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ABSTRACT

The complexity of cellular pathways in neurodegenerative disease has limited the
understanding of the molecular mechanisms underlying Alzheimer’s disease (AD).
Therefore, to gain insight into AD and to devise potential therapeutic approaches,
simple models are employed. Saccharomyces cerevisiae is currently utilised for
analysing cellular toxicity and protein aggregation in neurodegenerative diseases
including AD. This study has therefore focused on improvements and validation of
the yeast screening model and assays to generate a more suitable disease model that
can be used successfully for designing therapeutic strategies and interventions which

correlate with in vitro and mammalian testing systems.

This thesis investigates and shows for the first time that the pretreatment method of
synthetic AP, peptide determines its activity and ultimately how it interacts with
yeast cells. The effects of APs, appear to be limited to the yeast cell wall and
interactions with the amyloidogenic cell wall proteins. S. cerevisiae was found to be
more resistant than Candida glabrata to the effect of A4, peptide. It was identified
that conformational changes in the peptide due to preparation methods, determine its
fate on toxicity and proliferation. Hexafluoroisopropanol pretreated ABs, had a
greater tendency to aggregate on yeast cells as determined by thioflavin T staining
followed by flow cytometry and microscopy. Quiescent cells were found to be more
resistant to the toxicity of AP, peptide than non-quiescent cells. Also, a preparation

which results in toxicity to PC12 neuronal cells caused proliferation of S. cerevisiae
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and C. glabrata cells. This further indicated that extracellular toxicity assay in yeast

using chemically-synthesised A4, peptide results in a different outcome.

My study shows for the first time that exogenous folate (folic acid or folinic acid)
causes C. glabrata cells suspended in water to undergo two cycles of cell division
and to form multiple buds. This effect was limited to cells in stationary phase and
was more profound in quiescent cells. This study further exploited the cellular
uptake of folate by utilising a putative folate transporter (YJL163C) and examined its
role. Folate uptake appeared normal in YJL163C overexpressed yeast cells and a
deletant mutant strain. Furthermore, the YJL163C deletion did not abolish folate-
stimulated cell division. However, YJL163C overexpression in a diploid resulted in
meiotic cell divisions. The A4, was toxic to the YJL163C deletion stain suggesting

that the YJL163C putative transporter was not a unique receptor for Apao.

Another novel outcome of this study was the identification of the most suitable
isomers of bio-inspired compounds with anti-amyloidogenic properties using both in
vivo assays and in vitro assays. The positions of the hydroxyl moieties on the
aromatic rings were found to be the major determinant of their potency rather than
number of hydroxyl groups. This data implied that any yeast screening assays should
be complemented with conventional in vitro assays to ensure their validity prior to
high-throughput analyses. Another major development was the identification that the
GFP-AB4, fusion system, which was utilised as a screening platform for
identification of anti-oligomerisation of compounds, could only be used when

expressed in AHP1 deletant mutant strain while no effect was observed in the wild-
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type strain. The data from this study highlights the pitfalls that exist in current yeast

model systems and how they should be improved for future investigations.
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1 CHAPTER1: INTRODUCTION

1.1 ALZHEIMER’S DISEASE

1.1.1 Epidemiology and incidence

Alzheimer’s disease (AD) currently is an irreversible and progressive
neurodegenerative disorder characterized by a decline in memory, intellect,
comprehension and learning capacity. AD was first identified in 1906 and reported
in 1907 by the German neurologist Alois Alzheimer, although in the same year
Oskar Fischer reported the presence of neuritic plaques in sufferers of senile
dementia (Alzheimer, 1906, 1907; Goedert, 2009). The clinical features of AD were
first described by Redlich in 1898 (Redlich, 1898). It is an epidemic disease that
most often occurs as an age-related disease. Among people of 80 years of age, AD
affects 25% (World Health Organisation, 2012). Currently over 35.6 million
individuals worldwide live with this disease and it has been estimated that
approximately 106 million people will suffer from AD by 2050 due to increasing
longevity (WHO, 2012). These attributes make it one of the biggest social burdens in

the world.

The early-onset or familial forms of AD (FAD) are caused by genetic mutations that
directly influence the overproduction of amyloid beta (AB) peptide (Schellenberg et
al., 1989; Armstrong et al., 1996; Woo et al., 2011). The sporadic (late-onset) form
of AD however, is caused by genetics and/or environmental factors which enhances
the level of AP production as well as reduction in its clearance rate (reviewed by

Braak and Del Tredici, 2012).
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1.2 POSSIBLE CAUSE AND CLINICAL FEATURES OF AD

The possible causes of AD have not been definitively established yet but invaluable
insights into the disease have suggested the involvement of AP peptide (Esler et al.,
1997; Kane et al., 2000; Rochet and Lansbury, 2000). The classic hallmarks of AD
are the presence of senile plaques and neurofibrillary tangles in the hippocampal and
cerebral cortex regions of the brain causing impairment in memory and cognition
(Hardy and Allsop, 1991; Yankner and Mesulam, 1991). Death of neuronal cells and
loss of synapses are typified by extracellular plaques of AP and intracellular
neurofibrillary tangles (NFTs) of tau protein (Kamenetz et al., 2003; Irie et al.,
2005). The strong association of AP and tau levels, combined with their toxicity
implicates them as causative agents in the development of AD (reviewed in Ballard
etal., 2011). AP peptide consists of 39-42 amino acids and is produced as a result of
cleavage of a large trans-membrane protein called the amyloid precursor protein
(APP) (Kamenetz et al., 2003). It is known that A is produced throughout life and is
present in the blood and brains of healthy individuals. The overall production and
clearance rate of AP from the brain however, is still poorly understood. Studies by
Motter et al. (1995) and Ida et al. (1996) have shown that the concentration of APy,
in cerebrospinal fluid (CSF) of non-AD individuals (0.501 ng/ml), to be reportedly
~1.7 times higher than AD patients (0.277 ng/ml). Other studies however have
shown that the clearance rate of A, is imparied in AD (Shibata et al., 2000;
Mawuenyega et al., 2010). The physiological roles of AP have been reviewed by
Pearson and Peers (2006). Over the years many hypotheses regarding the
pathogenesis of AD have been proposed. Some of these hypotheses have been

described below.
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1.2.1 Amyloid cascade hypothesis

The amyloid cascade hypothesis was proposed in 1992 by Hardy and Higgins. This
hypothesis postulates that deposition and aggregation of AP peptide into toxic
deposits within the extracellular space of the brain plays a key role in the
pathogenesis of AD. This hypothesis has since been modified as plaques have been
found to be a source of toxic AP rather than being toxic themselves and only the A4
isoform has been identified as the most toxic moiety rather than the total Ap (Hardy,
2006). Most of the investigations towards finding a cure for AD have focused on AP

and the amyloid cascade hypothesis.

AP4, fragments are generated by the action of y-secretase cleavage of APP (Findeis,
2007; Bignante et al., 2013; Tay et al., 2013). A4, peptide has a negative impact on
neuronal cells by disrupting mitochondrial function (Eckert et al., 2008; Pagani and
Eckert, 2011), impairing calcium homeostasis (Du and Yan, 2010; Anekonda and
Quinn, 2011) and promoting apoptotic signalling (Deshpande et al., 2006; Chenal et
al., 2012). Therefore, y-secretase has been an attractive target for inhibiting A4

production (Evin et al., 2006; Wolfe, 2008; Woo et al., 2011).

The amyloid cascade hypothesis with AP peptide as having a central role in AD
pathogenesis is supported by extensive studies. Although this hypothesis can explain
the FAD but it cannot be extrapolated to sporadic forms of the disease (reviewed in
Moreno-Trevino et al., 2015). This hypothesis remains contentious due to the
important role of AP in the normal physiology of the CNS (Luo et al., 1996; Luo et

al., 1997; Plant et al., 2003; Esteban, 2004; Plant et al., 2006). Other factors could
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contribute to the pathology of the disease such as dysfunction of transport
mechanisms to degrade excess AP (Miners et al., 2009; Haque and Nazir, 2014),
overexpression of receptors that normally transport AP into the brain (Yan et al.,
1996; Srikanth et al., 2011) or dysfunction of receptors that transport Ap out of the

brain (Harris-White and Frautschy, 2005; Deane et al., 2009).

1.2.2 Bioflocculant hypothesis

The “bioflocculant hypothesis” of AB was introduced by Robinson and Bishop
(2002). This hypothesis posits that Ap is produced naturally to bind to neurotoxic
agents (e.g. metal ions, proteins, pathogens) and its precipitation into plaques may be
an efficient means of neutralising and presenting these toxins to phagocytes. In this
view, the precipitated AP plaques cause neurodegeneration via direct injury of
adjacent neurons or by impairing cellular trafficking (Bishop and Robinson, 2002;

Terry, 2002).

Interestingly, many previous investigations have implicated the presence of metal
ions such as iron, copper, zinc and aluminium ions in the pathogenesis of AD
(Campbell, 2006; Choo et al., 2013; Mitra et al., 2014). This has led to the
development of the metal theory of AD (Bush, 2013). As the production of AB
cannot be prevented due to its critical role in neuroprotection and the normal
physiology of brain, the bioflocculant hypothesis could provide a useful alternative

hypothesis.
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1.2.3 Cell cycle hypothesis

The cell cycle hypothesis was introduced in 1998 by investigators after identifying a
significant increase in the expression of cell cycle proteins in the brain of AD
sufferers (Busser et al., 1998; Nagy et al., 1998). This aberrant expression of cell
cycle proteins and DNA replication in neurons was identified earlier in mouse model
experiments (Herrup and Busser, 1995). Therefore, the focus of research has been to
design compounds that could act as a ligand which could end the cell cycle at the
GO/G1 interface and arrest aberrant proliferation, thereby providing neuroprotection

(Woods et al., 2007; Copani et al., 2008).

Studies have shown that aneuploidy of differentiated neurons along with reactivation
of the cell cycle in neuronal progenitor cells contribute to cell death in AD (Smith et
al., 1999; McShea et al., 2007). These studies have shown an elevated level of DNA
in the neurons of the entorhinal cortex which is associated with cell cycle
dysregulation and reactivation in individuals affected by AD. Further to this, Mosch
and colleagues (2007), after examining the brains of 13 patients with AD in
comparison to 13 postmortem healthy control subjects using chromogenic in situ
hybridization and PCR, found that hyperploid neurons are higher in those affected
by AD and the level of these type of neurons (DNA >2n) increased as disease

progressed.

There have been many proposed hypotheses for AD but none have generated

consistent data and all have failed to demonstrate what exactly causes AD and more
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importantly cell death. Mechanisms by which each of these factors contribute to the

development or progression remains to be elucidated.

1.3 RISKFACTORS IN THE ETIOLOGY OF AD

Over the years many factors have been attributed to and proposed to contribute to the
development of AD. Some of these risk factors are attributed to the lifestyle,
environmental factors and the health status of affected individuals whilst others are

considered as hereditary and genetic.

1.3.1 Lifestyle

Many modifiable lifestyle factors such as diet, physical activity, caloric intake,
smoking and cognitive stimulation might play a role in AD (Flicker, 2010; Farioli-
Vecchioli et al., 2014). Studies have found that higher caloric intake is positively
associated with the incidence of AD (Luchsinger et al., 2002; Pasinetti et al., 2007).
Folic acid and vitamin B, deficiency has also been proposed as a risk factor for AD
(Quadri et al., 2004; Ravaglia et al., 2005). As a result of this, a diet that may
decrease epigenetic changes has been proposed as an anti-aging intervention
(Bacalini et al., 2014). Further measures proposed for decelerating the aging process
include, caloric restriction, a diet containing bioactive nutrients (e.g. resveratrol and
curcumin), and a diet supplement comprising nutrients that are involved in one-
carbon metabolism (e.g. folate) (Cacabelos and Torrellas, 2014; Sezgin and Dincer,

2014).
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1.3.2 Associated medical conditions

Many medical conditions are associated with an increased risk of AD including high
cholesterol (Puglielli et al., 2003), high blood pressure (Thorin, 2014), inflammatory
responses (Avila-Mufioz and Arias, 2014) or bacterial infection (Malaguarnera et al.,
2004; Honjo et al., 2009). However, there has not been agreement in defining the
actual connection of the underlying medical condition with the development of AD.
For instance, the benefit of cholesterol synthesis inhibitors (statins) in lowering Ap
production has been suggested (reviewed by Harris and Milton, 2010) whilst long
term use of simvastatin (a cholesterol-lowering medication) in female mice was
found to cause neurodegeneration (Ledesma and Dotti, 2005). It has been reported
that the level of cholesterol in the brain is tightly regulated (Ledesma and Dotti,
2006). Therefore, such medical conditions still remain as a risk factor contributing to

the progression of the disease but their direct connections to AD are not yet known.

1.3.3 Genetics

Genomic characterisation of AD has identified more than 180 genes involved in the
pathology of the disease (Cacabelos, 2004). Genetic risk factors for development of
AD are more relevant to the early-onset FAD and to date, mutations in three genes
that are inherited in an autosomal dominant fashion have been identified as risk
factors (reviewed by Tilley et al., 1998). These are APP, presenilin 1 (PS-1) and PS-
2 genes. Apolipoprotein E (apoE) &4 allele is well established as a risk factor in late-
onset sporadic AD (Saunders et al., 1993; Kamboh, 2004; Bird, 2008) but has also

been reported in the FAD (Chartier-Harlin et al., 1994).
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Recently, a single-nucleotide polymorphism in the phosphatidylinositol binding
clathrin assembly protein (PICALM) gene, which encodes a protein implicated in the
clathrin-mediated endocytosis, was identified as a genetic protective factor for AD
(Kanatsu et al., 2014). PICALM leads to the selective decrease in the production

ratio of the pathogenic species, AB42 (Jones et al., 2013).

1.4 YEAST AS A MODEL ORGANISM

Yeast have a long history of utility in biotechnology and they currently provide a
mechanism to produce valuable new biopharmaceuticals, including insulin and
vaccines. Cyclin dependant kinases were also first identified and characterised in
Saccharomyces cerevisiae by Hartwell (1970, 1971), in Schizosaccharomyces pombe
by Nurse et al. (1976) and in the sea urchin by Hunt (as reported in Evans et al.,
1983). These discoveries led to the awarding of a joint Nobel prize in 2001 for Hunt,
Hartwell and Nurse. Yeast are amongst the simplest eukaryotes and share many
cellular mechanisms with all eukaryotic cells including humans. This is particularly
true about the budding yeast S. cerevisiae. As yeast are a simple eukaryotic
organism, they may provide insights into the study of aberrant proliferation and un-
scheduled cell division. Yeast have also provided basic insights into the broad field
of biological science, including primary screening for the effect of compounds, and
expression of recombinant proteins. Although outcomes of any drug tests conducted
in yeast should be validated with more physiologically relevant models, they can still
serve as a first line system to study many diseases. Some of these developments and
how they have contributed to our knowledge of human health and disease are briefly

outlined in Table 1-1.
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Table 1-1 Major advances in yeast studies that had a valuable impact on human

health and disease.

Yeast advance

Impact on human biology

The yeast genome was the first eukaryotic genome
to be sequenced (Churcher et al., 1997)

Human genes can be presumptively identified
by similarity to yeast counterparts.

The yeast gene deletion collection is complete
(Tong et al., 2001; Vidan and Snyder, 2001; Bach
et al., 2003; Pimentel et al., 2012)

Complementation studies with human genes can
be performed.

Yeast two hybrid is developed (Fields and Song,

1989)

Human protein interactions can be studied in
yeast.

Human gene libraries are available for screening
of human protein interactions.

Yeast three hybrid is developed (SenGupta et al.,
1996)

RNA-protein interactions related to many
human diseases (in particular viral infections)
can be studied.

Receptors for small ligands can be identified.

Studies on yeast cell cycle (Culotti and Hartwell,
1971; Hartwell, 1971; Hartwell, 1992; Paulovich et
al., 1997; Emili et al., 2001; Simon and Bedalov,
2004; Maller and Grossniklaus, 2010)

Schizosaccharomyces pombe studies recognized
as applicable to cancer research, leading to 2001
Nobel Prize.

Secretory pathway, vesicle trafficking and transport

system discovered in yeast (Schekman, 2010)

Revealing the machinery that regulates the
transport and secretion of proteins in our cells
leading to 2013 Nobel Prize.

Yeast have long been used as a model organism for studying neurodegeneration

(reviewed in Vishnevskaia et al., 2007; Khurana and Lindquist, 2010; Pereira et al.,

2012). Yeast are also an established model organism for analysing conserved cell

death pathways such as apoptosis and necrosis (Braun et al., 2010). Most processes

involved in neurodegenerative disorders such as mitochondrial damage, oxidative

stress, protein aggregation and degradation can be analysed within yeast and often

these can be coupled to high-throughput screens (Mager and Winderickx, 2005).
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Yeast have been used as a model organism since the early 1950s, with the earliest
studies providing an understanding of the mechanism of cell cycle and division
(reviewed in Wittenberg and Reed, 2005). The yeast S. cerevisiae was the first
eukaryotic organism to have its entire genome sequenced in 1996 (Goffeau et al.,
1996). Knowledge of that sequence combined with the knowledge of functions of
many genes allowed a comparison with the sequences of other genomes, including
the human genome, where counterparts could be identified. It is recognized that
around 30% of currently known genes involved in human disease have yeast

orthologs (Foury, 1997).

Studies on AD mainly involve cell culture and transgenic mouse models, however,
yeast studies are playing an increasing role in understanding AD and in designing
chemo-preventatives. Yeast are widely used for the heterologous expression of
proteins associated with human disease and for expression of orthologues of proteins
involved with human disease. The genes encoding the two main proteins/peptides
implicated in AD, tau and AP, do not have orthologues in yeast but they can be
expressed and studied in yeast. AP has received considerable attention because of a
wealth of data that implicates AP in the development of AD. In particular, early-
onset FAD can occur as result of various amino acid changes in AB (shown in Figure

1-1).

AP is generated through cleavage of AP protein precursor (APPB) by B-secretase

(BACE1) and vy-secretase. The cleavage products are extremely hydrophobic

10
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peptides that include AP4o, APs2, and APs3, With the last two being more prone to
aggregation and more neurotoxic while the former is found in greater concentration

in FAD compared to the latter (McGowan et al., 2005; Saito et al., 2011).

10 20 30 40
DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA

Changes leading to early-onset familial AD (FAD):
DAEFRHDSGYEVHHQKLVFFGEDVGSNKGAIIGLMVGGVVIA Flemish
DAEFRHDSGYEVHHQKLVFFAQDVGSNKGAIIGLMVGGVVIA Dutch
DAEFRHDSGYEVHHQKLVFFAENVGSNKGAIIGLMVGGVVIA lowa
DAEFRHDSGYEVHHQKLVFFAGDVGSNKGAIIGLMVGGVVIA Arctic

Figure 1-1 Amino acid changes leading to the early-onset of Alzheimer’s disease.
The amino acid sequence of APy, is given at the top. Amino acid changes in FAD
have been highlighted in: Flemish mutation, causing angiopathy and intracerebral
haemorrhage and strokes (Hendriks et al., 1992); Dutch mutation, causing cerebral
hemorrhage with amyloidosis and premature death (Levy et al., 1990); lowa
mutation, causing cerebral amyloid angiopathy and occipital calcifications
(Grabowski et al., 2001); Arctic mutation, formation of plaques and tangle without
any hemorrhage or stroke (Nilsberth et al., 2001).

