated

fluorescence was analysed 15 h post-induction.

Single gene deletion mutants of the pyrimidine ribonucleotides biosynthetic
pathway (Aura2, Aura4, Aural, Aural, Aural(, Aura7 and Aura8 cells) and wild-type
BY4743 cells over-expressing URAI, URA4, and URA6 and AB4+,GFP gave rise to
similar trace levels of fluorescence (~8% of the cell population) as those observed in
wild-type cells. However, wild-type cells over-expressing URAS5, encoding orotate
phosphoribosyltransferase, or URA7, encoding CTP synthase, gave rise to a significant
increase in the proportion of AP4»,GFP fluorescent cells; ~14% and ~12% of the cell

population respectively (Figure 4-17). Interestingly, in wild-type cells over-expressing
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URAS5, AP4,GFP exhibited the ordered localisation of intensely fluorescent puncta of
AB4,GFP in a perinuclear arrangement analogous to that observed in the six deletion
mutants affected in phospholipid metabolism and in wild-type cells over-expressing
CDS1 (Figure 4-17A). In S. cerevisiae, URA5 and URAIO encode orotate
phosphoribosyltransferase and both share greater than 75% amino acid similarity (de
Montigny et al., 1989; de Montigny et al., 1990). Interestingly, over-expression of
URA 10 in wild-type cells did not give rise to increased fluorescence compared to URAS
over-expression in these cells. One possible explanation for this may be that UraSp
contributes around 80% of the OPRTase activity found in S. cerevisiae (de Montigny et
al., 1989; de Montigny et al., 1990). Transcription regulation of URAS5 and URA10 also
appears to be differ under various conditions. While the expression of URAS is not
regulated by any known molecule, URA/0 was found to be down regulated by both
inositol and choline in an Opilp-dependent manner (Santiago and Mamoun, 2003), and
upregulated by the presence of lithium (Bro et al., 2003) or by zinc depletion in a
Zaplp-dependent manner (Lyons et al., 2000).

Wild-type cells over-expressing URA7 were observed to exhibit large intense
AB4>GFP fluorescent puncta in the cell (Figure 4-17B). Cells over-expressing URA7 are
forced to accumulate CTP intracellularly (Chang and Carman, 2008) and this increased
level of CTP has been shown to alter synthesis of membrane phospholipids especially in
the pathway leading to PC biosynthesis. Elevated levels of CTP have been found to
decrease levels of PS due to direct inhibition of Cholp (McDonough et al., 1995) and
increase levels of PC, PE, and PA (Ostrander et al., 1998) due to activation of the
Kennedy salvage pathway. Increased levels of PC and PE are attributed to the activation
of choline-phosphate cytidylyltransferase Pctlp and ethanolamine-phosphate
cytidylyltransferase Ectlp respectively, due to increased availability of CTP (Kent and
Carman, 1999; McDonough et al., 1995; Ostrander et al., 1998); while increased levels
of PA may have resulted from the activation of DAG kinase Dgklp (Han et al., 2008)
and inhibition of PA phosphatase Pahlp (Wu and Carman, 1994). Without available
literature on the direct relationship between intracellular levels of CTP and A peptides,
these data may further indicate that disruption to phospholipid homeostasis affects

APB4GFP aggregation in cells.
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Figure 4-17 Fluorescent microscopic images of wild-type cells over-expressing URA5 or
URAT together with AB,,GFP

Wild-type cells over-expressing A) URAS or B) URA7 together with AB4,GFP were induced in
galactose medium (SCgal-URA) and APGFP-associated fluorescence was analysed at 15 h post
induction. A) URA5 over-expression in wild-type cells yielded ER/ER-membrane localisation of
AB4,GFP while; B) DAK2 over-expression in wild-type cells exhibited a large fluorescent
AP4,GFP puncta in the cell. Scale bars indicate 5 pm.

4.2.12.3 Over-expression of inositol monophosphatases Inmlp and Inm2p, but not

inositol supplementation, give rise to increased AB4,GFP fluorescence

In Section 4.2.11, it was identified that pis/-DAmP cells expressing AP4,GFP
exhibited intensely fluorescent puncta of AB4>GFP around the nucleus of the cell. Pislp
requires myo-inositol to yield phosphatidylinositol (PI), which is subsequently utilised
in the synthesis of other lipids such as polyphosphoinositides (Strahl and Thorner, 2007)
and sphingolipids (Cowart and Obeid, 2007; Dickson, 2010). To investigate if altered
levels of intracellular inositol affect AB4>,GFP aggregation, analysis of genes involved in
the biosynthesis of myo-inositol and inositol phosphate was undertaken. Wild-type
BY4743 cells were co-transformed with pAG415GAL-AB42-GFP construct and
BG1805 plasmids carrying one of the genes: INOI, INM1, INM2, PLC1, ARG82, KCS1
and IPKI. As controls, both wild-type BY4743 cells were co-transformed with
pAG415GAL-AB42-GFP and pYES-DESTS52 (an empty URA3 vector) (Invitrogen, San
Diego, CA, USA). Ainol, Ainml, Ainm2, Aarg82, Akcsl and Aipkl strains, also
included in this analysis, were transformed with pUG35GAL1-AB4,. Expression of the

AB4,GFP fusion protein and gene ORF in each strain was induced by growth in
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galactose medium and AP4,GFP-associated fluorescence was analysed 15 h post-
induction.

Single gene deletion mutants of the myo-inositol and inositol phosphate
biosynthetic pathways (Ainol, Ainml, Ainm2, Aarg82 and Akcsl cells) and the wild-
type BY4743 cells over-expressing INOI1, PLC1, ARGS2, KCSI or IPKI and AB4s,GFP
gave rise to similar trace levels of fluorescence (~10% of the cell population) to that
observed in wild-type cells. However, Aipk! cells, and, wild-type cells over-expressing
INM1 and INM?2, encoding inositol monophosphatases, gave rise to increased AB4,GFP
fluorescent cells (~18% of the cell population in both strains) compared to wild-type
control cells. Aipkl cells exhibited cytosolic fluorescence with intense fluorescent
AP4,GFP arranged in tubular structures around the nucleus and the periphery of the cell
(Figure 4-18C), while wild-type cells over-expressing INM1 or INM?2, exhibited intense
cytosolic diffused AP4>GFP fluorescence (Figure 4-18A and B). It is interesting to note
that TCA cycle mutants belonging to the mitochondria functional group were the only
group of cells identified thus far in this study to exhibit a similar intensity of cytosolic

fluorescence.

Figure 4-18 Fluorescent microscopic images of wild-type cells over-expressing INM1 or
INM2 together with AB,GFP

Wild-type cells over-expressing A) INM1 or B) INM?2 together with AP, GFP were induced in
galactose medium (SCgal-URA) and ABGFP-associated fluorescence was analysed at 15 h post
induction. Both /INM1 and INM?2 over-expression in wild-type cells yielded intense cytosolic
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APy GFP fluorescence. C) AP, GFP localisation in Aipkl cells is observed in the top panel.
DAPI staining of mitochondrial and nuclear DNA is observed in the middle (arrow indicates the
nucleus). Merged images of AP, GFP and DAPI staining (bottom panel) indicate the close
proximity of AP, GFP to the nuclear and cellular periphery. Scale bars indicate 5 pm.

Biosynthesis of inositol is evolutionarily conserved throughout the biological
kingdom (Majumder et al., 2003). Inositol is an essential polyol in eukaryotes as its
phospholipid derivative PI is an essential component of phospholipid membranes. Out
of the eight naturally-occurring isomers of inositol, myo-inositol is the most common
stereoisomer found physiologically. It was previously reported that overexpression of
inositol monophosphatase Inm1p, which converts myo-inositol monophosphate to myo-
inositol, led to an increased presence of intracellular inositol (Murray and Greenberg,
2000). Since over-expression of inositol monophosphatases Inm1p and Inm2p in wild-
type cells gave rise to a significant increase in the proportion of fluorescent cells
exhibiting intense cytosolic diffused AP4,GFP fluorescence, it was proposed that
increased levels of intracellular inositol may have contributed to the increased
fluorescence observed in these strains. To examine this, wild-type cells expressing
ABsxGFP were grown in medium lacking or supplemented with inositol. The
concentration of inositol at 75 M was selected since studies have previously shown that
S. cerevisiae cells grown in media supplemented with inositol at this concentration was
sufficient to affect phospholipid metabolism (Kelley et al., 1988; Loewen et al., 2004).
Expression of the AB4>GFP fusion protein in wild-type cells was induced by growth in
galactose medium lacking or supplemented with 75 uM inositol and AP4,GFP-

associated fluorescence was analysed 15 h post-induction.

Wild-type cells grown in medium lacking or supplemented with inositol
exhibited similar trace levels (~5% of the cell population) of AB4,GFP fluorescence. A
possible explanation for the lack of fluorescence upon inositol supplementation may be
that exogenously supplied inositol led to increased PI synthesis instead of inositol
accumulation in the cells. It has been previously described that presence of exogenous
inositol stimulates Pislp in wild-type cells which subsequently leads to increased PI
levels and reduced levels of CDP-DAG, PA and PS (Kelley et al., 1988; Loewen et al.,
2004). Therefore, to be able to force an intracellular accumulation of inositol in cells, a
higher concentration of exogenous inositol may be attempted. The human brain has the

highest concentration of inositol in the body; ~5 mM myo—inositol and 0.5 mM scyllo—
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inositol (Michaelis et al., 1993). Interestingly, using 'H magnetic resonance
spectroscopy, it was demonstrated that AD brains contain high levels of myo-inositol
(Moats et al., 1994; Parnetti et al., 1997; Shetty et al., 1996). Post-mortem studies have
also shown a 15% increase in myo-inositol compared to controls (Stokes and Hawthorne,
1987) and a significant increase of more than 50% increase in myo-inositol levels in
adults with Down syndrome (Huang et al., 1999). At present, however, it is not clearly

known if increased levels of myo-inositol are present just before the onset of AD.

4.3 Discussion

4.3.1 Disruption to phospholipid metabolism leads to increased A4 ,GFP-

associated fluorescence in S. cerevisiae cells

Of the main cellular functions affecting AB4+,GFP aggregation and localisation,
phospholipid metabolism was chosen for more extensive analysis since most of the
genes directly involved in phospholipid synthesis were over-represented in the screens,
and there is evidence of perturbed phospholipid metabolism in AD (Frisardi et al., 2011;
Grimm et al., 2011; Hung et al., 2008). Genes in the phospholipid metabolism
functional group include INO2, INO4, UMEG6, SCS2, PSD1, CHO2, and OPI3 all of
which directly or indirectly regulate levels of PC in cells. Furthermore, AB4, was
identified in perinuclear localised multi-vesicular bodies (MVBs) of neuronal cells,
(Langui et al., 2004; Takahashi et al., 2002). The Aino2, Aino4, Apsdl, Acho2, Aopi3
and Aice? mutants also exhibited the characteristic ER/ER-membrane associated
APB4,GFP localisation. Through these genetic approaches alone, it was not possible to
identify any specific phospholipid that affected AB4GFP fluorescence/ localisation,
however data presented in this chapter clearly indicate that perturbation of phospholipid
homeostasis, specifically the ER membranes, may affect ABs»GFP aggregation. This
may subsequently allow partitioning of AB4,GFP into the ER/ER membranes in the six
mutants affected in phospholipid metabolism leading to the different localisation

patterns of AP, GFP.

In S. cerevisiae cells, PC can be synthesised from exogenous choline via the
Kennedy salvage pathway and choline supplementation leads to repletion of PC in the

Acho2 and Aopi3 mutants to wild-type levels (Kennedy and Weiss, 1956; McGraw and
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Henry, 1989) (Table 4-5). Choline supplementation of the growth medium led to a
reduced extent of the AP4,GFP-associated fluorescence in Apsdi, Acho2 and Aopi3 cells.
While choline supplementation leads to repletion of PC levels in Acho2 and Aopi3 cells
it also reverses the PE and PMME over-accumulation phenotype of these mutants,
respectively (McGraw and Henry, 1989) (Table 4-5). Therefore, based on these data
alone it is not possible to postulate whether it is the PC depletion and/or the over-
accumulation of PE/PMME in Acho2 and Aopi3 cells that led to increased AB4,GFP-
associated fluorescence. However, evaluation of the phenotype of the Apsdl and Ascs2

mutants may resolve this issue (discussed below).

Table 4-5 Phospholipid composition of wild-type and mutants affected in phospholipid
metabolism.

The values represent percentage of phospholipid from total cellular lipids. ND refers to not
detectable and NM denotes not measured.

Strain Media PI PS PE PMME PDME PC Ref.

Wild-type  No choline  28.3 59 133 trace trace 43.2 1
1 mM NM 147 163  trace 0.5 57.3 2

choline
Wild-type  Nocholine 28 55 121 0.9 1.8 39.7 3
Aopi3 No choline 35.0 3.0 560  44.0 2.00 ND 1
1 mM 247 51 122 8.90 180 394 1

choline
Acho?2 No choline 25 5.0 39 NM NM 15 4
1 mM 18 60 21 NM NM 39 4

choline
Acho2-1  Nocholine 33.8 6.3  44.0 ND ND 42 5
Aino2-2 No choline 36.5 4.6 283 1.3 9.5 11.9 3
Aino4-38  Nocholine 363 4.1 238 2.0 7.8 11.1 3

Ref, Reference; 1: McGraw and Henry (1989); 2: Waechter and Lester (1973); 3: Loewy and
Henry (1984) ;4: Mayerhofer (unpublished); 5: Summers et al., (1988)

The Apsdl mutant exhibited the characteristic ER/ER membrane-associated
AB4,GFP localisation. Phosphatidylserine decarboxylases Psd1p and Psd2p, which are
localised in the mitochondria and Golgi/vacuoles respectively, catalyse the
decarboxylation of PS to PE (Trotter et al., 1993; Trotter et al., 1995; Trotter and
Voelker, 1995). Mitochondria-localised Psdlp contributes almost 90% of total PS
decarboxylase activity in cells. As expected, Apsdl cells grown in glucose media were
found to exhibit a significant decrease in PE and increase in PI; while PC and PS levels

were similar compared to wild-type cells (Storey et al., 2001). Assuming the lipid
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composition in membranes are similar when cells are grown in galactose, this may
suggest that PC depletion or PE accumulation may not be the underlying cause of

altered AB4,GFP-associated fluorescence in Aopi3 and Acho? cells.

Dihydrosphingosine phosphate lyase Dpll regulates intracellular levels of
sphingolipid long-chain base phosphates (LCBPs) and catabolises dihydrosphinogsine-
I-phosphate to produce phosphoethanolamine (Gottlieb et al., 1999; Saba et al., 1997).
This by-product serves as an intermediate in the Kennedy salvage pathway. To
determine if reduced levels of PE influenced the partitioning of AB4x,GFP in to the
ER/ER membranes, a double deletion mutant (Apsd1Apsd2 or A psdlAdpll) needs to be
generated to confirm that the ABs,GFP-associated fluorescence was due to the reduced
levels of PE. A triple mutant ApsdIApsd2Adpll may not be as useful since PE is
completely depleted in this strain and it requires ethanolamine supplementation for
growth (Storey et al., 2001). Furthermore, it is very unlikely that PE levels were
depleted in the mutants identified in the screens that exhibit the ER/ER membrane
APB4>GFP localisation.

Apart from PC synthesis, PE also plays a role in protein modification and has
unique physical properties. Unlike PS and PC, which are bilayer lipids, PE is a
hexagonal phase lipid (non-bilayer forming lipid) (Birner et al., 2001; de Kruijff, 1997;
Ellens et al., 1986; van der Does et al., 2000). Therefore, PE levels within membranes
can influence its structure and fluidity implicating its role in membrane cytokinesis and
in transmembrane protein folding and translocation (Bogdanov and Dowhan, 1999;
Bogdanov et al., 1999; Emoto and Umeda, 2000; Mikhaleva et al., 2001; Schatz and
Dobberstein, 1996; Umeda and Emoto, 1999). It has been demonstrated that PE can also
directly modify proteins to allow association with membranes. Atg8p, a component of
autophagosomes and cytoplasm-to-vacuole targeted vesicles, undergoes a reversible
conjugation to PE through a covalent bond formed between the C-terminus glycine and
the amine group of PE (Hanada et al., 2007; Kirisako et al., 2000; Komatsu et al., 2001).
Direct lipidation by PE is essential to the function of Atg8p (Lang et al., 1998), where
Atg8p-PE is anchored to membranes and plays an important role in phagophore
expansion and import into the vacuole for protein degradation (Nakatogawa et al., 2007;

Xie et al.,, 2008). While the Aatg8 mutant was not identified in the genome-wide
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deletion screen (Chapter 3), the Aatgl/5 mutant was identified as exhibiting weak
AB4,GFP-associated fluorescence by the genome-wide screen. A7G15 encodes for a
glycosylated transmembrane lipase required for the degradation of the autophagic
vesicles in the vacuole (Teter et al., 2001; Yorimitsu and Klionsky, 2005). In the
absence of available literature indicating the role of PE on all proteins involved in
autophagy, the exact underlying cause of altered AP4,GFP-associated fluorescence in
the Aatgl5 mutant can only be speculated. Since Atgl5p is a transmembrane protein, it
is possible that an altered level of AB4>,GFP-associated fluorescence was yielded in this

mutant due to the availability of phospholipids, such as PE, to interact with AB4,GFP.

While it is still unknown whether AB4>GFP or A4, interacts with PE in vivo,
this hypothesis appears to be supported by in vitro studies that show that synthetic A4
and A4, peptides are adsorbed onto synthetic phospholipid membranes (Ege and Lee,
2004; Ege et al., 2005; Kanfer et al., 1999; Terzi et al., 1997), and adsorbed onto lipid
monolayers enriched with either dipalmitoyl-phosphatidylethanolamine or dimyristoyl-
phosphatidylethanolamine (Maltseva and Brezesinski, 2004; Maltseva et al., 2005). In
addition to the higher rate of adsorption/insertion of Ap onto/into membranes enriched
with PE-derivatives compared to other phospholipids, it has also been shown that A4
peptides cannot penetrate into zwitterionic lipid monolayers, consisting of dimyristoyl-
phosphatidylcholine (Maltseva and Brezesinski, 2004; Terzi et al., 1997). Instead, AP
electrostatically interacted with these outer layer polar headgroups without penetrating
them (Terzi et al., 1997). The data from the above studies support the hypothesis that A
peptides have an increased adsorption rate onto lipid membranes enriched with
derivatives of PE and this may account for the altered AB4,GFP-associated fluorescence

observed in the mutants affected in phospholipid metabolism.

The Ascs? mutant exhibited strong APs,GFP-associated fluorescent puncta.
Scs2p is a type-II integral ER transmembrane protein that interacts with a complex of
proteins (Gavin et al., 2002) and acts as a positive regulator for inositol metabolism by
interacting with Opilp (Greenberg et al., 1982; Kagiwada et al., 1998; Loewen et al.,
2003). Opilp is a leucine zipper protein that binds DNA to repress INOI expression
(Greenberg et al., 1982), for the production of inositol. In the absence of inositol, Scs2p

interacts with Opilp to tether this complex in the ER and produce inositol. However, in
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strains lacking the SCS2 gene, Opilp is translocated to the nucleus where it represses

INOI expression (Loewen et al., 2003).

Kagiwada and Zen (2003) found that Ascs2 cells accumulate 10% more PC than
wild-type cells (Kagiwada and Zen, 2003), whereas the intracellular
phosphatidylinositol (PI) level was similar. This indicates that PC depletion alone may
not be the underlying cause of altered AP4,GFP-associated fluorescence in Aopi3 and
Acho2 cells. Although choline supplementation reduced AP4,GFP-associated
fluorescence in Apsdl and Ascs2 cells, addition of exogenous choline may also have
affected levels of other phospholipids such as PMME, PE, PS and PI in both these
strains in a similar manner as in the Aopi3 and Acho2 strains with choline
supplementation (Table 4-1). However, in the absence of lipidomic analysis indicating
the effects of SCS2 deletion on intermediates of the phospholipid biosynthetic pathway,
the exact underlying cause of altered AP4,GFP-associated fluorescence in the
phospholipid mutants can only be speculated. Despite this, it is very likely that it stems
from altered levels of one or more intermediates of the phospholipid biosynthetic
pathway, including PA, PS, PE, PC and PI. This possibility is further supported by data
using the fluorescent biosensor of PA where Acho? cells exhibited accumulation of PA

in a perinuclear/ER localisation.

Interestingly, addition of choline to the growth medium of the Aino2 and Aino4
mutants did not reduce the levels of AP4,GFP-associated fluorescence. This may be
explained by the fact that one of the target genes strongly regulated by the Ino2p and
Ino4p transcriptional complex is the CKI/I gene (Jesch et al., 2005). CKII encodes
choline kinase, which converts exogenous choline to cytidine diphosphate choline
(CDP-choline), as the first enzymatic step in the Kennedy salvage pathway (Hosaka et
al., 1990). As such, the lack of response of Aino2 and Aino4 mutants to choline
supplementation, in terms of AB4,GFP-associated fluorescence, may be attributed to the
altered functioning of the Kennedy salvage pathway. To study this aspect further, a
double deletion mutant (Aopi3Ackil or Acho2Ackil) needs to be generated to confirm
that the lack of reversal of the AB4+,GFP-associated fluorescence was due to the affected

expression of CK/].
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The Aume6 mutant exhibited strong APs,GFP-associated fluorescence in the
form of fluorescent puncta. Ume6p, which functions in a protein complex comprised of
Sin3p and Rpd3p, positively regulates INO2 and CHO! genes, where Cholp is the PS
synthase. The production of PS is important since it is the main phospholipid
intermediate for the production of PC (Elkhaimi et al., 2000). Since A4, GFP-associated
fluorescence in the Aume6 mutant was decreased by choline supplementation, this
further indicated that the altered AB4,GFP phenotype in these cells was probably due to
altered phospholipid homeostasis.

In this study, it was observed that expression of the non-aggregating form of Af,
APrpGFP, led to a similar localisation pattern as was observed with AB4,GFP. This
indicated that the arc-shaped localisation observed in Aopi3 was not necessarily
dependent on the aggregation propensity of the AP peptide and was likely to be due to
another characteristic common to ABs, and APBgp. Since A4, is derived from the trans-
membrane region of APP, insertion of AP4, into phospholipid membranes may be
attributed to the amphipathic nature of the C-terminus of AP peptides (Ege and Lee,
2004). Altered membrane phospholipid composition, such as that occurring in the PC
mutants including Acho2 and Aopi3 may facilitate insertion of A4, into distinct
membranes of S. cerevisiae cells. Insertion of ABs»,GFP produced in the cytosol of S.
cerevisiae (1.e. in this study) would require its translocation/partitioning from the
aqueous phase of the cytosol to a membranous environment. This possibility is
supported by the observation that in in vitro studies soluble AP4y is capable of re-

inserting back into synthetic membranes (Ege and Lee, 2004).

The data above support the idea that altered phospholipid homeostasis, which
may include depletion of PC, facilitated in the partitioning of AB4,GFP from the cytosol
to a distinct cellular location in the mutants affected in phospholipid metabolism. This
redistribution affected the ability of the AP4,-moiety to interfere with the correct folding
of the GFP domain of the fusion protein. An important finding was that in Acho2 and
Ascs2 mutants some of the intense AP4,GFP fluorescent puncta is likely to be the
peroxisome or peroxisomal membrane. A4 GFP localisation was found to be
perinuclear and in very close association with lipid droplets in both Acho2 and Aopi3

cells. In this study, it was found that altered phospholipid metabolism led to AB4,GFP
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localisation into the peroxisomes. In S. cerevisiae, lipid droplets have been shown to
form a very close association with peroxisomes (Binns et al., 2006). The membrane of
the peroxisomes often forms extensions into lipid droplets (LDs) and it is thought that
the close association of peroxisomes and LDs facilitates lipid metabolic processes. The
localisation of AB4s>,GFP in the Aopi3 mutant may therefore have been to peroxisomes.
This may be supported by the inability to visualise peroxisomes in the Aopi3 cells using
SKL-mDsRed, as this mutant was found to produce large LDs around 50 times the

volume of those observed in wild-type cells (Fei et al., 2008; Fei et al., 2011).

Peroxisomes are subcellular organelles found in most animal cells that perform
diverse metabolic functions, including lipid metabolism, fatty acid B-oxidation (Binns et
al., 2006) and detoxification of reactive oxygen species (ROS) (Lazarow, 2003). The
peroxisomal membrane is formed from specific regions of the endoplasmic reticulum
(ER). Peroxisomes are bound by a single phospholipid monolayer, in which the major
phospholipids are PC and PE (Fagarasanu et al., 2007; Purdue and Lazarow, 2001;
Schneiter et al., 1999). Acho2 and Ascs2 mutants exhibited co-localisation of AB4,GFP
to peroxisomes. The altered phospholipid composition of PC mutants may facilitate AP
insertion into membranes. Since it has been shown that AP peptides can adsorb onto
membranes enriched with PE or its derivatives (Ege and Lee, 2004), it is hypothesised
that depletion of PC or over-accumulation of PE/PMME in the peroxisomal
phospholipid monolayer in Acho2, Ascs2 and probably other PC mutants, may facilitate
insertion/adsorption of AB4,GFP either into/onto its membrane monolayer or into the
organelle. Fagarasanu et al., (2007) proposed that the peroxisomal membrane lipid
composition is important for peroxisome maintenance and growth (Fagarasanu et al.,
2007). As such, modification of phospholipid composition of the peroxisomal
phospholipid monolayer may also cause alteration in the morphology or function of the
peroxisomes, thus leading to distinct localisation of AB4>,GFP in Aopi3 cells (into the

lumen of peroxisomes).