In order to study AP, a few forms of these molecules are employed including
chemically-synthesized AP, intracellular fused AP and intracellular recombinant
forms. Studies with chemically-synthesized AP on Candida glabrata show an
oligomerisation-dependent cytotoxicity (Bharadwaj et al., 2008). This phenomenon
is now driving new approaches to block AP toxicity through inhibition of this

process. The in vivo oligomerisation was observed when AP was fused to yeast
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translational release factor, called MRF (Bagriantsev and Liebman, 2006). AP
caused oligomerisation of MRF leading to loss of MRF function and growth,
whereas compounds that blocked peptide aggregation led to growth. Similarly,
Caine et al. (2007a) made fusions of green fluorescent protein (GFP) to AP to
examine oligomerisation in the context of the fusion protein The purpose of this was
to measure the amount of correctly folded fusion protein in vivo through its green
fluorescence, while aggregation, oligomerisation and degradation of the fusion
protein would lead to loss of fluorescence. It was found that relatively small
fractions of cells exhibited fluorescence but the proportion of fluorescent cells was
increased by treatment with a folate (Macreadie et al., 2008), a vitamin associated
with AD chemo prevention. Also, intracellular expression of AB fused to GFP was
shown to be associated with reduction of yeast cell growth and an increase in the heat
shock response (HSR) (Caine et al., 2007b). Increased HSR can provide protection
of yeast cells from oxidative stress (Dubey et al., 2009). Yeast assays employing A
fused to MRF and GFP appear very useful for monitoring effects of compounds that

influence the oligomerisation or half-life of Ap (Park et al., 2011).

Yeast offer particular advantages for looking at inhibitors of AP oligomerisation.
Subunits of human secretase complex such as APPJ can be expressed and monitored
individually in this model system. Yeast studies are inexpensive and convenient in
comparison to in vitro studies of oligomerisation with extremely expensive and
variable batches of chemically-synthesized AP that require denaturation immediately
prior to use. Frequently AP is abandoned and a surrogate peptide is used in its place.

A second advantage of in vivo studies of inhibitors of AP oligomerisation is that
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compounds have to pass into the cell. The ability to pass through membranes is a
definite requirement of any chemo preventative of AD, since they are required to
cross the blood-brain barrier and inhibit formation of toxic oligomers within the
brain. Thirdly, cytotoxic compounds fail the primary screening because they inhibit
yeast growth and production of new Af. Hence, toxic molecules can be eliminated
immediately. Fourthly, it is possible that compounds that act indirectly may be
identified. Such compounds could include those that stimulate chaperones, or
proteins that bind to AB. A summary of the contribution of yeast models to our

understanding of AD is shown in Table 1-2.

It is known that intracellular AP can be stabilized and is less toxic when fused to
another protein, whereas extracellular A is highly toxic to yeast cells. While Ap
fusions have advantages as outlined earlier, it is expected that fusions alter the
properties of AP, so it would be useful to have a yeast model producing native Af. In
a recent study by D’Angelo et al. (2013), intracellular trafficking pathways were
found to be essential and a major determinant for the generation of toxic species of
AP in S. cerevisiae regardless of whether AP was used alone or fused to GFP. In
transgenic mouse models for AD, AP is produced by overproduction of human APPf
and secretases (Goate et al., 1991; Games et al., 1995). However, in S. cerevisiae
the AB production is a complication that does not occur due to a lack of APPp and
the two secretases (- and y-secretase), whereas all three endoproteases (a-, B-, and y-

secretase) has been detected in Pichia pastoris (Le Brocque et al., 1998).
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Table 1-2 Role of yeast in revealing some of the factors believed to contribute to

the development of Alzheimer’s disease.

Factors that may lead to

development of AD

Yeast contribution

AP oligomerisation

Two hybrid system; AP linked to LexA DNA
binding domain and B42 transactivation
domain (Hughes et al., 1996)

Expression of APB/Sup35p fusion protein
(Bagriantsev and Liebman, 2006; Von der
Haar et al., 2007)

Expression of AB/GFP fusion protein (Caine et
al., 2007a)

Cellular toxicity with external AP

External AP is toxic to C. glabrata cells
(Dubey et al., 2009)

Cellular toxicity with intracellular
AP

Yeast models expressing intracellular AP
(LaFerla et al., 2007)

Reduction of a-secretase cleavage
of APPB

Expression of human APPS in yeast (Zhang et
al., 1997)

Identification of two aspartyl proteases, Yap3
and Mkc7 (Zhang et al., 1997)

Yeast GAL reporter system(Gunyuzlu et al.,
2000)

APPp fused to invertase (Luthi et al., 2003)

B-secretase cleavage of APPp

Novel growth selection allowed human f-
secretase to be detected (L0thi et al., 2003)

y-secretase cleavage of APPB

Presenilin, nicastrin, APH-1 and PEN2 were
identified as necessary components for -
secretase activity (Edbauer et al., 2003)

Tau hyperphosphorylation

Human tau 3-R and 4-R isoforms expressed in
yeast (Vandebroek et al., 2005a, Vandebroek
et al., 2005b, 2006)

Chemically-synthesized AB has been shown to be toxic to C. glabrata (Bharadwaj et

al., 2008). This has been an exciting development that further supports that yeast can

model findings in neuronal cells as neuronal cells are similarly affected. Neuronal

cells are terminally differentiated cells and AP stimulates cell division, which is a

lethal event for them (Ding et al.,

2000; Mosch et al., 2007). It is yet to be
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determined how AP kills C. glabrata and whether this effect can also be viewed in S.
cerevisiae. In yeast, the toxicity assay is performed in water: AP is added to cells in
water and after 16 hours of incubation (Bharadwaj et al., 2008), cells are plated out
to determine the viable colony count. In the absence of A, cells in water remain
quiescent for many days with no loss of viability. However, when a freshly prepared
solution of AP is added, it binds the surface of the cells and kills them within hours.
If the AP is allowed to form fibrils, it is no longer toxic. A study using the molecular
dynamics simulations has shown that water can actually accelerate protein
aggregation and fibril formation in the AP peptide similar to any hydrophobic
sequence whereas this process occurs more slowly for hydrophilic sequences
(Thirumalai et al.,, 2012). Likewise, changes within AP itself that prevent
oligomerisation also block the toxic effect. Although AP is generally regarded as a
toxic molecule, the opposite effect has occasionally also been shown in both yeast
and human cells. In S. cerevisiae, AP can result in proliferation (Chacinska et al.,
2002), and with adult neuronal stem cells AP can stimulate division (Heo et al.,

2007).

In 1975, Weingarten and colleagues identified a protein factor named tau essential
for microtubule assembly (Weingarten et al., 1975). However, when tau is hyper-
phosphorylated it caused formation of neurofibrillary tangles (NFTs) which are
aggregates of tau formed in the intracellular region. Although controversies and
questions still surround the toxicity of tau species (Le Corre et al., 2006), its presence
has been identified as essential for AB-induced neurotoxicity (Rapoport et al., 2002).

Like AP, NFTs are also associated with development of AD (Zabrocki et al., 2005)
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as their presence impairs nutrient transport and perhaps cell signalling in neuronal
cells (Vega et al., 2008). In fact, an interrelated relationship between AP and tau has
been reported whereby AP accumulation triggers upstream events such as
inflammation and oxidative stress leading to tau tangle formation and development

of neurodegenerative disease (Oddo et al., 2004).

Tau clearance and processing is normally mediated by both caspases and the
proteasome (David et al., 2002; Goldbaum et al., 2003) but in the
hyperphosphorylated form, tau becomes resistant to proteasome-mediated clearance
(Oddo et al., 2004; Poppek et al., 2006). Previous studies have shown however, that
oxidative stress by addition of millimolar concentrations of hydrogen peroxide
(H202) in primary oligodendrocyte culture of rat brain can result in
dephosphorylation of tau (LoPresti and Konat, 2001) through activation of protein
phosphatase 2A (Galas et al.,, 2006) and an increase in the activity of protein

phosphatase 1 (Zambrano et al., 2004).

The tau-expressing yeast model for studying AD has been reviewed in depth
previously (De Vos et al., 2011). S. cerevisiae has no known ortholog for human tau;
however, human tau can be expressed in S. cerevisiae. Expression of various
isoforms and mutant forms of tau in yeast has resulted in similar features to those of
neuronal cells in AD (Vandebroek et al., 2006; Vanhelmont et al., 2010). De Vos
and colleagues (2011) have reported that tau aggregation in those yeast expressing

human tau do not display a major tau-related growth phenotype. Tau-related growth
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phenotypes, however, have not been reported in stationary phase yeast cells as the
majority of previous studies have been conducted on exponentially growing cells
(Bretteville and Planel, 2008). Also, in a tau-GFP fusion assay, Timmers et al.
(2002) found that yeast lack the microtubule binding site for tau whereas a common

binding site for animals and plants was identified.

Many important yeast orthologs of tau phosphatases and kinases have been identified
and are currently under investigation (Vandebroek et al., 2005b, 2006; Vanhelmont
et al., 2010). Expression of human tau in yeast has further shown the presence of
kinases which generate many phosphorylated and aggregated tau residues
(Vandebroek et al., 2005b). The phosphorylation of tau by yeast is due to the
presence of Mds1 and Pho85 kinases which are orthologous of mammalian kinases
Gsk-3p and Cdk5 respectively. Additionally, it appears that Pho85/Cdk5 has an
inhibitory effect on Mds1/Gsk-3f activity in both mammalian (Wen et al., 2008) and
yeast models (Vanhelmont et al., 2010). Vanhelmont et al. (2010) also showed that
induction of reactive oxygen species (ROS) in yeast, through addition of Fe**, caused
an increase in formation of oligomers and aggregates of tau in the absence of

phosphorylation.
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1.5 HIGH-THROUGHPUT SCREENING FOR AD CHEMO-
PREVENTATIVES

Impediments to research for a cure for AD have been due to a number of reasons.
This is probably due to the reliance on animal models which have provided fewer
leads on chemo preventatives than epidemiological studies. Another difficulty is

recognition of the early markers in the disease pathway.

There have been many approaches to try to cure or prevent AD. Some approaches
are highly directed such as immunotherapy using both passive and active
immunisation (Qu et al., 2006; Solomon and Frenkel, 2010), while others involve
dietary modification such as use of polyphenol and flavonoids found in plant extracts
(Misiti et al., 2006; Berhanu and Masunov, 2010; Nakdook et al., 2010; Wang et al.,
2010). Many of the previous approaches for treatment have been withdrawn due to
their side effects and lack of efficacy (Selkoe and Schenk, 2003; Zhu et al., 2010; Cai

et al., 2012; Zhang, 2012).

Therapeutic strategies and approaches that have been developed to date include those
with anti-inflammatory, anti-amyloid formation or stability, and antioxidant
properties.  Important key steps in the formation of amyloidosis and current
therapeutic approaches have been illustrated in Figure 1-2. Many compounds and
chemicals have provided promising results in cell culture and animal models of AD.
Table 1-3 lists some of these modulating compounds that have shown potential

benefit in yeast models.
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Current therapeutic strategies
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Figure 1-2 Therapeutic strategies to block amyloidosis. Adapted from Mason et
al. (2003).

Microbial models are useful in the screening of AD drugs since they offer an ability
to screen large numbers of compounds in short time periods (Nemavarkar et al.,
2004a, 2004b; Park et al., 2011). They can interrogate compounds that affect AP
oligomer formation as well as killing and toxicity. Wurth and colleagues (2002),
have developed an Escherichia coli model that produces AP fused to GFP and have

used it to identify candidates for AD chemo-preventatives. Although, it has some
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useful attributes like the yeast model regarding its maintenance and cost, E. coli lacks
many of the human orthologous proteins that may be identified in yeast screening. S.
cerevisiae, collections of gene deletant strains are readily available and deletions in
other species can also be made to study the gene-specific neurotoxic effects.
Additionally, S. cerevisiae strains producing tau or AP can be analysed by gene
arrays to determine effects on expression. Proteomic analyses may also help to

identify host proteins that modulate the toxic effect and cell death.

Yeast are far simpler than humans but this simplicity allows for better
understanding of the cellular mechanism and pathways to be studied in depth. For
instance, Treusch et al. (2011) have taken advantage of this simplicity and have
conducted genome-wide overexpression in order to screen for toxicity modulators in
yeast models which resulted in identification of several toxicity suppressors
including the yeast homolog of PICALM and other endocytic factors that have a role
in AD. The authors also show that after screening 5,000 genes with the aim of
finding AP toxicity modifiers, they have identified 12 with human homologs, further
implicating the benefit of yeast models in genome-wide association studies. In a
similar way, Lopez and colleagues (2012), after screening two commercial chemical
libraries, have identified four compounds capable of inhibiting AB aggregation in S.

cerevisiae and Podospora anserine.
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Table 1-3 Selected compounds tested in S. cerevisiae that may have benefits for
treatment and prevention of AD and other age-related diseases.

Compound Findings References

Resveratrol Increased cell survival through stimulation ]
. . . (Howitz et al., 2003)
of Sir-2 and increased DNA stability.

Quercetin Increased cell protection due to reduction
in ROS production, glutathione oxidation, (Belinha et al., 2007)
protein carbonylation, and lipid

peroxidation.

Clioquinol Affected metal (e.g. copper, iron, zinc) (Li et al., 2010)

homeostasis.

Curcumin Chelated metal ions such as copper and
iron, possibly preventing metal-mediated  (Minear et al., 2011)

toxicity of neuronal cells.

Latrepirdine Increased autophagy and degradation of

AB. (Bharadwaj et al., 2012)

(Dimebon™)

Many human genes and proteins have counterparts in yeast, and the “housekeeping’’
functions, including defence mechanisms are highly similar. Therefore compounds
that interact with yeast cellular processes are likely to act in the same way on human
cellular processes. Some of these cellular processes include responses to ROS,
protein misfolding, and apoptosis. In cases where there are substantial differences
between the two, re-engineered yeast that can produce both APPB and y-secretase
can be used. Indeed yeast can also be used for screening of inhibitors of B-secretases

(Middendorp et al., 2004a, 2004b).
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Therapeutic approaches to prevent AD have focused on lowering AB by targeting
BACEL1 (Luo et al., 2003; Lithi et al., 2003; Echeverria et al., 2005; Hu et al., 2006)
and y-secretase (Wolfe, 2008; Woo et al., 2011; Kanatsu et al., 2014). Efforts have
also been made to identify the BACEL inhibitors (Vassar et al., 2009). This notion is
supported by studying BACE1-regulating proteins and by generating BACE1 knock-
out animal models (Luo et al., 2001; Luo et al., 2003). Recently May et al. (2011)
generated LY2811376, a non-peptidic BACE1 inhibitor which showed profound A
lowering effects in animals. The clinical trial using this inhibitor however was halted
due to the adverse effects outside of the brain and toxicology findings in pre-clinical
studies (May et al., 2011). It is now known that BACEL also modulates myelination
in the CNS (Hu et al., 2006; Willem et al., 2006) and plays a critical role in retinal
homeostasis (Cai et al., 2012). These findings also suggest that extreme caution
should be exercised in the design, use, and safety-evaluation of BACEL inhibitors or

any other chemo-protectors.

Aging has been known as one of most important factors for development of AD and
that AP can induce cell cycle events in the post-mitotic neuronal cells which have
been terminally differentiated. = According to previous studies, age-dependent
diseases can be investigated in both S. cerevisiae and Schizosaccharomyces pombe
by altering the growth conditions and analysing chronological lifespan or post-
diauxic phase (Fabrizio and Longo, 2008). This was achieved by growing cells into
either stationary or exponential phase, with the stationary phase being more
representative of the aged cells similar to the post mitotic neuronal cells (McMurray

and Gottschling, 2004; Buttner et al., 2008). Although such studies have generated
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invaluable data on chronological aging and regulatory pathways (Fabrizio et al.,
2001; Fabrizio and Longo, 2003, 2008), it is important to distinguish differences
between senescence and quiescence. Senescence occurs in terminally differentiated
neuronal cells and age-related diseases and refers to permanent proliferative cell
cycle arrest (reviewed in Sikora et al., 2011), whereas quiescence is a reversible
event that occurs in those cells temporary arrested in the cell cycle due to trauma or
stress induced by environment. Another limitation of yeast models is the simplicity
of the surrounding environment and the absence of inflammation, differentiation and

migration which is triggered by AP in neuronal cells.

Neuronal cells are also highly specific, complex, differentiated cells with a unique
morphology of dendrites, axons and synapses that changes with the progression of
AD, as well as through the effects of their surrounding environment. Yeast cells on
the other hand are not differentiated in the same way, and they can be quite adaptive
and survive altered conditions. However, it should be noted that less complexity in
this situation can be viewed as an advantage since cDNA libraries of yeast genes are
readily available which can make molecular analyses easier. Furthermore, despite
the fact S. cerevisiae does not carry any homologous neurotoxic protein, conserved

molecular interactions mimic similar pathways of function and transport.

1.6 GENERAL AIMS AND SUMMARY OF THIS STUDY

There are three main aims addressed in this thesis based on aspects of the main two
hypotheses for developing AD, namely the amyloid cascade hypothesis and the cell
cycle hypothesis. The first aim was to understand and study the cell cycle in yeast

and identify whether unscheduled entry into the cell cycle can be triggered in
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chronologically aged yeast cells. An investigation into the effect of aging on the
survival and proliferation capacity of the cells was made. The analyses were done in
both C. glabrata and S. cerevisiae as previous studies have utilised both species
(Chapter 3). It is well known that folic acid is crucial for proper growth and function
of CNS. Therefore, folates (folic and folinic acid) and an antifolate (methotrexate)
effect on yeast cells were studied. Analyses were done for both folic acid and folinic
acid because their mode of cellular uptakes in humans is different. Folinic acid, a
reduced form of folic acid which is metabolically active was included in the

experiments to identify differences in the mechanism of cellular entry in yeast.

Chapter 4 aimed to clarify the role of synthetic APB4, on the yeast cells as there
seemed to be inconsistences in published reports. In an earlier study it was found that
chemically-synthesised ABs, can induce proliferation in S. cerevisiae (Chacinska et
al., 2002). Studies by Bharadwaj et al. (2008, 2012) however, indicated cytotoxicity
associated with AP, peptide in C. glabrata in particular when the peptide is in an
oligomeric form, while fibrillar structures were found to be nontoxic. Therefore, in
order to exclude the effect of the solvents and vehicle buffers on the final outcome
and to develop a consistent protocol that can be reproducible, two main methods of
peptide pretreatments were used. The effect of this pretreatment of peptides was then
tested on stationary and exponential phase S. cerevisiae and C. glabrata. AHP1 gene
overexpression and mutation was examined to determine the effect of high and low

levels of peroxiredoxin on the survival of yeast.
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The final aim of this study was to screen a library of compounds and identify those
with anti-amyloidogenic properties. Therefore, in Chapter 5, a set of 42 compounds
and isomers were analysed using both in vitro conventional methods and the yeast

model.
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2 CHAPTER 2: MATERIALS AND METHODS
2.1 INTRODUCTION

This chapter describes the materials, experimental procedure and methods that were
used in the following chapters. Chemicals, solvents and reagents that were used in
this study have been purchased from Sigma-Aldrich® (Australia), Thermo-Fisher
Scientific® (Australia) and Promega® (Australia). Sterilised ultrapure water (ddH,0)
was used in all experiments produced with a Millipore Direct-Q system (Millipore,

Billerica, Massachusetts, USA).