Interestingly, two peroxisome mutants, Apex3/ and Apex32, were identified as
exhibiting weak cytosolic-diffuse AP4,GFP-associated fluorescence by the genome-
wide screen. PEX3] and PEX32 encode for peroxisomal integral membrane proteins

that are involved in negative regulation of peroxisome size and number, but are

150



Chapter Four

dispensable for peroxisome biogenesis (Vizeacoumar et al., 2006). Since the function of
Pex31p is partially redundant with Pex32p, this may account for the weak effect of their
deletion on AP4,GFP-associated fluorescence. Studies of a double deletion mutant of
Apex31Apex32 would help to examine this possibility. Despite this, the data indicated
that altered peroxisome phospholipid content and/or changes in peroxisome proliferation
state affect APs,GFP localisation and aggregation in S. cerevisiae. The data obtained in

S. cerevisiae appear to be supported by the observations reported in the AD literature.

Studies of hippocampal neurons indicated that addition of drugs that promoted
peroxisome proliferation afforded protection against AP4, cytotoxicity since there is
mounting evidence of over-accumulation of ROS in AD pathology (Lovell et al., 1995).
This suggests that AP-toxicity may be mediated through an oxidative mechanism
(Butterfield et al., 1999). It was proposed that the protective effect of peroxisome
proliferation was mediated through decreased accumulation of reactive oxygen species
(ROS). It has been shown that loss of peroxisomes makes neurons more vulnerable to
oxidative stress (Stamer et al., 2002); whereas increased peroxisome proliferation,
induced by drugs that promote peroxisome proliferation, ameliorated AD progression in
animal models (Landreth, 2006). Neuroprotective properties of peroxisomes were also
described when these organelles were induced to proliferate in rat hippocampal neurons
(Santos et al., 2005). At present, however, it is unclear whether altered ROS metabolism
plays a role in the altered localisation of AB4+,GFP in the phospholipid biosynthetic

pathway and peroxisome proliferation mutants in S. cerevisiae.

The PPARs are a family of receptors consisting of PPARa, /6 and y whose
predominant actions are in regulation of lipid metabolism (Berger and Moller, 2002).
Activation of PPARa specifically, which increases catalase activity and the number of
peroxisomes, was shown to reduce toxicity associated with AP4,. Activation of PPAR«a
led to reduced intraneuronal ROS production, prevented the cytoplasmic calcium influx
and protected cells from B-catenin degradation; thus, preventing toxicity caused by AP
(Santos et al., 2005). It has also been shown that high expression levels of PPARa
strongly reduce the level of secreted and intracellular A (Camacho et al., 2004). These

results indicate that activation of PPARa prevented AB-toxicity via a mechanism that
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involved increased peroxisome proliferation. The modulation of PPARa activity is

currently being investigated as a possible strategy to treat AD (Santos et al., 2005).

The localisation of AP4,GFP fluorescent puncta in the ER/ER membrane of
Aopi3 cells may indicate that peroxisome morphology distribution is altered upon PC
depletion. This hypothesis is based on the proposal that ABsGFP localised to
peroxisomes in Aopi3 in an analogous manner to that observed in Acho2 cells. While
the role of PC in peroxisome morphology/function has not been studied in detail, it has
been shown that PC plays a role in determining morphology of lipid droplets. Studies
carried out in Drosophila melanogaster demonstrated that phospholipid biosynthesis is
an important determinant of size and number of LDs. PC was particularly important for
regulating size, abundance, membrane fusion and curvature of membranes of LDs (Guo
et al., 2008). PC depletion also affected fusion of the LD membranes. RNA interference
(RNA1) was used to knockdown Cct1, which encodes an isoform of phosphatidylcholine
cytidylyltransferase that catalyses PC synthesis in Drosophila (Kent, 2005). Knockdown
of Cctl led to ~60% decrease in PC levels and significant increase in PE concentration
on the LD monolayer, which led to a profound effect on LD size, number and

morphology (Guo et al., 2008; Weber et al., 2003).

Lipid droplets (LDs) are bounded by a phospholipid monolayer (Martin and
Parton, 2006) and are derived from the endoplasmic reticulum (ER). The monolayer of
LDs is primarily composed of PC and lysophosphatidylcholine (Tauchi-Sato et al.,
2002). At present it is unclear whether disruption of PC biosynthesis affects the
morphology and function of peroxisomes in a similar manner to LDs. It is worth noting
that both LDs and peroxisomes are derived from the ER and are bounded by a
phospholipid monolayer, where the primary phospholipid is PC. If AB4+,GFP localises to
peroxisomes in Aopi3 cells, as it does in Acho2 and Ascs?2 cells, then the arrangement of
fluorescent puncta in Aopi3 may indicate that peroxisome morphology was altered in the
Aopi3 cells, relative to wild-type cells. In wild-type S. cerevisiae cells peroxisomes are
randomly distributed throughout the cell (Binns et al., 2006). Altered distribution of
peroxisomes in Aopi3 strain may stem from the direct effect of PC depletion or
PE/PMME over-accumulation on peroxisome morphology and distribution.

Alternatively, given the close association of peroxisomes with LDs, if altered
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phospholipid metabolism affects LD morphology in a similar manner to Drosophila
melanogaster (Guo et al., 2008) then altered peroxisome distribution in Aopi3 cells may
be an indirect consequence of altered phospholipid metabolism on LD morphology and

distribution.

Altered peroxisome function in Aopi3 cells may account for the problems
encountered with trying to visualise SKL-mDsRed in these cells. Targeting of SKL-
mDsRed to the peroxisome would have required recognition by a complex of
peroxisomal membrane proteins that import proteins into the peroxisome (Agne et al.,
2003; Rayapuram and Subramani, 2006). A detailed study of the effect of altered
phospholipid metabolism on LD and peroxisome morphology in Aopi3 cells and other
mutants of the PC pathway would help shed light on these issues.

4.3.2 Implications of phosphatidylcholine in human disease

The level of PC has been shown to be reduced in the membranes of cortical
domains of Alzheimer’s disease (AD) patient brains (Nitsch et al., 1992). PC levels
were also found to be reduced in erythrocytes from AD patients (Selley, 2007). In
humans, PC biosynthesis occurs solely in hepatic cells and in a similar manner to the
pathway in S. cerevisiae cells, whereby PE is sequentially methylated to produce PC
(Vance et al., 1997). In humans, as in S. cerevisiae, S-Adenosylmethionine (SAM)
serves as the donor for the methyltransferase reaction which liberates S-
adenosylhomocysteine (SAH) as an end product (Chiang, 1998) (Figure 1-2). SAH
binds to methyltransferases with higher affinity than SAM and acts as an inhibitor of
cellular methylation. SAH can be hydrolysed by S-adenosylhomocysteine hydrolase
(SAH hydrolase) to form homocysteine and adenosine (Hu et al., 1999). Homocysteine
is an inhibitor of SAH hydrolase and increased concentrations of homocysteine in cells
have been shown to lead to increased accumulation of intracellular SAH and thus
increased inhibition of methyltransferases (Yi et al., 2000). It has been demonstrated
that hyperhomocysteinemia, a disease state associated with increased concentrations of
circulating homocysteine, is a strong risk factor for AD (Clarke et al., 1998; McCaddon
et al., 1998; Seshadri et al., 2002). Hyperhomocysteinemia is also assocated with other
diseases including artherosclerosis (Selhub et al., 1995), hypercholesterolemia (Nygard
et al., 1995), hypertension (Sutton-Tyrrell et al., 1997), type 2 diabetes (Drzewoski et al.,
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2000) and stroke (Bostom et al., 1999). These diseases have also shown to be risk
factors for AD (Selley, 2007). Although the exact mechanism involved is unclear, it is
known that SAH inhibits phosphatidylethanolamine N-methyltransferase (PEMT) in
hepatic cells and reduces conversion of PE to PC (Vance et al., 1997; Watkins et al.,
2003). Interestingly, PEMT is the human orthologue of Opi3p in S. cerevisiae. Another
important role of PEMT is the delivery of essential fatty acids from the liver to plasma
and peripheral tissues (Watkins et al., 2003). This role of PEMT may also account for

the association between hyperhomocysteinemia and AD.

APP metabolism is central to AD progression, and increased production of AP
has been shown to be a key factor in promoting AD progression (Hardy and Higgins,
1992). As such, it is possible that PC deficiency and/or PE accumulation (e.g. in
individuals with hyperhomocysteinemia) may also cause membrane stress and abnormal
membrane curvature leading to higher rate of cleavage of APP by B-secretases, in the
amyloidogenic pathway. While the magnitude of phosphatidylcholine depletion in S.
cerevisiae is unlikely to be mirrored in humans in general, decreased levels of PC and
increased levels of PE and circulating homocysteine are closely associated to AD.
Therefore, these data strongly indicate that maintaining a physiological balance of
phospholipids in human cells is necessary to prevent the formation of soluble/oligomeric
AP that has been shown to inhibit synaptic plasticity and lead to disease progression of
AD.

154



Chapter Five

5 CHAPTER 5: GLOBAL YEAST LIPIDOME PROFILING BY
QUANTITATIVE SHOTGUN MASS SPECTROMETRY

5.1 Introduction and Aims

Metabolomics is developing as an important functional genomics tool. The
combination of both genetics and metabolomics is an emerging approach for biological
research. Within the metabolomics field, lipidomics is a distinct subgroup. Lipidomics
defined as the “systems-level analysis of lipids and their interacting moieties”, aims to
quantitatively describe all lipids and their functions at the cellular level. While lipids
may appear to be structurally simple, they have the potential to generate thousands of
structurally diverse molecular species (Wenk, 2005); thus, presenting a formidable
challenge. Recent technological advances, which include enhanced sensitivity and
resolution of mass spectrometry, development of electrospray ionization and matrix
assisted laser desorption ionization and computational bioinformatics approaches for
data-processing and statistical-analysis allow high-throughput concurrent analysis of
complex lipid mixtures (Ejsing et al., 2009; Guan and Wenk, 2006; Han and Gross,
2003). For example, the LIPID Metabolites And Pathways Strategy project (The LIPID
MAPS Lipidomics Gateway; http://www.lipidmaps.org) aims to qualitatively and
quantitatively measure using a systems biology approach and mass spectrometry, all
lipid species in mammalian cells and quantify changes in lipid species in response to
various conditions (Fahy et al., 2009; Fahy et al., 2007). Complete elucidation of the
mammalian lipidome will lead to a thorough understanding of lipid metabolism and its
role in diseases such as AD, diabetes, stroke, cancer and other lipid-based diseases. This

may allow the development of more effective therapeutic strategies.

Recently, lipidomic analyses of many model organisms have provided detailed
insights into the role of various lipids in cellular processes (Gaspar et al., 2007; Odorizzi
et al., 2000; York et al., 2001). Since the use of S. cerevisiae for lipidomic analysis
offers many advantages including its readily accessible molecular genetics, ease of
cultivation and short generation time, the use of this model organism has proved to be
very valuable. Importantly, it is worth noting that while the lipid composition of S.
cerevisiae is much simpler compared to higher eukaryotes and multicellular organisms,

the fundamental architecture of metabolic and signalling pathways involving lipid
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metabolism in S. cerevisiae is similar to that in mammalian cells. Some of the
significant differences between yeast and mammalian lipidomes include the synthesis of
ergosterol in yeast cells as compared to cholesterol in mammalian cells as the major
sterol (Zinser et al., 1993); yeast sphingolipids contain inositol instead of choline found
in mammalian sphingomyelin. In addition, yeast cells synthesise phytosphingosine and
phytoceramide (Gaspar et al., 2007; Perry and Ridgway, 2005). Since the genome of S.
cerevisiae encodes a single fatty acid desaturase (Olelp) which introduces a double
bond in the A9 position on fatty acids (e.g. palmitoleic acid (16:1 cis-9) and oleic acid
(18:1 cis-9) (Stukey et al., 1990), yeast cells do not synthesise polyunsaturated fatty
acids, but can incorporate those obtained exogenously. Finally, while yeast cells
synthesise PS through the catalytic activity of Cholp using CDP-DAG and free serine,
mammalian cells synthesise PS via an exchange reaction with PE (Kiyono et al., 1987;

Letts et al., 1983; Vance, 2003).

As described above, recent advances in mass spectrometry-based shotgun
lipidomics has allowed a comprehensive and quantitative analysis of S. cerevisiae
lipidome in a single experiment (Ejsing et al., 2009; Guan et al., 2009; Klose et al.,
2012). Major lipid classes include phosphatidic acid (PA), phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidylinositol (PI), phosphatidylserine (PS),
diacylglycerol (DAG), their respective lyso-species, phosphatidylglycerol (PG) and
cardiolipin (CL), triacylglycerols (TAG), diacylglycerol (DAG) and ergosterol (Erg).
The fatty acid composition of these lipid classes is predominantly restricted to palmitic
acid (C16:0), palmitoleic acid (C16:1) and oleic acid (C18:1), with negligible levels of
shorter fatty acids. The sphingolipid (SP) category is comprised of
inositolphosphorylceramide (IPC), mannosyl-inositol phosphorylceramide (MIPC) and
mannosyl-di-(inositolphosphoryl) ceramide (M(IP),C) (Table 5-1).
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Table 5-1 Categorisation of lipid species and classes into general lipid categories

Lipid species were annotated according to their molecular composition. Glycerophospholipid
(GP) and glycerolipids (GL) species are annotated as: <sum of carbon atoms in the fatty acids
(FA) >:<sum of double bonds in the FA> (e.g. PC 34:1). Sphingolipid (SP) species are
annotated as: <sum of carbon atoms in the long chain base (LCB) and FA moiety>:<sum of
double bonds in the LCB and FA moiety>:<sum of hydroxyl groups in the LCB and FA
moiety> (e.g. MIPC 44:0:3).

240 241 260 261 280 281 300 30:1 302

DAG 32:1 322 341 342 361 362 380 381

42:0  42:1 422 423 440 441 442 443 460

46:1 462 463 481 482 483  50:1 502 503
TAG 520 521 522 523 540 @ 541 542 543 5611

562 563 58:1 582 583  60:1 602 603  62:1

622

603 622 623 643 644 662 664 682 684

cL 704 722 724

PA 240 260 261 280 281 30:1 302 321 322
34:1 342 3611 362

PC 240 241 260 261 280 281 282 300 301
302 32:1 322 3411 342  36: 362 382

PE 260 261 280 281 290 30:1 302 32 322

341 342 361 362 382
PG 3211 322 341 342
240 250 260 261 280 281 282 300 301
PI 302 320 321 322 340 341 342 360 361
362 381 382 4011 42:1 441
241 260 261 280 281 30:1 321 322 34l
342 360 361 362
120 140 141 160 16:1 170 180 181 200
20:1
lysoPC 120 140 141 160 16:1 180 181
lysoPE 140 141 160 161 170 180 181  20:1
100  12:0 140 141 160  16:1 170 180 18:1
bsoPL 00
lysoPS 140  14:1 160 16:1 170 18
3402 3403 3404 3602 3604 3802 3803 3805 4202
4203 4402 4403 44:04 4405 4603 4604 4605
3603 38:.02 4202 42:03 42:04 4205 44.03 44.04 4405
46:02 4603 4604 46:0:5
LCB 1802 18:.03
LCBP 18:0:3 20:0:3
MIP2C 42:02 42:04 4403 4404 4405 4602 4603 4604 46035
MIPC 42:04 4403 44:04 44:.05 46:03 4604
Erg Erg
Abbreviations used: Sphingolipids (SP) include Cer, ceramides; IPC,
inositolphosphorylceramide; MIPC, mannosyl-inositol phosphorylceramide; M(IP)2C,
mannosyl-di-(inositolphosphoryl) ceramide. Glycerophospholipids (GP) include PA,
phosphatidic  acid; PC, phosphatidylcholine; PE, phosphatidylethanolamine;  PI,

PS

lysoPA

Cer

IPC
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phosphatidylinositol; PS, phosphatidylserine; CL, cardiolipin; the respective lysospecies lysoPA,
lysoPC, lysoPE, lysoPI and lysoPS. Glycerolipids (GL) include DAG, diacylglycerol; TAG,
triacylglycerol. Sterols (ST) include Erg, ergosterol.

Due to the natural ability of the eukaryotic lipidome to undergo changes in
response to various growth conditions (Klose et al., 2012), the work described in this
chapter aimed to understand the lipidomic factors involved in the increased ABs,GFP
fluorescence and partitioning of AB4,GFP into the ER in the phospholipid mutants. This
chapter describes a quantitative shotgun mass spectrometric approach undertaken to
investigate if the increased AP4,GFP fluorescence and partitioning of AB4,GFP into the
ER in the phospholipid mutants were caused by an accumulation or depletion of a
specific lipid metabolite in the glycerophospholipid (GP), glycerolipid (GL), sterol (ST)
and/or sphingolipid (SP) biosynthetic pathways. The term shotgun lipidomics is derived
on the basis that polar and non-polar lipid extracts are directly injected into the MS for
analysis without prior liquid chromatographic separation. This approach was also used
to determine if the predominantly cytosolic-diffuse AP4>,GFP fluorescence in TCA cycle
mutants and the structured localisation of fluorescent AP4s,GFP in a large globular
compartment in wild-type cells over-expressing DAK2 might result from altered lipid
composition. The mass spectra acquisition of lipid profiles from these samples allowed
quantification of a total of ~240 individual lipid species belonging to 21 lipid classes,
which in turn belong to four major lipid categories: GP, GL, SP and ST. This
categorisation of lipid species and classes into general lipid categories is outlined in

Table 5-1.

5.2 Results — Global lipidome profiling of mutants affected in lipid metabolism

5.2.1 Global lipidome analysis of mutants exhibiting ER/ER-membrane AB4,GFP
localisation identifies pronounced effect of decreased phospholipids and
increased M(IP),C levels
Since phospholipid metabolism appears to affect APs,GFP aggregation, it is

important to determine which aspect(s) of phospholipid metabolism are involved. Major

rearrangements of membrane lipid compositions and changes in the global lipidomic
profile may be caused by altered growth conditions or mutations. Recently, it was
demonstrated that minor changes in growth conditions, temperature, growth phase of

cells and the utilisation of various carbon sources in the media have a profound
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influence on the global lipidomic profile of S. cerevisiae cells (Klose et al., 2012; Natter
et al., 2005). Therefore, these changes may affect lipid composition-dependent
phenotypes. A quantitative shotgun mass spectrometric approach was therefore
undertaken to investigate if the increased AP4,GFP fluorescence and partitioning of
AB4,GFP into the ER in the phospholipid mutants were caused by an accumulation or
depletion of a specific lipid metabolite in the glycerophospholipid (GP), glycerolipid
(GL), sterol (ST) and/or sphingolipid (SP) biosynthetic pathways.

Expression of the AP4GFP fusion protein in wild-type BY4743 cells and the
relevant mutants affected in phospholipid metabolism (Apsdi, Acho2, Aopi3 and Aice?2)
was induced by growing cells in galactose medium to exponential phase (ODggo 1.5).
Analyses of the global lipid composition from whole cell lipid extracts were determined
using quantitative shotgun mass spectrometry based on the methods previously
described by Ejsing et al., (2009), Surma et al., (2011) and Klose et al., (2012) (Section
2.12.1). Cells were harvested from the exponential phase culture, washed in MilliQ
water and frozen at -80°C for lipid extraction. In order to determine the influence of
lipid composition on AB4,GFP aggregation, it was important to ensure other factors such
as manual handling of the cells during lipid extraction and data acquisition by mass
spectrometry were not a source of variations of the yeast lipidome. As such, for each
sample, the data presented are the mean of triplicate measurements from a single

experiment.
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Figure 5-1 General lipid categories of wild-type, Acho2, Aopi3, Apsdl and Aice2 cells
expressing AB,GFP

Quantitative representation of four major lipid categories in wild-type, Acho?2, Aopi3, Apsdl and
Aice?2 cells (as indicated). Each lipid category shows the sum of all the lipid classes belonging to
that particular category. Data presented are the mean of triplicate measurements from three
independent experiments. Error bars indicate standard deviation of these three MS acquisitions.

Analysis of the general lipid categories indicated that overall sterol levels were
similar in all five strains (wild-type, Acho2, Aopi3, Apsdl and Aice?) (Figure 5-2).
However, total glycerophospholipid levels were significantly lower in all strains
displaying the ER/ER-membrane AP4,GFP localisation compared to wild-type cells (p <
0.05). Interestingly, Acho2, Aopi3 and Aice2 cells, which exhibited the most significant
decrease in total glycerophospholipid levels also showed the most significant increase in
total glycerolipid levels (p < 0.0001). This corroborates previous reports that TAG
accumulates in Acho2 and Aopi3 cells. Total sphingolipid levels were also similar in the
four strains, except Apsdl (due to larger error bar), displaying the ER/ER-membrane
APB4>GFP localisation compared to wild-type cells. To gain further insight into the
global lipidome in these mutants affected in phospholipid metabolism, the lipid classes
belonging to the glycerolipid, glycerophospholipid and sphingolipid categories were
analysed (Figure 5-2).
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Figure 5-2 Global lipidomic profile of wild-type, Aopi3, Acho2, Apsdl and Aice2 strains expressing AB,GFP

Quantitative global lipid class composition in wild-type, Acho2, Aopi3, Apsdl and Aice2 cells (as indicated). Data presented are the mean of triplicate
measurements from three independent experiments. Error bars indicate standard deviation of these three MS acquisitions.
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The quantification of the lipid classes in these five strains led to three important
observations (discussed below). First, the expected major lipid changes based on the
gene deletion in the cells were observed. Secondly, in the strains exhibiting the ER/ER-
membrane AP4,GFP localisation there was a pronounced decrease in PA, PI, PS, PE
(except in Acho?2 cells) and PC (except in Aice2 cells) levels compared to wild-type
cells. Finally, increased levels of M(IP),C were observed in these mutants compared to

wild-type cells.

This study provides the first lipidomic analysis of S. cerevisiae cells grown in
galactose media (Figure 5-2). As previously reported for Aopi3 and Acho?2 cells grown
in glucose media (Summers et al., 1988; McGraw and Henry, 1989), both strains grown
expressing AP4>GFP in galactose media showed significantly reduced levels of PC (p <
0.0001) and increased levels of TAG (p < 0.0006) compared to wild-type cells.
Interestingly, while PE was found to accumulate in Acho?2 cells (~26 mol%), its level
was almost depleted in Aopi3 cells (~1 mol%), even lower than that of Apsd! cells (~3
mol%). This is in contrast to previous studies where increased accumulation of PE in
Aopi3 cells was observed when they were grown in glucose media (Summers et al.,
1988; McGraw and Henry, 1989). The above data appear to also conflict with previous
findings by Kodaki and Yamashita (1987) who demonstrated that Aopi3 cells grown in
glucose medium exhibit ~2-fold increase in PE. A general trend of significantly low
levels of PS compared to wild-type cells was observed in Aopi3, Acho2 and Aice2
strains (p < 0.03) and to a lesser extent in Apsdl cells. Interestingly, these data differ
from the previously reported 3% increase in PS levels in Apsd! cells compared to wild-
type cells grown in YPD media (Nebauer et al., 2007). These differences in PE and PS
levels may be possibly due to difference in the strain backgrounds, growth of cells in
galactose media and/or the expression of APsxGFP. While the effect of AP4s,GFP
expression on the lipidome of cells was not analysed in this study, the possible
contribution of strain background, utilisation of various carbon sources and the growth
phase of cells in influencing the lipidome is further supported by the demonstration that
lipidomes of cells grown in glucose media cluster separately using principal component
analysis compared to the lipidomes of raffinose- and glycerol-grown cells (Klose et al.,

2012).
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A significant reduction in PA, PI, PS, PE (except in Acho? cells) and PC (except
in Aice2 cells) was observed in all mutant strains exhibiting an increased level of
AB4>,GFP-associated fluorescence (Figure 5-2). PA accounted for ~9 mol% in wild-type
cells but was generally reduced to only ~4 mol% in Apsdl, Acho2 and Aopi3 strains and
significantly reduced to ~2% in the Aice2 strain (p < 0.008). PC was present at ~17
mol% in wild-type cells but was significantly reduced only in both Acho2 (~4 mol%; p
< 0.0001) and Aopi3 (~0.5 mol%; p < 0.0001) mutants but comparable to both Apsd]
and Aice?2 strains. PI (~26 mol% in wild-type cells) was significantly reduced in all four
strains Apsdl (~12 mol%:; p < 0.02), Acho2 (~15 mol%; p < 0.0009), Aopi3 (~16 mol%;
p <0.007) and Aice2 (~17 mol%:; p < 0.002) mutants respectively. PE accounted for ~15
mol% in wild-type cells but was significantly reduced in Apsdl (~3 mol%,; p < 0.002),
Aopi3 (~1 mol%; p < 0.0005) and Aice? (~8 mol%; p < 0.01) mutants however,
significantly increased in Acho2 (~26 mol%; p < 0.002) strain. Finally, PS was present
at ~1.4 mol% in wild-type cells but was significantly reduced in all four strains Apsdl
(~0.5 mol%; p < 0.07), Acho2 (~0.3 mol%; p < 0.01), Aopi3 (~0.1 mol%; p < 0.009) and
Aice2 (~0.5 mol%; p < 0.03) mutants respectively. Since the synthesis of PA, PC, PI and
PS occur in the ER (Carman and Han, 2011; Daum et al., 1998), a depletion of these
lipid species may influence AP4,GFP interaction with, and/or partitioning in to the ER

membrane reducing A4, aggregation sufficiently for the GFP moiety to fold correctly.