2.2 YEAST AND E. coli STRAINS AND MEDIA

2.2.1 Yeast strains and media

Both Saccharomyces cerevisiae and Candida glabrata were used in this study. The
genotypes of S. cerevisiae have been provided in Table 2-1 and the media in Table 2-
2. All of the yeast strains were grown at 30°C unless otherwise stated on agar plates
prepared by the addition of 1.5% of Bacteriological agar (Oxoid™, Cat LP0011) to

broth culture media.
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Table 2-1 Yeast strains used in this study.

Strain Name

Saccharomyces
cerevisiae (BY4743)

Candida glabrata

Saccharomyces
cerevisiae (YLR109WA:
ahpl)

Saccharomyces
cerevisiae (FOLT:
YJL163CA)

Saccharomyces
cerevisiae (EHY1)

dihydropteroate  synthase
(DHPS) mutant

Genotype

MATa/a his3A1/his3A1  leu2A0/leu2A0
LYS2/lys2A0 met15A0/MET15 ura3A0/ura3A0

ATCC 90030

(AHP1::URA3)

Derived from BY4743 (MATa/a his3A1/his3A1
leu2A0/leu2A0 LYS2/lys2A0 metl5A0/MET15
ura3A0/ura3A0)

(FOLT::URA3)

Derived from BY4743 (MATa/o. his3A1/his3Al
leu2A0/leu2A0 LYS2/lys2A0 metl5A0/MET15
ura3A0/ura3A0)

(MATa  leu2-3, 112trpl tupl ura3-52
DHPS::LEU2)

DHPS deficient strain derived from YH1
(MATa leu2-3, 112 trp1 tupl ura3-52)

2.2.2 Bacterial strains and media

Source

Dr. J Caine

CSIRO, Parkville

A. Prof | Macreadie

Dr. J Caine

CSIRO, Parkville

EUROSCARF

Dr. J Caine

CSIRO, Parkville

Escherichia coli DH50™ (fhuA2 A (argF-lacZ) U169 phoA ginV44 ®80 A(lacZ)M15

gyrA96 recAl relAl endAl thi- 1hsdR17) was used for routine plasmid amplification.

Recombinant clones were grown at 37°C in Luria-Bertani medium (1% [w/v] Difco

tryptone, 0.5% Difco yeast extract, 1% NaCl) containing 50-100 pg/ml ampicillin to

maintain selection for recombinant plasmids.
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Table 2-2 Media used for growth of yeast strains in this study.

Medium Name Formulation

Minimal media; Yeast 0.67% (w/v) Bacto-yeast nitrogen base with amino
nitrogen base (YNB) acid and ammonium sulfate, 2% (w/v) glucose
Selective media (YNB- 0.67% (w/v) Yeast nitrogen base without amino acids,
Uracil) 0.19% (w/v) of synthetic drop-out medium (Sigma,

Cat Y1501), 2% (w/v) glucose

Rich media/ YEPD (YPD) 1% (w/v) Bacto-yeast extract, 2% (w/v) Bacto-

peptone, 2% (w/v) glucose

Selective media/ YNB plus  Synthetic complete media minus the selected amino
2% glucose, selective amino acid to promote selective growth for phenotypic

acid screening
Synthetic media/ YNB Minimal media (YNB & 2% glucose) supplemented
complete with 20 mg/L of each, uracil, tryptophan, adenine,

histidine and 30mg/L of leucine

2.3 GENERAL YEAST GROWTH CONDITIONS AND CELL

FRACTIONATION

2.3.1 Stationary and exponential phase growth of yeast and storage conditions

In order to prepare yeast for stationary phase analysis, cells were grown in YEPD
broth with aeration at 30°C for 7 d with shaking (200 rpm) (Aragon et al., 2008).
Cells were then pelleted and washed twice and resuspended in filter sterilised H,O at

a density of 10° cells/ ml for further treatment.
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For the exponential phase of growth, yeast cells were grown overnight in YEPD broth
and were harvested by centrifugation the next day and resuspended in 20 ml of fresh
broth. Then 1 ml was inoculated into 80 ml of fresh broth and incubated at 30°C with
shaking (200 rpm) for another 2-3 h to reach an optical density (OD) at 600 nm of
1.0. For short-term storage (<3 weeks), yeast cells were maintained on solidified
YEPD media at 4°C. For long-term storage, yeast cells were stored at -80°C in YEPD

or suitable selective broth with 15% w/v glycerol.

2.3.2 Fractionation of stationary phase C. glabrata and S. cerevisiae

Percoll® density gradients (Sigma, Cat P1644) were prepared according to the
manufacturer’s instruction for preformed gradient and method described by Allen et
al. (2006) with some modification. Briefly, Percoll was diluted 9:1 (v/v) with 1.5 M
NaCl. To form a gradient, 10 ml of the Percoll solution was added to 15 ml Corex®
tubes (Corning Inc.™ | NY, USA) and centrifuged at 19,000 x g for 15 min at 20°C in

a Beckman Coulter centrifuge with a SW41Ti rotor (Beckman Coulter Life Sciences,

Avanti®J25-01, Indiana, USA).

Stationary phase yeast cells were pelleted by centrifugation (yielding ~2 x 10° cells)
and then resuspended in one ml of Tris buffer (50 mM, pH 7.5). Around 2 ml of cell
suspension was overlaid onto a preformed gradient, and centrifuged at 400 x g for 60
min in a Beckman Coulter centrifuge (Avanti® J25-01). Fractions of quiescent (lower
fraction) and non-quiescent cells (upper fraction) were collected and washed three
times in 40 ml Tris buffer to remove Percoll residue and stored at -80°C for further

analysis. Prior to analysis the cell fractions were washed and resuspended in ddH-O.
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2.3.3 Viability assay using colony count

Overnight cultures were re-suspended in fresh YEPD to an initial cell density of 0.2
(ODegoonm).  Cultures were then incubated at 30°C with shaking and grown to
exponential phase (ODgoonm 1.5-2). These cultures were washed and diluted in sterile,
distilled water to a concentration of approximately 5 x 10° cells per ml. Depending
on the experiment, various compounds, folic, or folinic acids were added to these cell
suspensions and incubated for specific periods of time along with untreated control
samples. Aliquots of 100 ul cell suspension were plated onto YEPD agar for

measurement of the colony forming units (CFU) after two days incubation at 30°C.

2.3.4 Spot assay

The spotting assays were performed under similar conditions and according to the
methods described by Mitrica et al. (2012) and D'Angelo et al. (2013). Briefly,
exponential phase cells of S. cerevisiae were obtained from overnight culture on
YEPD as described in Section 2.3.1. In the case of EHY1, folinic acid was added to
the growth media at a final concentration of 100 uM. Cells were then washed and
resuspended in ddH,O. Tenfold serial dilutions were performed in sterile water
starting with an equal number of cells (ODgoonm = 0.1). Spotting assays were derived
from a pool of three independent fresh transformants or treated wild-type (WT) yeast
strain with appropriate compounds. Drops of 10 pl using a multipronged inoculator
were then plated onto the appropriate solid selective, YNB complete or YEPD
medium. In some instances various concentrations of experimental treatments such as

H,0,, MTX, folic acid and folinic acid were added to the selective media.
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2.3.5 Minimum inhibitory concentration of compounds

In order to investigate the effect of certain compounds or folates on the growth of
yeast, cells were grown in 50 ml of YEPD media at 30°C to exponential phase
(Barchiesi et al., 1999; Wiegand et al., 2008). Cells were then pelleted and
resuspended in fresh YNB complete media to an initial ODggonm at 0.03. The ODgoonm
values of cultures were monitored using a UV/visible spectrophotometer (Bio RAD,
iMark™ microplate reader). Optical density was measured at various time points to

determine the minimum inhibitory concentration of the compounds.

2.3.6 Folic acid and folinic acid treatment of stationary phase C. glabrata

Stock solutions (10 mM) of folic acid and folinic acid were made in water. Folic acid
was dissolved with addition of NaOH and the pH was then adjusted to 7.0 prior to
use. All solutions including the folate stocks were filter sterilized using a 0.22 pm
syringe filter (Sarstedt®, Australia). For folic acid and folinic acid treatments, the
yeast cells were transferred into 96-well culture plates and 10-fold dilution series of
the folates were made to achieve concentrations of 1 mM and lower. Aliquots were
taken from both experimental and control samples for microscopy, flow cytometry
and CFU analyses. Cells in stationary phase were incubated with either folic acid or
folinic acid and were monitored for 10 d to investigate the effect of starvation in the

presence and absence of the folates.
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2.3.7 MTX and folinic acid treatment of S. cerevisiae

A 5 mM stock solution of methotrexate (MTX; Sigma, Cat M8407) was prepared
according to the manufacturer’s instructions using 250 mM of Na,CO3 (pH 9.5).
Approximately 2 x 10° cells/ml of exponentially growing S. cerevisiae were washed
and incubated in sterile ddH,O in a 96 well tissue culture plate. Folinic acid (10 mM
stock) and MTX were added to samples to a final concentration of 10 to 1000 puM.
Control samples of S. cerevisiae cell suspension in water and treatment with only
folic acid or MTX were also prepared for comparison. Samples were incubated
overnight 30°C with shaking. 100 pl samples were plated on YEPD to monitor
viability. The effects of treatments versus controls were monitored by CFU

determination.

2.3.8 Study of YJL163C on folic acid and Af4, entry

In order to determine the role of putative folate transporter gene on the entry of folic
acid into the yeast cells, S. cerevisiae WT (BY4743), knock-out mutant (YJL163A)
and BY4743 cells overexpressing this gene (FOLT) were compared. Cells were
washed and resuspended in ddH,O and treated with folic acid to a final concentration
of 100 uM and incubated for 48 h at 30°C. Samples were taken periodically for

analysis.
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2.4 GENERAL MOLECULAR BIOLOGY METHODS

2.4.1 Plasmids

The p416.GPD plasmid (5778 bp) backbone (Mumberg et al., 1995) was used to

generate the expression of Ahplp and folate transporter proteins (FOLT) (Table 2-3).

The p416.GPD vector is a centromeric plasmid maintained at one or two copies per

cell. It has an ampicillin resistance selectable marker (AmpR) and uracil synthesis

selection marker (URA3) gene. It has a strong constitutive GPD promoter to direct

heterologous gene expression throughout the yeast life cycle and a CYC1

transcription termination sequence flanking the coding region.

Plasmids were

amplified in E. coli DH5a strain. The GFP-A42 fusion and GFP plasmids (Caine et

al., 2007b) have also been used for microscopy and flow cytometry analysis.

Table 2-3 Plasmids used in this study.

Plasmid Description Source
GFP GFP expression vector with GPD promoter | Dr. J Caine
and URAS3 selection marker
CSIRO
GFP-Ap4 As in p416.GPD-GFP but encoding human | Dr. J Caine
AP4> with a C-terminal fusion to GFP
CSIRO
p416.GPD-FOLT Vector encoding folate transporter gene | This study
(Figure 2-1) (YJL163C) of S. cerevisiae (S288C)
p416.GPD-AHP1 Vector encoding thiol-specific peroxiredoxin | This study

(Figure 2-2)

gene (YLR109W) of S. cerevisiae (S288C)
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2.4.2 Primers

Oligonucleotide primers were purchased from GeneWorks " "% (SA, Australia). The
putative folate transporter gene of S. cerevisiae (YJL163C) consisting of 1668 bp was
amplified and constructed in a p416.GPD backbone using the following primer set
(5’-3’) GCGCGCGAAGCTTATGTCAAACGAGGATGAAACA and (5°-37)
GCTGGACGGGCCTTAACTCGAGCG by creating unique Hindlll and Xhol

restriction sites (underlined) in the PCR product.

Thiol-specific peroxiredoxin (YLR109W) consisting of 531 bp was similarly
amplified and constructed in the p416.GPD plasmid using the oligonucleotide primers
(5°-3”) GCGCGAATTCATGTCTGACTTAGTTAACAA and (5°-3”)
GTCTTGGCTCATTTGTAGAAGCTTGCG creating EcoRI and Hindlll restriction
sites for the PCR product. The PCR products were digested with restriction enzymes
and were cloned in the centromeric plasmid p416.GPD, and introduced into S.

cerevisiae by transformation for uracil prototrophy.

2.4.3 DNA extraction and purification

DNA extraction for the purpose of cloning was derived from the WT S. cerevisiae
BY4743 strain (Winzeler et al., 1999). Isolation of genomic DNA (gDNA) was done
according to method of Looke et al. (2011) with some modification. Eight single
colonies from freshly grown S. cerevisiae on YEPD plate were selected and
suspended in 100 ul of 200 mM LiOAc / 1% (w/v) SDS solution in eppendorf tubes

and then incubated at 70°C for 5 min. Then 10 pl of 10 mg/ml Ribonuclease A
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(RNAse; Cat R6513) was added and the sample was incubated for 60 min at 37°C.
After addition of 10 pl (20 mg/ml) Proteinase K (Cat P2308), incubation continued

for 3 h at 50°C.

For purification and extraction of DNA (Sambrook and Russell, 2001) around 500 pl
of phenol/ chloroform/ iso-amyl alcohol (1:1:1; v/v) was added to the DNA solution
and mixed vigorously for 10 sec at RT. The aqueous layer containing the DNA was
removed and transferred into a new eppendorf tube. For every 90 ul of sample around
10 pl of sodium acetate (3 M, pH 5.2) was added to the DNA solution and mixed

briefly with gentle agitation.

After incubation, 500 pul of 100% ethanol (absolute) was added to the samples in
order to precipitate the DNA. The samples were then mixed by brief vortexing and
placed in a -80°C freezer for 20 min. DNA was subsequently collected by
centrifugation at 15,000 x g for 5 min. Then 1 ml of RT 70% ethanol was added and
mixed, then centrifuged for 5 min (15,000 x g). The supernatant was removed and the
pellet was air dried. Precipitated DNA was then dissolved in 25 pl of TE buffer. The
DNA concentration (A260/ 280) was quantified with a NanoDrop spectrometer

(NanoDrop Lite™, Thermo Fisher Scientific).

35



Materials and Methods

2.4.4 Polymerase chain reaction

S. cerevisiae (YJL163C) putative folate transporter gene consisting of 1668 bp was
amplified using a bench top thermocycler (Applied Biosystems- GeneAmp®Pcr
2400). The annealing temperature for PCR with the primer set mentioned in 2.2.4
section was 63°C and GoTaq® Hot Start DNA polymerase master mix (Promega; Cat
5132) was used to amplify the gene. The absence of YJL163C gene in the knockout

mutant Y.JL163CA4 strain was also confirmed by the same PCR protocol.

The annealing temperature for S. cerevisiae (AHP1/ YLR109W) consisting of 531 bp
was 59°C (Section 2.2.4). The absence of the AHP1 gene in the ahpl mutant strain

was confirmed using the same PCR protocol.

Putative transformants of both genes were also screened by colony PCR to confirm
the presence of the gene. The size of PCR products of both controls and samples were

checked on 1% agarose gel (w/v).

2.4.5 Agarose gel electrophoresis

PCR products were analysed by agarose gel electrophoresis and observed under UV
transillumination (Gel Doc™ XR™ system, Bio-Rad). Agarose (1%, w/v) was
prepared in 1 x TAE buffer (0.04M Tris- acetate, 0.001 EDTA, pH 8.3) by boiling in
a microwave. Dissolved agarose was cooled to 50°C prior to adding GelRed™
nucleic acid gel stain (Biotium, Australia; Cat 41003) and mixed. Gels were then

poured into a gel tray with a comb positioned to produce wells for loading samples.
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Set gels were placed in a Bio Rad gel tank filled with 1 x TAE buffer. Loading dye
(Cat 31022, Biotium) was added to each sample prior to loading to the wells. Gels
were electrophoresed at 90 Volts for 70 min, then visualised under UV light in a Bio-
Rad Gel Doc™ UV transilluminator system. Images were processed using Quantity

One 1-D analysis software (Bio-Rad, Australia; version 4.6.8)

2.4.6 DNA and plasmid sequencing

DNA was sequenced by the Micromon sequencing centre (Monash University,
Clayton, Australia) using the primers that were used for amplification of the PCR
product. Multiple samples of plasmids with the gene of interest were also sequenced
using CYC and GPD primers. The p416.GPD vector contains the yeast GPD
promoter sequence and a CYC transcription termination sequence flanking the coding
region. Sequences were obtained using the CYC terminator primer
GCGTGAATCTAAGCGTGAC and the GPD promoter primer
CGGTAGGTATTGATTGTAATTCTG. The obtained sequences were analysed

using the software Sequence Scanner v.1.0 (Applied Biosystems® Software).

2.4.7 Digestion and ligation of the genes into p416.GPD

Digestion of the AHP1 gene and p416.GPD plasmid was done using Hindlll and
EcoRI restriction enzymes in NEBuffer 3.1 (NEW ENGLAND BioLabs® Inc.) and
the reaction was incubated for 90 min at 37°C. The enzymes were subsequently heat

inactivated by heating the samples at 65°C for 20 min.
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For digestion of the YJL163C gene and p416.GPD plasmid, Hindlll and Xhol
restriction enzymes in NEBuffer 2.1 (NEW ENGLAND BioLabs® Inc.) was used and
the reaction mix was incubated at 37°C for 90 min followed by heat inactivation of
enzymes as above. The folate transporter gene was then cloned into the backbone of

the vector using T4 DNA ligase (New England Biolabs® Inc.).

A series of ligation reactions with varying ratios of insert to vector was set up to
maximise the efficiency of ligation. This was performed using T4 DNA ligase (NEW

ENGLAND BioLabs® Inc.) containing ATP overnight at 16°C.

2.4.8 Bacterial competent cells (CaCl, method)

For routine transformation of cloned plasmids the CaCl, method was adopted (Aich
et al., 2012) which has a high efficiency rate of 2 x 10’ colony forming units (CFU)
per pg of plasmid DNA (Hanahan et al., 1991, Sahanawaz Alam and Panigrahi,
2012). A single bacterial colony was inoculated into 50 ml LB broth and grown at
37°C at 250 rpm overnight. The next day 1 ml of sample was used to inoculate 100 ml
fresh LB in a 250 ml flask and grown for 3 h or until the ODgonm reached
approximately 0.03. The cells were then incubated on ice for 10 min and then
transferred into 50 ml falcon tubes and centrifuged (3 min; 6,000 rpm). The
supernatant was then discarded and the cells resuspended in 10 ml of ice cold calcium
chloride (0.1 M) and incubated on ice for 20 min. After incubation, the cells were
pelleted as described previously and the supernatant discarded. Cells were then

resuspended in 5 ml of ice cold 0.1 M CaCl; containing 15% (w/v) glycerol. Around
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300 ul aliquots of cell suspension were dispensed into eppendorf tubes and stored at —

80°C for up to one year.

2.4.9 Plasmid extraction

For plasmid purification E. coli DH5a™ cultures harbouring the plasmids of interest
were grown overnight in 50 ml LB media (Section 2.2.2) supplemented with
ampicillin. Plasmid DNA was purified using QIAprep® (QIAGEN™) according to
the protocol supplied by the manufacturer. This culture was then centrifuged to
collect the pellet and subsequently was lysed in alkaline conditions. The DNA was
then absorbed onto silica spin columns in the presence of high salt concentrations.
Finally plasmid DNA was eluted in 10 mM Tris-HCI (pH 8.5) and stored at -20 °C for

subsequent procedures.

2.5 TRANSFORMATION METHODS

2.5.1 Transformation of E. coli competent cells with plasmids

Escherichia coli DH5a™ calcium chloride competent cells were prepared for plasmid
amplification (Section 2.4.7). Transformation was conducted according to the method
described by Cohen et al. (1972). Around 1 ul (~10 ng) of the plasmid DNA was
transferred into an eppendorf tube and 100 ul of CaCl, (0.1 M) competent cells were
gently added. The sample was then incubated for 30 min on ice. After a quick 2 min
heat shock at 42°C, the samples were incubated for a further 2 min on ice. In order to
revive cells, approximately 900 pl of LB was added to the samples and incubated at
37°C with shaking at 100 rpm. Cells were then briefly centrifuged at 5,000 rpm (2

min) and most of the supernatant was discarded. The cells were then gently
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resuspended in the remaining supernatant. 100 pl of the cells were plated on LB
plates containing 50-100 pg/ml ampicillin (Amp) to maintain selection of the

plasmids. Recombinant clones were grown at 37°C in LB broth.

2.5.2 Transformation of S. cerevisiae with plasmids

Wild-type BY4743, EHY1, and ahpl strains of S. cerevisiae were transformed with
plasmids of interest using a kit (EZ- Yeast™ transformation Kit- MP, Biomedicals).
Cells were then plated on YNB without uracil for selection of transformants.
Transformation of all the S. cerevisiae with various plasmids were carried out in the

Same manner.
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Figure 2-1 Schematic illustration of FOLT plasmid constructs developed and
used in this study. Using the p416.GPD plasmid backbone to cater for expression of
the folate transporter gene (YJL163C) in S. cerevisiae. Graphic map was prepared
using Clone Manager Professional software (ver. 8.0, Scientific & Educational
Software for the molecular Biologist, Morrisville, USA)
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Figure 2-2 Schematic illustration of AHP1 plasmid constructs developed and
used in this study for overexpression of Ahplp. The p416.GPD plasmid caters for
constitutive expression of AHP1 (YLR109W) gene in S. cerevisiae. Graphic map was
prepared using Clone Manager Professional software (ver. 8.0, Scientific &
Educational Software for the molecular Biologist, Morrisville, USA)

26 FLOW CYTOMETRY

Fluorescence associated with cell viability, number of bud scars on the cells and cell
wall proteins in yeast was measured and quantified by flow cytometry experiments.
Cells for all of the following experiments were analysed using a FACScan flow

cytometer (BD FACS Canto™ II, Becton-Dickinson, Franklin Lakes, NJ, USA) and
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the captured files were saved as FCS3 and processed using the free trial version of

WEASEL™ software (WEHI, Parkville, VIC, Australia).

2.6.1 Calcofluor white M3R bud scar assay

In order to quantify replicative age, Calcofluor white M2R (Sigma) was used for the
staining of bud scars. 5 mM stock solution Calcofluor white M;R was diluted in
ddH,0 to 25 uM concentration of working solution. Folic acid and folinic acid treated
stationary phase C. glabrata cells (2 x 10°) were stained with this working solution
and incubated for 90 min in the dark at room temperature. Around 30,000 cells per
sample were analysed with a flow cytometer (BD FACS Canto™ 1) using 351 nm
excitation and collecting fluorescent emission with filters at 450/65. Samples were

also analysed microscopically with a pacific blue filter.

2.6.2 Screening of compounds using GFP-Ap,, transformants

Wild-type S. cerevisiae (BY4743) and an ahpl mutant strain were transformed with
plasmids encoding green fluorescent protein (GFP) and GFP fused to the C-terminus
of AB4, (GA) (Section 2.4.1). Both constructs are under constitutive expression and
have a URA3 selectable marker. Prior to treatment with the compounds, transformed
yeasts were grown in selective media to exponential phase with agitation (30°C; 200
rpm) (Figure 2-3). When the density of the culture reached ODggonm Of 0.8, around
150 pl of culture was transferred into a 96 well microtiter plate. All of the test
compounds were dissolved in dimethyl sulfoxide (DMSO; Cat D2650) solvent and
were pre-screened for inherent fluorescence using the GFP transformants.

Compounds were then added to the GA transformants at a final concentration of 50
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uM. Control samples of pure DMSO were included as the negative control and
growth was continued for an additional 6 h at 30°C with shaking (200 rpm). Around
300 pl of the suspension was transferred into a flow cytometry tube. For measuring
cell death, 3 pl of propidium iodide (PI) solution (100 pg/ml stock) was added to the
flow tube to achieve the final concentration of 1 pg/ml. After addition of PI to the
cells, the samples were incubated in the dark for 30 min at room temperature or for 20
min at 37°C. Around 20,000 cells were counted in each sample and the percentage of
cells exhibiting red and green fluorescence were recorded on BD FACS Canto™ II
flow cytometer. The GFP green fluorescence level was measured using a FITC
530/30 filter (494/519-nm excitation /emission). Red fluorescence due to PI staining
was measured with a PerCP 670LP filter (488 /617-nm excitation /emission). Data
were recorded and saved as FCS3 files and were analysed by WEASEL™ (WEHI,

Parkville, VIC, Australia). All compounds were analysed in triplicate.
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Figure 2-3 Schematic illustration of flow cytometry using GFP and GFP-Ap,,
(GA) transformants. All compounds were analysed using S. cerevisiae wild- type
(BY4743) and knockout mutant ahpl transformants with GFP and GA encoding
plasmids.
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2.6.3 Thioflavin T associated with aggregation of pretreated AB., with the cell

wall proteins of S. cerevisiae
Exponentially growing S. cerevisiae were washed and incubated in H,O in the
presence and absence of HFIP and NH4;OH pretreated AP, peptide. After 16 h of
incubation, Thioflavin T (ThT) was added to each sample to a final concentration of
20 uM and incubated for 10 min (LeVine, 1993). Around 10,000 cells per sample
were analysed by flow cytometry (FACS, Canto 1I- BD™) using a pacific blue filter
with 351 nm excitation and collecting fluorescent emission at 450/65. Data were
recorded and saved as FCS3 files. ThT fluorescence intensity of multiple
experimental samples was calculated as a percentage of unstained (untreated) yeast

cells.

2.7 SYNTHETIC AB,, PEPTIDE PREPARATION AND ANALYSIS

The synthetic AB4, peptide was purchased from Keck laboratories (Yale University,
New Haven, CT) in the form of lyophilized powder which was stored at -20°C.
According to Keck laboratories the peptide was synthesised and purified using tBOC
chemistry with DCC and HOBT coupling reagents. All solvents used for the
preparation of A, solutions were pre-filtered and centrifuged to minimise the

presence of any debris that could induce aggregation of the peptide.

2.7.1 General peptide preparation and concentration determination
Peptide preparation was done according to the protocol of Ryan et al. (2013). Briefly,

20 mg of peptide was dissolved in 40 ml of 10% NH,OH to a final concentration of
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0.5 mg/ml solution (w/v). The solution was then left at room temperature for 10 min
and then sonicated for 5 min. This solution was then freeze dried and the peptide film

(peptide pellet) was stored at -80°C until use.
pepude p

Peptide for assay was prepared immediately prior to use. Each 0.5 mg aliquot of AB
pellet was dissolved in 60 pul of 60 mM NaOH and then vortexed to ensure
dissolution of peptide. The solution was then sonicated for 5 min and centrifuged at
14,000 x g to pellet any undissolved peptide. The supernatant was removed carefully
from the pellet to a new tube on ice. The peptide concentration was determined using
a quartz cuvette at Aianm reading (Thermo 3S BioMate™ spectrophotometer). The

concentration of peptide was then estimated according to Table 2-4.

Table 2-4 Molecular weight, coefficient of excitation and absorbance of A ..

Type MW A214nm € Az14nm Img/ml
(M*em™)
AP wt 1-42 4514 76848 17.04

2.7.2 HFIP pretreatment method of AB4, peptide preparation

For toxicity assays, oligomeric ABs;; was dissolved in 1,1,1,3,3,3-hexafuoro-2
propanol (HFIP; Cat 52512) according to the method described by (Crescenzi et al.,
2002) with some modification. Briefly the peptide film was dissolved in 100% HFIP
to a concentration of 1 mg/ml, sonicated for 5 min on ice and dried overnight to form

a clear film. The film was subsequently dissolved in 60 ul of ddH,O, sonicated for 5
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min and centrifuged to remove any seeded oligomer. The peptide concentration was

determined as described in Section 2.7.1.

2.7.3 Stimulation of cell cycle in yeast by NH,OH pre-treated peptide

Stationary or exponentially growing yeast cells were washed twice and resuspended
in ddH,O. After estimation of cell numbers by a haemocytometer, cells were
transferred into a 96-well culture plate at concentration of 10° cells/ml, 2 uM of APa
peptide pretreated by NH,OH method was added and incubated overnight at 30°C
with shaking. The next day, 100 ul aliquots of cell suspension were plated onto
YEPD plates and incubated for two days at 30°C. Colonies were counted for each

treatment and the viability was calculated as a percentage of untreated cells.

2.7.4 Yeast treatment by the AB4, peptide pretreated by NH,OH and HFIP

methods
Exponentially growing yeast cells were washed twice and resuspended in ddHO.
After estimation of cell numbers by a haemocytometer, cells were transferred into a
96-well culture plate at a concentration of 10%cells/ml. Three replicate samples were
treated with 2-5 uM of A4, peptide prepared by NH,OH and HFIP methods, to a
final volume of 200 ul in a microtiter plate and incubated overnight at 30°C with
shaking. The next day 100 ul aliquots of cell suspension were plated onto YEPD
plates and incubated for two days at 30°C. Colonies were counted for each treatment

and the viability was calculated as a percentage of untreated cells.
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2.7.5 Cytotoxicity analysis of HFIP and NH4OH pretreated Ap4, on wild-type,
mutant and overexpressed AHP1

Wild-type S. cerevisiae (BY4743) transformed with p416.GPD, and Ahplp (plasmids
encoding YLR109W) along with the AHP1 deleted strain were grown to exponential
phase. Cells (10° cells/ ml) were then treated with 2 pM of HFIP and NH,OH
pretreated APs in a 96 well microtiter plate. Triplicate samples of each cell
population were further incubated for 24 h at 30°C. Cell survival was determined by
transferring 100 pl of each sample onto YEPD solid media. Viability of treated

samples with the peptide was determined as a percentage of untreated cells.

2.7.6 Cytotoxicity analysis of DMSO and NaOH on exponential and stationary

phase yeast cells

Wild-type S. cerevisiae (BY4743) and C. glabrata (ATCC90030) cells were grown to
exponential phase and then washed and resuspended in ddH,O. Cells were counted
using a haemocytometer and resuspended at a concentration of 10° cells/ ml. Cells
were then treated with either 2 - 20 ul of 20 mM NaOH or DMSO to the final volume
of 200 ul in 96 well microtiter plates. Analysis was done in triplicate and samples
were incubated overnight at 30°C. Viability was determined by growing 100 pl of
each sample on YEPD solid media for 48 h and was expressed as a percentage of

untreated control.
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2.7.7 Cytotoxicity analysis of aged AP, peptide pretreated by HFIP and
NH;OH

In order to explore the effect of prolonged incubation and hence the fibrillar
structures formed by the pretreatment methods on the survival of yeast cells, the ABa»
samples from each pretreatment method were incubated at 35°C for 7 d.
Exponentially growing S. cerevisiae were washed and suspended in H,O and then
were treated with 5 uM of HFIP and NH4;OH pretreated peptide and incubated
overnight. Viability was determined as a percentage of untreated control on YEPD

media.

2.7.8 Cytotoxicity assay of NH,OH pretreated Ap4, peptide solutions in PC12

cell culture

The following protocol was performed by Dr. Julie Nigro at CSIRO, Parkville
according to Ryan et al (2013). Rat pheochromocytoma (PC12) cells were maintained
and passaged every 3-4 days in F12K media containing 15% (v/v) horse serum, 2.5%
(v/v) fetal bovine serum, 100 u/ml penicillin G sodium, 100 pg/ml streptomycin
sulphate and 0.25 pg/ml amphotericin B. Briefly, PC12 cells were treated with ABa2
for 72 h (Huang et al., 2012; Ryan et al., 2013). The culture media cell supernatants
were then harvested for analysis of cytotoxicity using a lactate dehydrogenase (LDH)
assay. Lactate dehydrogenase (LDH) is released into the media as a result of APa,
toxicity. The cytotoxicity was normalised to the cells treated with 0.1% (v/v)

Triton™ X-100 (maximum LDH release).
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In order to determine cell viability the attached cells were then treated with media
containing Alamar blue® (Life technologies™) reagent according to the
manufacturer’s instructions. The reduction of the Alamar blue reagent after 4 h of
incubation at 37°C was quantitated by a change in absorbance at 570 nm by a multi-
detection microplate reader (FLUOstar OPTIMA, BMG Labtech, Ortenberg,

Germany). The data were then normalised to the untreated cells.

2.8 THIOFLAVIN T ASSAY

Thioflavin T (ThT) is a benzothiazole dye which is used to monitor the formation and
inhibition of A4, fibrils in the presence of anti-amyloidogenic compounds and
quantify the extent of amyloid fibrils formation (De Ferrari et al., 2001; Maezawa et
al., 2008; Airoldi et al., 2011; Ryan et al., 2012). Whenever this dye binds to
amyloids with fibrillar morphology and p-rich structure, an enhanced level of
fluorescence is exhibited (Ban andGoto, 2006; Sabate andSaupe, 2007; Freire et al.,
2014). Therefore, ThT dye can be used for both quantification and visualisation of
amyloid fibrils as the fluorescence emission of the dye is shifted when it bound to p-

aggregate structures.

2 mM stock solutions of all compounds were made in DMSO and stored at 4°C or on
ice until needed. The reactions were set up in 96 well microtiter culture plates and
dispensed in triplicate. The final volume of each well was 200 pl containing 20 uM
AP42 and 20 puM of the compounds. Control wells for AP, and compounds alone and

their corresponding solvents (ThT blank) were also included in the experiment to
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exclude any background fluorescence or aggregation related to compounds or
solvents alone (Hudson et al., 2009). The plates were incubated at 37°C and samples

were taken at 0, 16 and 24 h for analysis after incubation.

ThT measurements were performed by removing 20 pl from wells and adding them to
180 pl of 2 uM ThT in 50 mM phosphate buffer (pH 7.4). The resulting 200 ul was
transferred into the wells of 96-well black culture plates with flat bottoms (Corning)
and incubated for 15 min in the dark at RT prior to measurement. Absorption at
440/480 nm was measured by a multi-detection microplate reader (FLUOstar
OPTIMA, BMG Labtech, Ortenberg, Germany). To avoid bias, the mean of three
measurements of each compound was determined by subtracting the fluorescence of a

ThT blank.

29 CYTOTOXICITY SCREENING OF THE AB,, SPECIES FORMED
AS A RESULT OF CO-INCUBATION WITH POTENTIAL
INHIBITORS

The A4, oligomers were prepared fresh for the cytotoxicity assay according to
Section 2.8.1. Peptide samples (20 uM) were then co-incubated with 20 uM of
selected potential inhibitors for 7 d at 30°C. Exponentially growing S. cerevisiae and
C. glabrata were washed and resuspended in H,O and then were treated with 5 uM of
this co-incubated peptide/compound mix. Cells were incubated overnight and after 24
h the survival was estimated. Viability was determined by counting colonies formed

on YEPD solid media and calculated as a percentage of untreated control.
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2.10 PROTEOMIC METHODS

2.10.1 Sample preparation of compounds co-incubated with AB,, peptide for gel

electrophoresis
AP4y peptide (20 uM) samples were co-incubated with the compounds (potential
inhibitors) for 7 d and analysed by gel electrophoresis. Freshly prepared AB4, was
also included (Section 2.7.1) to indicate the effect of inhibitors and incubation time
on fibril formation. All of the samples were diluted into sample buffer and boiled for
3 min and electrophoretically resolved on 4-12% Bis-Tris pre-cast polyacrylamide
gels (NUPAGE® Novex® LDS, Invitrogen™) in MES running buffer (Cat NP0002,
Invitrogen™) at 150V for 1 h. Pre stained protein markers (SeeBlue® Plus2, Cat

LC5925, Invitrogen™) were run in parallel for MW comparison.

2.10.2 SDS PAGE silver staining for detection of A4, oligomers in the presence
of compounds

For protein detection, a gel was stained using previously described silver staining
methods (Blum et al., 1987; Rabilloud et al., 2009). Briefly, a gel was incubated for
30 min in 50 ml of 40% ethanol (v/v) and 10% acetic acid (w/v) and subsequently the
solution was discarded and the process repeated three times. Then the gel was washed
for 10 min in ddH,O. In order to sensitise, the gel was soaked for 1 min in 0.02%
Na,S,05.5H,0 and then rinsed twice with water (1 min). The gel was subsequently
impregnated with silver for 20 min using silver solution (0.2% AgNO3; and 0.075%
HCHO). After three rinses of 20 sec in water the image was developed in developing
solution (0.5% HCHO, 0.0004% Na,S,05.5H,0, 6% Na,CO3) for 10 min. Image

development was stopped by adding 40% ethanol and 10% acetic acid to the gel and
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incubating for 10 min. Images of these gels were obtained using the VersaDoc™

Imaging system (Bio-Rad Inc.).