While overall phospholipid levels, including PA, PC, PE, PI, and PS, were
reduced in mutants exhibiting the ER/ER-membrane AB4,GFP localisation there was a
pronounced effect of increased M(IP),C levels in these strains compared to wild-type
cells. M(IP),C (~3 mol% in wild-type cells) was significantly increased in all four
strains Apsdl (~9 mol%; p < 0.06), Acho2 (~5 mol%; p < 0.01), Aopi3 (~6 mol%; p <
0.01) and Aice2 (~5 mol%; p < 0.01) mutants respectively (Figure 5-2). Interestingly,
increased M(IP),C levels showed a noticeable trend: a significant reduction in PI in all
mutants exhibiting the ER/ER-membrane AB4,GFP localisation led to increased levels

of M(IP),C in those strains.
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5.2.2 Genetic interaction network supported by a global lipidomic approach

provide hints to another possible function of Ice2p

The gene ICE2 encodes an integral ER membrane protein with type III
transmembrane domains. In S. cerevisiae cells, two types of ER are present; namely
perinuclear ER and the cortical ER (Preuss et al., 1991; Rose et al., 1989). While the
perinuclear ER is a polygonal network of membranous tubular structures (Palade, 1956)
connected to the outer nuclear envelope, the cortical ER forms a membranous tubular
network along the periphery of the cells, juxtaposed to the plasma membrane (Prinz et
al., 2000). Ice2p, which is localised to both the cortical and perinuclear ER, plays an
important role in cortical ER inheritance (Estrada de Martin et al., 2005; Huh et al.,
2003). In this study, Aice2? cells expressing APsGFP exhibited a strong level of
APB4GFP-associated fluorescence in a perinuclear ER/ER-membrane localisation,
similar to the localisation observed for AB4>,GFP in the mutants affected in phospholipid

metabolism.

In §. cerevisiae, the deletion of a single gene may not always present a
phenotype or a lethal phenotype. Since a vast majority of predicted ORFs/genes (>80%)
are not essential for viability of S. cerevisiae cells, the phenotypes exhibited through
genetic manipulation are usually buffered by the genome (Costanzo et al., 2010; Tong et
al., 2001). Therefore to assist in determining gene function, systematic construction of
double mutants, termed synthetic genetic array (SGA) analysis was developed by Tong
and colleagues (2001), in which a query mutation or gene deletion was crossed to an
array of ~4700 deletion mutants (Tong et al., 2001; Tong et al., 2004). The resulting
double-mutants that are inviable identify functional interactions between genes and
these interactions are known as negative genetic interactions or synthetic lethality.
Synthetic sick interactions refer to a lower fitness of the double-mutant compared to the
expected combined effect of the single mutant growth phenotypes; while positive
genetic interactions usually refer to greater fitness of the double mutant than expected.
These genetic interactions occur between pairs of genes that operate in functionally
related pathways, and provide deeper understanding of underlying biological/cellular
processes (Costanzo et al., 2010; Tong et al., 2001; Tong et al., 2004). To understand the
function of /CE2, the negative genetic interaction network of /CE2 was generated and

analysed using a web-based database of quantitative genetic interaction networks called
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Data Repository of Yeast Genetic Function (DRYGIN) (http://drygin.ccbr.utoronto.ca)
(Baryshnikova et al., 2010; Koh et al., 2010). The latest version of DRYGIN contains
more than 5.4 million measurements of genetic interactions involving approximately
4500 genes. Based on default parameters set by the DRYGIN database showed that both
reproducible and functionally informative interactions are determined at p < 0.05 which
indicate the genetic interaction score confidence. Therefore only these genetic

interactions were considered for further analysis.

Analysis of the negative genetic interaction network of /CE2 identified genes
involved in cellular processes, such as stabilisation of actin cables and filaments, which
direct polarised cell growth, inheritance and distribution of organelles, homolog
segregation during meiosis I and nuclear migration and spindle partitioning during
mitotic anaphase B. Interestingly, while Ice2p has not been previously associated with a
function in lipid/phospholipid metabolism, detailed analysis of negative interaction
network data highlight the strong association to genes involved in lipid metabolism and
displayed significant genetic interactions with /CE2 (Table 5-2). These include genes
involved in phospholipid metabolism INO2, INO4, PSD1, PSD2, CHOZ2, OPI3, and
SCS2; glycerolipid metabolism PAHI and DGKI; sphingolipid metabolism SCS7 and
ORM?2; and sterol metabolism ERG6. Taken together with results from the global
lipidomic analysis of strains exhibiting the ER/ER-membrane AB4GFP localisation
(Figure 5-2) these data strongly suggest that Ice2p may play a role in lipid metabolism

in S. cerevisiae cells.

To determine if the lipid composition in Aice2 cells was altered in any of the 21
lipid classes, global lipidome analysis using a quantitative shotgun mass spectrometric
approach was undertaken. Wild-type BY4743 and Aice? cells not containing or
expressing any of the ABGFP fusion proteins were grown in synthetic complete glucose
media to exponential phase (ODgpp 1.5). Cells were harvested from the exponential
phase culture, washed in MilliQ water and frozen at -80°C for lipid extraction. Since
mass spectrometric data was acquired for both wild-type and Aice2 cells expressing

AB4>,GFP in galactose media, these data were also included in this analysis.
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Table 5-2 Negative genetic interaction network of ICE2 and genes involved in lipid
metabolism, based on significant interactions (DRYGIN database)

The p — values indicate the genetic interaction score confidence.

Common names p - value
Query gene Array gene

ICE2 DGK1 2.111E-82
DGK1 ICE?2 2.111E-82
SCS2 ICE2 8.237E-94
ICE2 SCS2 8.237E-94
INO?2 ICE2 8.266E-58
ICE?2 INO?2 8.266E-58
SCS3 ICE2 3.847E-75
ICE2 SCS3 3.847E-75
PSD?2 ICE2 1.635E-20
ICE?2 PSD2 1.635E-20
ORM?2 ICE2 0.00001117
INO4 ICE2 3.601E-07
CHO?2 ICE2 0.000215
ICE?2 CHO?2 0.000215
ICE2 OPI3 3.41E-11
OPI3 ICE2 3.41E-11
PSDI1 ICE2 0.0004931
ERG6 ICE2 0.0000555
PAHI ICE2 0.01134
ICE2 SCS7 0.02285
SCS7 ICE2 0.02285

Figure 5-3 General lipid categories of wild-type and Aice2 cells grown in either glucose
(Glu) or galactose (Gal) media

Quantitative representation of four major lipid categories in wild-type and Aice2 cells grown in
either glucose (Glu) or galactose (Gal) media (as indicated). Each lipid category shows the sum
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of all the lipid classes belonging to that particular category. Data presented are the mean of
triplicate measurements from three independent experiments. Error bars indicate standard
deviation of these three MS acquisitions.

This study provides the first global lipidomic analysis of Aice2 cells. Analysis of
the general lipid categories indicated that overall sterol and sphingolipid levels were
more or less comparable in wild-type and Aice2 cells grown in glucose or galactose
media (Figure 5-3). However, total glycerophospholipid levels were significantly lower
in Aice2 cells grown in both media compared to wild-type cells (p < 0.003). Similar to
the earlier observations made in galactose media, Aice2 cells also showed a significant
increase in total glycerolipid levels (p < 0.02) when grown in glucose. To gain further
insight into the global lipidome in Aice2 cells, the lipid classes belonging to the four
major lipid categories were analysed (Figure 5-4). The quantification and analysis of the
lipid classes in wild-type and Aice2 cells grown in either glucose or galactose led to two
major observations. First, Aice2 cells showed a pronounced effect of decreased PA (p <
0.04) and PE (p < 0.01) levels in both glucose and galactose media compared to wild-
type cells. Interestingly, significant decreases in PI (p < 0.002) and PS (p < 0.03) levels
were also observed in Aice2 cells grown in galactose media but not those grown in
glucose media. Finally, general trend of increased DAG and TAG levels were observed
in Aice2 cells grown in both glucose and galactose media, compared to wild-type cells.
Comparison of the lipidomes between Aice2, Acho2 and Aopi3 cells indicated that, apart
from the PC depletion phenotype, Aice2 cells show similar a trend in lipid classes as

those observed in the phospholipid mutants.
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Figure 5-4 Global lipidomic profile of wild-type and Aice2 cells grown in either glucose (Glu) or galactose (Gal) media.

Quantitative global lipid class composition in wild-type and Aice2 cells grown in either glucose (Glu) or galactose (Gal) media (as indicated). Data presented
are the mean of triplicate measurements from three independent experiments. Error bars indicate standard deviation of these three MS acquisitions.
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5.2.3 Understanding the link between mitochondrial dysfunction and Ap4+,GFP
aggregation — Investigation of AP4,GFP localisation in mitochondrial
mutants
Of the 110 mutants identified in the genome-wide screen, 39.1% (43 mutants

from 110) were annotated in the Saccharomyces Genome Database as exhibiting

disrupted mitochondrial respiratory function. The significant over-representation of
mutants involved in processes such as the TCA cycle, oxidative phosphorylation,
mitochondrial protein translation and protein import indicates that normal mitochondrial
function is closely linked to the folding and aggregation of the APB4+,GFP fusion protein
in yeast. Further analysis of process ontology also identified acetyl-CoA catabolism and
enzymes of the tricarboxylic acid (TCA) cycle, including isocitrate dehydrogenase

(Idp1p), alpha-ketoglutarate dehydrogenase (Kgd2p), succinate dehydrogenase (Sdh4p),

aconitase (Acolp) and fumarase (Fumlp) to be significantly over-represented (p = 7.71

X 10"22). Fluorescent AB4,GFP in TCA cycle mutants was localised as cytosolic-diffuse

or cytosolic-diffuse with single to multiple small puncta (Figure 5-5), which did not

appear to occur in a distinct structure in the cell. Since the mitochondrial mutants that
affected AP4,GFP-associated fluorescence were mainly defective in the TCA cycle,
disruption of respiratory energy production may account for the altered AP4,GFP-
associated fluorescence phenotype observed in these mitochondrial respiration-deficient

strains.
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Figure 5-5 Fluorescent images of mutants affected in mitochondrial function expressing
A4, GFP.

Mitochondrial mutants expressing AP, GFP were induced in galactose medium (SCgal-URA)
and AP4,GFP-associated fluorescence analysed at 12 h post induction. TCA cycle mutants A)
Ariml, B) Apyc2, C) Acit3, D) Aacol, E) Aidh2, F) Aidpl, G) Akgd2, H) Alscl, 1) Asdh2, J)
Asdh4, K) Afuml and L) Amdhl and were observed to predominantly exhibit cytosolic-diffuse
AP4,GFP-associated fluorescence, with some mutants exhibiting fluorescent puncta. Scale bars
indicate 5 pm.

5.2.4 Disruption of mitochondrial DNA does not affect AR, GFP expression

The mitochondrial genome (mtDNA) of S. cerevisiae encodes eight proteins that
are all essential for oxidative phosphorylation (Tzagoloff and Dieckmann, 1990) and
deletion of mtDNA leads to respiratory incompetence due to disruption of the
mitochondrial electron transport chain and oxidative phosphorylation of ATP functions.
S. cerevisiae is a facultative aerobe, and respiratory-incompetent cells can grow on
carbon sources such as glucose or galactose. To examine whether the disruption of
respiratory function per se affected A4 GFP fluorescence, rho-zero (rho”) cells lacking
mtDNA derived from wild-type BY4743 S. cerevisiae were generated and grown in
galactose (induction) media and the effect on AP4,GFP analysed. The absence of
mtDNA was confirmed by DAPI staining (data not shown). Respiratory incompetent
rho” cells yielded only a similar trace level of AB4GFP fluorescence (~5%), comparable

to wild-type grande (rho") cells, indicating loss of respiratory function per se does not
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affect AB4,GFP-associated fluorescence. Therefore, the increased AB4,GFP fluorescence
in the TCA cycle mutants was not due to a general loss of respiration energy production

but possibly via another mechanism.

Figure 5-6 Fluorescence microscopic images of Rho’ and wild-type grande cells expressing
AP, GFP.

Respiratory incompetent (rho’) and wild-type grande (rho") cells expressing AP, GFP were
induced in galactose medium (SCgal-URA) and A, GFP-associated fluorescence analysed at
12 h post induction. Rho” cells yielded similar trace level of AB,GFP fluorescence (~5%),
comparable to wild-type cells. Scale bars indicate 5 um.

5.2.5 Global lipidome analysis of TCA cycle mutants exhibiting altered ABs,GFP
fluorescence

Since affecting the TCA cycle also affected AB4,GFP-associated fluorescence,
accumulation of a specific metabolite of the TCA cycle or upstream of it may be
involved since the mutants deleted for aconitase and citrate synthase were affected in
APB4,GFP aggregation. Disruption of the TCA cycle may affect acetyl-CoA metabolism
and possibly affect processes including lipid metabolism and/or homeostasis. To
determine if the predominantly cytosolic-diffuse ABsx,GFP fluorescence in TCA cycle
mutants might result from altered lipid composition, a quantitative shotgun mass
spectrometric approach was undertaken to provide insight into the global lipidomic
profile of the relevant mutants affected in the TCA cycle. Since wild-type and the
respiratory-deficient tho” cells did not affect AP, GFP aggregation, these strains were
also included in this analysis to allow their lipidomes to be compared to that of the TCA

cycle mutants.
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Lipid categories

Figure 5-7 General lipid categories in wild-type, rho’ cells and selected TCA cycle mutants
expressing Ap,GFP

Quantitative representation of the four major lipid categories in wild-type, rho’, Aaco2, Aidhl,
Aidh2, Akgdl, Akgd?2, Asdhl, Asdh2, Asdh4, Afuml and Amdhl cells (as indicated). Each lipid
category shows the sum of all the lipid classes belonging to that particular category. Data
presented are the mean of triplicate measurements from three independent experiments. Error
bars indicate standard deviation of these three MS acquisitions.

This study provides the first global lipidomic analysis of TCA cycle mutants.
Analysis of the general lipid categories, except sterols, indicated that overall
glycerolipid levels were more or less comparable in wild-type cells, tho” cells and in all
ten TCA cycle mutants (Aaco2, Aidhl, Aidh2, Akgdl, Akgd2, Asdhl, Asdh2, Asdh4,
Afuml and Amdhl) (Figure 5-7). However, variations within the TCA cycle mutants
were observed; while Aidh2 and Afuml mutants exhibited the lowest levels of overall
glycerolipid content, Akgdl, Asdh4 and Amdhl showed the highest. While no general
trends were observed in the glycerophospholipid and sphingolipid categories; within the
TCA cycle mutants, strains that exhibited lower levels of total GL, were found to have
higher levels of GP and vice-versa, including Aidh2, Afuml, Akgdl, Asdh4 and Amdhl
strains. Rho” cells show slightly lower total GP levels and higher total SP levels
compared to wild-type cells. Overall SP levels were also comparable in wild-type cells

and 1in all ten TCA cycle mutants.

Unlike the trends of reduced levels of GPs, including PA, PI, PS, PE and PC,
and increased levels of TAG and M(IP),C observed in mutants affected in phospholipid
metabolism, TCA cycle mutants did not exhibit a general trend across any of the 20

lipid categories. Instead, varying levels of lipid classes were observed within the
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selected TCA cycle mutants (Figure 5-8). For example, reduced levels of DAG and
TAG were found in Aidh2 and Afuml mutants while, increased levels of DAG were
observed in Akgdl, Asdh4 and Amdh4 mutants. Analysis of the sphingolipids indicated
that while M(IP),C levels in Aidh2, Akgdl, Akgd2, and Afuml mutants were comparable
to wild-type cells, all other TCA cycle mutants showed a ~2-fold reduction. Analysis of
phospholipids indicated that all TCA cycle mutants except Akgdl have significantly
increased levels of PE while Asdh2 mutant also showed significantly high PC levels
compared to wild-type cells. Analysis of the lipidome of rho’ cells indicated that TAG
(»=0.001) and IPC (p = 0.004) levels were significantly increased while CL (p = 0.005),
PA (p = 0.03), PE (p = 0.003), PI (p = 0.04), and their corresponding lyso-species were

significantly reduced in these strains compared to wild-type cells (Figure 5-8).

Since the lipidome of rho” cells is significantly altered, an analysis comparing
the lipidomes between rho” cells, which do not give rise to increased A4 ,GFP-
associated fluorescence, and the relevant phospholipid mutants that exhibit the ER/ER-
membrane AP4,GFP localisation was undertaken. Interestingly, tho” cells exhibited a
similar TAG accumulation phenotype, as well as trends involving reduced PA, PE and
PI levels to a similar extent to that observed in the phospholipid mutants (Figure 5-9).
However, the decrease of PC and PS levels in the phospholipid mutants was not
observed in tho” cells. Taken together, it can be surmised that the additional decrease of
PC and PS levels in the phospholipid mutants may have given rise to the ER/ER-
membrane AP4,GFP localisation. These data indicate that alterations to specific

phospholipids may affect AB4,GFP localisation and aggregation in S. cerevisiae.
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Figure 5-8 Global lipidomic profile of wild-type, rho” and selected TCA cycle mutants expressing Ap,,GFP

Quantitative global lipid class composition in wild-type, tho’, Aaco2, Aidhl, Aidh2, Akgdl, Akgd2, Asdhl, Asdh2, Asdh4, Afuml and Amdhl cells (as
indicated). Data presented are the mean of triplicate measurements from three independent experiments. Error bars indicate standard deviation of these three
MS acquisitions.
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Figure 5-9 Global lipidomic profile of wild-type, Aopi3, Acho2, Apsdi, Aice2 and rho’ cells expressing Ap,,GFP

Quantitative global lipid class composition in wild-type, Aopi3, Acho2, Apsdl, Aice2 and tho® cells (as indicated). Data presented are the mean of triplicate
measurements from three independent experiments. Error bars indicate standard deviation of these three MS acquisitions.
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While TCA cycle mutants gave rise to increased APsGFP-associated
fluorescence predominantly as cytosolic-diffuse or cytosolic-diffuse with single to
multiple small puncta, respiratory incompetent rho’ cells yielded similar trace level of
AP4,GFP fluorescence (~5%), comparable to wild-type grande (rho") cells indicating
loss of respiratory function per se does not affect AP4,GFP-associated fluorescence.
Interestingly, through detailed comparisons between the lipidomes of wild-type, rho®
cells and TCA cycle mutants further indicated altered lipid metabolism and/or
homeostasis did not AB4s,GFP-associated fluorescence. Although at present, it is unclear
how loss of nuclear-encoded mitochondrial proteins affect APsGFP-associated
fluorescence; one possible explanation may be that a metabolite in, or derived from, the
TCA cycle may affect AB4,GFP aggregation. TCA cycle intermediates, oxaloacetate, a-
ketoglutarate, citrate and succinyl-CoA are precursors for several anabolic processes,
such as biosynthesis of porphyrins (for heme production), amino acids, purines,
pyrimidines, fatty acids, sterols, and neurotransmitters (in neuronal cells). Apart from
porphyrins, all other metabolites provide the TCA cycle with the intermediates when
turned over by the metabolic activity of the cell. Porphyrins and heme may be possible
candidate metabolites to be analysed since its metabolism has been previously found to
be altered in AD (Atamna, 2006; Atamna and Boyle, 2006; Atamna and Frey, 2004;
Atamna and Frey, 2007; Chuang et al., 2012). It is tempting to speculate that disruption
of the TCA cycle would affect porphyrins and heme metabolism and alter intracellular
levels of these metabolites. However, a more detailed analysis of the mechanism(s)
mediating the changes in AB4GFP fluorescence in the TCA mutants is required, and a
metabolomics approach to identify changes in mitochondrial metabolites may be
informative. A good starting point can be the intermediate metabolites accumulating in

and upstream of the TCA cycle.

5.2.6 A ‘reverse-genetics’ approach identifies metabolite(s) that may influence
increased APsGFP fluorescence in mutants affected in mitochondrial
function
Reduction of NAD" to NADH occurs in dissimilatory as well as in assimilatory

reactions in S. cerevisiae. Only catalytic amounts of these pyridine nucleotides are

present and intracellular concentrations of NAD'/NADH of 1 mM have been reported

(de Koning and van Dam, 1992; Richard et al., 1993). As such, the reduction of NAD"
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has to be matched by a continuous reoxidation of NADH. To allow this balance,
multiple redox couples exist in cells. While NADH serves as a source of electrons and is
required in reductive cellular reactions, NAD" serves as a sink for electrons and is
required in oxidative cellular reactions (Bakker et al., 2001; Schafer and Buettner, 2001).
One of the major mechanisms that allows for the reoxidation of NADH is the production
of glycerol via glycerol-3-phosphate dehydrogenase which detoxifies dihydroxyacetone
phosphate by utilising NADH (Compagno et al., 1996; Larsson et al., 1998). The
glycerol-3-phosphate shuttle is an indirect mechanism to oxidise cytosolic NADH and
transfer the electrons to the respiratory chain (Bakker et al., 2001). There are two major
processes of glycerol formation; 1) reduction of dihydroxyacetone phosphate to glycerol-
3-phosphate via NADH-dependent glycerol-3-phosphate dehydrogenase Gpdlp and
Gpd2p. This is followed by hydrolysis of the phosphate group to produce glycerol
Gpplp and Gpp2p. ii) Direct conversion of dihydroxyacetone to glycerol via Yprlp and
Geylp (Figure 5-10) (Albertyn et al., 1994b; Ansell et al., 1997; Eriksson et al., 1995;
Norbeck et al., 1996; Wang et al., 1994). Upon disruption to mitochondrial electron
transport, S. cerevisiae cells use glycerol production to serve as a redox sink by utilising
glycerol-3-phosphate dehydrogenases Gpdlp and Gpd2p to maintain intracellular
concentrations and availability of NAD" (Bakker et al., 2001). However, unlike the
TCA cycle mutants, rho” cells and mutants affected in mitochondrial electron transport
chain function, do not affect ABs,GFP fluorescence. Three reactions in the TCA cycle
utilise NAD" as a cofactor; they are, oxidation of isocitrate to a-ketoglutarate by Idhlp
and Idh2p, and the subsequent oxidative decarboxylation of a-ketoglutarate to succinyl-
CoA by Kgdlp, Kgd2p and Lpdlp, and finally the conversion of malate to oxaloacetate
by Mdhlp. Therefore upon disruption to the TCA cycle, cells may have increased levels
of NAD" and thereby reduced flux into glycerol production.
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Figure 5-10 Overview of the pathways for dihydroxyacetone and glycerol metabolism
in S. cerevisiae

The pathways shown for the synthesis of glycerol, DHA, PA and the relevant steps discussed in
the text. As illustrated, two major processes of glycerol formation; i) reduction of
dihydroxyacetone phosphate to glycerol-3-phosphate via NADH-dependent glycerol-3-
phosphate dehydrogenase Gpdlp and Gpd2p. This is followed by hydrolysis of the phosphate
group to produce glycerol Gpplp and Gpp2p. ii) Direct conversion of dihydroxyacetone to
glycerol via Yprlp and Gcylp. Abbreviations used: DHA, dihydroxyacetone; DHAP,
dihydroxyacetone phosphate; 1-acyl-DHAP, 1-acyl-dihydroxyacetone phosphate; G3P,
glycerol-3-phosphate; lyso-PA, lyso-phosphatidic acid; PA, phosphatidic acid.