2.10.3 Immunoblotting for detection of potential AB4, fibril inhibitors

Aliquots of AP, conformers (25 uM) were taken from samples of the in situ TEM
assays after the incubation period. Fresh A4, samples were also prepared and loaded
along with 5 pl of Novex® Sharp unstained protein standard (Invitrogen™). The
proteins (0.5 pg) were transferred from the polyacrylamide gel to a nitrocellulose
membranes using an iBlot® dry system. The membrane was then blocked for one
hour in 5% non-fat dry skim milk in PBS solution and washed 3 times with PBS.
Primary antibody, WO2 (Miles et al., 2008) (University of Melbourne, VIC,
Australia) which bound to the N-terminal of AP, was used for detection. This
antibody was diluted in PBS/ Casein solution (1/200; 0.5% skim milk in PBS) prior to
use. Incubation of the blot in primary antibody for 2 h continued and was followed by
three washes with PBS. Secondary antibody (anti-mouse) was diluted to 1/1000 and
incubated on the membrane for 1 h. After washing with PBS, the blot membrane was
exposed to ECL chemiluminescent western blotting substrate (ThermoFisher
Scientific) for 2 min and allowed to develop. Images were captured using the
VersaDoc™ imaging system (Bio-Rad Inc.). The immunoreactive bands were later
quantified using Quantity One 1-D analysis software (Bio Rad, Australia; version

4.6.8).
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2.10.4 Sample preparation for immunoblotting to identify the effect of solvent

and pretreatment methods on the extent of Ap4, oligomeric formation
HFIP and NH4OH pretreated AB4, peptide samples were dissolved in either H,O or
60 mM NaOH. After determining the concentration of peptide (Section 2.7.1),
samples were incubated for 7 d at 37°C to induce fibril formation and analyse the
effect of solvent on the aggregation process. Samples were also prepared using a
similar protocol to compare the effect of prolonged incubation on the self-aggregation
of AP4, compared with a freshly prepared sample. Around 0.5 pg of each sample was
then loaded onto a protein gel for electrophoresis (Section 2.10.1). Immunoblotting

was then carried out as stated in section 2.10.3.

2.11 CONFOCAL, EPIFLUORESCENCE AND BRIGHT FIELD
MICROSCOPIC METHODS

2.11.1 Slide preparation

Microscopic slides were washed with ethanol and treated with 10 pl of 2 mg/ml
Concanavalin A and 0.1% Poly L-lysine in a 1:1 ratio and air dried. This ensures that
yeast cells are immobilised to the surface of the slide during microscopic examination
without affecting their viability. 10 pl of yeast cell suspension was then applied to
ConA/ poly L-lysine coated slides and a cover slip was applied. The cover slip was

secured by applying nail polish to the edges.
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2.11.2 Microscopy

Confocal fluorescence and differential interference contrast (DIC) microscopy was
performed using a Nikon® Al confocal laser-scanning microscope equipped with a
Plan Apo VC X60 water-immersion objective, an argon laser (488 nm) and a solid
state laser (561 nm). GFP and DAPI fluorescence was observed using 488 nm and
405 nm excitation lasers respectively. Images were acquired using a camera (Nikon,

Ti-Ej, Japan) and NIS Element software.

Fluorescence and DIC microscopy was also performed for visualisation of the DNA
and folate uptake using a Leica DM5500B epi-fluorescence microscope with a
100X/1.3 oil objective lens (Leica Microsystems, Germany). Images were captured
electronically using a Leica camera (DFC310 FX) and processed using the Leica
Application Suite (LAS, V4.3, Switzerland). DAPI was observed using the 13

FLUO- Filter cube (Leica; 450-490 mm bandpass excitation filter).

Bright field microscopy was performed using an Olympus CX31 light microscope at
100X magnification. Around 10 pl of each sample was examined using a wet mount
method, loaded on a microscopic slide for imaging using oil immersion on an
Olympus CX31 light microscope at 1000X magnification. Images were captured

using an Olympus digital camera (E330- Japan).
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2.11.3 Meiosis event in yeast cells
Samples were prepared according to Section 2.3.8 with folic acid. Cells were also
treated with DAPI (Section 2.11.4) and Calcofluor white (Section 2.11.5). Time-lapse

photomicroscopy was utilised to detect and capture the meiosis event.

2.11.4 Nuclear DNA staining

In order to visualize nuclear and mitochondrial DNA, 4°,6’-diamidino-2-phenylindole
(DAPI) staining was used (Chazotte, 2011). Cells were grown into exponential phase
and exposed to treatment conditions depending on the type of analysis. Cells were
subsequently pelleted (8000 x g, for 5 min) and resuspended in 100 pl of minimal
media. DAPI was added to a final concentration of 3 pg/ ml. Cells were grown for a
further 30 min in the presence of DAPI (at 30°C) in the dark and then pelleted and
washed twice with PBS. 10 ul of sample was applied to a slide and a coverslip
applied and examined immediately under confocal microscope with 488 laser

(excitation: 360/40 nm) suitable for DAPI visualisation.

2.11.5 Calcofluor white MR staining

For visualisation of bud scars, Calcofluor white M,R (Sigma) was used. A 5 mM
stock solution of Calcofluor white M;R was diluted in ddH,O to 25 uM concentration
to make a working solution. After staining yeast with this working solution, cells
were incubated for 90 min in the dark at room temperature prior to visualisation
under a confocal microscope with 488 laser (excitation: 360/40 nm) suitable for

DAPI visualisation.
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2.11.6 Thioflavin T staining of yeast cells

Confocal fluorescence and differential interference contrast (DIC) microscopy was
performed using a Nikon® Eclipse Ti confocal laser-scanning microscope. Treated
and untreated yeast cells with AP, peptide in H,O in a 96 well microtiter plate were
treated with ThT to final concentration of 20 uM. ThT fluorescence was observed
using a DAPI filter following excitation of the sample with light of 405 nm
wavelength. Images were acquired using a Nikon camera (Ti-E, Japan) and NIS-

Elements imaging software.

212 TEM

Carbon-coated 300-mesh copper grids were glow discharged in nitrogen to render the
carbon film hydrophilic. Samples were gently agitated before transferring a 4 pl
aliquot onto the grids. After 30 sec adsorption time, the excess sample was drawn off
using a Whatman® 541 filter paper. The grids were then subsequently stained with
2% wi/v potassium phosphotungstate (pH 7.2) for 10 sec. The grids were then air
dried before examination. The samples were examined using a Tecnai™ 12
Transmission Electron Microscope (FEI, Eindhoven, The Netherlands) at an
operating voltage of 120 KV. Images were recorded using a Megaview III CCD

camera and AnalySIS camera control software (Olympus Australia).

2.12.1 Sample preparation for analysis of Aps, co-incubated with the

compounds

A freshly prepared aliquot of AP, peptide was used for the co-incubation with

compounds. The samples were prepared in screw cap eppendorf tubes containing 20
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uM ApBg, peptide, 20 uM of the compounds, and 20 ul of 10x PBS (pH 7.4). The
samples were made up to a final volume of 200 ul by adding H,O. Control samples
contained equal amount of peptide and compound solvents. All of the samples were

incubated at 37°C for 7 d for TEM analysis.

2.12.2 Sample preparation for TEM imaging of NH,OH and HFIP pretreated
AB42 peptide

Amyloid peptide was prepared freshly and was either treated with HFIP (Section
2.7.2) or NH4,OH (Section 2.7.3) prior to dissolution in H,O. Pretreated lyophilised
A4z samples were dissolved in ddH,O. TEM was performed at 0 h and the samples
were then incubated at 37°C with no shaking for 24 h. TEM micrographs of both
pretreatment methods were also captured at 24 h. The samples were further incubated

for 6 d to assay cytotoxicity.

2.13 DATABASES USED

The Candida genome database (CGD) was accessed for identification of gene
ontology (GO) term finder, open reading frame (ORF) retrieval and analysis. Gene
lists were queried using GO term finder and a phylogeny tree was created using this
database for homology analysis of the putative folate transporter in C. glabrata CBS

138 (CAGLOMO08426g), C. albicans SC5314 (0rf19.6976).

The S. cerevisiae genome database (SGD, ver. 1.8.1) was accessed to gather

information on the biological characteristics related to genes of interests using GO
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term finder, identification and sequence retrieval (Cherry et al., 2012). The National
Centre for Biotechnology Information (NCBI) website was used to access the Protein
database and Nucleotide database. Genes and proteins were retrieved using BLAST
(basic local alignment search tool) tool and ClustalW was performed for multiple
sequence alignment of the putative folate transporter genes in human (Homo sapiens)

and yeast (Candida and S. cerevisiae) (Altschul et al., 1990).

2.14 STATISTICAL ANALYSIS

All samples were analysed in triplicate and experiments were repeated to ensure their
reproducibility. Graphs were made using Microsoft Office Excel 2010 software and
data was analysed using PRISM 5 version 5.04 (GraphPad Software, Inc., La Jolla,
CA, USA). All data have been presented as mean + SEM. Significant differences
were compared using unpaired Student’s t-test and one-way ANOVA with either
Bonferroni's or Tukey’s post hoc analysis. Significant differences are indicated by
asterisk (*) and the corresponding p-values for the data are given in the text. A p-

value of <0.05 was deemed as significant.
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3 CHAPTER 3: CELL DIVISION AND PROLIFERATION
ANALYSIS IN C. GLABRATA AND S. CEREVISIAE AND
CHARACTERISATION OF THE FOLATE TRANSPORTER
GENE

3.1 INTRODUCTION

Folic acid (vitamin B9) is an essential water soluble vitamin that is critical for the
growth of all cells. It is a cofactor in one-carbon metabolism for DNA, RNA and
amino acid synthesis as well as promoting the re-methylation of homocysteine
(Bailey and Gregory, 1999; Crider et al., 2012). Folate deficiency has also been
proposed as a risk factor for development of Alzheimer’s disease (AD) (Kim, 2003;
Quadri et al., 2004; Ravaglia et al., 2005; Kim et al., 2008; Wang et al., 2011).
Humans are not able to produce their daily folate requirements and rely on exogenous

sources of folate.

The effect of this water soluble vitamin on cell division has been well established
(Bailey and Gregory, 1999; Kruman et al., 2002; Frits, 2005; Mason and Kim, 2010;
Crider et al., 2012). Folate receptors and carrier-mediated transporters enable cellular
import of folate and antifolates such as methotrexate (MTX) as well as cellular export
(reviewed by Antony, 1992, 1996; Muller and Schibli, 2013). Adequate amounts of
folate intake ensure normal development of the nervous system, regulating
programmed cell death and neurogenesis (Mattson and Shea, 2003; Morris, 2003;
Sezgin and Dincer, 2014). Folate supplementation has been shown to be chemo-
protective in AD (Faux et al., 2011), however the mechanism of folate protection in

AD remains unclear. It has been reported however that folate supplementation leads
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to greater retention of grey matter and a reduction in the levels of the toxic amyloid

beta (AP) peptide (Erickson et al., 2008; Douaud et al., 2013).

Folic acid is a natural substrate for dihydrofolate reductase (DHFR) which initiates
the synthesis of dihydrofolate (DHF) and then is further reduced to tetrahydrofolate
(THF) (Yao et al., 1996; Fowler, 2001; Whitehead, 2006). THF itself is essential for
the synthesis of deoxythymidine monophosphate (dTMP). Folinic acid (Leucovorin)
shares similar molecular structure with folic acid but unlike folic acid it does not
require the reduction by the enzymes within the cells (Halsted, 1991). Folic acid
enters the cells mainly through transmembrane folate receptors (FR) while folinic
acid uptake occurs through active transport mediated by the reduced folate carriers
(RFC) (Prasad et al., 1994; Antony, 1996). This is illustrated in figure 3-1 which
shows differences in folic acid and folinic acid cellular uptake. MTX on the other
hand is an antineoplastic antimetabolite and structurally very similar to folic acid but
is a potent inhibitor of DHFR and thymidine synthesis. MTX activates 5-
methyltetrahydrofolae (5-CHs-THF) related enzymes such as thymidylate synthetase
(TYMS) which ultimately leads to homocysteine elevation (Figure 3-1) (Owen et al.,
2013). MTX enters cells primarily via the RFC similar to folinic acid, whereas the
efflux of MTX across the cell membrane is mediated by various ABC transporters.
Within the cell, MTX undergo polyglutamation, similar to folic acid by
folypolyglutamate synthetase (FPGS) enzyme (Figure 3-1) (Vickers et al., 1985; Rots
et al., 1999; Yanagimachi et al., 2011). MTX is an effective antifolate due to its

capacity to inhibit cell growth.
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Figure 3-1 Schematic illustration of folic acid, folinic acid and methotrexate

uptake by cells in humans.

Mammalian cells do not synthesize folate and must obtain it through diet, utilising
receptors and transporters to deliver folates (folic acid and folinic acid) into cells
(Wright et al., 2007). Plants and microbes synthesise folates de novo and therefore
have no need for folate uptake and for folate transporters and receptors (Swarbrick et

al., 2008). In Saccharomyces cerevisiae disruption of genes involved in folate

63



Chapter Three

synthesis is lethal, unless folates, or methionine, adenine, histidine and thymidine
monophosphate are provided (Bayly and Macreadie, 2002). Microbial models have
been important in providing fundamental information about human health and
disease, yet insights into folate uptake have not occurred in microbial models due to a

perception that they are irrelevant, since they do not rely on exogenous folates.

Many yeast cells in the absence of mitotic stimulating environmental signals leave the
cell cycle and exist in a state of quiescence. They remain in this state, until a time
when nutrients reach their environment. These nutrients then supply the needs for
cell division. In the case of higher eukaryotes, the cells cycle arrest results in
senescence which is triggered by a multitude of stresses (Sikora et al., 2011). Some of
the molecular events that impact chronological life span in budding yeast likely
mimic events in post-mitotic cells in higher eukaryotes (McMurray and Gottschling,
2004). In the case of AD, senescence and unscheduled entry into the cell cycle
(Yang et al., 2001; Yang et al., 2006; Sikora et al., 2011) leads to neuronal cell death
and is a likely cause of AD (Herrup et al., 2004). Therefore, targeting cell cycle re-

entry may provide opportunities for future therapeutic interventions.

In this chapter the effects of exogenous folates (folic acid and folinic acid) and
antifolate (MTX) on yeast are investigated as yeast can be extensively manipulated in
terms of their environment and their genes. For example, yeast can be maintained for
long periods in a quiescent state simply by holding them in an aqueous suspension.
Analyses are done in both S. cerevisiae and Candida glabrata to identify any

differences in the effect of folate uptake between the two species. Both folic acid and
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folinic acid were investigated to determine whether similar to humans or if different
modes of transport are used across the cell membrane in yeast. Analysis of MTX was
done on WT S. cerevisiae and an auxotrophic mutant strain (EHY1) in which the
FOLL1 gene has been disrupted (responsible for encoding dihydropteroate synthetase).
In the absence of folate synthesis, strain EHY1 requires the pathway end products
methionine, adenine, histidine, and dTMP (MAHT) (Meneau et al., 2004).
Additionally, the role of the putative folate transporter gene (YJL163C) (Cherry et al.,
2012), which 1 have named FOLT in the cellular entry and mechanism of
proliferation is studied. The folate transporter gene is a part of a major facilitator
superfamily (MFS) which is one of the two largest membrane transporters in
eukaryotes and some prokaryotes (Gaur et al., 2008). The entry of folic acid, folinic
acid, MTX and AP4, in a wild-type, deletant strain (YJL163C4), and a strain
overexpressing Foltp are compared. All S. cerevisiae (EHY1, YJL163CA and

BY4743) that are used in this chapter are derived from the S288C reference stain.

3.2 AIMS

1) Investigate the effect of folate as a stimulator of cell division in a yeast model

2) ldentify differences in the effect of folate on C. glabrata and S. cerevisiae

3) Examine the role of the putative folate transporter and its function in the
extracellular folate and folinic acid uptake

4) Determine the effect of the age of cells on cell division and susceptibility to

toxicity of extracellular A4, peptide
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3.3 MATERIALS AND METHODS

Candida glabrata (ATCC9003) and Saccharomyces cerevisiae (BY4743) (Section
2.2.1) were grown to exponential and stationary phase according to Section 2.3.1. In
order to investigate the effect of age of cells on their survival with any treatment,
stationary phase cells were fractionated into quiescent and non-quiescent populations
as described in Section 2.3.2. Stationary phase C. glabrata cells were incubated with
folic acid and folinic acid as described in Section 2.3.6. Morphological changes were
studied using bright field microscopy (Section 2.11.2) and viability was estimated by

obtaining colony forming units as described in Section 2.3.3.

Yeast cells are capable of producing folate naturally but the FOL1 deficient strain
(EHY1) relies on an exogenous source of folate. Therefore, in some experiments the
EHY1 strain which relies on an exogenous source of folate has been utilised. The
effects of folic acid, folinic acid and, MTX treatment on the WT S. cerevisiae
(Section 2.3.7) were compared with the EHY1 strain qualitatively using spot assays
as described in Section 2.3.4. Bud scars were stained with Calcofluor White dye
according to Section 2.11.5. The fluorescent intensity associated with calcofluor was
quantified using flow cytometry as described in Section 2.6.1. The generated flow

cytometry data were analysed by Weasel® (WEHI) software.

The role of the putative folate transporter gene (YJL163C) in S. cerevisiae was
studied by cloning and overexpression of the gene and comparisons with the null-
mutant and WT strain in folate uptake. This transporter gene consisting of 1668 bp

was amplified by PCR from the genomic DNA sequence of S. cerevisiae S288C. This
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was done using the oligonucleotide primer set (5°-3”)
GCGCGCGAAGCTTATGTCAAACGAGGATGAAACA and (5°-3%)
GCTGGACGGGCCTTAACTCGAGCG by creating unique Hindlll and Xhol
restriction sites (underlined) for the PCR product (Section 2.4.3 and Section 2.4.4).
The PCR product was then cloned into the p416.GPD plasmid with a URA3
selectable marker as described in Section 2.4.7. The homozygous deletant mutant
strain (YJL163CA) was obtained from the EUROSCAREF collection for study of the
putative folate transporter. The WT S. cerevisiae BY4743 strain, YJL163C4 and a
BY 4743 strain overexpressing Foltp were screened in order to determine the effect of
folic acid uptake in the presence and absence of the transporter gene as described in
section 2.3.8. Cells incubated in the presence of folic acid were stained with DAPI to
reveal DNA (Section 2.11.4). Imaging of nuclease and sporulation were captured by

an epifluorescent microscope as described in Section 2.11.3.

The effect of the folate transporter gene in the cellular uptake and sensitivity to the
effect of AP4, peptide was also investigated. Ammonium hydroxide (NH4OH) and
HFIP pretreated A4, were used for this assay and were prepared as described in
Section 2.7.1 and Section 2.7.2 respectively. S. cerevisiae cells overexpressing Foltp
were compared with WT and YJL163C4 for their susceptibility with these pretreated

A4 peptides as described in Section 2.7.4.
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3.4 RESULTS

3.4.1 Effect of folic acid and folinic acid on the morphology of stationary phase

C. glabrata

Stationary phase C. glabrata cultures were examined by microscopy periodically
during 10 days after treatment with 100 uM of folic acid and folinic acid. Before
treatment the population consisted of over 90% unbudded cells and approximately
10% budded cells (Figure 3-2). After 24 h incubation in water, most cells grew at
least one bud, while folic acid and folinic acid treated cells showed an ability to form
multiple buds (Figure 3-2). Some treated cells grew three or four buds, while without
folate the budding did not increase. Interestingly, both axial and bipolar forms of
budding were viewed in the presence of treatments. Although some cells in the
control samples had more than one bud the number of budding cells was much lower
than those of the treated samples. After prolonged incubation (192 h) in water these
yeast cells became larger and more transparent. Cells also seemed to adhere (240 h)

and became larger and more elongated as the incubation continued (Figure 3-2).
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Figure 3-2 Microscopic images of C. glabrata in the presence of folic acid and
folinic acid. C. glabrata cells treated with 100 uM of folic acid or folinic acid were
compared to the control periodically over 10 d. (Scale bar = 10 pm).