In the previous chapter (Section 4.2.8), a ‘reverse-genetics’ approach using gene
over-expression analysis was undertaken to investigate if the increased APs,GFP
fluorescence in the phospholipid mutants were caused by an accumulation of a specific
phospholipid intermediate. Through this over-expression screen, two genes were
identified that when over-expressed appeared to exhibit altered AB4>,GFP fluorescence
relative to wild-type cells. Strains over-expressing CDS! (discussed in Section 4.2.9) or
DAK?2 were subsequently rescreened for confirmation of altered levels fluorescence and
the proportion of fluorescent cells. DAK2 encodes dihydroxyacetone kinase, which is
responsible for detoxification of dihydroxyacetone (Figure 5-10) (Molin et al., 2003;
Norbeck and Blomberg, 1997). Wild-type cells over-expressing DAK2 gave rise to more
fluorescent cells (~35%) than those in wild-type control cells. To determine if the
increased APsGFP fluorescence in the TCA cycle mutants were caused by an
accumulation of a specific intermediate metabolite in the glycerol biosynthetic pathway
(eg. glycerol or dihydroxyacetone), gene over-expression analysis was undertaken. This
‘reverse-genetics’ approach was undertaken to provide insight into the link between

altered levels of glycerol and/or dihydroxyacetone, and, AB4+>GFP fluorescence.
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In wild-type cells, over-expression of a gene in a cellular pathway is likely to
increase flux through that particular pathway. In an attempt to force accumulation of a
specific metabolite, the upstream gene(s) leading to its synthesis was over-expressed
and the gene(s) leading to the utilisation of the ‘target’ metabolite was deleted. The
genes encoding enzymes of the glycerol precursors and intermediates that were over-
expressed included those involving dihydroxyacetone, dihydroxyacetone phosphate,
glycerol-3-phosphate and glycerol. A list of all target metabolites analysed, the strains
and plasmids used in this ‘reverse-genetics’ approach are summarised in Table 5-3. The
over-expression screen made use of pAG415GAL1-AB42-GFP (under the LEU2
selectable marker) to allow co-expression of the genes in the yeast ORF library (under
the URA3 selectable marker) (Gelperin et al., 2005). Plasmids containing the 2p origin
of replication are maintained at high-copy number (20-50 copies) and are useful in over-
expression studies in S. cerevisiae (Sikorski and Hieter, 1989). High-copy galactose-
inducible plasmids (BG1805 family) containing 5854 S. cerevisiae open reading frames
(ORFs) in the yeast ORF library (Gelperin et al., 2005) (OpenBiosystemsTM) were
utilised in this study. Wild-type BY4743 cells and the appropriate deletion mutants were
co-transformed with pAG415GAL-AB42-GFP construct and BG1805 plasmids carrying
lipid gene ORFs as indicated in Table 5-3. As controls, both wild-type BY4743 cells
and deletion mutants were co-transformed with pAG415GAL-AB42-GFP and pYES-
DESTS52 (an empty URA3 vector) (Invitrogen, San Diego, CA, USA). In this ‘reverse-
genetics’ approach, successful transformants over-expressing a particular gene were
examined to identify those exhibiting increased APsGFP fluorescence and/or altered
fluorescence localisation compared to wild-type cells. Expression of the APs,GFP
fusion protein and the gene ORF in each strain was induced by growing cells in
galactose medium and AP4,GFP-associated fluorescence was analysed 15 h post-

induction.

179



Chapter Five

Table 5-3 List of genes encoding enzymes of the phospholipid intermediates that were
over-expressed in wild-type cells and relevant phospholipid mutants

Attempted accumulation of metabolite- ORF over-

of-interest expressed Strains
paki L iz st
Dihydroxyacetone phosphate (DHAP) glzl] I]{ é Ajved Agpd] N

Acho? Agpd2 Aayrl
Wild-type Apsdl Adak2
Dihydroxyacetone (DHA) and YPRI Aopi3 Apsd?2 Agutl
dihydroxyacetone phosphate (DHAP) Aice?2 Afuml Agut?
Acho? Adakl Ageyl
Wild-type Apsdl Adak2

GPDI Aopi3 Apsd?2 Agutl

Glycerol-3-phosphate (G3P) GPD2 Aice2 Afuml Agut?
GUTI Acho?2 Adakl Ageyl

Agpt2 Asctl Afuml

Wild-type Apsdl Adak?2
Aopi3 Apsd?2 Agutl

Glycerol gﬁié Aice2 Afuml Agut?
Acho?2 Adakl Ageyl
Agpt2 Asctl Afuml

Analysis of ~120 strains in the over-expression screen confirmed that only over-
expression of DAK?2 in all strains led to an increased proportion of fluorescent cells
(~35%) compared to wild-type control cells. As discussed in Section 4.2.8, DAK?2 over-
expression in wild-type cells exhibited a structured localisation of fluorescent AB4,GFP
in a large globular compartment in the cell (Figure 5-11). Based on the intensity of
AB4,GFP fluorescence, it appeared that fluorescent AB4s,GFP peptides accumulated
inside this large globular compartment which was visible using DIC microscopy (Figure
5-11). DAK?2 over-expression in wild-type cells expressing either AB4GFP or ABgpGFP
gave rise to 52% + 5% and 60% =+ 5% of the cell population, respectively. Interestingly,
expressing in these strains the less-aggregation prone AP4oGFP or ABgpGFP yielded
almost no cytosolic-diffuse fluorescence. This is unlike wild-type cells where
predominantly cytosolic-diffuse fluorescence was seen in cells expressing either
AB4oGFP or APppGFP. Almost all fluorescent APB4GFP or ABgpGFP fusion proteins
were contained within the large globular compartment in cells over-expressing DAK?2
(Figure 5-11). In addition, choline supplementation did not affect the proportion of

DAK?2 over-expressing cells exhibiting AP4,GFP-associated fluorescence.
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AB4,GFP AB4oGFP ABrpGFP

Figure 5-11 Fluorescent microscopic images of wild-type cells over-expressing DAK2
together with AB,GFP, AB,GFP or ABgpGFP

Wild-type cells over-expressing DAK2 together with various forms of AB fusion proteins (as
indicated) were induced in galactose medium (SCgal-URA). APGFP-associated fluorescence
was analysed at 15 h post induction. DAK2 over-expression in wild-type cells exhibited a
structured localisation of fluorescent ABGFP fusion proteins in a large globular compartment in
the cell (as indicated by arrowheads). Scale bars indicate 5 um.

5.2.7 Over-expression of DAK2, but not DAKI1, leads to formation of large
globular compartment in cells containing fluorescent ABs,GFP peptides.
There are two dihydroxyacetone kinases in S. cerevisiae, Dak1p and Dak2p, and
they share 46% amino acid identity (Molin et al., 2003; Norbeck and Blomberg, 1997).
Interestingly, the over-expression of DAK?2 but not DAK! led to the formation of a large
globular compartment containing fluorescent AB4+>,GFP peptides. To determine if the
formation of this large cellular compartment was dependent on the expression and
accumulation of AB4,GFP, wild-type cells were transformed with either DAKI or DAK?2
over-expression plasmid alone, induced by growing cells in galactose medium and
analysed 15 h post-induction. Analysis using DIC microscopic imaging indicated that
wild-type cells over-expressing DAK?2 exhibited a large globular compartment/organelle
(Figure 5-12). These large structures were not found in wild-type cell over-expressing
DAK]1 (Figure 5-12). Taken together these data indicate that the formation of this
cellular compartment was independent of the presence and expression of ABGFP fusion
proteins and the APsGFP peptides and the less-aggregation prone AP4GFP or
APBepGFP peptides may have partitioned into this large compartment/organelle of the

cell.

181



Chapter Five

Figure 5-12 Differential interference contrast (DIC) microscopic images of wild-type cells
over-expressing either DAK1 or DAK2

Wild-type cells over-expressing either DAK/ or DAK?2 (as indicated) were induced in galactose
medium (SCgal-URA). Strains were analysed at 15 h post induction. DAK2 over-expression in
wild-type cells exhibited a structured large globular compartment/organelle in the cells (as
indicated by arrowheads). Scale bars indicate 5 pm.

5.2.8 Investigation of APs,,GFP localisation in wild-type cells over-expressing

DAK2

In Section 4.2.4, data from confocal microscopic analysis indicated that
APB4>GFP was unlikely to interact with LDs. This was further supported by the ER/ER-
membrane localisation of AB4,GFP in the quadruple mutant Adgal Alrol Aarel Aare?2,
which do not form LDs. Recently it was described that certain S. cerevisiae mutants
were able to produce ‘super-sized’ LDs that are up to 50 times the volume than those
found in wild-type cells (Fei et al., 2008; Fei et al., 2011). In order to determine if this
large globular compartment found in wild-type cells over-expressing DAK2 was a
‘super-sized’ lipid droplet, wild-type BY4743 and the quadruple mutant Adgal Alrol
Aarel Aare2 were transformed with the pAG415GAL1-AB42-GFP and DAK?2 over-
expression plasmids. Over-expression of DAK2 and AP4GFP in both strains was
induced by growth in galactose medium and analysed 15 h post-induction via
microscopic analysis. Cells were stained with LipidTOX Red and 4’,6’-diamidino-2-
phenylindole (DAPI) to allow co-visualisation of lipid droplets, nuclear and
mitochondrial DNA respectively. Data from confocal microscopic analysis indicated
that in wild-type cells, the large globular compartment containing fluorescent A4, GFP
peptides did not co-localise to LipidTOX Red or the DAPI stains (Figure 5-13A). The
quadruple mutant lacking LDs also exhibited a similar phenotype in that fluorescent
AB4,GFP peptides were found localised in the large globular compartment in cells

(Figure 5-13B). These data indicate that the large globular compartment/organelle
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formed by the over-expression of DAK?2 is not a traditional LD, a ‘super-sized’ LD or
the nucleus of the cell. Based on the cellular function of Dak2p, the over-expression of a
dihydroxyacetone kinase in cells may lead to an increased DHAP in cells, which is an
integral part of the glycerophospholipid backbone. Therefore, it was proposed that in
manner analogous to neutral lipid and sterol accumulation in LDs, strains over-
expressing DAK2 may accumulate polar lipids/phospholipids in these large cellular

compartments.

Figure 5-13 Fluorescent and confocal microscopic images of the quadruple mutant and
wild-type cells over-expressing DAK2 exhibiting AB,,GFP fluorescence, LipidTOX Red
and DAPI staining.

Wild-type cells and the quadruple mutant Adgal Alrol Aarel Aare2 over-expressing DAK2 and
APB4,GFP were induced in galactose medium (SCgal-URA). Cells were stained with DAPI and
LipidTOX Red; and localisation of LDs, nuclear DNA, and AB,GFP fluorescence were
analysed at 15 h post induction. A) Series of confocal microscopic images, taken at 1 um
intervals (as indicated) of a wild-type cell exhibiting distinct AP,,GFP localisation in a large
globular compartment/organelle (in green), demonstrates that this compartment/organelle is not
a LD (in red) or the nucleus (in blue). B) Lack of fluorescence signal using LipidTOX Red
indicates the lack of LDs in the quadruple mutant (left panel), while AB4,GFP localises in the
large globular compartment/organelle in these cells (middle panel). Bar, 5 pm.
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Nile Red (9-diethylamino-5H-benzo[a]phenoxazine-5-one) is a fluorescent
lipophilic stain which is characterised by a shift of emission from red to yellow
according to the degree of hydrophobicity of lipids (Fowler and Greenspan, 1985;
Greenspan and Fowler, 1985; Greenspan et al., 1985). Therefore, unlike LipidTOX Red
used previously, Nile Red stain is able to detect both polar and non-polar/neutral lipids.
Polar lipids such as phospholipids appear red while neutral lipids that are present in LDs,
appear to be yellow. Interestingly, quantitative ratiometric data of Nile Red red and
yellow emissions is able to differentiate lipids based on their polarity/hydrophobic
strength (Diaz et al., 2008). It is important to note that this red/yellow emission ratio is
unable to evaluate the exact composition of lipid mixtures, but it may indicate a general
change in lipid composition based on the difference between the hydrophobicity of polar
lipids and neutral lipids. Since the data above indicated that the large globular
compartment in wild-type cells over-expressing DAK2 was not a traditional LD, these
cells were stained with Nile Red to determine if there was an accumulation of polar lipid
species in these cells. Due to the significant spectral overlap of GFP and Nile Red
fluorescence emission (Listenberger and Brown, 2007), wild-type cells over-expressing
DAK?2, without AP4,GFP, were induced for 15 h and stained with Nile Red. The large
globular compartment in wild-type cells over-expressing DAK?2 stained with Nile Red
appeared to be red in colour in contrast to the yellow coloured LDs (Figure 5-14). This
may indicate an accumulation of polar lipid species or DHAP in the large compartment
formed in these cells, subsequently causing AB4>GFP to partition into this compartment

within this strain leading to the altered localisation of AB4,GFP.
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Figure 5-14 Fluorescent and DIC microscopic images of wild-type cells over-expressing
DAK2 stained with Nile Red

Over-expression of DAK2 in wild-type cells was induced by growth in galactose medium
(SCgal-URA). Cells were stained with Nile Red and analysed at 15 h post induction. Wild-type
cells over-expressing DAK2 exhibited the formation of a large globular compartment in cells
(black arrows in DIC images) which exhibited red fluorescence with Nile Red stain; unlike the
intense yellow fluorescence observed from LDs. Yellow fluorescence is not visible in these
images due to false colouring applied. Bar, 5 um.

5.2.9 Global lipidome analysis of wild-type cells over-expressing DAK2 identifies

pronounced effect of increased TAG, MIPC and lysoPA levels

To determine if the large globular compartment containing fluorescent AB4,GFP
peptides in wild-type cells over-expressing DAK2 was possibly connected with altered
lipid composition, a quantitative shotgun mass spectrometric approach on whole cells
was undertaken to provide insight into the global lipidomic profile in this strain.
Expression of the AB4,GFP fusion protein in wild-type BY4743 cells and wild-type cells
over-expressing DAK2 was induced by growing cells in galactose medium to
exponential phase (ODggp 1.5). Cells were harvested from the exponential phase culture,

washed in MilliQ water and frozen at -80°C for lipid extraction.

Analysis of the lipid classes, indicated that wild-type cells over-expressing
DAK?2 exhibited significantly higher levels of TAG (p < 0.02), MIPC (p < 0.06) and
lysoPA (p < 0.004) and lower levels of PE (p < 0.05) compared to wild-type cells.
Dak2p phosphorylates DHA to DHAP which is subsequently converted to 1-acyl
dihydroxyacetone phosphate (1-acyl-DHAP) and lysoPA via sequential action of Gpt2,
Sctlp and Ayrlp. Interestingly, of the four lipids classes found elevated in wild-type
cells over-expressing DAK?2, lysoPA is the most polar and exhibited more than 2.5 fold

increase compared to lysoPA levels in wild-type cells.
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Figure 5-15 Global lipidomic profile of wild-type cells over-expressing DAK2 and A4, GFP

Quantitative global lipid class composition in wild-type and Aice?2 cells grown in either glucose or galactose media (as indicated). Data presented are the mean
of triplicate measurements from three independent experiments. Error bars indicate standard deviation of these three MS acquisitions.
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In order to further establish a possible link between altered levels of polar lipids
and over-expression of DAK2, one-dimensional thin-layer chromatography of the total
polar lipid extract was undertaken. Expression of the AB4>GFP fusion protein in wild-
type BY4743 cells and wild-type cells over-expressing DAK2 was induced by growing
cells in galactose medium to exponential phase (ODggo 1.5). Cells were harvested from
the exponential phase culture, washed and polar lipid extracts from total cell lysates
were prepared. Chromatograms were developed and analysed as described in Section

2.12.2.

Analysis of the polar lipid separation using TLC indicated that that was a
significant increase of a particular lipid species (Figure 5-16). This polar lipid species
migrated close to PA, however, at present it is unclear which lipid species accumulated
in wild-type cells over-expressing DAK?2. Identification of this accumulated polar lipid
species is currently underway via mass spectrometry, using scrapings of the reddish-

yellow band from the TLC plate.

Figure 5-16 One-dimensional thin-layer chromatographic separation of polar lipids from
wild-type cells over-expressing DAK?2

Load-controlled polar lipid extracts were prepared from wild-type cells expressing DAK2 and
wild-type control cells grown to exponential phase (ODgy 1.5) in galactose medium.
Chromatograms were developed together with phospholipid standards as described in Section
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2.12.2, and stained using iodine vapour. The significant increase of a particular lipid species is
indicated by a box.

5.2.10 Dak2p localises in the large compartment formed by overexpression of

DAK2

Though dihydroxyacetone kinases Dakl1p and Dak2p are associated with similar
cellular functions and share 46% amino acid similarity (Molin et al., 2003; Norbeck and
Blomberg, 1997), over-expression of DAK2 but not DAKI in wild-type cells gave rise to
increased AP4,GFP fluorescence. Interestingly, the over-expression of DAK?2 led to the
formation of a large globular compartment containing fluorescent AP4,GFP peptides.
While the Dak1p is found predominantly in the cytosol of S. cerevisiae cells, the cellular
localisation of Dak2p is not clearly understood (Huh et al., 2003). To determine the
exact localisation of Dak2p activity, wild-type cells were transformed with
pAG426GAL1-DAK2-GFP for the expression of GFP tagged DAK?2. Expression of the
Dak2p-GFP fusion protein in wild-type BY4743 cells was induced by growing cells in

galactose medium and fluorescence was analysed 15 h post-induction.

Analysis of the microscopic images indicated that Dak2p was localised in the
large globular compartment/organelle formed in wild-type cells over-expressing DAK?2-
GFP (Figure 5-17). Unlike the intensity of APB4,GFP observed in wild-type cells over-
expressing DAK2, cells expressing Dak2p-GFP appeared more intense as if to indicate
that Dak2p-GFP was localised to the surface of this large globular compartment. Taken
together with data above, it appears that both Dak2p and fluorescent AB4+>,GFP peptides
were directed to the large compartment found in these cells. To further understand the
cellular function and partitioning of Dak2p into the cellular compartment/organelle, a
number of key experiments need be conducted in the future. Work is currently
underway to determine if the cellular compartment/organelle is derived from the ER.
However, a more detailed analysis of the possible proteins and lipids accumulating in
the large globular compartments of wild-type cells overexpressing DAK?2 is required.
Analysis of subcellular fractions of this compartment/organelle using a
lipidomic/metabolomic approach to identify changes in cellular metabolites may be

informative.
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Figure 5-17 Fluorescent and DIC microscopic images of wild-type cells over-expressing
Dak2p-GFP

Over-expression of Dak2p-GFP in wild-type cells was induced by growth in galactose medium
(SCgal-URA) and analysed at 15 h post induction. The large globular compartment/organelle
formed in these cells exhibited co-localisation with Dak2p-GFP associated fluorescence. Bar, 5
pm.

5.2.11 Dihydroxyacetone supplementation alters AP4,GFP fluorescence in wild-

type cells

Dihydroxyacetone (DHA) is toxic to yeast cells and dihydroxyacetone kinases
play an important role by detoxifying these molecules to dihydroxyacetone phosphate
(DHAP). While the double mutant Adakl Adak? is highly sensitive to DHA,
overexpression of either DAKI or DAK?2 allows cells to grow on media using DHA as
the only carbon source and also provides the capacity for the Adakl Adak2 double
mutant to be highly resistant to DHA. To determine if altered levels of intracellular
DHA and/or DHAP influenced the increased proportion of fluorescent cells in the TCA
cycle mutants and in wild-type cells over-expressing DAK?2, wild-type cells expressing
APB4,GFP were grown in medium lacking or supplemented with DHA. Since wild-type
cells over-expressing DAK2 exhibited increase fluorescence and accumulation of
fluorescent AP4,GFP in a large globular compartment in the cell, this strain was also
included in the DHA supplementation analysis. AP4,GFP-associated fluorescence was
analysed following growth of strains in media either lacking or supplemented with 50
uM DHA 15 h post induction. In each case, 10,000 cells were counted in triplicate using
flow cytometry. The data was generated were analysed with FlowJo version 7.4

software and presented in Figure 5-18A.
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DHA supplementation gave rise to increased AP4,GFP-associated fluorescence
(~12%) in wild-type cells. Fluorescent AP4,GFP in wild-type cells was predominantly
cytosolic-diffuse or cytosolic-diffuse with single small puncta (Figure 5-18B), which did
not appear to occur in a distinct compartment/structure in the cell. However, the large
globular compartment formed in cells over-expressing DAK2 was not observed under
DIC microscopy when wild-type cells were supplemented with 50 uM DHA. No change
in the proportion of cells over-expressing DAK2 exhibiting the AP4,GFP-associated

fluorescence was observed with DHA supplementation.

Cell count

Fluorescence intensity at 485 nm

Figure 5-18 Effect of DHA supplementation on wild-type cells expressing Ap,,GFP

Wild-type cells expressing AR, GFP were induced in galactose medium (SCgal-URA) either
lacking or supplemented with 50 uM DHA. ABGFP-associated fluorescence was analysed at 15
h post induction. A) Flow cytometric analysis of 10,000 cells for each sample demonstrates a
significant shift (green arrow) indicating an increase in the proportion of fluorescent cells upon
DHA supplementation (blue line) compared to control cells (red line). The x-axis indicates GFP-
derived fluorescence intensity while the y-axis indicates cell count. B) Fluorescent microscopic
images of wild-type cells expressing AP, GFP upon DHA supplementation. Scale bars indicate
S pm.
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53 Discussion and general summary

5.3.1 Global lipidomic analysis of mutants that exhibit increased ABs+,GFP

fluorescence

The yeast lipidome is typically characterised by glycerolipids (TAG and DAG)
and glycerophospholipid classes found in mammalian cells, but in addition has
phytosphingolipids (characterised by the long-chain base and the fatty acyl amide
moieties which are hydroxylated) and the presence of ergosterol rather than the
cholesterol found in mammalian cells (Gaspar et al., 2007; Perry and Ridgway, 2005;
Zinser et al., 1993). Previously, the majority of the knowledge of the yeast lipidome
were gathered from analysis of enzymes involved in lipid metabolism via simple thin-
later chromatography, gene sequencing and genetic manipulation (Carman and Henry,
2007). However, it is well understood that genes and transcripts do not accurately
predict the levels of active proteins/enzymes or metabolites. Over the last decade,
knowledge of physiological levels of lipid metabolites has been found to be more
predictive of gene functions and metabolic implications. This study provides a
quantitative measure of the changes in lipid metabolites in specific deletion mutants and
for cells grown on galactose medium, which may contribute to further understanding of
lipid metabolism in S. cerevisiae. Interestingly, lipid metabolism is of particular
importance for the central nervous system, as it is composed of high concentrations of
lipids. The essential role of lipids in cell signalling and physiology is validated by
altered lipid metabolism present in many neurodegenerative diseases such as AD and

Parkinson’s disease (Adibhatla et al., 2006).

Major rearrangements of membrane lipid composition and changes in the global
lipidomic profile may be caused by altered growth conditions or mutations. Recently, it
was demonstrated that minor changes in growth conditions, temperature, growth phase
of cells and the utilisation of various carbon sources in the media have a profound
influence on the global lipidomic profile of S. cerevisiae cells (Klose et al., 2012; Natter
et al.,, 2005). Therefore, these changes may affect lipid composition-dependent
phenotypes. In this study, phospholipid metabolism was chosen for more extensive
analysis since most of the genes directly involved in phospholipid synthesis were over-
represented in the screens relative to A4, GFP aggregation and localisation, and there is

evidence of perturbed phospholipid metabolism in AD (Frisardi et al., 2011; Grimm et
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al., 2011; Hung et al., 2008). Genes in the phospholipid metabolism functional group
include INO2, INO4, UMEG6, SCS2, PSDI, CHO2 and OPI3 all of which, directly or
indirectly, regulate levels of PC in cells. Furthermore, AB4, was identified in perinuclear
localised multi-vesicular bodies (MVBs) of neuronal cells, (Langui et al., 2004;
Takahashi et al., 2002). The Aino2, Aino4, Apsdl, Acho2, Aopi3 and Aice2 mutants also
exhibited this characteristic ER/ER-membrane associated AP4,GFP localisation.
Through the genetic and lipidomic approaches, it was not possible to identify any
specific phospholipid class/species that affected AB4+,GFP fluorescence and localisation;
however data presented in this chapter clearly indicate that perturbation of phospholipid
homeostasis, specifically in the ER membranes, may affect AB4,GFP aggregation. In all
of these mutants a decrease in PA, PC, PI and PS was observed and it is clear that
perturbation of phospholipid homeostasis may subsequently allow partitioning of
AB4GFP into the ER/ER-membranes in the six mutants affected in phospholipid
metabolism leading to the different localisation patterns of AB4>,GFP.

While overall phospholipid levels, including PA, PC, PE, PI, and PS, were
reduced in mutants exhibiting the ER/ER-membrane AB4,GFP localisation there was
also a pronounced effect of increased M(IP),C levels in these strains compared to wild-
type cells. M(IP),C was significantly increased in all four strains Apsdl, Acho2, Aopi3
and Aice? mutants respectively. Interestingly, increased M(IP),C levels showed a
noticeable trend: a significant reduction in PI in all mutants exhibiting the ER/ER-
membrane AP4,GFP localisation was associated with increased levels of M(IP),C in
those strains. A possible explanation for this trend may be a shift in lipid metabolism in
the relevant phospholipid mutants. By down-regulating PIS! or reducing activity of
Pislp, for the synthesis of PI, the resulting increased inositol/inositol phosphates in the
cells may have been channelled into biosynthesis of phosphoinositol-containing
complex  sphingolipids:  inositol-phosphoceramide  (IPC), = mannose-inositol-
phosphoceramide (MIPC), and mannose-(inositol phosphate)2-ceramide (M(IP),C).
Alternatively, since most phospholipids undergo rapid turnover and acyl-chain
remodeling yielding complex patterns of lipid species (Schneiter et al. 1999; Guan and
Wenk 2006; Ejsing et al. 2009), a high turnover rate of PI may also have led to
increased inositol/inositol phosphates levels. In S. cerevisiae cells, several PI specific

phospholipases and phosphatases are present. Plb3p-encoded phospholipase B utilises
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PI as a substrate to produce glycerophosphoinositol (Fyrst et al. 1999; Lee et al. 1994;
Merkel et al. 1999, 2005), which can be hydrolysed by a phosphodiesterase to produce
inositol (Patton-Vogt 2007). Plclp-encoded phospholipase C is specific for PI 4,5-P2
and produces DAG and inositol 1,4,5-trisphosphate (Flick and Thorner 1993; Yoko-O et
al.  1993). Phosphatases that catalyse the dephosphorylation of the
polyphosphoinositides: Ymrlp (Taylor et al. 2000), Figdp (Gary et al. 2002), and,
Inp51p (Stolz et al. 1998b) and Innp54p (Wiradjaja et al. 2001) are specific for PI 3-P,
PI3,5-P2, and PI 4,5-P2 respectively. While Inp52p and Inp53, phosphatases with broad
specificity utilise any polyphosphoinositide as a substrate (Stolz et al. 1998; Guo et al.
1999), Saclp mainly utilises PI 3-P, PI 4-P, and PI 3,5-P2 (Guo et al. 1999). This
increase in inositol/inositol phosphates production may have led to increased
biosynthesis of phosphoinositol-containing complex sphingolipids, including M(IP),C.
This hypothesis may be further supported by the increased levels of TAG observed in
Acho?2, Aopi3 and Aice? strains and DAG in Aopi3 (Figure 5-2).

While there is a significant increase in M(IP),C levels in strains exhibiting the
ER/ER-membrane AB4GFP localisation, it is noteworthy that the Golgi is the primary
site for complex sphingolipid synthesis, including M(IP),C. In a recent study by Natter
and colleagues (2005) in which localisation of enzymes involved in lipid metabolism
were studied using GFP fusions, enzymes involved in ceramide and complex
sphingolipid synthesis were shown to be predominantly in both the ER membrane and
vesicles. Interestingly, while this may be indicative of translocation into COP vesicles
and Golgi; it was demonstrated that the relative distribution of enzymes involved in the
ceramide and complex sphingolipid biosynthetic pathway between ER and vesicles
changes considerably between the various enzymes in this pathway (Natter et al., 2005).
In the absence of available literature indicating the localisation of ceramide and complex
sphingolipid biosynthetic enzymes in mutants affected in phospholipid metabolism, it is
tempting to speculate that the relative distribution of these enzymes may be in favour of
the ER compared to the vesicles or Golgi in these phospholipid mutants. This possibility
is further supported by data indicating that inositol phosphotransferase Iptlp, involved
in the synthesis of M(IP),C, is also localised to the ER. Ceramide biosynthesis is mainly
carried out by ER-bound enzymes; however, many of these enzymes show dual

localisation to ER and vesicular structures. Examples of such enzymes with dual
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localisation include TsclOp, Csg2p Ydclp and Scs7p; Ypclp localises to both the
nuclear envelope and vesicles; Surlp localises to the vacuole lumen and vesicles; while,
Cshlp localises to vacuolar membranes and vesicles. Therefore, if there was altered
localisation of Iptlp in the ER of the phospholipid mutants, there is an increased
possibility of M(IP),C accumulation in the ER-membrane, which may have
subsequently led to the ER/ER-membrane ABs,GFP localisation in these mutants.
However, proteomic and lipidomic analyses on the subcellular fractions of these

mutants using quantitative mass spectrometry would be required to test this hypothesis.

Unlike the trends of reduced levels of GPs, including PA, PI, PS, PE and PC,
and increased levels of TAG and M(IP),C observed in mutants affected in phospholipid
metabolism, TCA cycle mutants did not exhibit a general trend across any of the 20
lipid categories. Instead, varying levels of lipid classes were observed within the
selected TCA cycle mutants. Interestingly, the lipidome of rho’ cells was significantly
altered; rtho” cells exhibited a similar TAG accumulation phenotype as observed in the
phospholipid mutants, as well as trends involving reduced PA, PE and PI levels. CL,
which is found only in the mitochondrial inner membrane and is essential for several
aspects of mitochondrial function such as cytochrome oxidase activity (Joshi et al.,
2009), was found to be 3-fold lower compared to wild-type cells and corroborates
previously reported levels of CL levels in tho” cells (Gaynor et al., 1991). Interestingly,
a significant decrease of PC and PS levels in the phospholipid mutants was not observed
in rho’ cells. Taken together, it can be surmised that the additional decrease of PC and
PS levels in the phospholipid mutants may have given rise to the ER/ER-membrane
AB4,GFP localisation. Future studies using a ‘double mutant’ of rhoOAopiS, tho’Acho?2
and rho’Achol mutant would help to examine this possibility. Despite this, these data
strongly indicate that alterations to specific phospholipids may affect APs,GFP

localisation and aggregation in S. cerevisiae.

5.3.2 General summary of the effect of ICE2 deletion on ABs,GFP

In S. cerevisiae cells, two types of ER are present; namely perinuclear ER and
the cortical ER (Preuss et al., 1991; Rose et al., 1989). While the nuclear ER is a
polygonal network of membranous tubular structures (Palade, 1956) connected to the

outer nuclear envelope, the cortical ER forms a membranous tubular network along the
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periphery of the cells, juxtaposed to the plasma membrane (Prinz et al., 2000). Ice2p, is
predicted to be a type-III integral ER transmembrane protein that localises to both the
cortical and perinuclear endoplasmic reticulum (ER) in S. cerevisiae (Huh et al., 2003).
While the exact cellular functions of /CE2 is unclear, Aice2 strains were found to
exhibit abnormal distribution of the cortical ER tubular network from mother to
daughter cells. This led to the proposal that Ice2p is involved in forming and/or
maintaining the cortical ER network in S. cerevisiae (Estrada de Martin et al., 2005). In
this study, Aice2 cells expressing AP4,GFP exhibited a strong level of AP4,GFP-
associated fluorescence in a perinuclear ER/ER-membrane localisation, similar to the
localisation observed for A4, GFP in the mutants affected in phospholipid metabolism.
Although similar to the perinuclear localisation observed for AP4,GFP in the Aino2,
Aino4, Apsdl and Aopi3 mutants, subtle differences were observed. In the phospholipid
mutants, while a series of fluorescent puncta was organised around the nucleus of the

cell, a continuous AB4,GFP fluorescent band was observed in the Aice2 mutant.

Expression of AP4GFP and ABgpGFP in Aice2 cells also produced an arc-
shaped fluorescence; and therefore, this indicates that the specific localisation of
APB4>GFP in the Aice2? and mutant was not due to the aggregation propensity of the AP4;-
moiety of the fusion protein. Although differences were observed in the nature of the
fluorescent AP4,GFP localisation in the phospholipid mutants and Aice2 cells, it is
possible that at a fundamental level, a similar underlying mechanism was responsible in
both cases. That is, altered lipid composition of subcellular membranes was
hypothesised to facilitate AB4,GFP localisation to the ER in the phospholipid mutants, a
similar mechanism may occur in the Aice2 cells. It is worth noting that the abundance of
APB4,GFP and AB4oGFP fluorescence was not affected by exogenous choline addition in
Aice2 cells. In contrast, ABgpGFP localisation was affected by choline addition. This
indicates that the Aice? mutation may be partially suppressed by the addition of
exogenous choline. Interestingly, analysis of the negative genetic interaction network of
ICE?2, further highlights a strong association to genes involved in lipid metabolism and
displayed significant genetic interactions with /CE2. These include genes involved in
phospholipid metabolism INO2, INO4, PSDI, PSD2, CHO2, OPI3, and SCS2;
glycerolipid metabolism PAHI and DGK1; sphingolipid metabolism SCS7 and ORM?2;

and sterol metabolism FERG6. Using quantitative mass spectrometry, Aice2
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demonstrated a pronounced effect of decreased PA and PE levels compared to wild-type
cells. Significant decrease in PI and PS levels were also observed in Aice?2 cells grown
in galactose media but not those grown in glucose media. Interestingly, a significant
increase in the levels of DAG, TAG and M(IP),C was observed in Aice2 compared to
wild-type cells. With the availability of global lipidomes of phospholipid mutants, a
comparison of the lipidomic profile of the Aice2 mutant indicated that apart from the PC
depletion phenotype found in Aopi3 and Acho2 mutants, Aice? cells showed a very
similar pattern of lipid classes to those observed in these phospholipid mutants. Taken
together with results from the global lipidomic analysis of strains exhibiting the ER/ER-
membrane AB4GFP localisation, these data strongly indicate that Ice2p plays a role in

lipid metabolism in S. cerevisiae cells.

In this context, the data obtained for AP4GFP in Aice2 may extend our
understanding of the role of Ice2p in S. cerevisiae cells. While it may be tempting to
speculate that Ice2p plays a role in phospholipid metabolism, in addition to the role in
cortical ER maintenance and inheritance, further experimental work is required to
understand the function of Ice2p. One such experiment might be the direct measure of
Ice2p activity in vivo and/or in vitro using radiolabelled phospholipid precursors such as
CDP-DAG, PA, PE, PI and PS. It may also be important to further examine if the lipid
composition of subcellular membranes in Aice?2 cells is altered relative to wild-type cells.
If the altered localisation of AP4,GFP localisation in Aice2 was due to a change in the
phospholipid composition of the ER membrane, then it is tempting to speculate that
altered lipid composition may account for the cortical ER inheritance defect observed in

the Aice2 strain.

5.3.3 General summary of the effect of mitochondrial dysfunction, DAK2 over-
expression and DHA supplementation on Aps,GFP
To allow the reduction of NAD" to be matched by a continuous reoxidation of
NADH, multiple mechanisms exist in S. cerevisiae cells. While NADH serves as a
source of electrons and is required in reductive cellular reactions, NAD" serves as a sink
for electrons and is required in oxidative cellular reactions (Bakker et al., 2001; Schafer
and Buettner, 2001). One of the major mechanisms that allows for the reoxidation of

NADH is the production of glycerol via glycerol-3-phosphate dehydrogenase which
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detoxifies dihydroxyacetone phosphate by utilising NADH (Compagno et al., 1996;
Larsson et al., 1998). The glycerol-3-phosphate shuttle is an indirect mechanism to
oxidise cytosolic NADH and transfer the electrons to the respiratory chain (Bakker et al.,
2001). As indicated previously, there are two major processes of glycerol formation; 1)
reduction of dihydroxyacetone phosphate to glycerol-3-phosphate via NADH-dependent
glycerol-3-phosphate dehydrogenase Gpdlp and Gpd2p. This is followed by hydrolysis
of the phosphate group to produce glycerol Gpplp and Gpp2p. ii) Direct conversion of
dihydroxyacetone to glycerol via glycerol dehydrogenases Yprlp and Geylp (Albertyn
et al., 1994b; Ansell et al., 1997; Eriksson et al., 1995; Norbeck et al., 1996; Norbeck
and Blomberg, 1997; Wang et al., 1994).

There are two dihydroxyacetone kinases in S. cerevisiae, Daklp and Dak2p
(Molin et al., 2003; Norbeck and Blomberg, 1997). Wild-type cells over-expressing
DAK?2 gave rise to increased fluorescent cells than those in wild-type control cells.
Interestingly, however, DAK?2 over-expression in wild-type cells exhibited a structured
localisation of fluorescent AB4+,GFP in a large globular compartment in the cell, which
was visible under DIC microscopy. Based on the intensity of AB4+,GFP fluorescence, it
appeared that fluorescent AP4,GFP peptides accumulated inside this large globular
compartment. Interestingly, the over-expression of DAK2 but not DAKI led to the
formation of a large globular compartment containing fluorescent AB4,GFP peptides.
The formation of this large cellular compartment was independent of the expression and
accumulation of A4 GFP. Interestingly, DAK2 over-expression in wild-type cells
expressing either AB4GFP or ABgpGFP yielded almost no cytosolic-diffuse
fluorescence. This is unlike what was observed in wild-type cells where predominantly
cytosolic-diffuse fluorescence was seen in cells expressing either AB4GFP or APBgpGFP.
Almost all fluorescent AB4GFP or ABgpGFP fusion proteins were contained within the
large globular compartment in cells over-expressing DAK2. In addition, unlike the
reversal of APsGFP fluorescence upon choline supplementation in phospholipid
mutants, choline supplementation did not affect the proportion of wild-type cells over-

expressing DAK?2 exhibiting AB4>GFP, AB4GFP or ABepGFP-associated fluorescence.

At present, the exact localisation of the large globular compartment/organelle

found in wild-type cells over-expressing DAK2 is unclear; however, confocal
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microscopic analysis indicated that this compartment/organelle was unlikely to be a
classical lipid droplet (LD), a ‘super-sized” LD or the nucleus of the cell. This was
further supported by the appearance of this large compartment/organelle in the
quadruple mutant Adgal Alrol Aarel Aare2, which does not form LDs. Interestingly,
analysis of the large compartment/organelle in wild-type cells over-expressing DAK?2
using Nile Red stain, which detects polar and non-polar/neutral lipids, indicated that this
compartment/organelle may be a site of accumulation of polar lipid species in these cells.
Based on the cellular function of Dak2p, the over-expression of a dihydroxyacetone
kinase in cells may lead to an increased DHAP in cells, which is an integral part of the
glycerophospholipid backbone. Therefore, it may be possible that in manner analogous
to neutral lipid and sterol accumulation in LDs, strains over-expressing DAK2 may

accumulate polar lipids/phospholipids in these large cellular compartments.

Taken together, these data indicate that the formation of this large cellular
compartment/organelle, which is independent of the presence and expression of ABGFP
fusion proteins, may occur via an accumulation of polar metabolites and/or lipid species
such as DHAP or l-acyl DHAP and subsequently allow AP4+GFP and the less-
aggregation prone A4 GFP or APppGFP peptides to partition into this large
compartment/organelle of the cell leading to the altered localisation of ABGFP fusion
proteins. Analysis of the global lipidome of wild-type cells over-expressing DAK?2
indicated that significantly higher levels of TAG, MIPC and lysoPA were present in
these cells compared to wild-type cells. Dak2p phosphorylates DHA to DHAP which is
subsequently converted to l-acyl dihydroxyacetone phosphate and lysoPA via
sequential action of Gpt2, Sctlp and Ayrlp. Due to the unavailability of internal
standards for dihydroxyacetone phosphate and 1-acyl dihydroxyacetone phosphate,
these lipids were not quantified in this lipidomic approach. However, it is possible that
over-expression of DAK2 may affect lipid metabolism by causing intracellular

accumulation of 1-acyl dihydroxyacetone phosphate and lysoPA.

Interestingly, of the four lipids classes found elevated in wild-type cells over-
expressing DAK2, lysoPA is the most polar and was significantly increased compared to
wild-type cells. Due to the unavailability of internal standards for dihydroxyacetone

phosphate and 1-acyl-DHAP, these metabolites were not quantified in this lipidomic
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approach. It is possible that over-expression of DAK2 would affect lipid metabolism by
causing intracellular accumulation of 1-acyl-DHAP and lysoPA. The
compartmentalisation of these polar lipid species may have also led to the red spectral
emission observed with Nile Red staining. Separation of total polar lipids from wild-
type cells over-expressing DAK?2 using TLC indicated that that there was a significant
increase of a particular lipid species that migrated close to PA. While at present it is
unclear which lipid species accumulated in these cells, identification of this accumulated
polar lipid species is currently underway via mass spectrometry, using scrapings of the

reddish-yellow band from the TLC plate.

While Daklp is found predominantly in the cytosol of S. cerevisiae cells, the
cellular localisation of Dak2p was not previously known (Huh et al., 2003). This study
demonstrated that Dak2p is localised in the large compartment/organelle formed in
wild-type cells over-expressing DAK2-GFP. Based on the intensity of Dak2p-GFP
fluorescence, it appeared that Dak2p localised around the periphery of the large globular
compartment. This is interesting since redistribution of Dak2p-GFP produced in the
cytosol of cells would require translocation/partitioning from the aqueous phase of the
cytosol onto the large globular compartment/organelle. Interestingly, no known signal
sequences or transmembrane regions were identified on Dak2p using the Yeast
Resource Center Public Data Repository database (www.yeastrc.org/pdr) (Malmstrom et

al., 2007; Reynolds et al., 2008; Riffle et al., 2005).

To further understand the cellular function of Dak2p and its translocation onto
the periphery of the cellular compartment/organelle, a number of key future experiments
need be conducted. For example, to determine if the cellular compartment/organelle is
derived from the ER, wild-type cells over-expressing DAK?2 can be transformed with an
ER protein tagged with a red fluorescent marker such as Ergbp-DsRed. While Erg6p is
found mainly on LDs, it is also localised on the ER membrane prior to budding of LDs
(Athenstaedt, et al., 1999; Binns, et al., 2006). Use of DsRed florescent marker allows
for co-localisation studies with AP4,GFP since its emission spectrum does not overlap
with that of GFP. Furthermore, detailed analysis of the possible proteins and lipids
accumulating in the large globular compartments of wild-type cells overexpressing

DAK? is required. Analysis of subcellular fractions of this compartment/organelle using
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a lipidomic/metabolomic approach to identify changes in metabolites may be
informative. Examples of such metabolites/intermediates may be dihydroxyacetone

(DHA) or dihydroxyacetone phosphate (DHAP).

Interestingly, upon DHA supplementation a significant increase in the proportion
of wild-type cells exhibiting A4, GFP-associated fluorescence was observed.
Fluorescent AP4,GFP in wild-type cells was predominantly cytosolic-diffuse or
cytosolic-diffuse with single small puncta, which did not appear to occur in a distinct
compartment/structure in the cell. DHA is toxic to yeast cells and dihydroxyacetone
kinases play an important role by detoxifying these molecules to DHAP. While the
double mutant Adakl Adak?2 is highly sensitive to DHA, overexpression of either DAK1
or DAK? allows cells to grow on media using DHA as the only carbon source and also
makes the Adakl Adak2 double mutant highly resistant to DHA. The uptake of external
DHA appears to be via simple diffusion and not protein-mediated (Molin et al., 2003).
The large globular compartment formed by DAK2 over-expression was not present in
wild-type cells supplemented with 50 puM DHA. A possible explanation may be that
Dakl1p, which converts DHA into DHAP, localises in the cytosol. In a study by Molin
and colleagues (2003), it was found that Adakl cells did not exhibit any detectable
dihydroxyacetone kinase activity. Adak2 cells exhibited similar levels of
dihydroxyacetone kinase activity as wild-type cells. Interestingly, while DAKI over-
expression in the Adakl Adak? double mutant led to a ~250 fold increase in
dihydroxyacetone kinase specific activity, over-expression of DAK?2 in this mutant did
not exhibit any dihydroxyacetone kinase specific activity. While this may indicate that
Dak2p does not significantly contribute to the overall dihydroxyacetone kinase activity
when grown in glucose media, it was shown in cells grown on 50 mM DHA, as carbon
source that over-expression of DAK?2 led to significantly higher enzyme specific activity
compared to cells over-expressing DAKI. Dak2p exhibited a high affinity for DHA in
these conditions. At present, the mechanism for the carbon source variability of
dihydroxyacetone kinase or DHA-dependent activity of Dak2p is not clearly understood.
It is worthwhile noting that the study by Molin and colleagues (2003), over-expression
of DAKI and DAK?2 genes was under the regulation of the constitutive triose phosphate

isomerase TPI1 promoter.
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Interestingly, apart from DHA detoxification, other roles for dihydroxyacetone
kinases in S. cerevisiae have been proposed. These include the regulation of intracellular
glycerol, involvement in the multienzyme transhydrogenase system (Norbeck and
Blomberg, 1997) and playing an important role in cellular ATP homeostasis during
sudden shifts in growth potential (Blomberg, 2000). Upon disruption of mitochondrial
electron transport, S. cerevisiae cells use glycerol production to serve as a redox sink by
utilising glycerol-3-phosphate dehydrogenases Gpdlp and Gpd2p to maintain
intracellular concentrations and availability of NAD" (Bakker et al., 2001).

Interestingly, glycerol production not only serves as a redox sink, but is
important for osmoregulation, protecting cells against osmotic stress (Albertyn et al.,
1994a; Blomberg and Adler, 1989; Nevoigt and Stahl, 1997). Small organic molecules
called osmolytes protect cells from the potentially damaging effects of osmotic stress
caused by altered protein structure and folding. The three main osmolyte classes are
polyhydric alcohols and sugars (polyols), amino acids and their derivatives and methyl
ammonium compounds (Macchi et al., 2012; Yancey et al., 1982). Osmolytes are widely
used to stabilise and facilitate protein folding since they are able to act as “chemical
chaperones” (Meng et al., 2001; Welch and Brown, 1996). Polyols such as trehalose,
sucrose, mannitol, sorbitol, erythritol, glucose, myo-inositol and glycerol are effective in
preventing protein aggregation during refolding of many proteins (Buckle et al., 2005;
De Bernardez Clark et al., 1999; Mishra et al., 2005). Glycerol, which is one of the
smallest and simplest molecules of the polyols, is most widely used to stabilise proteins
(Bolen, 2004; Davis-Searles et al., 2001; Feng and Yan, 2008; Gekko and Timasheff,
1981; Tiwari and Bhat, 2006; Vagenende et al., 2009). Taken together with results from
the analysis of mutants affected in mitochondrial functions, it is tempting to speculate
that disruption of the TCA cycle would affect DHA and glycerol metabolism and alter
intracellular levels of these metabolites. However, a more detailed analysis of the
mechanism(s) mediating the changes in AP4,GFP fluorescence in the TCA mutants is
required, and a metabolomics approach to identify changes in mitochondrial metabolites

may be informative.
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6 CHAPTER 6: HIGH-CONTENT CHEMICAL AND DRUG SCREENS
FOR  SMALL MOLECULE MODIFIERS OF AMYLOID-BETA
AGGREGATION IN S. CEREVISIAE

6.1 Introduction and Aims

Oligomeric forms of the AP in the brain and cerebrospinal fluid have been
proposed to play a crucial role in the onset and progression of Alzheimer’s disease (AD)
(Hardy and Higgins, 1992; Selkoe, 1991; Younkin, 1995). Oligomers of AP that are
detergent-stable have been found to be effective neurotoxins against mice and
mammalian cell culture (Dahlgren et al., 2002; Kayed et al., 2003; Lambert et al., 1998;
Lesne et al., 2006; Walsh et al., 2002a). Unlike monomeric AP, dimeric forms of A
were shown to induce synaptic dysfunction (Klyubin et al., 2008; Walsh et al., 2002a).
Previously, identification of drugs/chemical compounds that prevent A4, aggregation
that ultimately lead to fibrilisation and large plaques were of interest (De Felice and
Ferreira, 2002; Estrada and Soto, 2007; Soto et al., 1998). However, with the increasing
data indicating a pathological role of soluble oligomeric forms of AP in the onset and
early progression of AD, it has been proposed that inhibition of intracellular AP
oligomer formation or promotion of large fibril formation may be a viable therapeutic
strategy in the prevention and/or treatment of AD (Klein et al., 2001; Walsh et al.,
2002b). At present, the dynamic relationship between intracellular oligomers and
extracellular plaques is unclear. However, it has been suggested that large fibrillar
aggregates or plaques may be inert and possibly aid in preventing formation of highly
toxic oligomers (Chen et al., 2010; Cheng et al., 2007; Glabe, 2005; Harper et al., 1999;
Kayed et al., 2003; Necula et al., 2007a). Therefore, an effective therapeutic strategy
may be to prevent the formation of oligomeric species by allowing it to form large

fibrillar forms.

Most studies aimed at analysing inhibition of AP4, oligomers have mostly been
done in vitro using synthetic AP4, peptides under conditions that allow formation of
oligomers instead of fibrils (Chang et al., 2003; Chromy et al., 2003; Hamaguchi et al.,
2009; Necula et al., 2007b; Yang et al., 2005). However, oligomers formed by synthetic
A4, peptides are much less stable than those produced in mouse brains or mammalian

cell cultures (Walsh et al., 2005). This stability is indicated by the increased proportion
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of dimer, trimer and tetramer oligomers in biologically-derived samples compared to
synthetic peptide oligomers. In addition, oligomers formed by synthetic AP4, peptides
are less stable than biologically-derived oligomers to SDS. Therefore, in vitro screening
assays of A oligomer formation using synthetic peptides may overestimate the
effectiveness of a possible ‘disaggregating’ agent (LeVine, 2007; Walsh et al., 2005).
However, it is worthwhile to note that ‘disaggregating’ or disassembling A4, fibrils
appears to be a rare characteristic of small molecule compounds. Unlike compounds
that inhibit A fibrilisation, these so-called ‘fibril disaggregators’ have been a challenge
to identify due to the thermodynamic stability of AP fibrils (O'Nuallain et al., 2006). In
addition, attempts to characterise the in vitro effects of small molecule compounds on
oligomer formation have faced many challenges due to the countless number of possible
AP4; oligomeric species that can form in vitro and the difficulty in monitoring oligomer
formation (Bitan et al., 2005; Hepler et al., 2006). Interestingly, many of the compounds
that were first discovered to have an effect on oligomer formation in vitro were later
found to be toxic when tested in vivo (Liu and Schubert, 2006). Studies in mice have
shown that it may not be necessary for complete depletion of oligomeric AP species for
therapeutic effectiveness, since low levels of trimers and tetramers do not exert toxicity
(Lesne et al., 2006). This may be indicative of the presence of cellular clearance or

protein degradation mechanisms to get rid of the residual AP oligomers in the brain.