3.4.2 Effect of folic acid and folinic acid on the viability of stationary phase C.
glabrata

When C. glabrata cells (10° cells/ ml) were grown to stationary phase and then
suspended in water for one to ten days their numbers, judged by plating out to
determine colony forming units, remained relatively constant over the entire period.
Addition of folic acid and folinic acid solutions however caused a significant increase
in the number of CFUs in the first 24 h (Figure 3-3A, B). Treatments with 10 uM (p
<0.05) and 100 puM folic acid (p <0.005) (Figure 3-3A) or 100 uM (p <0.005) and

1000 pM (p <0.01) concentrations of folinic acid (Figure 3-2B) led to significant
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increases in CFUs. The effect on cell proliferation by folates was limited to stationary
phase cells and no effect was detected on cells growing in exponential phase (data not

shown).

After separating the two distinct populations of quiescent and non-quiescent
stationary phase cells by density gradient centrifugation, each population was treated
with folic acid or folinic acid. The effect of folates to induce cell proliferation was
limited to quiescent cells with significant increase in the number of cells in the
presence of 100 uM of folic acid (p < 0.01) and folinic acid (p < 0.05) (Figure 3-3C).
A non-quiescent sub-fraction of cells did not behave similarly. In fact, in the presence
of treatments their viability seemed to be reduced in particular with 100 uM of either

folic acid (p < 0.005) or folinic acid (p < 0.01) (Figure 3-3D).
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Figure 3-3 Survival of C. glabrata in the presence of folic acid and folinic acid. C.
glabrata (10°cells/ ml) were incubated in the presence of folic acid (A) and folinic
acid (B) overnight at 30°C. Viability was estimated by determination of CFUs. The
viability of quiescent (C) and non-quiescent (D) fractions of C. glabrata in the
presence of 10 uM and 100 uM of folic acid and folinic acid are shown. (* p < 0.05,
**p <0.01, ***p < 0.005). All data are expressed as mean + SEM.

3.4.3 Calcofluor fluorescence intensity of bud scars increases in the presence of
folic acid and folinic acid

Calcofluor white staining of bud scars in the stationary phase C. glabrata (Figure 3-
4A) revealed an increase in the fluorescence intensity in the presence of folic acid and
folinic acid in a dose response manner compared with the control (Figure 3-4A).

These results further support observations from both microscopy (Section 3.4.1) and
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plate counts (Section 3.4.2) which showed an increase in the number of cells and
particularly the multi-budded cells. The fluorescence intensity increased by 41.4%
(p< 0.005), 24.8% (p< 0.01) and 19.0% (p< 0.05) in samples (10° cells/ ml) treated
with 1000, 100 and 10 uM of folic acid respectively compared with control (15.6%)
(Figure 3-4A). Folinic acid also increased the fluorescent intensity of the cells but to
a lesser level compared with the folic acid (26.8%, 21.0% and 19.0% ) respectively,
further indicating the existence of multiple bud formation and the presence of high

level of chitin on the surface of the yeast cells.

Three distinct populations were observed in the untreated stationary phase C.
glabrata cells (Figure 3-4B). The least stained cells are newly budded cells, and the
more highly stained cells have one or more bud scars. It can be seen that treatment
with folic or folinic acid led to an increased proportion of the populations with one or
more bud scars. Yeast that naturally exhaust the glucose from their environment have
been found previously to differentiate into three distinct cell types distinguished by
flow cytometry (Li et al., 2013). In the presence of folic acid and folinic acid,
however, there was a shift in the level of these populations. In the presence of 1000
UM folinic acid the C. glabrata cells formed a very distinct population whereas folic

acid caused a merge in the population (Figure 3-4B).
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Figure 3-4 Calcofluor staining of the bud scars in stationary phase C. glabrata.
Cells were incubated in the presence of 1000 puM, 100 pM, and 10 pM folic acid
folic and folinic acid, analysed by flow cytometry (A). Intensity of the fluorescence in
each sample was analysed by averaging the results from three independent
experiments. Population analysis of C. glabrata cells treated with 1000 uM of folic
acid and folinic acid, compared with control and unstained sample (B) (Scale bar = 10
pm). (*** p <0.005, ** p < 0.01,* p < 0.05).
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3.4.4 Viability curve of stationary phase C. glabrata cells in the presence of folic
acid after prolonged incubation and effect of introducing nutrients

Growth and viability of stationary phase samples suspended in water in the presence
or absence of 100 uM folic acid were measured and compared with untreated control
samples (Figure 3-4A). The doubling effect of folic acid treatment mainly occurred in
the first 48 h (Figure 3-4A). Interestingly there was fluctuation in the growth and
viability of both treated and control samples indicating that perhaps at any time only a
certain phenotype population is capable of forming colonies. A significantly higher
number of viable cells were detected in the folic acid samples (p< 0.01) compared

with control after 10 d of incubation in water (Figure 3-5A).

When the 10 d starved stationary phase cultures of untreated and folic acid treated
cells were introduced into fresh YEPD broth, the cells started budding synchronously
and re-entered mitosis after 2 h (Figure 3-5B) similar to previous observations (Allen
et al., 2006; Li et al., 2009). No differences in the viability between the folic acid
treated cells and control were found. This viability however was reduced after
overnight incubation and the number of cells became very similar to those at the 0 h

(Figure 3-5B).
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Figure 3-5 Growth of stationary phase C. glabrata in the presence and absence of
folic acid. Growth and viability of stationary phase sample suspended in water in the
presence or absence of 100 uM folic acid compared with untreated control sample
over a period of 10 days (A). Effect of introducing YEPD media to 10 d old starved
C. glabrata culture treated with 100 uM folic acid compared with untreated sample
measured by CFUs determination after 2, 4, 6 and 24 h incubation in the media (B).
Viability was measured by the ability of the cells to form colonies on YEPD solid
media. (* p <0.05, ** p <0.01, ***p < 0.005, ****p < 0.001). All data are expressed
as mean + SEM.
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3.4.5 Survival of wild-type S. cerevisiae and EHY1 strain in the presence of
folic acid and folinic acid with or without addition of MTX

In order to study the effect of folic acid and folinic acid on the survival of S.
cerevisiae, the EHY1 strain was used which relies on an exogenous source of folate
for survival and compared with the WT strain. The folic acid and folinic acid were
added to the YEPD solid media to a final concentration of 50 uM, and 100 uM. 10-
fold serial dilutions of cell suspensions were transferred using a multipronged
inoculator onto the YEPD agar plates and examined qualitatively. Comparison of the
colonies spotted on the media revealed that folinic acid caused a small increase in
colony size in BY4743 compared with the folic acid treated samples (Figure 3-6).
Addition of MTX to a final concentration of 1 pg/ ml (equivalent of 2 uM) and 2 pg/
ml (4 uM) into the solid media also resulted in more growth into the fifth row.
Simultaneous treatment with MTX, folic acid and folinic acid resulted in larger
colonies (Figure 3-6). The EHY1 strain was only able to grow in the presence of folic
acid and folinic acid, while MTX was inhibitory. EHY1 showed more profound
growth in the presence of folinic acid and the growth increased in a dose dependent
manner (Figure 3-6). Absence of FOL1 gene has been shown previously to confer
susceptibility to MTX in the mutant strain (Cherry et al., 2012; Hoepfner et al., 2014).
Interestingly, MTX inhibited the survival of EHY1 cells even in the presence of the
highest concentration of folic acid as no growth was detected on the agar (Figure 3-
6). Addition of folinic acid however, restored the inhibitory effect with both

concentrations of MTX (Figure 3-6).
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Figure 3-6 Survival of the BY4743 and EHY1 in the presence of folic acid and
folinic acid with or without addition of MTX. In order to determine the effect of
folic acid and folinic acid on the survival of stationary phase S. cerevisiae, cells were
grown into stationary phase and resuspended in dilution series in H,O. The folate
treatments were added into the YEPD solid media to final concentration of 50 uM
and 100 uM with or without 1 or 2 pg per ml of MTX.
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3.4.6 Viability assessment of the wild-type S. cerevisiae in the presence of
folinic acid and MTX

Analysis of results from Section 3.4.4, implied that the cellular uptake mechanism of
folic acid and MTX might be different to that of folinic acid. Therefore, the effect of
folinic acid and MTX individually or in combination on the growth of stationary
phase BY4743 cells was investigated after incubation of cells with 10 pM, 100 pM,
and 1000 pM of either folinic acid or MTX or in combination for 24 h. Analysis of
the data showed that MTX significantly increased the viability with every
concentration (p< 0.001) (Figure 3-7 A). Folinic acid was more effective at the
highest concentration of 1000 uM which significantly increased the survival of the

cells (p< 0.05) (Figure 3-7A).

The effect of MTX on the BY4743 cells when combined with folinic acid was very
different. At a concentration of 1000 uM of MTX combined with 100 uM (p <0.001)
and 10 uM (p <0.005) folinic acid, there was a significant reduction in the survival
compared with 1000 uM of MTX treatment alone (Figure 3-7B). A combination of
100 uM MTX with 10 uM (p <0.01), 100 uM (p <0.001) and 1000 uM (p <0.01) of
folinic acid however resulted in higher viability of the cells compared with the control
(Figure 3-7C). MTX at the lowest concentration of 10 uM in combination with 1000
uM (p <0.001), 100 uM (p <0.001) and 10 uM (p <0.05) of folinic acid resulted in the
highest percentage of viability compared with the control and MTX treatment alone

(p <0.01) (Figure 3-7D).
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Figure 3-7 Growth and viability of BY4743 in the presence of MTX and folinic
acid. Stationary phase yeast cells were resuspended in water and then were treated
with 10 uM, 100 uM, and 1000 pM of either folinic acid or MTX (A). Combinations
of 1000 uM folinic acid with 10-1000 uM of MTX (B), 100 uM folinic acid with 10-
1000 uM of MTX (C), and 10 uM folinic acid with 10-1000 uM of MTX (D) were
compared with control samples. (* p < 0.05, ** p < 0.01, ***p < 0.005, ****p <
0.001). a: indicates significant differences between MTX and other treatments. All
data are expressed as mean + SEM.

3.4.7 Homology assessment of CAGLOMO08426g and YJL163C gene and its

similarity to the human folate transporter gene
The putative folate transporter is a predicted major facilitator superfamily (MFS)
membrane transporter. Since exogenous folic acid and folinic acid induce cell
proliferation, this suggests an effect of folates on the cell cycle, possibly through a
cell surface receptor and thus allows signalling which enables cell division processes
to commence. The effects of folate on yeast then may indicate the presence of a

specific transporter for folate. A search for analogs of human folate transporters was
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performed using BLASTP analyses (Altschul et al., 1990). A strong lead was
obtained using a transporter that was initially thought to be a heme transporter but
more recently was identified to play a role in folate transport (Zhao et al., 2009; Shin
et al., 2012). The comparison of its sequence compared with counterparts in C.
glabrata and S. cerevisiae is shown in Figure 3-8A. It is apparent that this protein
has counterparts in all yeasts, however, the null mutants have no remarkable
phenotype and until now the function of the protein has remained unknown.
Although, the YJL163C only shares 22% sequence similarity with the human proton
coupled folate transporter isoform 1 (SLC46Al) (Zhao et al., 2009), it was
hypothesised that folic acid and MTX might be targeting this transporter for entry
into the EHY1 cells. The phylogeny tree for identification of the homology of
putative folate transporter in C. glabrata CBS 138 (CAGLOMO08426g), C. albicans
SC5314 (0rf19.6976) and S. cerevisiae S288C (YJL163C) species indicated that S.

cerevisiae and C. glabrata to be closely rooted (Figure 3-8B).
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Figure 3-8 Homology assessment of putative folate transporter. (A) Multiple
sequence alignment of yeast putative folate transporter and Homo sapiens proton
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coupled folate transporter/ heme carrier protein 1 (PCFT/HCP1). The human proton
coupled folate transporter isoform 1 (SLC46A1) is aligned with C. glabrata
(CAGLOMO08426g), S. cerevisiae (YJL163C), C. albicans (orf19.6976) putative
folate transporter using ClustalW multiple sequence alignment. The identical residues
are highlighted in yellow, conservation of strong groups is shown in blue and other
conservations are coloured in grey. Asterisk (*) and period (.) indicate perfectly
conserved and well conserved positions, respectively. (B) Phylogeny tree for
homology analysis of putative folate transporter in C. glabrata CBS 138
(CAGLOMO08426g), C. albicans SC5314 (orf19.6976) and S. cerevisiae S288C
(YJL163C) species. C. albicans sequence was used as a reference sequence.

3.4.8 Induction of cell division by methotrexate in the presence, absence and

overexpressed folate transporter gene in S. cerevisiae
The folate transporter gene was cloned into a p416.GPD plasmid and was used to
over express the Foltp in the EHY1 strain. Analysis of the effect of folic acid and
folinic acid in the presence and absence of 1 pg/ ml (2 uM) of MTX were done in the
EHY1 strain transformed with the overexpressed gene (p416.GPD and FOLT) and
empty vector (p416.GPD). Analysis of plates after 48 h incubation showed MTX to
be inhibitory while 25 uM of folinic acid contributed to survival (Figure 3-9).
Transformation of the EHY1 strain (which relies on the exogenous source of folate
for survival) with the FOLT gene increased its viability slightly in the presence of 25
uM folinic acid compared with the EHY1 and empty vector (Figure 3-9). Addition of
1 pg/ ml MTX inhibited the growth of EHY1 transformed with the FOLT gene,
further indicating that it does not play a role in folinic acid uptake (Figure 3-9). The
survival of YJL163C4 mutant strain which was expected to be affected by MTX and

folinic acid was not found to play a role in sensitivity to MTX (Figure 3-9)
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Figure 3-9 Spot assay analysis of S. cerevisiae EHY1 strain transformed with
empty vector (p416.GPD) and FOLT gene insert, compared with the YJL163CA.
Chemicals were added to YNB plates and exponentially growing yeast cells were
spotted on each plate (A). 1 pg/ ml MTX and 100 uM folinic acid were added alone
or in combination.

3.4.9 Folate uptake in S. cerevisiae in the presence and absence of the folate

transporter gene
The uptake of folic acid, which has an intense yellow colour, was examined using
fluorescent microscopy in various S. cerevisiae transformants. Microscopic analysis
of the WT S. cerevisiae, a putative folate transporter mutant (YJL163C4) and
BY4743 overexpressing the Foltp treated with folic acid revealed the uptake of folic
acid into the cells (Figure 3-10A). After 24 h incubation of the wild-type, YJL163C4
deletant and Foltp overexpression strain with 100 puM folate, intense yellow
fluorescence was observed indicative of folic acid localised within various organelles
of the yeast cells (Figure 3-10B). Folic acid has been taken up by all of the cells
regardless of presence or absence of the folate transporter gene, indicating that

another mechanism is probably involved in the folate uptake and entry.
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Figure 3-10 Microscopic images of folic acid uptake by BY4743, YJL163CA and
Foltp overexpressed yeast cells. Comparison between the strains for folic acid
uptake is shown (A). DAPI has been added to cells for visualisation of the DNA and
Calcofluor for bud scar labelling. Top panel shows DAPI whereas the lower panel is
bright field images (DIC), (Scale bar = 10 um). Folic acid has a yellow colour which
can be visualised under fluorescent microscope as yellow-green pigments inside the
cells (B). Arrows indicate the location of the folic acid within the cells.
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Transformants of S. cerevisiae (BY4743) with the plasmid encoding the folate
transporter gene were incubated in the presence of 100 uM folic acid for 48 h. After
24 h incubation, meiosis events in the mutant strain, FOLT overexpression and the
WT were observed and captured by time-lapse photomicroscopy. The first meiotic
division and telomere clustering is shown by time lapse images in Figure 3-11A. The
microscopy imaging also revealed the presence of spores in the suspension and after
further incubation the number of spores increased (Figure 3-11B). Although the
sporulation was viewed in all strains, an aberrant sporulation was detected in the
presence of folate transporter overexpression (Foltp) (Figure 3-11B). This aberrant
sporulation in the Foltp strain also increased over the time with numbers increasing
after 48 h incubation (Figure 3-11B). Observation of asci indicated presence of three

visible spores with triad arrangement within the ascus (Figure 3-11B).
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A

Oh 24 h

Figure 3-11 Microscopic imaging of the S. cerevisiae overexpressing the Foltp
gene revealed an induction of sporulation in the presence of folate. Time lapse
images of telomere clustering and movement during first meiotic division viewed in
all tested strains (A). The number of spores increased over time (B). Cells have been
treated with DAPI and Calcofluor white and samples were visualised under the
fluorescent microscope UV filter at 0, 24 and 48 h after incubation in water and 100

uM of folic acid. (Scale bar= 10 pum)
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3.4.10 Effect of extracellular added synthetic Aps, on wild-type, mutant
(YJL163CA) and over expressed FOLT in S. cerevisiae

Chemically-synthesised AP4, was pretreated with either HFIP or NH,OH prior to
dissolution in H,O (pretreatment of APs, peptide is explained in Chapter 4).
Exponentially growing cells of BY4743, deletant strain of YJL163C4 and
overexpression Foltp were resuspended in H,O and treated with 2 uM of chemically-
synthesised APs,. Analysis of the results showed that NH,OH pretreated AP,
significantly increased the proliferation after 24 h in all three strains (p < 0.005)
(Figure 3-12A). The HFIP pretreated A4, on the other hand was toxic to all tested
strains and significantly contributed to the loss of viability compared with the control
samples (p <0.001) (Figure 3-12B). This analysis does not support a role for the
transporter gene in the entry of the A4, peptide as all three strains resulted in similar

outcome in the presence of HFIP or NH,OH pretreated AP, peptide.
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Figure 3-12 Role of putative folate transporter gene (YJL163C) in the cellular
uptake of ABs, peptide. Exponentially growing WT (BY4743) transformed with
p416.GPD vector, YJL163C4 and BY4743 overexpressing Foltp yeast were used to
compare effect of exogenous peptide on the cell proliferation level. The A4, peptide
was pretreated using two distinct methods of HFIP and NH,OH (2 uM). Viability of
the cells was estimated by the ability of the cells to grow on YEPD media and was
estimated as a percentage of the control samples. (***p< 0.005, ****p< 0.001). All
data are expressed as mean + SEM.
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3.5 DISCUSSION

Alzheimer’s disease (AD) is an aging disease which can be studied in yeast, a simple
eukaryote that enables the study of the cell chronological lifespan. In the nutrient-
depleted and non-dividing state, budding yeast cells reflect similar features to post-
mitotic differentiated cells in aging of higher eukaryotes (Fabrizio and Longo, 2003,
Buttner et al., 2008; Braun et al., 2010). Many studies of DNA replication and
checkpoints have also used budding yeast as a model organism. This is not however
surprising as cyclin dependant kinases (CDKSs) were first identified in Saccharomyces
cerevisiae (Hartwell et al., 1970). It has been reported that unscheduled cell division
due to atypical mitotic activation in neurons undergoing degeneration in AD leads to
nerve cell death in the central nervous system (CNS) (Ding et al., 2000; Herrup et al.,
2004; McShea et al., 2007). Further, Cdc25A tyrosine phosphatase which plays a key
role in cell-cycle progression, is absent from terminally differentiated healthy adult
neurons, yet activated in the brain of AD sufferers (Ding et al., 2000). The cell cycle
events in non-dividing cells in AD reportedly can be activated by amyloid precursor
protein (APP) signalling, AP peptide and oxidative damage due to accumulation of

reactive oxygen species (ROS) (Herrup et al., 2004; Yang et al., 2006; Nagy, 2007).