This chapter aimed at developing a yeast in vivo high-throughput assay that
allows identification of drug/chemical compounds that reduce aggregation of AP,
and/or increase aggregation of A4, based on the APBGFP fusion-associated
fluorescence assay, described in Chapter 1. Using this yeast cell-based platform, both
the Library of Pharmacologically Active Compounds (LOPAC'**"®; Sigma-Aldrich),
composed of 1280 compounds, and the Spectrum Collection library (MicroSource
Discovery Systems, Gaylordsville, CT, USA), containing 1997 compounds, were
screened. In total, 37 drug/chemical compounds that affected AP4,GFP and AP4GFP
aggregation/fluorescence were identified in a pilot screen. Since this work was carried
out towards the end of the thesis research candidature, further work needs to be done in
the future to validate these chemical/drug compounds to determine interaction between

ABsGFP/AB4GFP aggregation and the identified compounds.
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6.2 Results - Development of a yeast cell-based system for the identification of
compounds that affect aggregation of Ap,,GFP and AB4, GFP in vivo based

on ABGFP fusion-associated fluorescence assay

6.2.1 Effect of dimethyl sulfoxide (DMSO) on wild-type (yCG253) S. cerevisiae
cells expressing AR, GFP or AB4GFP

All 3277 chemical/drug compounds from both the LOPAC'***® (Sigma-Aldrich)
and the Spectrum Collection (MicroSource Discovery Systems) libraries were
solubilised in dimethyl sulfoxide (DMSO). To determine, as a control, whether
incubation of wild-type cells expressing ABsGFP and AB4GFP in galactose (induction)
medium containing 0.2 mM DMSO would affect AB4,GFP and A4 GFP-associated
fluorescence, wild-type (yCG253) S. cerevisiae cells (kind gift from Prof. Paul
Atkinson, Victoria University of Wellington) were transformed with plasmids encoding
GFP fused to the C-terminus of AB4, or APsy (pUG35GALI1-AB4, and pUG35GALI1-
APBao). Expression of the plasmid-encoded ABGFP fusions was under the regulation of a
GALI promoter, which induced expression of AP4,GFP or AB4GFP in galactose
medium (SCgal-URA). Wild-type yCG253 cells expressing either AB4>,GFP or AB4GFP
co-expressed both a nuclear marker, with a nuclear localisation signal (NLS) tagged to
fluorescent marker RedStar2 (NLS-RedStar2) and a cytosolic marker, mCherry
expressed in the cytosol, under the regulation of the constitutive TEF2 promoter
(Section 2.14). Both strains were grown to exponential phase (ODgp 1.5) in SCgal-URA
media, diluted to an ODggo 0.1 and re-inoculated into SCgal-URA media lacking or
supplemented with 0.2 mM DMSO. Wild-type cells exhibiting ABGFP-associated
fluorescence were analysed 4 h after incubation using the Opera® High Content

Screening System (PerkinElmer, USA) as previously described (Bircham et al., 2011).

Live cells were identified using the NLS-RedStar2 nuclear marker and the
mCherry cytosolic marker. During the image analysis, results due to autofluorescence
from dead cells and other artefacts were omitted by restricting fluorescence intensity,
size and roundness of cells. Wild-type cells expressing the AB4>GFP in media lacking or
supplemented with 0.2 mM DMSO yielded very weak AB4,GFP-associated fluorescence
that was restricted to 4% =+ 2.0 % of the cell population (Figure 6-1A). In contrast wild-
type cells expressing AP4GFP in media lacking or supplemented with 0.2 mM DMSO
yielded a significantly higher (p < 0.00001) proportion of fluorescent cells which
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exhibited cytosolic-diffuse fluorescence in 45 % + 8% of the cell population (Figure 6-
1B). Quantification of fluorescence intensity using the OPERA™ high-throughput
confocal microscope (PerkinElmer, USA) indicated that the average relative intensity of
APB42GFP-associated fluorescence in wild-type cells was significantly lower (p <
0.00001) than those exhibiting AB4GFP fluorescence. These data indicate that the 0.2
mM DMSO in the galactose (induction) medium and the incubation conditions for the
chemical/drug library screens do not alter the AP4,GFP and AP4GFP-associated
fluorescence exhibited by the wild-type cells. Therefore, this supports the use of this
yeast model to be used in the screening of chemical libraries (given below) for
compounds with amyloidogenic and anti-amyloidogenic properties that may affect

intracellular aggregation of AB4,GFP and AB40GFP.

Figure 6-1 Fluorescent microscopic image analysis using Evotec Technologies
Acapella™ image analysis software of wild-type cells expressing AB,,GFP or AB;,GFP
grown in galactose (induction) medium containing 0.2 mM DMSO

Wild-type (yCG253) cells expressing (A) AB4,GFP or (B) AB4GFP were induced in galactose
medium supplemented with 0.2 mM DMSO since all the chemical/drug compounds from both
LOPAC"™*" and the Spectrum Collection libraries were solubilised in DMSO. The presence of
DMSO and the incubation conditions for the chemical/drug library screens do not alter the
A4 GFP and A4 GFP-associated fluorescence exhibited by the wild-type cells. Representative
images of APGFP-associated fluorescence are shown in the left panel. NLS-RedStar2 nuclear
and mCherry cytoplasmic RFP fluorescence is shown in the middle panel. Using the RFP
fluorescence, whole cells were identified based on whole cell stencils drawn (right panel) for
the measurement of fluorescent cell population. 300-500 cells were analysed for each sample.
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6.2.2 High content screen for small molecule modifiers that affect AP, GFP
aggregation in S. cerevisiae

While cellular processes that affect APs, aggregation was investigated in this
study, drugs/chemical compounds that may also affect AP4, aggregation remained to be
examined. To identify FDA-approved drugs and other chemical compounds with anti-
amyloidogenic properties that may reduce the aggregation propensity of AP4,GFP, a

high-throughput screen using the LOPAC'**®

(Sigma-Aldrich) and the Spectrum
Collection libraries was undertaken. Wild-type cells expressing ABs,,GFP were
incubated in SCgal-URA (induction) medium lacking or supplemented with 20 uM
chemical/drug compounds and ABGFP-associated fluorescence was analysed at 4 h after
incubation using the Opera® High Content Screening System (PerkinElmer, USA) as

described in Section 2.14.

The high-content screening identified a total of 25 compounds that increased the
proportion of cells exhibiting AB4,GFP-associate fluorescence in wild-type cells. HE-
NECA, 4-Amino-1,8-naphthalimide, Captopril, GYKI 52466 hydrochloride and
Semicarbazide hydrochloride from the LOPAC'™® library (Figure 6-2) and
Merbromin, Acriflavinium hydrochloride, Calcein, Isosorbide dinitrate, Aklavine
hydrochloride, Hydroxyprogesterone caproate, Hecogenin, Helenine, Tolbutamide,
Thiotepa, Isogedunin, Aspartame, Sulfinpyrazone, Glucosaminic acid, Artemisinin,
Salicin, Telenzepine hydrochloride, Prednisolone acetate, Carmofur, Euphol and
Trazodone hydrochloride from the Spectrum Collection library led to a significant
increase in the proportion of fluorescent cells, when the p—value threshold was set at
0.001 (Figure 6-3). The data, presented in Table 6-1 and Table 6-2, generated through
the analyses of LOPAC and SPECTRUM Collection libraries are the mean of

quadruplicate measurements from two biological replicates.
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Table 6-1 Screening of the LOPAC library identified 4 compounds which increased levels of APs,,GFP fluorescence in wild-type
cells

The p — values indicate the significant difference between the proportion of fluorescent cells in control and treated conditions.

Name of drug CAS Molecular Molefcular Structure Bioactivity p — value
number formula weight

A2A and A3 adenosine receptor

B 30 I 7l agonist; Hypotentsive and ]
HE-NECA 141018-30-6 C;sHuN¢O, 388.42 e e : antipsychotic agent via A2A 3.2E-05

receptor.

ot Sensitises cells to radiation-
A-Amino-1.8- ox ﬂ PR induced cell damage and
’ 1742-95-6 C,HsN,O, 212.20 N ‘[/ J enhances the cytotoxicity of 1- 5.5E-05
N methyl-3-nitro-1-
| nitrosoguanidine.

naphthalimide

Angiotensin converting enzyme
inhibitor (similar to enalapril,
S5 which lacks one sulthydryl group
. and is more potent). Inhibits the
Captopril 62571-86-2  CoHisNOsS 21729 RN formation Ofpangio?tensin I a
\__J bioactive peptide that stimulates
angiogenesis and increases
microvessel density.

7.7E-05

[ Selective allosteric AMPA
GYKI 52466 e CirHisN;O, = receptor antagonist; anti-
hydrochloride 192065-56-8 HCI 329.78 I:‘” ] convulsant; skeletal muscle

relaxant.

0.00011
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Table 6-2 Screening of the SPECTRUM Collection library identified 21 compounds which increased levels of AP4,,GFP
fluorescence in wild-type cells

The p — values indicate the significant difference between the proportion of fluorescent cells in control and treated conditions.

CAS Molecular Molecular . . .
Name of drug number Formula Weight Structure Bioactivity p — value
Merbromin 129-16-8 %)%*‘BQH*‘% 750.66 Antibacterial 1 9E-34
26

Acriflavinium Anti-infective,
Hydrochloride 8018-07-3 CiaH1iCIN; - 259.74 intercalating agent 2.6E-32
Calcein 1461-15-0  CsHyN,0p3 62255 &};e)latmg agent (Ca, 2.6E-32
Isosorbide 87-33-2 C¢HgN,O 236.14 Anti-anginal 2.6E-32
Dinitrate OB ' A s s
—ed e

|

g o
Aklavi OH;sCIN _ sl Antib ial

avine 60504-57-6  COHHCINO 066 63 , l ntibacterial, 3.5E-12

Hydrochloride 10 PSRN antineoplastic
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CAS

Molecular

Molecular

Name of drug number Formula Weight Bioactivity p — value

Hydroxyprogestrone

Caproate 630-56-8 Cy7H,400,4 428.62 Progestogen 6.4E-12

Hecogenin 467-55-0 Cy7HppO4 430.63 Anti-inflammatory 1.4E-08
Anthelmintic,

Helenine 546-43-0 Ci5Hy00, 232.33 antibacterial, 3.8E-06
antineoplastic
Antidiabetic,

Tolbutamide 64-77-7 Cp,HisN,OsS - 270.35 peee sulfqnylurea compoupd 4.3E-06
that is a hypoglycemic
agent
Antineoplastic,
polyfunctional
alkylating agent; DNA
alkylating and

. MR crosslinking drug to
Thiotepa 52-24-4 C¢H,N;PS 189.22 9.1E-06

induce chromosome
aberrations and
nucleotide and base
excision repair-type
DNA damage.
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CAS

Molecular

Molecular

Name of drug number Formula Weight Structure Bioactivity p — value
Isogedunin  5574-02-07  CyHs40; 482.58 Iy . oD 1.7E-05
Bl
Aspartame 22839-47-0 C14HsN,05 29431 o~ ‘ : | ome Sweetener 2.3E-05
HO  C l ;\:
Sulfinpyrazone 57-96-5 Ca3H0N, 058 404.49 , Uricosuric 5.8E-05
\ ‘ |
\"ZEI NH
Glucosaminic  3¢46 66> CoHENO; 195.17 N 9.9E-05
Acid ‘
CH OH
Sesquiterpene
"\ lactone; highly
VAN active anti-malarial
o ° } (falciparum
o DG malaria);
Artemisinin 63968-64-9 CsH» 05 282.34 !1 anthelmintic 0.0001

A\
/
AN

(parasitic worm)
effective against
the blood fluke,
schistosomiasis
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Molecular

Molecular

Name of drug CAS number Formula Weight Structure Bioactivity p — value
HO l .
Salicin 138-52-3 C13H150; 286.28 - Analgesic, 0.0003
5o o S antipyretic
[y -
Telenzenine - Antiulcer, M1
pine 80880-90-6 CioH»CIN,O,S  406.94 muscarinic 0.0003
Hydrochloride ot 5 .
antagonist
[
P d . 1 -{C\/\"J;\
FECNISOIONE 55 21-1 Cy3H3006 402.49 Glucocorticoid 0.0004
Acetate { %
a Derivative of
O\ N P o]
o W/ fluorouracil, an
Carmofur 61422-45-5 C1H,(,FN;0; 257.27 NN antimetabolite used 0.0006
¥ C—NH— (CH ;) 5 —Me

]

as an antineoplastic
agent
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Molecular Molecular . ..
Name of drug CAS number Formula Weight Structure Bioactivity p — value
Euphol 514-47-6 CyHsoO 426.73 ~TAsor— 0.0008
e J J N
Antidepressant that
potentiates the
activity of
serotonin uptake
blockers; 5-HT2C
serotonin receptor
Trazodone 25332-39-2, P L : .
Hydrochloride  19794-93-5 C1oH23CLN5O 408.33 2N ey agonist activity. It 0.0008

o
&

is metabolised to
the 5-HT1
serotonin receptor
agonist 1-(3-
Chlorophenyl)
piperazine.
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Figure 6-2 Fluorescent microscopic image analysis using Evotec Technologies
Acapella™ image analysis software of wild-type cells expressing ABs,GFP grown in
media supplemented with 20 pM of a specific drug/chemical compound from the
LOPAC"® library

Wild-type cells expressing ABs,,GFP were induced in galactose medium supplemented with a
specific drug/chemical compound from the LOPAC'**® library that increased the proportion of
fluorescent cells compared to control cells: A) HE-NECA, B) 4-Amino-1,8-naphthalimide, C)
Captopril and D) GYKI 52466 hydrochloride. Representative images of AP, GFP-associated
fluorescence are shown in the left panel. NLS-RedStar2 nuclear and mCherry cytoplasmic RFP
fluorescence is shown in the middle panel. Using the RFP fluorescence, whole cells were
identified based on whole cell stencils drawn (right panel) for the measurement of fluorescent
cell population. 300-500 cells were analysed for each sample.
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Figure 6-3 Fluorescent microscopic image analysis using Evotec Technologies
Acapella™ image analysis software of wild-type cells expressing Ap,,GFP grown in
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media supplemented with 20 pM of a specific drug/chemical compound from the
SPECTRUM Collection library.

Wild-type cells expressing AP, GFP were induced in galactose medium supplemented with
specific drug/chemical compound from the SPECTRUM Collection library that increased the
proportion of fluorescent cells compared to control cells: A) Isosorbide dinitrate, B) Thiotepa,
C) Isogedunin, D) Aspartame, E) Salicin and F) Euphol. Representative images of AB4,GFP-
associated fluorescence are shown in the left panel. NLS-RedStar2 nuclear and mCherry
cytoplasmic RFP fluorescence is shown in the middle panel. Using the RFP fluorescence, whole
cells were identified based on whole cell stencils drawn (right panel) for the measurement of
fluorescent cell population. 300-500 cells were analysed for each sample.

6.2.3 High content screen for small molecule modifiers that reduce AB4GFP
fluorescence in S. cerevisiae

AP toxicity has been shown to correlate with the presence of B-sheet structures
(Howlett et al., 1995; Seilheimer et al., 1997; Simmons et al., 1994). AP aggregation
proceeds by a multistep, nucleation-dependent process (Jarrett and Lansbury, 1993).
Formation of nucleation seeds is rate limiting, in the absence of preformed seed fibrils
there is a significant lag period for the formation of AP fibrils, followed by a rapid fibril
elongation phase once seed fibrils have been generated. The lag time for fibril formation
can be dramatically shortened by adding preformed fibril seeds to Ap monomer (Jarrett
and Lansbury, 1993) and the rate of A fibril formation is controlled by both fibril seed
and monomer concentrations (Naiki and Nakakuki, 1996). In Section 3.2.4, it was
demonstrated that the co-induction of AB4,GFP and AB4GFP in wild-type cells gave
rise to more fluorescent cells (~22%) than those expressing AB4+,GFP alone (5%) but
significantly fewer than cells expressing AB4+GFP alone (~40%). Cells expressing both
AB4,GFP and AB40GFP exhibited trace cytosolic fluorescence with intense large puncta
and in some cells there were elongated structures. The increased presence of puncta and
lower levels of cytosolic fluorescence in wild-type cells co-expressing AB4+»GFP and
AB4oGFP indicate that the more aggregation prone AP4,GFP can act as a seed for
aggregation. While, preformed AP4,,GFP aggregates formed in the cytosol may
accelerate nucleation and act as seeds for further formation of intracellular aggregates;
AB4GFP, which has a less propensity to aggregate may favour aggregation under

certain conditions or in the presence of certain metabolites or compounds.

Therefore, to identify FDA-approved drugs and other chemical compounds with
amyloidogenic properties that may increase the aggregation propensity of AB4GFP, a
high-throughput screen using the LOPAC'**® (Sigma-Aldrich) and the Spectrum
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Collection libraries was undertaken. Wild-type cells expressing AP4GFP were
incubated in SCgal-URA (induction) media lacking or supplemented with 20 uM
chemical/drug compounds and ABGFP-associated fluorescence was analysed after 4 h
incubation using the Opera™ High Content Screening System (PerkinElmer, USA) as
described in Section 2.14.

The high-content screening identified a total of 17 compounds that decreased the
proportion of cells exhibiting A4 GFP-associate fluorescence in wild-type cells.
Tulobuterol  hydrochloride, cis-Azetidine-2,4-dicarboxylic  acid, Doxycycline
hydrochloride and SKF 89976A hydrochloride from the LOPAC'*® library (Figure 6-
4) and Merbromin, Acriflavinium hydrochloride, Calcein, Isosorbide dinitrate,
Tolbutamide, Rosolic acid, Broxyquinoline, Griseofulvin analog A, 18a-glycyrrhetinic
acid, Clioquinol, Periplocymarin, = Cycloheximide and Haematoporphyrin
dihydrochloride from the Spectrum Collection library led a significant decrease in the
proportion of fluorescent cells, when the p—value threshold was set at 0.001 (Figure 6-5).
The data, presented in Table 6-3 and Table 6-4, generated through the analyses of
LOPAC and SPECTRUM Collection libraries are the mean of quadruplicate

measurements from two biological replicates.
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Table 6-3 Screening of the LOPAC library identified 4 compounds which decreased levels of AP, GFP fluorescence in wild-type cells

The p — values indicate the significant difference between the proportion of fluorescent cells in control and treated conditions.

Name of drug

CAS
number

Molecular

Molecular
weight

Bioactivity

p — value

Tulobuterol
hydrochloride

56776-01-
3

C]QH]gClNO .

264.19

0.0001

cis-Azetidine-
2,4-
dicarboxylic
acid

121050-
04-2

145.12

NMDA glutamate receptor

0.0005

Doxycycline
hydrochloride

10592-13-
9

CyH24N> Oy -
HCI - 0.5H,0 -

512.94

Derivative of oxytetracycline;
broad spectrum antibiotic and
bacteriostatic agent; antiprotozoal;
used in the treatment of chlamydia,
rickettsia, mycoplasma, and some
spirochete infections; broad
spectrum inhibitor used to inhibit
matrix metallo-proteinases such as
type 1 collagenase

0.001

SKF 89976A
hydrochloride

85375-85-
5

C22H25NOZ :

371.9

GABA transporter type 1 (GAT-1)
inhibitor that crosses the blood
brain barrier.

0.001

217



Chapter Five

Table 6-4 Screening of the SPECTRUM Collection library identified 13 compounds which decreased levels of AP, GFP fluorescence in wild-
type cells

The p — values indicate the significant difference between the proportion of fluorescent cells in control and treated conditions.

CAS Molecular Molecular . .
Name of drug number Formula Weight Structure Bioactivity p — value

HO — Hg

Merbromin 129-16-8  CyHgBr,HgNa,0O, 750.66 a” TN Antibacterial 1.5E-20

Acriflavinium RN Antiinfective,
Hydrochloride 015073 CistliaCINs 25974 intorcalating agent 3.0E-20

. Hogo—aHa—N—ay N T Hy ~N= CHp— 00zt Chelating agent (Ca,
Calcein 1461-15-0 C30H26N20|3 622.55 s Mg) 3.0E-20
lsosorbide g7 335 CHN,0 236.14 Antianginal 1.0E-08
Dinitrate s 6LI8IN28 : [ ntiangina .0E-
R
Tolbutamide 64-77-7 Ci,HsN>O5S 270.35 e i ‘\/"1?:1 Antidiabetic 7.2E-07
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CAS Molecular Molecular

Name of drug number Formula Weight Structure Bioactivity p — value
J
L
Rosolic Acid 603-45-2 Ci9H140; 290.32 [“l Diagnostic aid 9.3E-06
L
Br . //_L\ N .
Broxyquinoline 521-74-4  CoH:sBr,NO 302.95 L ‘ngg?et;"tztsft 0.0003
1 -
Griseofulvin ]
Analog A C15H10C1205 341.15 Antlfl.lngal 0.0004
180,— '-‘:;-“:\ AR
Glycyrrhetinic  1449-05-4  C30H4604 470.70 ey Anti-inflammatory 0.0005
Acid I {
”U/ 5 y .i,.‘
OH
I N
~
Clioquinol 130-26-7 CoH;5CIINO 305.50 P Antiseptic, antiamebic 0.0006
Ccl
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CAS

Molecular

Molecular

Name of drug number Formula Weight Structure Bioactivity p — value
!
Periplocymarin  32476-67-8 C;0H46Os 534.70 ¥ w Lo ° o 0.0007
. o J Protein synthesis
Cycloheximide 66-81-9 Ci5sHy3NOy 281.35 : { ] NG N inhibitor 0.0009
I
- -C‘)H
Me C:'l- ::LZ‘.
Haemato- Me (?\W ~ ’}\E}’ CH,—CH,—CO,H
porphyrin 0. SN ENTY Antidepressant,
Dihydro- 17696-69-4  C;4H,40CIN4Og 671.63 4 | D antineoplastic 0.0009
chloride ."'Hi“ =
Me—CH™T N ~ A cx CH,—COLH
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Figure 6-4 Fluorescent microscopic image analysis using Evotec Technologies
Acapella™ image analysis software of wild-type cells expressing ABs,GFP grown in
media supplemented with 20 pM of a specific drug/chemical compound from the
LOPAC"™® library.

Wild-type cells expressing AB4GFP were induced in galactose medium supplemented with a
specific drug/chemical compound from the LOPAC'**® library that decreased the proportion of
fluorescent cells compared to control cells: A) Doxycycline hydrochloride, B) SKF 89976A
hydrochloride, C) Tulobuterol hydrochloride and D) cis-Azetidine-2,4-dicarboxylic acid.
Representative images of AP, GFP-associated fluorescence are shown in the left panel. NLS-
RedStar2 nuclear and mCherry cytoplasmic RFP fluorescence is shown in the middle panel.
Using the RFP fluorescence, whole cells were identified based on whole cell stencils drawn
(right panel) for the measurement of fluorescent cell population. 300-500 cells were analysed
for each sample.
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Figure 6-5 Fluorescent microscopic image analysis using Evotec Technologies
Acapella™ image analysis software of wild-type cells expressing Aps,GFP grown in
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media supplemented with 20 pM of a specific drug/chemical compound from the
SPECTRUM Collection library.

Wild-type cells expressing AP, GFP were induced in galactose medium supplemented with a
specific drug/chemical compound from the SPECTRUM Collection library that decreased the
proportion of fluorescent cells compared to control cells: A) Isosorbide dinitrate, B) Rosolic
acid, C) Broxyquinoline, D) 18a-glycyrrhetinic acid, E) Clioquinol, F) Cycloheximide and G)
Haematoporphyrin dihydrochloride. Representative images of AP, GFP-associated fluorescence
are shown in the left panel. NLS-RedStar2 nuclear and mCherry cytoplasmic RFP fluorescence
is shown in the middle panel. Using the RFP fluorescence, whole cells were identified based on
whole cell stencils drawn (right panel) for the measurement of fluorescent cell population. 300-
500 cells were analysed for each sample.

6.3 Discussion

The highly conserved cellular processes shared between S. cerevisiae and higher
eukaryotes, ease of genetic manipulation, amenability to large scale genome-wide
functional studies and the relatively lower cost of culturing yeast cells compared to
mammalian cells collectively make S. cerevisiae an attractive organism for performing
high-throughput yeast cell-based screens for drug discovery and development of
therapeutic targets. While fibrillar forms of AP are found extracellularly, oligomeric
species of AP found intracellularly are more toxic (Lesne et al., 2006; Walsh et al.,
2000). Therefore, drugs that reduce the AP load in the interstitial fluid may be less
effective than compounds that inhibit AP oligomer formation. This may mean that drugs
need to be able to be taken up across the cell membrane for maximum therapeutic

effectiveness. This may be another advantage of using the S. cerevisiae model.

However, it is also important to appreciate that S. cerevisiae cells may present
certain disadvantages: 1) presence of a cell wall, composed of ~25% helical B(1-3) and
B(1-6)-D-glucans and ~25% oligo-mannans, ~20 % protein, ~10% lipids and chitin
(Kapteyn et al., 1996; Kollar et al., 1995), may limit permeability to some compounds;
i) presence of highly efficient membrane efflux pumps comprised of ATP-binding
cassette (ABC) transporters. Transcriptional regulators Pdrlp and Pdr3p play an
important role in cellular detoxification by co- and auto-regulation of these ABC drug
efflux pumps and the circuits of pleiotropic drug resistance in S. cerevisiae, analogous
to the mammalian multiple drug resistance (Balzi and Goffeau, 1995; Decottignies and
Goffeau, 1997; Kolaczkowski et al., 1998). It has been shown previously that deleting
PDRI and PDR3 genes disrupts the efflux pump system, alleviates drug resistance and
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instead causes drug hypersensitivity (Egner and Kuchler, 1996). In a recent study, it was
shown that strains deleted for PDRI, PDR3, PDR5 and other genes associated with
pleiotropic drug resistance exhibited remarkably different phenotypes to lovastatin, a
statin drug which disrupts sterol biosynthesis in S. cerevisiae. Interestingly, deletion of
ERG6, involved in ergosterol biosynthesis, was found to enhance chemical uptake and
counter drug resistance in cells. Ergosterol is important for membrane stability and
altered sterol composition in the Aerg6 mutant was found to enhance chemical uptake
(Dunstan et al., 2002; Sharma, 2006; Welihinda et al., 1994). This is verified by the
increased sensitivity to cycloheximide in cells (Park et al., 2011). Since data from the
previous chapters in this study, including the genome-wide screen, identified lipid
homeostasis/metabolism as an important biological process affecting AP aggregation,
the Aerg6 mutant and the Apdrl Apdr3 double mutant were not used in this study.
However, it is interesting to note that cycloheximide was identified to affect AB4oGFP-

associated fluorescence.

In this study a yeast cell-based in vivo high-throughput assay that allows
identification of drug/chemical compounds that affect AP4, and AP4y aggregation was
developed based on the ABGFP fusion-associated fluorescence assay, described in
Chapter 1. Briefly, compounds were identified that increased or decreased the
proportion of wild-type cells expressing AB4»GFP or AB4GFP-associated fluorescence,
respectively. Using this yeast cell-based platform, both the Library of
Pharmacologically Active Compounds (LOPAC'**"®; Sigma-Aldrich), composed of
1280 compounds, and the Spectrum Collection library (MicroSource Discovery
Systems, Gaylordsville, CT, USA), containing 1997 compounds, were screened. Of the
3277 drug/chemical compounds screened in the pilot screen, 25 compounds were
identified that reduced AP4+,GFP aggregation since increased levels of AP4GFP-
associated fluorescence were observed in wild-type cells; while 17 compounds were
found to increase AB4GFP aggregation since significantly reduced levels of AB4GFP-
associated fluorescence were observed. Interestingly, five compounds, Merbromin,
Acriflavinium hydrochloride, Calcein, Isosorbide dinitrate and Tolbutamide were found
to exhibit both amyloidogenic and anti-amyloidogenic properties since increased levels
of AB4sxGFP fluorescence as well as reduced levels of AP4GFP fluorescence were

observed in wild-type cells (Figure 6-6). At present, it is unclear why this occurred; one
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possible explanation may be that these compounds interact differently with both
AB4,GFP and AB4oGFP peptides, leading to differences in the aggregation kinetics of
these ABGFP fusions. Due to the capacity of these compounds to form soluble AB4,GFP
and aggregated forms of AB4)GFP, these data may potentially change the way these five
chemical/drug compounds are currently prescribed and/or administered since they may
potentially exacerbate AD symptoms and/or disease progression. Work is currently
underway, through detailed biochemical analyses, to verify if these compounds do
indeed directly affect AP4,GFP or AP4GFP aggregation in vivo. Here, a few

compounds were selected from the pilot screen for further discussion.

Figure 6-6 Schematic overview of compounds identified from the chemical/drug
libraries that affected AB,,GFP or AB, GFP-assoiated fluorescence.
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6.3.1 Tetracycline and it derivatives

Treatment with doxycycline, a synthetic derivative of oxytetracycline,
significantly reduced (p < 0.001) the proportion of wild-type cells expressing APsGFP-
associated fluorescence. Doxycycline appeared to increase the aggregation propensity
of AP4oGFP therefore causing a reduction in the portion of wild-type cells expressing
AB4oGFP-associated fluorescence. No effects were observed on wild-type cells
expressing ABs,GFP when treated with doxycycline. Doxycycline belongs to the class
of bacteriostatic tetracycline antibiotics. It is also a broad spectrum inhibitor used to
inhibit matrix metallo-proteinases such as type 1 collagenase. The pluripotency of
tetracycline drugs is demonstrated by their ability to affect mammalian cellular
processes including cell proliferation, migration, apoptosis and matrix remodelling
(Bendeck et al., 2002). Interestingly, it was shown that tetracycline and doxycycline
exhibited anti-amyloidogenic properties by inhibiting AP aggregation and
disaggregating preformed fibrils (Forloni et al., 2001). It was also shown recently that
doxycycline inhibits immunoglobulin light chain amyloid fibrilisation in both in vivo
and in vitro studies (Ward et al., 2011). Systemic amyloidosis results from the
aggregation of an amyloidogenic immunoglobulin light chain and amyloid fibrils
rapidly accumulate in many organs. Ward and colleagues (2011) further demonstrated
that doxycycline treatment reduced the number of intact immunoglobulin light chain
fibrils which subsequently led to large disordered aggregates forming. However, this
anti-amyloidogenic effect of tetracyclines, including doxycycline, does not appear to be
limited to only AP and immunoglobulin light chain fibrils. A pathological hallmark of
familial amyloidotic polyneuropathy, an autosomal dominant disease, is the
extracellular deposition of variant forms of transthyretin protein in fibrillar structures in
association with peripheral nerves (Coimbra and Andrade, 1971; Saraiva, 2001). It was
shown that treatment of transthyretin fibrils using tetracycline and three other
derivatives of tetracycline, including rolitetracycline, minocycline and doxycycline,
disrupted fibril formation by disaggregating fibrillar structures. Interestingly,

doxycycline demonstrated the highest disaggregation activity.

The molecular mechanism of the anti-amyloidogenic activity of this class of
antibiotics is unclear. However, since tetracycline and its derivatives appear to affect

amyloid fibrils in general, it may be related to the propensity of these drugs to bind the
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fibrillar structures. Since the hydrophobic interactions mediated by the C-terminus of
the AP peptide are important for the stability of fibril formation (De Felice et al., 2001;
Kim and Hecht, 2005), one possible explanation may be that hydrophobic compounds
may be effective in destabilising and disaggregating A fibrils. Congo red, a charged
and hydrophilic molecule, is widely used to stain amyloid oligomers and fibrils since it
binds with these aggregated species with high affinity both in vitro and in vivo.
Tetracyclines, which share structural analogies with Congo red, contain an extended
hydrophobic core formed by aromatic moieties. Therefore, these antibiotics are
lipophilic and readily accessible to the central nervous system (Yrjanheikki et al., 1998).
This makes it an important factor to consider in individuals with neurodegenerative
diseases caused by amyloidogenesis. Interestingly, minocycline is able to cross the
blood-brain barrier and exert a neuroprotective effect in transgenic models of
amyotrophic lateral sclerosis and Huntington disease. This neuroprotective effect has
been proposed to be caused by inhibition of caspase-1 and 3 (Chen et al., 2000; Zhu et
al., 2002). However, characterisation of tetracycline and its derivatives for their anti-

amyloidogenic activity and neuroprotection requires further examination.

While doxycycline has a safe toxicological profile, it is unlikely that it would be
used as a potential AD drug at higher concentrations because of the pluripotent nature
of the drug (described above). Since there is a high degree of similarity between the
protein synthesis machinery in prokaryotes and eukaryotic mitochondria, tetracycline
drugs and its derivatives inhibit mitochondrial protein synthesis by not allowing binding
of the aminoacyl t-RNA to the ribosome; therefore, disrupting mitochondrial protein
synthesis (Clark and Chang, 1965; Kroon and Van den Bogert, 1983). However,
chemical modifications to its structure can be used to eliminate its bacteriostatic
property to generate compounds that affect oligomer formation without inhibiting fibril
formation. For example, Col-3 (4-dedimethylaminosancycline), a chemically modified
tetracycline that lacks antimicrobial activity but inhibits matrix metalloproteinases and
possesses anticollagenase activity, is now the subject of clinical trials in cancer patients
(Fife et al., 2000; Gu et al., 2001; Lee et al., 2001a; Rudek et al., 2001a; Rudek et al.,
2001b). Chemical modifications to existing tetracycline drugs may be interesting to
study since the current therapeutic strategy is to discover molecules that do not affect

fibril formation. Since the presence of fibrils might be beneficial or inert, it is proposed
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that this specificity might be crucial for clinical success (Chen et al., 2010; Cheng et al.,
2007; Necula et al., 2007a; Treusch et al., 2009). Although in vivo studies carried out in
mammalian cells will be important to determine the efficacy of anti-amyloidogenic
property of tetracyclines, these data may potentially change the way tetracycline and

doxycycline antibiotics are currently prescribed and/or administered to older patients.

6.3.2 Tetranortriterpenoid compounds and isogedunin

Treatment with isogedunin, a tetranortriterpenoid compound extracted from Guarea
Thompsonii, significantly increased (p < 0.001) the proportion of wild-type cells
expressing APs,GFP-associated fluorescence. Isogedunin appeared to reduce the
aggregation propensity of AB4»GFP therefore causing an increasing the portion of wild-
type cells expressing AP4,GFP-associated fluorescence. No effects were observed on
wild-type cells expressing APsGFP when treated with isogedunin. Interestingly,
gedunin, also a tetranortriterpenoid compound which shares a similar chemical structure
to isogedunin, has been shown to demonstrate anti-parasitic, anti-secretory, antifungal,
and neuroprotective activities. Gedunin, which is extracted from Azadirachta indica
(Indian neem tree) has also been shown to inhibit Hsp90 while gedunin derivatives such
as deacetylgedunin, deoxygedunin and deacetoxy-7-oxogedunin have been shown to
increase levels of Hsp70p. Currently a patent is held for the use of tetranortriterpenoid
compounds for the reduction and/or inhibition of the aggregation of amyloidogenic
proteins, such as huntingtin, as well as for increasing proteasome activity for the use in
the treatment, diagnosis and/or prevention of trinucleotide repeat disorders (e.g
Huntington's disease), amyloid diseases, neurodegenerative disease, protein misfolding
diseases or tumors (Patent application number: US 2010/0298280 Al). Interestingly,
isogedunin exhibited the strongest inhibitory activity with an ECsy of 2 uM. In the
absence of available data, it is tempting to speculate that altered proteasomal activity
and/or heat shock response may have led to the increased proportion of wild-type cells

expressing ABsGFP-associated fluorescence.

6.4 Future directions

In this study, a yeast in vivo assay that assesses the aggregation of A4, based on

the AP4GFP fusion-associated fluorescence was developed. Using this platform, a
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high-throughput assay to screen drug/chemical compounds for an effect on AP4, and
APa4o aggregation was developed. Here, 37 drug/chemical compounds were identified in
a pilot screen that altered AB4>GFP and AB4 GFP aggregation/fluorescence. To resolve
the potentially confounding interactions between the drug/chemical compounds that
were identified and APs,GFP aggregation, a few important experiments need to be
undertaken in future. Work is currently underway, through detailed biochemical
analyses, to verify if these compounds do indeed directly affect AB4,GFP or AB4GFP
aggregation in vivo and determine their effectiveness in terms of dose. Biophysical
analyses using electron microscopy may be required to identify if these compounds
affect AB4,GFP oligomer or fibril formation as this may be crucial for clinical success
since the presence of fibrils might be beneficial or inert (Chen et al., 2010; Cheng et al.,
2007; Necula et al., 2007a; Treusch et al., 2009).

Yeast cell-based assays for compounds that inhibit AP4, aggregation are
advantageous since compounds that cause toxicity can be eliminated immediately
(Bharadwaj et al., 2010; Caine et al., 2007; Kim et al., 2006; Lee et al., 2009; Macreadie
et al., 2008). In this study, to eliminate false positives from the dataset, samples were
analysed for the appearance of autofluorescence. For example, compounds that formed
crystals which led to emission at 485 nm were removed from the data set. However,
compounds that may possibly fluoresce without forming crystals were not identified. To
resolve this, it is necessary to screen target drugs incubated with wild-type cells not
expressing any form of ABGFP fusion constructs. In addition, the effects of target drugs
need to be validated based on a dose-dependent assay by serially diluting the

drug/chemical compounds in DMSO to varying concentrations.

Recently, small molecule compounds that inhibit formation of toxic AP
oligomers and aggregation in general have been well studied (Amijee et al., 2009;
Amijee and Scopes, 2009; Scherzer-Attali et al., 2010). Examples of these compounds
that are known to inhibit AB4, oligomerisation and have a therapeutic effect in AD
animal models include curcumin, hydroxyanaline (RS-0406), hydroxyanaline derivative
(SEN1269; Senexis), scylloinositol (AZD-103), Clioquinol (PBT1; 8-hydroxyquinoline)
(also identified in this study to reduce AP4oGFP fluorescence) and PBT2 (a copper/zinc
ionophore, 8-hydroxyquinoline) (Yang et al., 2005; Nakagami et al., 2002; O’Hare et al.,
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2010; Walsh et al., 2005; McLaurin et al., 2000; McLaurin et al., 2006; Townsend et al.,
2006; Hsiao et al., 1996; Adlard et al., 2008; Faux et al., 2010). At present, PBT2
(Prana Biotechnology) and scyllo-inositol (Transition Therapeutics and Elan) are
undergoing clinical trials. Since some of these compounds are known to inhibit the
formation of AP, oligomers, it may be worthwhile to validate these drugs using the S.
cerevisiae platform described in this study. This may lend further support to the use of
yeast high-content screening as an effective strategy in screening for potential inhibitors
of A4, oligomerisation. These compounds that bind to and inhibit A4, oligomerisation
may also prevent Asr-induced toxicity (Alavez et al., 2011; Chen et al., 2010;
Scherzer-Attali et al., 2010). In this study, a total of 3277 compounds were analysed.
Additional high-content screening with much larger chemical compound libraries
including FDA-approved drugs may have the potential to uncover novel and more
effective drugs. Identifying such drugs as affecting intracellular AB4, aggregation may
significantly reduce costs and the exhaustive process of introducing new drugs onto the
market. The compounds identified through this approach may potentially change the

way these drugs are currently administered to patients.

Although amyloidogenic and anti-amyloidogenic properties of compounds that
inhibit AP4, oligomerisation have been investigated in other studies (Chang et al., 2003;
Chromy et al., 2003; Hamaguchi et al., 2009; Necula et al., 2007b; Yang et al., 2005),
the majority of them were conducted in vitro using synthetic AP4, peptides under
conditions that allow formation of oligomers instead of fibrils. The ABGFP fusion-
associated fluorescence assay characterised and validated in S. cerevisiae, described in
this study, allows real-time determination and identification of cellular localisation of
AB4y. The study demonstrated it to be a useful tool in the investigation of intracellular
factors affecting A4, aggregation. The data in this thesis contribute to our current
understanding of how cellular mechanisms affect intracellular AP, aggregation and
begin to address the idea that altered lipid homeostasis and mitochondrial function in
cells as well as certain drugs/chemical compounds may have implications for AP,

aggregation and altered localisation in cells.
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ORFs whose deletants were not screened using AB4,GFP

APPENDIX A
YHLOL7C YHRO30C
YHLO46C YHRO31C
YHLOLSW YHRO33W
YHLOAAW YHRO34C
YHLOA3W YHRO35W
YHLOL2W YHRO37W
YHLOAIW YHRO38W
YHLO4L0C YHRO39C
YHLO3BC YHRO43C
YHLO37C YHRO44C
YHLO36W YHRO46C
YHLO35C YHRO47C
YHLO34C YHRO48W
YHLO33C YHRO49W
YHLO32C YHRO49C-A
YHLO31C YHROSOW
YHLO3OW YHROS51\W
YHLO29C YHROS7C
YHLOZ28W YHROGOW
YHLOZ2 7W YHRO61C
YHLOZ26C YHROGEW
YHLOZ23C YHRO73W
YHLOZ22C YHRO75C
YHLO21C YHRO76W
YHLO20C YHROZ7C
YHLO19C YHRO78W
YHLO17W YHRO79C
YHLO16C YHRO80C
YHLO14C YHRO81W
YHLO13C YHRO82C
YHLO12W YHRO86W
YHLO10C YHROB /W
YHLOO9C YHRO91C
YHLOOBC YHRO92C
YHLOOZC YHRO93W
YHLODEC YHRO94C
YHLOOSC YHRO95W
YHLOO3C YHRO96C
YHROOIW-A | YHRD9/7C
YHRO10W YHR100C
YHRO11\W YHR103W
YHRO12\W YHR104W
YHRO13C YHRI0SW
YHRO14\W YHR106W
YHRO15W YHR108W
YHRO18C YHR109W
YHROZ21C YHR110W
YHRO22C YHR112C
YHRO28C YHR111W
YHRD29C YHR113W

YHR114W
YHR115C
YHR116W
YHR117W
YHR120W
YHR121W
YHR123W
YHR124W
YHR125W
YHR126C
YHR129C
YHR130C
YHR132C
YHR134W
YHR135C
YHR136C
YHR137W
YHR138C
YHR139C
YHR139C-A
YHR142W
YHR143W
YHR147C
YHR150W
YHR151C
YHR133C
YHR152W
YHR153C
YHR154W
YHR155W
YHR156C
YHR157W
YHR158C
YHR159W
YHR160C
YHR161C
YHR163W
YHR167W
YHR176W
YHR177W
YHR178W
YHR179W
YHR182W
YHR183W
YHR184W
YHR189W
YHR195W
YHR198C
YHR199C
YHR200W

YHR202W
YHR203C
YHR204W
YHR206W
YHR207C
YHR209W
YHR210C
YGROZ27C
YGRO31W
YGRO33C
YGRO34W
YGRO35C
YGRO36C
YGRO37C
YGRO39W
YGRO41W
YGRO42W
YGRO43C
YGRO44C
YGRO45C
YGRO49W
YGRO51C
YGROS2W
YGROS4W
YGROSSW
YGROS6W
YGROS57C
YGROS8W
YGROS9W
YGRO61C
YGROG2C
YGRO64W
YGROG66C
YGRO&7C
YGROB8C
YGROGIW
YGRO/70W
YGRO71C
YGRO72W
YGRO76C
YGROZ7C
YGRO/8C
YGRO79W
YGROSOW
YGRO81C
YGRO84C
YGROB5C
YGRO87C
YGROS8W
YGRO96W

YGRO97W
YGR100OW
YGR1O1W
YGR102C
YGR104C
YGRIOSW
YGR1O/7W
YGR108W
YGR109C
YGR111\W
YGRI12W
YGR118W
YGR121C
YGR122W
YKL191W
YKL197C
YKL198C
YKL199C
YKL205W
YKLZ200C
YKL206C
YKL207W
YKL208W
YKL211C
YKLZ212W
YKL213C
YKL214C
YKLZ216W
YKL217W
YKLZ218C
YKL221W
YKL222C
YKROO1C
YKROO3W
YKROOSC
YKRODGTC
YKROOD7W
YKROOIC
YKRO11C
YKRO12C
YKRO13W
YKRO14C
YKRO15C
YKRO16W
YKRO17C
YKRO18C
YKROZ20W
YKROZ21W
YKRD24C
YKRD26C

YKRO30W
YKRO31C
YKRO32W
YKRD33C
YKRO35C
YKRO42W
YKRO43C
YKRO44W
YKRO45C
YKRO47W
YKRO48C
YKRD49C
YKROSOW
YKROS1W
YKRD52C
YKRD54C
YKROS5W
YKROS6W
YKROS 7W
YKROS8W
YKROS9W
YKRO6OW
YKRO61W
YKRD64W
YKRD65C
YKRD87C
YKRO88C
YKRD89C
YKRO9OW
YKRO91W
YKRD92C
YKRO93W
YKRO97W
YKRD98C
YKRO99W
YKR100C
YKR10IW
YKR103W
YKR104W
YKR105C
YLLO18C-A
YLR262C-A
YLR422W
YLR423C
YLR425W
YLR4Z26W
YLR4Z27W
YLR428C
YLR429W
YLR431C

YLR432W
YLR433C
YLR434C
YLRA35W
YLR436C
YLR437C
YLRA38W
YLR441C
YLRA43W
YLR444C
YLR445W
YLR446W
YLR447C
YLR448W
YLR449W
YLR450W
YLR452C
YLR453C
YLR454W
YLR4S6W
YLR460C
YLR461IW
YMLOOIC
YMLO20C-B
YMLOZ21C
YMLOB1C-A
YMROBOC
YMR158C-8
YMR169C
YMR174C
YMR175W
YMR194C-A
YMR326C
YMRO32C-A
YMROS0C
YMROS51C
YMRO56C
YMROS7C
YMROS8W
YMROSOW
YMROGOW
YMROG1C
YMROG2C
YMROG3W
YMROGLC
YMROGSC
YMROBOC
YMROG7C
YMROGSC
YIROZ73C

YIROZ5W
YIRO/78W
YIRO79W
YIRO82C
YIRO83C
YIRO88C
YIRO92W
YIR102C
YIR103W
YIR105W
YIR108W
YIR110W
YiR111C
YIR115W
YIR127C
YIR128W
YIR129C
YIR130C
YIR135C
YIR137C
YiR146W
YIR147W
YIR149W
YIR152W
YIR154W
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APPENDIX B

Mutants exhibiting weak/faint AB4,GFP-associated fluorescence

Gene o
ORF Description
name

YDL243C AAD4 Putative aryl-alcohol dehydrogenase with similarity to P. chrysosporium aryl-alcohol dehydrogenase, involved in the oxidative stress response

YGL234W ADES5,7  Bifunctional enzyme of the 'de novo' purine nucleotide biosynthetic pathway, contains aminoimidazole ribotide synthetase and glycinamide ribotide synthetase activities

YDR408C ADES Phosphoribosyl-glycinamide transformylase, catalyzes a step in the 'de novo' purine nucleotide biosynthetic pathway

YDR226W ADK1 Adenylate kinase, required for purine metabolism; localised to the cytoplasm and the mitochondria; lacks cleavable signal sequence

YBR288C APM3 Mu3-like subunit of the clathrin associated protein complex (AP-3); functions in transport of alkaline phosphatase to the vacuole via the alternate pathway

YMRI119W ASI Putative integral membrane E3 ubiquitin ligase; genetic interactions suggest a role in negative regulation of amino acid uptake

YCRO68W ATGI1S5 Lipase, required for intravacuolar lysis of autophagic bodies; located in the endoplasmic reticulum membrane and targeted to intravacuolar vesicles during autophagy via the
multivesicular body (MVB) pathway

YJL180C ATPI12 Molecular chaperone, required for the assembly of alpha and beta subunits into the F1 sector of mitochondrial FIFO ATP synthase

YMLO81C-A  ATP18 Subunit of the mitochondrial F1FO ATP synthase, which is a large enzyme complex required for ATP synthesis; termed subunit I or subunit j; does not correspond to known ATP
synthase subunits in other organisms

YDR298C ATPS Subunit 5 of the stator stalk of mitochondrial F1FO ATP synthase, which is a large, evolutionarily conserved enzyme complex required for ATP synthesis; homologous to bovine
subunit OSCP (oligomycin sensitivity-conferring protein)

YERI77W BMH]I 14-3-3 protein, major isoform; binds proteins and DNA, involved in regulation of many processes including exocytosis and vesicle transport, Ras/MAPK signaling during pseudohyphal
development, rapamycin-sensitive signaling, and others

YNRO27W BUDI17 Protein involved in bud-site selection; diploid mutants display a random budding pattern instead of the wild-type bipolar pattern

YDR241W BUD26 Dubious open reading frame, unlikely to encode a protein; not conserved in closely related Saccharomyces species; 1% of ORF overlaps the verified gene SNU56; diploid mutant
displays a weak budding pattern phenotype in a systematic assay

YCRO63W BUD31 Protein involved in bud-site selection; diploid mutants display a random budding pattern instead of the wild-type bipolar pattern

YKL0O05C BYEI Negative regulator of transcription elongation, contains a TFIIS-like domain and a PHD finger, multicopy suppressor of temperature-sensitive ess] mutations, probably binds RNA
polymerase II large subunit