The critical role of folic acid in the CNS is illustrated by its importance in preventing
maternal neural tube defects (Boot et al., 2003; Mayanil et al., 2011; Yu et al.,
2014b). Folic acid intake is well known to induce proliferation and differentiation of
the neural crest stem cells (Mayanil et al., 2011). Folic acid deficiency in APP mutant
mice resulted in impaired DNA repair in hippocampal neurons which ultimately
sensitised them to the toxicity of APs; (Kruman et al., 2002). Therefore, it is

hypothesised that intake of methotrexate (MTX) antifolate drug for prevention of
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other diseases can have a detrimental effect on neural cells and exacerbate the effect

of AD.

3.5.1 Aberrant proliferation induced by folates in C. glabrata

Both folic acid and folinic acid were shown in this chapter to result in increased cell
numbers and DNA synthesis in C. glabrata apparent by the presence of multiple buds
on cells. Increased bud formation in C. glabrata resistant to fluconazole has been
reported previously (Samaranayake et al., 2013). One explanation for this observation
of multiple bud formation in C. glabrata cells is that cells are responding to stress in a
way that signals survival. Moreover, this aberrant proliferation would allow biofilm
formation which ultimately contributes to the survival of cells. In neuronal cells,
aberrant cell proliferation leads to neurodegeneration (reviewed by Bonda et al.,
2010) (Figure 3-13). The aberrant proliferation in C. glabrata was limited to
stationary phase cells. Similar to previous findings reported by Paz and Choder
(2001), the outcome of the current study suggests that regulation of gene expression
in yeast varies during stationary phase of the growth cycle compared to that of the

exponential phase.

Accumulation of oxidative stress has been found to cause cell cycle misregulation,
with ROS inducing DNA damage in a dose dependent manner (Burdon, 1995; Day
and Suzuki, 2005). Further, high dosage of oxidants such as H,O, and other
peroxidases were found to be toxic and cause cell cycle arrest, but in low doses they
have been associated with proliferation and survival (D'Souza et al., 1993; Burdon et

al., 1996). This suggests that below toxic levels, chemicals that induce ROS can serve
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as a signalling molecule (Figure 3-13) (Day and Suzuki, 2005). Therefore, the
aberrant proliferation shown by stationary phase cells in this chapter is similar to that
reportedly seen in neuronal cells that are susceptible to moderate insults. Further, cell
death eventuates as a result of ROS accumulation (Herrup et al., 2004). Wirth et al.
(2004) have shown that loss of the anaphase promoting complex (APC) in quiescent
cells is also a major contributor to unscheduled cell division, even in the absence of
proliferative stimuli. Although the lack of APC has not been investigated in the
current study, it could be an explanation for the aberrant proliferation that was

observed in quiescent cells.
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Figure 3-13 Type of insult that can lead to DNA replication and ultimately
neuronal death. Susceptible neurons (A) in the presence of severe insults suffer from
extensive DNA damage and die without any de novo DNA synthesis. In less
vulnerable neurons (B) exposed to other types of insults such as Ap and mild ROS, de
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novo DNA synthesis becomes essential for neuronal death. Adapted from Herrup et
al. (2004).

Based on evolutionary biology a population can optimise its fitness in fluctuating
environments. This was shown by the results of the current study when the number of
cells fluctuated over the 10 d incubation in the absence of nutrients. This fluctuation
might be due to stochastic switching which is indicated by the data that shows at any
time point, only one particular phenotype is able to survive and re-generate (Minois et
al., 2009). Cells in stationary phase are found to be well equipped for survival and
have some reserves for growth which enables them to survive prolonged periods in
the absence of nutrients (Werner-Washburne et al., 1993; De Virgilio, 2012). This
was demonstrated by observations in the current study that such cells can double
without need for additional exogenous nutrients. Previous studies on S. cerevisiae
have also shown that the level of intracellular carbohydrate increases during
stationary phase but this increase in intracellular storage does not correlate with long
term viability of the cells (Slaughter and Nomura, 1992; Werner-Washburne et al.,
1993). As the effect of folate appears to be limited to stationary phase cultures this
further confirms that regulation of gene expression in yeast is different during the
stationary phase of the growth cycle compared to that of the early exponential phase
(Paz and Choder, 2001). An experiment by Hjortmo et al. (2008) reported high folate
content in yeast during the exponential phase which seems to be related to
requirements for DNA replication, mMRNA and protein synthesis that is highest in
exponential phase compared to stationary. Also, consistent with previous
observations on the plasticity of death rate in stationary phase, data from the current

study showed that at any time point only a certain number of cells are able to exit
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stationary phase and form a colony (Granot and Snyder, 1993). This was evidenced
when the 10 d treated cells were introduced to nutrient rich media; the cell viability
was similar to the untreated control after 24 h incubation. Granot and Snyder (1993)
similarly found that glucose was capable of inducing the cell cycle in S. cerevisiae
suspended in water, however, this was associated with a loss of viability. The data
presented in this chapter also indicated that proliferation was more prevalent in
quiescent cells whereas the non-quiescent cells, which consisted of older mother
cells, lost their viability in the presence of folate. This result can be explained when
the findings by Gray et al. (2004) are considered as they showed the presence of
premature spindle pole bodies (SPB) and accumulation of higher levels of ROS in

non-quiescent cells which consequently increases their susceptibility to any change.

Folate treated stationary phase cells were analysed by flow cytometry. Flow
cytometry data showed the presence of three distinct cell types similar to the previous
findings of Li et al. (2009). These populations were the small daughter cells that are
arrested in G1 phase, mother cells that failed G1 arrest and larger daughter cells.
Daughter cells have been found to predominate in quiescent cell populations and arise
through asymmetric cell division when nutrients become exhausted (Castelli et al.,
2011; McFaline-Figueroa et al., 2011). Quiescent cells are also associated with more
resistance to change due to modified cell walls and the presence of specific mMRNA-
binding proteins (e.g. Mpt5) which deliver mRNAs to P-bodies and accumulatively
contribute to cell longevity (Brengues et al., 2005; Brengues and Parker, 2007; Li et
al., 2009; Klosinska et al., 2011). Similarly, the folate treated samples resulted in
higher levels of daughter cells which could explain the increase in the viability of

folate treated samples compared to the untreated control.

94



Chapter Three

Bud formation is an event of the yeast cell division cycle. A distinguishable budding
pattern in stationary C. glabrata induced by folic acid and folinic acid was also noted
in the microscopic analysis in the current study. C. glabrata normally exhibits only
an axial budding pattern but both folic acid and folinic acid induced both axial and
bipolar forms of budding (Sinnott et al., 1987; Fidel et al., 1999). It is known that the
yeast actin cytoskeleton is responsible for polarized budding growth during the cell
cycle (Pruyne and Bretscher, 2000). In haploid cells however the absence of sugar
has been reported to cause bud switching from axial to a unipolar-distal budding
pattern (Paz and Choder, 2001; Cullen and Sprague, 2002). A search of the literature
failed to find any reports that have shown the appearance of three to four buds on
cells deprived of nutrients whilst in stationary phase. Early studies of bud selection
have revealed that when starved cells are fed again, their next bud forms in a novel
site (Cullen and Sprague, 2002). Aberrant mitosis however, has been reported in
fission yeast Schizosaccharomyces pombe temperature sensitive mutants (cuté and
Isdl) defective of fatty acid synthetase and acetyl CoA carboxylase (Saitoh et al.,
1996). Therefore, an adequate amount of fatty acid has been proposed to be required
for the successful separation of mother and daughter cells and may suggest why

multiple buds were observed in the C. glabrata cells in the absence of nutrients.
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3.5.2 Folate causes aberrant sporulation in S. cerevisiae particularly in the
presence of FOLT overexpression

In the current study, BY4743 S. cerevisiae was found to be resistant to the toxic effect
of MTX similar to that found in previous investigations by Delitheos et al. (1995).
This has been explained by the presence of the FLR1 gene which confers resistance to
the effect of MTX in S. cerevisiae (Broco et al., 1999; Hoepfner et al., 2014). The
FLR1 gene (YBROO8C) encodes a transmembrane transporter belonging to the major
facilitator superfamily (MFS) which is involved in efflux of many drugs including
MTX (Alarco et al., 1997; Tenreiro et al., 2001; Cherry et al., 2012). This could
explain why cell growth became limited when MTX was combined with folic acid.
In yeast, MTX and folic acid may use a similar transporter while folinic acid entry is
initiated via another transporter or carrier. It can be speculated therefore that MTX
might compete with folic acid for cellular entry whereas the entry of folinic acid is
not affected. This could also suggest that activation of FLR1 in the BY4743 strain
may result in an increased efflux of MTX whilst the presence of folinic acid confers

viability to the cells as its mode of entry occurs independently.

Analysis of data from the current study also revealed a growth inhibition effect of
MTX on the FOL1 disrupted strain of EHY1 which was found to be very sensitive to
the MTX treatments. This sensitivity however was only restored in the presence of
folinic acid whilst folic acid was ineffective. Mapping of cellular response using a
chemogenomic fitness signature of the effect of MTX, has revealed that almost 15
genes are essential for the survival of the yeast cells (Lee et al., 2014). Among those,
FOL1 (YNL256W) has been listed as one of the essential genes required for MTX

resistance and is disrupted in the EHY1 strain. Other folate related genes such as

96



Chapter Three

DFR1 (YOR236W) and CDC21 (YFR051C) have also been listed as essential (Lee et

al., 2014).

Results from this chapter have also indicated that addition of MTX to the stationary
phase WT S. cerevisiae can result in aberrant cell proliferation. This may indicate the
presence of de novo DNA synthesis which ultimately leads to cell death or
proliferation. Mitotic events in S. cerevisiae are regulated by Cdc28 (reviewed by
Mendenhall, 1998). In a study by Nickerson and Webb (1956) using exogenous folic
acid analogues, it was found that the effect was species specific. No inhibitory effect
was observed on the growth of S. cerevisiae, whilst visible growth inhibition along
with change in morphology was reported in Candida tropicalis (Nickerson and
Webb, 1956). Moreover, in a subsequent study by Webb and Nickerson (1955) folic

acid was found to reverse the inhibitory effect of folic acid analogous in C. tropicalis.

Susceptibility to opportunistic fungal infection in cancer patients receiving
antineoplastic drugs have been well documented (Ghannoum et al., 1989; Samonis
and Bafaloukos, 1992; Ueta et al., 2001). Studies have shown that a combination of
antineoplastic with antifungal drugs can provide effective treatment while, the
autoplastic drugs such as MTX administered alone is not sufficient (Ghannoum et al.,
1989, 1990). Ghannoum et al. (1990) further reported that both the ratios and the
absolute concentrations of the tested antineoplastic and antifungal drugs in the

mixture are important factors for their inhibitory effect and potency.
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Additionally, Laque-Ruperez and colleagues (2003) were able to show that addition
of iron (I11) chloride to MTX could significantly enhance its potency in MCF-7 breast
cancer cells whereas the same treatment did not modulate the MTX potency in S.
cerevisiae cells (Ruiz-Gomez and Martinez-Morillo, 2006). This further indicates that
the MTX mode of action is very different in yeast cells compared with mammalian

cells which limited its investigations in the WT strain.

The results presented in this chapter indicate that overexpression of the FOLT gene
(YJL163C) in S. cerevisiae in the presence of folate only, induces meiosis and
sporulation which increased as incubation continued. Sporulation in budding yeast
occurs as result of nitrogen starvation and in the current study, due to the suspension
of the cells in H,0O, the cells are starved for nutrients. Enyenihi and Saunders (2003)
performed a large-scale functional genome analysis and revealed that around 334
genes are essential for sporulation. It should be pointed out that YJL163C has not
been listed as one of those identified genes. Therefore, the data of the current study
indicates that this aberrant sporulation is not due to the YJL163C gene alone but
rather the presence of folic acid may contribute to this process and signals meiosis.
Another explanation maybe that the overexpression of YJL163C gene may result in
increased ROS accumulation. As mentioned in Section 3.5.1, moderate ROS
accumulation may contribute to de novo DNA synthesis and in the case of S.
cerevisiae it might act as sporulation signal. However, the null mutant of YJL163CA
has been shown to have reduced hyperosmotic and competitive fitness (Miller et al.,

2005; Costanzo et al., 2010; Cherry et al., 2012; Sharifpoor et al., 2012).
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Sporulation and meiosis in diploid S. cerevisiae cells are known to occur as a result of
carbon or nitrogen source depletion (reviewed by Neiman, 2011). The target of
rapamycin (TOR) in yeast consists of two protein kinases namely Torlp and Tor2p.
These regulate cell growth and metabolism in response to environmental signalling
(Wullschleger et al., 2006; Blagosklonny, 2007). Almost all of the asci generated by
folic acid treatment in this chapter had triad arrangement with only three spores easily
visible. Previous finding by Davidow et al. (1980) and Taxis et al. (2005) have
indicated that adverse and limiting conditions can contribute to the formation of less
spores within the ascus due to the involvement of only one SPB in meiosis II.
Meiotic plague (MP) assembly which appears in meiosis Il have been shown to play a
critical role in spore number control (Taxis et al., 2005). Formation of less MP as a
result of composition of the cell culture leads to formation of fewer spores which may
explain the observations that were made in this current study. Further, folic acid has
induced formation of only three MPs which resulted in formation of three spores in

meiosis 1.

3.6 CONCLUSION
Aberrant proliferation of stationary phase C. glabrata in the presence of folate was
identified. Formation of multiple buds in the presence of folate was a novel finding.

Folate led to the formation of both axial and distal budding patterns on the cells.
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This study further exploited the cellular uptake of folate by utilising a putative folate
transporter (YJL163C) of S. cerevisiae and examining its role. Aberrant sporulation
of S. cerevisiae in the presence of this gene was detected with formation of triad
spores within asci. This gene was found to be ineffective against cytotoxicity induced

by A4, peptide.

Methotrexate, an antifolate was not found to be inhibitory to the growth of WT S.
cerevisiae strain while it inhibited the growth of EHY1 strain. The EHY1 strain was

rescued only by addition of folinic acid whilst folic acid was ineffective.
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4 CHAPTER 4: EFFECT OF SYNTHETIC AB,, ON YEAST AND
THE ROLE OF AHP1 IN PROTECTION

4.1 INTRODUCTION

Complex mechanisms contribute to the development of Alzheimer’s disease (AD).
Synaptic loss due to plaque formation (Selkoe, 2002) and neuronal death due to
soluble oligomeric forms of A4, are all hallmarks of the disease (Yoshiike et al.,
2008). Soluble oligomeric aggregate structures of amyloid beta (AP4,) peptide have
been found to be highly neurotoxic and important in the etiology of AD in
comparison to fibril forms (Rochet and Lansbury, 2000; Hardy and Selkoe, 2002;
Cohen and Kelly, 2003; Klein et al., 2004; Morgan et al., 2004). However, it is still
unknown which form of the aggregates are more dangerous; oligomers and
protofibrils or fibrils and filaments (Zagorski et al., 1999; Stefani and Dobson, 2003;
Steckmann et al., 2012). Despite these uncertainties aggregation studies used in the
search for chemo-preventatives that block AP4, oligomer and fibril formation using
synthetic forms of A4, have become common practice (Chen et al., 2010; Matlack et

al., 2014).

The toxicity studies using chemically-synthesised AP, require preparation of peptide
stocks where it displays biological activities. The preparation of AP4, peptide can
affect its amyloidogenicity (Zagorski et al., 1999). Pretreatment of synthetic AP
peptide is usually required in order to induce alpha helical conformations in the

peptide, produce monomers and mimic the aggregation pathway in Kinetic
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investigations (Walsh et al., 1997; Roccatano et al., 2005; Teplow, 2006). The
suspension of lyophilised peptide in a desirable buffer has been difficult due to the
hydrophobic nature of the peptide, creating a hurdle for initial dissolution.
Pretreatment is usually done in polar-non polar interfaces such as 1,1,1,3,3,3,-
hexafluoro-propan-2-ol (HFIP) or ammonium hydroxide (NH4OH) (Nichols et al.,
2005a, 2005b; Ryan et al., 2013). Additionally, Lioudyno et al. (2012) reported that
pretreatment with HFIP enhanced the amyloidogenicity of the A4, peptide as well as

its interaction with biological membranes.

It has been found that different conformation of AP4, peptide induces toxicity by
distinct mechanisms in human cortical neurons (Kumar and Walter, 2011; Ladiwala
et al., 2012). The longer variants have higher propensity to aggregation than the
shorter form (Kumar and Walter, 2011). The mechanism of AP, toxicity is still
unknown, although it is suggested that amyloidogenic protein aggregates on neural
cells cause permeabilisation of lipid membranes, (Gella and Durany, 2009;
Evangelisti et al., 2013; Poojari et al., 2013), increase oxidative stress, (Mattson and
Goodman, 1995; Nakamura et al., 2007) mitochondrial dysfunction, (Cali et al., 2011,
Ferreiro et al., 2012; Selfridge et al., 2013) and endoplasmic reticulum stress (Huang

et al., 2007; Umeda et al., 2011) which ultimately leads to apoptosis.

Previous publications have reported that yeast exhibit some responses to A4, peptide
suggesting it is a relevant model for kinetic studies (reviewed in Porzoor and

Macreadie, 2013). However, there is discrepancy in the outcome of results generated
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from studies on the effect of exogenous A4 on yeast cells. Further, Chacifiska and
colleagues (Chacinska et al., 2002) showed an induction of proliferation in the
presence of synthetic AP, in exponentially growing Saccharomyces cerevisiae, while
findings by Bharadwaj and colleagues (2008), showed toxicity of synthetic ABg,
peptide using a different preparation method on Candida glabrata cells.
Methodological differences in peptide preparations may explain these differing
results, but there is still a lack of explanation and questions remain on the suitability

of yeast as a model for extracellular toxicity studies of ABgs.

Chacinska and colleagues (2002) used S. cerevisiae and dissolved the peptide in
DMSO whereas Bharadwaj and colleagues (2008) used C. glabrata and dissolved the
peptide in 20 mM of sodium hydroxide (NaOH). In order to demonstrate whether the
solvent or the yeast species affects the outcomes such as those seen in previous
publications, this chapter examines these variables and suitability of toxicity studies
using chemically-synthesised AP4;. Two main methods of A4, pretreatment are
analysed and the results compared with mice neuronal tissue culture. The effect of
exogenous A4, peptide in both exponential and stationary phase yeast cells and C.

glabrata (ATCC90030) and S. cerevisiae (BY4743) are explored.