YER061C CEM1 Mitochondrial beta-keto-acyl synthase with possible role in fatty acid synthesis; required for mitochondrial respiration

YBROO3IW coQl1 Hexaprenyl pyrophosphate synthetase, catalyzes the first step in ubiquinone (coenzyme Q) biosynthesis

YNR041C coQ2 Para hydroxybenzoate: polyprenyl transferase, catalyzes the second step in ubiquinone (coenzyme Q) biosynthesis

YLR201C COQ9 Mitochondrial inner membrane protein required for ubiquinone (coenzyme Q) biosynthesis, which in turn is required for respiratory growth; exhibits genetic interaction with ABCI,
suggesting a possible common function

YGL263W COoS12 Protein of unknown function, member of the DUP380 subfamily of conserved, often subtelomerically-encoded proteins

YPL132W coxli Mitochondrial inner membrane protein required for delivery of copper to the Cox1p subunit of cytochrome ¢ oxidase; association with mitochondrial ribosomes suggests that copper

delivery may occur during translation of Cox1p
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YLLO18C-A cox19 Protein required for cytochrome ¢ oxidase assembly, located in the cytosol and mitochondrial intermembrane space; putative copper metallochaperone that delivers copper to
cytochrome ¢ oxidase

YHROSIW COX6 Subunit VI of cytochrome ¢ oxidase, which is the terminal member of the mitochondrial inner membrane electron transport chain; expression is regulated by oxygen levels

YBR0O36C CSG2 Endoplasmic reticulum membrane protein, required for mannosylation of inositolphosphorylceramide and for growth at high calcium concentrations

YJR048W CcYcl Cytochrome c, isoform 1; electron carrier of the mitochondrial intermembrane space that transfers electrons from ubiquinone-cytochrome ¢ oxidoreductase to cytochrome ¢ oxidase
during cellular respiration

YBRI112C CYCcs General transcriptional co-repressor, acts together with Tuplp; also acts as part of a transcriptional co-activator complex that recruits the SWI/SNF and SAGA complexes to promoters

YDLI117W CYK3 SH3-domain protein located in the mother-bud neck and the cytokinetic actin ring; mutant phenotype and genetic interactions suggest a role in cytokinesis

YORO65W CYTI Cytochrome c1, component of the mitochondrial respiratory chain; expression is regulated by the heme-activated, glucose-repressed Hap2p/3p/4p/Sp CCAAT-binding complex

YDR320C-A  DAD4 Essential subunit of the DASH microtubule ring complex, couples kinetochores to the force produced by MT depolymerization thereby aiding in chromosome segregation; is transferred

to the kinetochore prior to mitosis

YKRO34W DALS0 Negative regulator of genes in multiple nitrogen degradation pathways; expression is regulated by nitrogen levels and by Gln3p; member of the GATA-binding family, forms
homodimers and heterodimers with Deh1p

YDLI10IC DUNI Cell-cycle checkpoint serine-threonine kinase required for DNA damage-induced transcription of certain target genes, phosphorylation of Rad55p and Smllp, and transient G2/M arrest
after DNA damage; also regulates postreplicative DNA repair

YPR023C EAF3 Esalp-associated factor, nonessential component of the NuA4 acetyltransferase complex, homologous to Drosophila dosage compensation protein MSL3

YNL136W EAF7 Subunit of the NuA4 histone acetyltransferase complex, which acetylates the N-terminal tails of histones H4 and H2A

YKL204W EAPI elF4E-associated protein, binds eIF4E and inhibits cap-dependent translation, also functions independently of eIF4E to maintain genetic stability; plays a role in cell growth, implicated
in the TOR signaling cascade

YBRO78W ECM33 GPI-anchored protein of unknown function, has a possible role in apical bud growth; GPI-anchoring on the plasma membrane crucial to function; similar to Sps2p and Pstlp

YDR512C EMII Non-essential protein of unknown function required for transcriptional induction of the early meiotic-specific transcription factor IME1, also required for sporulation

YNL280C ERG24 C-14 sterol reductase, acts in ergosterol biosynthesis; mutants accumulate the abnormal sterol ignosterol (ergosta-8,14 dienol), and are viable under anaerobic growth conditions but
inviable on rich medium under aerobic conditions

YBR026C ETRI 2-enoyl thioester reductase, member of the medium chain dehydrogenase/reductase family; localised to in mitochondria, where it has a probable role in fatty acid synthesis

YFRO19W FABI 1-phosphatidylinositol-3-phosphate 5-kinase; vacuolar membrane kinase that generates phosphatidylinositol (3,5)P2, which is involved in vacuolar sorting and homeostasis

YBRO40OW FIGI Integral membrane protein required for efficient mating; may participate in or regulate the low affinity Ca2+ influx system, which affects intracellular signalling and cell-cell fusion
during mating

YER109C FLOS Transcription factor required for flocculation, diploid filamentous growth, and haploid invasive growth; genome reference strain S288C and most laboratory strains have a mutation in
this gene
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YER145C
YJIR040W

YDL198C

YMLO94W
YIL184W

YKL109W

YCRO65W

YLR192C

YDR317W
YMRI72W

YKL138C-4

YBR272C
YCR046C
YBR107C
YIROOSW

YJRO97W
YNL104C
YJR070C

YFL0O18C

YCLOSIW

YALO24C

YDLI82W

YMR021C

FTRI
GEF1

GGClI

GIMS
GON7

HAP4

HCM]I

HCRI

HIM1I
HOTI

HSK3

HSM3
IMG1
IML3
IST3

JJJ3
LEU4
LIAl

LPDI

LRE]

LTE]

LYS20

MACI

High affinity iron permease involved in the transport of iron across the plasma membrane; forms complex with Fet3p; expression is regulated by iron
Chloride channel localised to late- or post-Golgi vesicles, involved in iron metabolism; highly homologous to voltage-gated chloride channels in vertebrates

Mitochondrial GTP/GDP transporter, essential for mitochondrial genome maintenance; has a role in mitochondrial iron transport; member of the mitochondrial carrier family; (putative)
mitochondrial carrier protein

Subunit of the heterohexameric co-chaperone prefoldin complex which binds specifically to cytosolic chaperonin and transfers target proteins to it

Protein of unknown function, proposed to be involved in the transfer of mannosylphosphate groups onto N-linked oligosaccharides; also proposed to be involved in responding to
osmotic stress

Subunit of the heme-activated, glucose-repressed Hap2p/3p/4p/5p CCAAT-binding complex, a transcriptional activator and global regulator of respiratory gene expression; provides the
principal activation function of the complex

Forkhead transcription factor involved in cell cycle specific transcription of SPC110; dosage-dependent suppressor of calmodulin mutants with specific defects in SPB assembly;
involved in telomere maintenance

Dual function protein involved in translation initiation as a substoichiometric component of eukaryotic translation initiation factor 3 (elF3) and required for processing of 20S pre-
rRNA; binds to eIF3 subunits Rpglp and Prtlp and 18S rRNA

Protein of unknown function involved in DNA repair

Transcription factor required for the transient induction of glycerol biosynthetic genes GPD1 and GPP2 in response to high osmolarity; targets Hoglp to osmostress responsive
promoters; has similarity to Msnlp and Gerlp

Essential subunit of the DASH microtubule ring complex, couples kinetochores to the force produced by MT depolymerization thereby aiding in chromosome segregation; is transferred
to the kinetochore prior to mitosis

Protein of unknown function, involved in DNA mismatch repair during slow growth; has weak similarity to Mshlp

Mitochondrial ribosomal protein of the small subunit, required for respiration and for maintenance of the mitochondrial genome

Protein with a role in kinetochore function, localises to the outer kinetochore in a Ctf19p-dependent manner, interacts with Chl4p and Ctf19p

Component of the U2 snRNP, required for the first catalytic step of splicing and for spliceosomal assembly; interacts with Rds3p and is required for Merlp-activated splicing

Protein of unknown function, contains a J-domain, which is a region with homology to the E. coli Dnal protein
Alpha-isopropylmalate synthase (2-isopropylmalate synthase); the main isozyme responsible for the first step in the leucine biosynthesis pathway

Deoxyhypusine hydroxylase, a HEAT-repeat containing metalloenzyme that catalyses hypusine formation; binds to and is required for the modification of Hyp2p (eIF5A); complements
S. pombe mmd1 mutants defective in mitochondrial positioning

Dihydrolipoamide dehydrogenase, the lipoamide dehydrogenase component (E3) of the pyruvate dehydrogenase and 2-oxoglutarate dehydrogenase multi-enzyme complexes
Protein involved in control of cell wall structure and stress response; inhibits Cbk1p protein kinase activity; overproduction confers resistance to cell-wall degrading enzymes
Putative GDP/GTP exchange factor required for mitotic exit at low temperatures; acts as a guanine nucleotide exchange factor (GEF) for Tem1p, which is a key regulator of mitotic

exit; physically associates with Ras2p-GTP

Homocitrate synthase isozyme, catalyzes the condensation of acetyl-CoA and alpha-ketoglutarate to form homocitrate, which is the first step in the lysine biosynthesis pathway; highly
similar to the other isozyme, Lys21p

Copper-sensing transcription factor involved in regulation of genes required for high affinity copper transport
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YDR318W

YJIRO10W

YOR211C

YBROS4W

YLLOO6W

YBRO9SW
YBRO9SW
YGL257C

YDR347W

YPL118W

YBLO3SW
YNL252C

YKRO85C

YORI50W
YCROO3W
YBR268W
YLR439W
YPRI0OW
YHR091C

YDL107W
YMR287C

YNLI119W

YPRO72W

YNLO9IW

YERI54W

MCM21

MET3

MGM1I

MIS1

MMM1

MMS4
MMS4
MNT2
MRPI

MRP51

MRPLI16
MRPLI7
MRPL20
MRPL23
MRPL32
MRPL37
MRPL4
MRPLS51
MSRI1
MSS2
MSUI

NCS2

NOTS5

NSTI

ox41

Protein involved in minichromosome maintenance; component of the COMA complex (Ctf19p, Okplp, Mcm21p, Amelp) that bridges kinetochore subunits that are in contact with
centromeric DNA and the subunits bound to microtubules

ATP sulfurylase, catalyzes the primary step of intracellular sulfate activation, essential for assimilatory reduction of sulfate to sulfide, involved in methionine metabolism

Mitochondrial GTPase related to dynamin, present in a complex containing Ugo1p and Fzolp; required for normal morphology of cristae and for stability of Tim11p; homolog of
human OPAL involved in autosomal dominant optic atrophy

Mitochondrial C1-tetrahydrofolate synthase, involved in interconversion between different oxidation states of tetrahydrofolate (THF); provides activities of formyl-THF synthetase,
methenyl-THF cyclohydrolase, and methylene-THF dehydrogenase

Mitochondrial outer membrane protein required for normal mitochondrial morphology and mtDNA stability; involved in tethering mitochondria to the actin cytoskeleton and in
anchoring mtDNA nucleoids

Subunit of the structure-specific Mms4p-Mus81p endonuclease that cleaves branched DNA; involved in recombination and DNA repair

Subunit of the structure-specific Mms4p-Mus81p endonuclease that cleaves branched DNA; involved in recombination and DNA repair

Mannosyltransferase involved in adding the 4th and 5th mannose residues of O-linked glycans

Mitochondrial ribosomal protein of the small subunit; MRP1 exhibits genetic interactions with PET122, encoding a COX3-specific translational activator, and with PET123, encoding a
small subunit mitochondrial ribosomal protein

Mitochondrial ribosomal protein of the large subunit; MRP51 exhibits genetic interactions with mutations in the COX2 and COX3 mRNA 5'-untranslated leader sequences

Mitochondrial ribosomal protein of the large subunit

Mitochondrial ribosomal protein of the large subunit

Mitochondrial ribosomal protein of the large subunit

Mitochondrial ribosomal protein of the large subunit

Mitochondrial ribosomal protein of the large subunit

Mitochondrial ribosomal protein of the large subunit

Mitochondrial ribosomal protein of the large subunit

Mitochondrial ribosomal protein of the large subunit

Mitochondrial arginyl-tRNA synthetase

Peripherally bound inner membrane protein of the mitochondrial matrix, required for export of C-terminal tail of Cox2p through the inner membrane
RNase, component of the mitochondrial degradosome along with the ATP-dependent RNA helicase Suv3p; the degradosome associates with the ribosome and mediates turnover of
aberrant or unprocessed RNAs

Protein with a role in urmylation and in invasive and pseudohyphal growth; inhibits replication of Brome mosaic virus in S. cerevisiae, which is a model system for studying replication
of positive-strand RNA viruses in their natural hosts

Subunit of the CCR4-NOT complex, which is a global transcriptional regulator with roles in transcription initiation and elongation and in mRNA degradation

Protein of unknown function, mediates sensitivity to salt stress; interacts physically with the splicing factor Msl1p and also displays genetic interaction with MSL1

Translocase of the mitochondrial inner membrane, mediates the insertion of both mitochondrial- and nuclear-encoded proteins from the matrix into the inner membrane, interacts with
mitochondrial ribosomes; null is respiratory deficient
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YCRO77C

YDL179W
YGRO0O4W

YBRI168W

YDL236W
YNLOS2W

YDR300C
YDL214C
YDL230W

YPRIGIW

YDR529C

YDL104C
YERI73W

YJIRO35W
YJRO52W

YGL246C
YJR033C

YBRO73W

YNLO9OW

YFL033C

YELO24W
YGL107C
YNLO72W
YIL119C

PATI

PCLY
PEX31

PEX32

PHOI3
PMS1

PROI
PRR2
PTPI

OCR2

OCR7

ORI7
RAD24

RAD26
RAD7

RAIl
RAVI

RDH54

RHO2

RIMIS

RIPI

RMD9
RNH201
RPI1

Topoisomerase II-associated deadenylation-dependent mRNA-decapping factor; also required for faithful chromosome transmission, maintenance of rDNA locus stability, and
protection of mRNA 3'-UTRs from trimming; functionally linked to Pablp

Cyclin, forms a functional kinase complex with Pho85p cyclin-dependent kinase (Cdk), expressed in late M/early G1 phase, activated by SwiSp

Peroxisomal integral membrane protein, involved in negative regulation of peroxisome size; partially functionally redundant with Pex30p and Pex32p; probably acts at a step
downstream of steps mediated by Pex28p and Pex29p

Peroxisomal integral membrane protein, involved in negative regulation of peroxisome size; partially functionally redundant with Pex3 1p; genetic interactions suggest action at a step
downstream of steps mediated by Pex28p and Pex29p

Alkaline phosphatase specific for p-nitrophenyl phosphate, involved in dephosphorylation of histone II-A and casein

ATP-binding protein required for mismatch repair in mitosis and meiosis; functions as a heterodimer with Mlh1p, binds double- and single-stranded DNA via its N-terminal domain,
similar to E. coli MutL

Gamma-glutamyl kinase, catalyzes the first step in proline biosynthesis

Protein kinase with a possible role in MAP kinase signaling in the pheromone response pathway

Phosphotyrosine-specific protein phosphatase that dephosphorylates a broad range of substrates in vivo, including Fpr3p; localised to the cytoplasm and the mitochondria

Subunit 2 of the ubiquinol cytochrome-c reductase complex, which is a component of the mitochondrial inner membrane electron transport chain; transcription is regulated by Haplp,
Hap2p/Hap3p, and heme

Subunit 7 of the ubiquinol cytochrome-c reductase complex, which is a component of the mitochondrial inner membrane electron transport chain; oriented facing the mitochondrial
matrix; N-terminus appears to play a role in complex assembly

Putative metalloprotease, similar to O-sialoglycoprotein metallopeptidase from P. haemolytica

Checkpoint protein, involved in the activation of the DNA damage and meiotic pachytene checkpoints; subunit of a clamp loader that loads Rad17p-Mec3p-Ddclp onto DNA; homolog
of human and S. pombe Rad17 protein

Protein involved in transcription-coupled repair nucleotide excision repair of UV-induced DNA lesions; homolog of human CSB protein

Protein that recognises and binds damaged DNA in an ATP-dependent manner (with Rad16p) during nucleotide excision repair; subunit of Nucleotide Excision Repair Factor 4 (NEF4)

Nuclear protein that binds to and stabilises the exoribonuclease Ratlp, required for pre-rRNA processing
Subunit of the RAVE complex (Ravlp, Rav2p, Skplp), which promotes assembly of the V-ATPase holoenzyme; required for transport between the early and late endosome/PVC and
for localization of TGN membrane proteins; potential Cdc28p substrate

DNA-dependent ATPase, stimulates strand exchange by modifying the topology of double-stranded DNA; involved in the recombinational repair of double-strand breaks in DNA
during mitosis and meiosis; proposed to be involved in crossover interference

Non-essential small GTPase of the Rho/Rac subfamily of Ras-like proteins, involved in the establishment of cell polarity and in microtubule assembly

Glucose-repressible protein kinase involved in signal transduction during cell proliferation in response to nutrients, specifically the establishment of stationary phase; originally
identified as a regulator of IME2

Ubiquinol-cytochrome-c reductase, a Rieske iron-sulfur protein of the mitochondrial cytochrome bel complex; transfers electrons from ubiquinol to cytochrome c1 during respiration
Mitochondrial protein required for sporulation

Ribonuclease H2 catalytic subunit, removes RNA primers during Okazaki fragment synthesis; cooperates with Rad27p nuclease

Putative transcriptional regulator; overexpression suppresses the heat shock sensitivity of wild-type RAS2 overexpression and also suppresses the cell lysis defect of an mpk1 mutation
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YGLI135W RPLIB N-terminally acetylated protein component of the large (60S) ribosomal subunit, nearly identical to Rpl1Bp and has similarity to E. coli L1 and rat L10a ribosomal proteins; rplla rpllb
double null mutation is lethal

YDR289C RTTI103  Protein that interacts with exonuclease Ratlp and Railp and plays a role in transcription termination by RNA polymerase II, has an RPR domain (carboxy-terminal domain interacting
domain); also involved in regulation of Tyl transposition

YJR004C SAGI Alpha-agglutinin of alpha-cells, binds to Agalp during agglutination, N-terminal half is homologous to the immunoglobulin superfamily and contains binding site for a-agglutinin, C-
terminal half is highly glycosylated and contains GPI anchor

YGLI126W SCS3 Protein required for inositol prototrophy, appears to be involved in the synthesis of inositol phospholipids from inositol but not in the control of inositol synthesis

YKR029C SET3 Defining member of the SET3 histone deacetylase complex which is a meiosis-specific repressor of sporulation genes; necessary for efficient transcription by RNAPII; one of two yeast
proteins that contains both SET and PHD domains

YIR0O0IC SGN1 Cytoplasmic RNA-binding protein, contains an RNA recognition motif (RRM); may have a role in mRNA translation, as suggested by genetic interactions with genes encoding proteins
involved in translational initiation

YNLO32W SIwWi4 Tyrosine phosphatase that plays a role in actin filament organization and endocytosis; localised to the cytoplasm

YBR172C SMY2 Protein of unknown function that interacts with Myo2p; has similarity to S. pombe Mpd2

YDR477W SNF1 AMP-activated serine/threonine protein kinase found in a complex containing Snf4p and members of the Sip1p/Sip2p/Gal83p family; required for transcription of glucose-repressed
genes, thermotolerance, sporulation, and peroxisome biogenesis

YBR169C SSE2 Member of the heat shock protein 70 (HSP70) family; may be involved in protein folding; localised to the cytoplasm; highly homologous to the heat shock protein Sselp

YCR030C SYP1 Protein with a potential role in actin cytoskeletal organization; overexpression suppresses a pfyl (profilin) null mutation

YJL004C SYS1 Integral membrane protein of the Golgi required for targeting of the Arf-like GTPase Arl3p to the Golgi; multicopy suppressor of ypt6 null mutation

YPLI129W TAF14 Subunit (30 kDa) of TFIID, TFIIF, and SWI/SNF complexes, involved in RNA polymerase Il transcription initiation and in chromatin modification, contains a YEATS domain

YBRI150C TBS1 Probable Zn-finger protein

YGL049C TIF4632  Translation initiation factor eIF4G, subunit of the mRNA cap-binding protein complex (eIF4F) that also contains eIF4E (Cdc33p); associates with the poly(A)-binding protein Pablp,
also interacts with eIF4A (Tif1p); homologous to Tif4631p

YBR162C TOS1 Covalently-bound cell wall protein of unknown function; identified as a cell cycle regulated SBF target gene; deletion mutants are highly resistant to treatment with beta-1,3-glucanase;
has sequence similarity to YJL171C

YNL0O79C TPM1 Major isoform of tropomyosin; binds to and stabilises actin cables and filaments, which direct polarised cell growth and the distribution of several organelles; acetylated by the NatB
complex and acetylated form binds actin most efficiently

YLR435W TSR2 Protein with a potential role in pre-rRNA processing

YCR084C TUPI General repressor of transcription, forms complex with Cyc8p, involved in the establishment of repressive chromatin structure through interactions with histones H3 and H4, appears to

enhance expression of some genes

YGRO19W UGAI Gamma-aminobutyrate (GABA) transaminase (4-aminobutyrate aminotransferase) involved in the 4-aminobutyrate and glutamate degradation pathways; required for normal oxidative
stress tolerance and nitrogen utilization

YPLO45W VPS16 Subunit of the homotypic vacuole fusion and vacuole protein sorting (HOPS) complex; part of the Class C Vps complex essential for membrane docking and fusion at both the Golgi-to-
endosome and endosome-to-vacuole stages of protein transport
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YJL029C

YJR044C

YJR126C
YGL104C
YIL173W
YDR369C

YNL107W

YPRO24W

YGL259W
YGR285C

YCRO16W
YDL21§8W
YDR262W
YAL0O56C-A
YCLO75W
YCLO76W
YJR098C
YJR100C
YJRIO7TW
YJRI119C
YDL133W
YJL007C
YILO16W
YJIR054W
YNR025C

YNR029C
YBR0O53C

YBR062C
YILIOOW
YILI1OW
YIL166C

VPS53

VPS55

VPS70

VPS73

VTHI

XRS2

YAF9

YME1

YPS5
ZU01

Component of the GARP (Golgi-associated retrograde protein) complex, Vps51p-Vps52p-Vps53p-VpsS54p, which is required for the recycling of proteins from endosomes to the late
Golgi; required for vacuolar protein sorting

Late endosomal protein involved in late endosome to vacuole trafficking; functional homolog of human obesity receptor gene-related protein (OB-RGRP)

Protein of unknown function involved in vacuolar protein sorting

Mitochondrial protein of unknown function involved in vacuolar protein sorting

Putative membrane glycoprotein with strong similarity to Vth2p and Pep1p/Vps10p, may be involved in vacuolar protein sorting

Protein required for DNA repair; component of the Mrel 1 complex, which is involved in double strand breaks, meiotic recombination, telomere maintenance, and checkpoint signaling

Subunit of both the NuA4 histone H4 acetyltransferase complex and the SWR1 complex, may function to antagonise silencing near telomeres; interacts directly with Swedp, has
homology to human leukemogenic protein AF9, contains a YEATS domain

Subunit, with Mgrlp, of the mitochondrial inner membrane i-AAA protease complex, which is responsible for degradation of unfolded or misfolded mitochondrial gene products;
mutation causes an elevated rate of mitochondrial turnover

Protein with similarity to GPI-anchored aspartic proteases such as Yaplp and Yap3p

Cytosolic ribosome-associated chaperone that acts, together with Ssz1p and the Ssb proteins, as a chaperone for nascent polypeptide chains; contains a DnaJ domain and functions as a
J-protein partner for Ssb17p and Ssb2p

Unknown function

Unknown function

Unknown function

Unknown function

Unknown function

Unknown function

Unknown function

Unknown function

Unknown function

Unknown function

Unknown function

Unknown function

Unknown function

Unknown function

Unknown function

Unknown function
Unknown function

Unknown function
Unknown function
Unknown function
Unknown function
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YIL168W
YKL202W
YKR040C
YKRO41W
YBR090OC
YBR280C
YCRO6IW
YERI37C
YERISSW
YER186C
YERIS7TW
YGL101W
YPLI83W-A4
YBR099C
YBRI108W
YGROI12W
YGRO15C
YGROI16W
YGRO17W
YGRO2IW
YGL262W
YGR0O0IC
YGRI53W
YGR206W
YILO39W
YBR284W
YBR300C
YCLO0IW-A
YDR537C
YDR271C
YOR331C
YOR333C
YJRO39W
YMRI18C
YEROS7W
YGRI150C
YIRI20W

Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
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YILo22w
YNR020C
YMLO9OW
YLR149C
YLR235C
YMR293C
YORI199W
YPR123C
YDLO68W
YDR532C
YDL062W
YDR442W
YDR458C
YDR048C
YDR307W
YDR319C
YDR336W
YDR348C
YDR370C
YALOI6C-B
YCRO75W-A
YER053C-A
YHRO50W-A
YILOO2W-A
YJLI36W-A
YBR287W
YJR080C

Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function
Unknown function

Protein of unknown function; mutation results in a zinc sensitive phenotype
The authentic, non-tagged protein was localised to the mitochondria
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