Alkyl hydroperoxide reductase 1 (AHP1) is a thiol peroxidase (TPx) and a member of
peroxiredoxin (type Il) family expressed in S. cerevisiae as a 19 kDa protein (Jeong et
al., 1999; Lee et al., 1999; Wong et al., 2004). The AHP1 protein (Ahplp) has been

identified as a defence mechanism against osmotic stress and oxidative damage

103



Chapter Four

induced by lipid peroxidase (lwai et al., 2010) and metal ion toxicity (Nguyen-nhu
and Knoops, 2002). The primary site of catalysis in Ahpl was identified as one
conserved cysteine within TPx (Park et al., 2000). Accumulation of intracellular
reactive oxygen species (ROS) which induces stress signals has implications in aging
diseases (Lian et al., 2012). This chapter therefore examines the effect of Ahplp in

the cellular protection against A4 induced cytotoxicity.

4.2 AIMS
1) Determine whether different pretreatment methods of synthetic AP, peptide
affect the survival of yeast cells
2) Determine the mechanism of the extracellular toxicity induced by AP, in
both S. cerevisiae and C. glabrata
3) Analyse the role of the AHP1 protein (Ahplp) in resistance to AP, induced

cytotoxicity
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4.3 MATERIALS AND METHODS

S. cerevisiae and C. glabrata cells were grown to exponential and stationary phase
according to Section 2.3.1. Stationary phase yeast cells were fractionated into
quiescent and non-quiescent populations as described in Section 2.3.2. Viability of
the yeast cells after treatments were determined as described in Section 2.3.3.
Preparation of chemically-synthesised AP4, peptide solutions pretreated with NH,OH
and HFIP was done as described respectively in Section 2.7.2 and Section 2.7.3.
Yeast cell survival in the presence of AP4, peptide pretreated with NH,OH and HFIP
was determined as described in Section 2.7.5. Survival of yeast cells was also
estimated in the presence of DMSO and NaOH according to Section 2.7.6. Analysis
of the effect of prolonged incubation of NH,OH and HFIP pretreated A4, peptide
compared with the freshly prepared samples were performed using yeast cytotoxicity
assays and transmission electron microscopy as described in Section 2.7.7 and

Section 2.12.2 respectively.

Fluorescence associated with the thioflavin T binding to the cell walls, as well as
AP42 aggregation propensity was quantified by flow cytometry and microscopy as
described respectively in Section 2.6.3 and Section 2.11.6. The extent of self-
aggregation and fibril formation of A4, lyophilised with NH,OH or HFIP and
dissolved in either 60 mM NaOH or H,O at 0 h (baseline) and after prolonged
incubation (7 d) was characterised by SDS-PAGE (Section 2.10.1) followed by
western blotting (with WO2 anti-Ap antibody) as described in Section 2.10.4. The
thiol-specific peroxiredoxin gene (AHP1) consisting of 531 bp was amplified by PCR
from the genomic DNA sequence of S. cerevisiae S288C. This was done using the

oligonucleotide primers (5’- 3’) GCGCGAATTCATGTCTGACTTAGTTAACAA
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and (5’- 3’) GTCTTGGCTCATTTGTAGAAGCTTGCG creating EcoRI and Hindll1I
restriction sites for the PCR product (Section 2.4.2). The PCR product was cloned
into the p416.GPD plasmid as described in Section 2.4. Yeast cells were transformed
with the plasmids according to Section 2.5.2. Cytotoxicity of HFIP pretreated ABg,
peptide on WT S. cerevisiae, ahpl strain and a transformant overexpressing the
AHP1 gene was determined as described in Section 2.7.5. The potency of NH,OH
pretreated AP4, peptide batch was tested on murine primary mixed neuronal culture
(PC12) by analysis of lactate dehydrogenase (LDH) to determine cytotoxicity and
MTT assays described in Section 2.7.8. All of the experiments were conducted in

triplicate as described in Section 2.14.
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44 RESULTS

4.4.1 Effect of solvents on the survival of yeast

In order to examine the effect of solvents that were used for dissolving lyophilised
A4, in previous studies (Chacinska et al., 2002; Bharadwaj et al., 2010) on the
survival of yeast, both DMSO and 20 mM NaOH were examined on exponentially
growing S. cerevisiae (BY4743) and C. glabrata. The amount of added solvent was
equivalent to the level that is required to conduct the toxicity assays using
chemically-synthesised APs,. Analyses of data indicated that BY4743 was not
significantly affected by NaOH, even at 2 mM final concentration (Figure 4-1A). In
fact, BY4743 proved to be resistant to the effect of DMSO even at the concentration
of 10% (Figure 4-1B). The level of DMSO for the treatment of the yeast is usually

kept to less than 1%.

The influence of solvents on the survival of C. glabrata was different to that of S.
cerevisiae. The data analyses revealed that C. glabrata was more susceptible to the
effect of both solvents with cytotoxicity exhibited with 400 uM NaOH (p < 0.01,
Figure 4-1C). The toxicity increased as 6 to 20 pl of NaOH was added to the cell
suspension (equivalent to final concentration of 600 uM — 2 mM NaOH), (p < 0.001).
The effect of DMSO on the survival of the C. glabrata was more profound as toxicity
started at a concentration of 1% (2 ul) (Figure 4-1D). As the DMSO level increased
the percentage survival of C. glabrata declined, with 6 pl causing 50% cell death

(Figure 4-1D; p < 0.001).
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Figure 4-1 Effect of solvents on survival of S. cerevisiae and C. glabrata. Wild-
type S. cerevisiae BY4743 and C. glabrata (ATCC90030) were grown to
exponential phase and then washed and resuspended in H,O (Section 2.7.7). BY4743
cells then were treated with 20 MM NaOH (A) or DMSO (B) to the final volume of
200 pl. C. glabrata cells were treated with either 20 mM NaOH (C) or DMSO (D).
Viability was determined by CFUs. (** p < 0.01, ***p < 0.005, **** p < 0.001). All
data are expressed as mean + SEM.
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4.4.2 Effect of NH,OH pretreated Aps, dissolved in 60 mM NaOH on
exponential phase yeast cells suspended in H,O

A study by Ryan et al. (2013) demonstrated that ammonium hydroxide (NH;OH)
treatment of AP, results in aggregate free solutions that are more suitable for cell
culture and biophysical investigations. The pretreated lyophilised peptide was then
suspended in 60 mM NaOH for cytotoxicity investigations. In this experiment a
similar peptide preparation (Section 2.7.3) was employed for analysis for its toxic

effect on yeast.

Exponentially growing homozygous diploid BY4743 strain, the AHP1 null mutant
strain (ahpl), and C. glabrata were treated with NH4OH pretreated A4, dissolved in
60 mM NaOH and incubated overnight. Analyses of data indicated that the vehicle
buffer itself contributes to toxicity in BY4743 with less killing observed in the
presence of 50 and 100 uM AB4, (Figure 4-2A). The peptide was ineffective at 2 uM
(Figure 4-2A) but it caused cell killing at > 20 uM (p < 0.05). The cell killing in
general was due to the vehicle buffer and not the A4, peptide. The peptide provided

some protection as seen by Dubey et al. (2009).

The ahpl mutant strain was sensitive to water with survival measured to ~32% in
untreated control samples after overnight incubation in the absence of nutrients
(Figure 4-2B). Although both vehicle buffer and peptide at high concentration proved
to be lethal (p < 0.005) when compared to untreated control cells the next day, a
greater cell survival was detected with lower concentration of 2 pM A4, and vehicle

buffer (Figure 4-2B).
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The A4, treatment in C. glabrata resulted in proliferation (Figure 4-2C). The vehicle
buffer caused killing which was significant in the presence of 15.2 ul corresponding
to 100 uM of APs, (p <0.005). The treatment of peptide at 2, 20, and 50 uM
significantly increased percentage cell viability compared with untreated control
samples (p <0.001; Figure 4-2C). Interestingly these data implied that NH,OH
pretreated A4 resulted in a peptide conformation that is not toxic to yeast cells, in

particular C. glabrata.
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Figure 4-2 Effect of NH,OH pretreated Aps, dissolved in 60 mM NaOH on
exponential phase yeast. S. cerevisiae (A) ahpl (B) C. glabrata (C) were grown to
exponential phase, then washed and resuspended in H,O. Cells were counted using a
haemocytometer and resuspended at a concentration of 10° cells per 100 ul. NH4OH
pretreated Aa2 dissolved in 60 mM was used for treatment of yeast cells to a final
concentration of 2, 20, 50 and 100 uM of peptide in 200 ul cell suspension in a 96
well microtiter plate. Vehicle control samples (60 mM NaOH) corresponding to the
amount used in treatments were also included. Samples were incubated overnight at
30°C. Viability was calculated by counting the number of colonies formed and
expressed as a percentage of untreated control samples. (**** p < 0.001, *** p <
0.005, ** p < 0.01,* p < 0.05). All data are expressed as mean + SEM.
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4.4.3 Effect of NH,OH pretreated A, dissolved in 60 mM NaOH on quiescent
and non-quiescent C. glabrata cells

Analysis of data in Section 4.4.1 indicated that NH,OH pretreatment of Ay,
dissolved in 60 mM NaOH might generate conformational changes in the peptide
which induced proliferation in exponential phase C. glabrata. In order to determine
whether this proliferation effect is unique to exponential phase cells, the stationary
phase C. glabrata cells were also examined. Stationary C. glabrata cells were
fractionated into quiescent and non-quiescent populations according to the method
described in Section 2.3.2. The peptide treatment resulted in cell proliferation in both
cell fractions (Figure 4-3). Although, there was no significant differences between the
AP treated samples compared to untreated control in the quiescent cells (Figure 4-
3A), the survival rate was significant when compared with the corresponding vehicle
buffer controls. Further, the vehicle buffer was toxic to quiescent cells at the levels
corresponding to 20 uM (p < 0.005), 50 uM and 100 uM (p < 0.001) of peptide

(Figure 4-3A).

The non-quiescent cells seemed to be more sensitive as the percentage survival
decreased overnight (p < 0.01) in the absence of nutrients in untreated control
samples (Figure 4-3B). These cells were also more susceptible to the toxic effect of
NaOH, with the vehicle buffer proving to be lethal at the lowest concentration and
causing significant cell killing. Compared with the vehicle control buffer, although
the percentage viability significantly declined in the AP4, treated samples, these
effects were not significant when compared with the vehicle control buffer samples
(Figure 4-3B). These data suggest that the conformational changes produced by

pretreatment of AB4, with NH4OH results in proliferation in the stationary phase C.
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glabrata. Also, non-quiescent cells are more prone to any environmental changes

compared with quiescent cells as a decline in the survival of the untreated samples

was observed.
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Figure 4-3 Effect of NH,OH pretreated Ap4, dissolved in 60 mM NaOH on the
survival of stationary phase C. glabrata. Cell fractions of quiescent (A) and non-
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quiescent (B) were suspended in H,O and treated with 2, 20, 50 and 100 uM of A4
peptide to a final volume of 200 ul in a 96 well microtiter plate. Vehicle control
samples (60 mM NaOH) corresponding to the amount used in treatments were also
included. (**** p < 0.001, *** p < 0.005, ** p < 0.01,* p < 0.05). All data are
expressed as mean + SEM.

4.4.4 Effect of NH,OH pretreated synthetic A4, on C. glabrata cells suspended
in PBS

To determine the effect of NH4,OH pretreated synthetic ABs, on C. glabrata cells
without the interference of the solvent (Section 4.4.2), it was hypothesised that using
a biological buffer such as PBS to suspend the cells might create more suitable
conditions. In addition, NaOH at a concentration greater than 600 uM proved to be
toxic to C. glabrata cells as shown previously (Figure 4-1C). Therefore, exponential
phase cells were suspended in phosphate buffered saline (PBS) instead of H,O to
overcome the toxicity induced by sodium hydroxide related with AB4, peptide.
Control samples for vehicle buffer (20 mM NaOH) were also included. Interestingly,
the buffer caused > 6 fold increase in the number of viable cells after 24 h incubation
(Figure 4-4). However, the NaOH proved to be inhibitory to cells even in the
presence of buffer. Addition of 8.3 ul (p < 0.01) and 16.6 ul (p < 0.001) NaOH
resulted in significant decline in viability. Addition of the peptide on the other hand
induced proliferation from 2-100 uM (p < 0.001) with a > 10-fold increase in cell

viability (Figure 4-4).
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Figure 4-4 Effect of synthetic Aps, preparation using the NH,OH method on C.
glabrata cells suspended in buffer (PBS). C. glabrata cells were grown to
exponential phase, then pelleted and washed with H,O. A haemocytometer was used
to resuspend cells at a concentration of 10° cells per 100 pl in PBS buffer. NH,OH
pretreated A4, dissolved in 20 mM NaOH and was used at concentrations of 2, 20,
50, and 100 uM for treatment of the cells suspended in buffer. Control samples for
vehicle buffer were also included. Suspension of cells in buffer induced proliferation
after 24 h incubation. Although, there was a significant decrease in the rate of
proliferation in the presence of higher concentrations of NaOH, the peptide treatment
resulted in greater cell proliferation when compared with the vehicle control buffer.
(**** p <0.001, ** p < 0.01). All data are expressed as mean + SEM.

4.45 Effect of NH4,OH pretreated ABs, on PC12 neuronal cells

In order to demonstrate that the proliferation effect of NH,OH pretreated AP,
dissolved in 60 mM NaOH on yeast cells (Section 4.4.1 and Section 4.4.2) is not due
to the preparation method or defect in the existing peptide batch itself, samples were
tested for their potency on rat pheochromocytoma cell culture. The effectiveness of
pretreated peptide samples used in these studies was also compared with those
prepared in another laboratory (CSIRO). The synthetic AP4, peptide was purchased

from Keck laboratories (Yale University, New Haven, CT) in the form of lyophilized
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powder. The tissue culture experiment was performed by Dr. Julie Nigro at CSIRO

(Parkville, Vic, Australia).

All ABg4, preparations significantly reduced (p < 0.01) the viability of neuronal cells
to ~70% compared with the untreated and vehicle control samples (Figure 4-5A).
0.1% Triton™ X-100 detergent was used as a positive cytotoxicity control. The
viability results of the peptide preparations at 10 uM and 20 uM concentrations were
similar for both laboratories with no significant difference in the potency level. Four
to 6 % increase in cytotoxicity was detected in the presence of AP4, peptide measured
by the LDH level (Figure 4-5B). This cytotoxicity was significant in the presence of
the A4, peptide aliquots prepared in both laboratories (p <0.001) compared with the
untreated control samples (Figure 4-5B). Interestingly, at 20 uM the peptide
preparation from RMIT resulted in higher toxicity compared to CSIRO respectively
6.0% and 3.7% (Figure 4-5B). This further confirms the suitability of the peptide
batch in the effect of the NH,OH pretreated peptide on yeast cells compared with

neuronal cells.
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Figure 4-5 Comparison effect of NH,OH pretreated Afs, peptides stocks from

two laboratories on the survival of PC12 cells.

release). Cell viability decreased in the presence of both peptide stock provided by

RMIT and CSIRO. The assays indicate that the A4, preparations reduce the cell

(B). 0.1% (v/v) Triton™ X-100 was used as positive toxin control (maximum LDH
viability to ~70% and increase cytotoxicity by ~4-6% (Dr. Julie Nigro).

assessed by MTT assay (A). The cytotoxicity level was measured by LDH method
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4.4.6 Effect of HFIP pretreated A4, dissolved in H,O on exponentially phase

growing S. cerevisiae
A study by Bharadwaj and colleagues (2008) reported that HFIP pretreated AB4, can
induce toxicity in exponential phase C. glabrata. The effect of this pretreatment
method however has not yet been investigated in S. cerevisiae. In view of further
investigating the mechanism underlying the toxicity initiated by AP, exponentially
growing cells were suspended in H,O and treated with HFIP pretreated A4, peptide
dissolved in H,O. By dissolving both peptide and yeast cells in water any influence
of the vehicle buffer was eliminated and the pH for these treatments were found to be

neutral (pH = ~7).

Unlike the NH,OH pretreated APas, peptide, the HFIP pretreated AP4, caused a
significant decline in viability (p < 0.001) with concentrations as low as one pM
(Figure 4-6). The cell survival rate declined to ~90% in the presence of 4 uM AP,
peptide and at 10 uM there was 99% cell death. These findings show that peptide

preparation can determine yeast survival fate.
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Figure 4-6 Viability studies of S. cerevisiae in the presence of HFIP pretreated
AB4, dissolved in H,O. Effect of synthetic APs, peptide prepared by the HFIP
method and dissolved in H,O was investigated on exponentially growing BY4743.
Cells were treated with the peptide and incubated for 24 h at 30°C. (**** p < 0.001).
All data are expressed as mean + SEM.

4.4.7 Survival of quiescent and non-quiescent C. glabrata in the presence of
HFIP pretreated Af4, dissolved in H,O

As mentioned in the previous section (Section 4.4.5), the effect of HFIP pretreated
AP4, peptide has been studied in exponential phase C. glabrata cells while the effect
on stationary cells remained unknown. In order to further explore the cytotoxicity of
AP, and confirm growth phase dependence, stationary phase C. glabrata were
examined here. Quiescent and non-quiescent fractions of C. glabrata were tested for
their susceptibility to 2 uM A4, peptide generated by HFIP pretreatment dissolved in
H.O. Cell fractions of quiescent and non-quiescent cells were then suspended in H,O
and treated with the peptide to a final concentration of 2 pM. Samples were incubated
overnight at 30°C. Viability was determined based on survival of cells on YEPD solid

media after 48 h incubation. Results indicated that quiescent cells (Figure 4-7A)
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were more resistant to the toxic effect of AP4, than older non-quiescent cells (Figure
4-7B). The older cells lost their viability within the first 24 h (p < 0.005). This
significant decline continued at 48 h (p < 0.005) in the presence of amyloid peptide.
The quiescent cells however, were only affected by the toxicity after 48 h of
incubation with HFIP pretreated A4, (p < 0.005). These outcomes demonstrated that

quiescent cells are more resistant to AB4, than non-quiescent cells.
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Figure 4-7 Cytotoxicity of HFIP pretreated AP, on the quiescent and non-
quiescent C. glabrata cells. The quiescent daughter cells (A) and non-quiescent
mother cells (B) were treated with 2 uM of HFIP pretreated A4, and incubated for 48
h at 30°C. After 24 h incubation the viability was determined by plating 100 pl of
each sample on YEPD plates. Results indicated that quiescent cells were more
resistant to the toxic effect of amyloid peptide prepared with the HFIP method than in
the first 24 h of incubation. After 48 h of incubation both cell fractions were
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susceptible to the toxicity effect of A4, (*** p < 0.005). All data are expressed as
mean + SEM.

4.4.8 Effect of synthetic AP, preparation using the HFIP and NH;OH

methods dissolved in H,O on exponential phase yeast cells
HFIP pretreatment of AP4, was previously shown to cause toxicity to C. glabrata
cells (Bharadwaj et al., 2008). In this study the HFIP and NH4OH pretreatment were
compared to determine the effect on viability of the same yeast cultures over 48 h
incubation periods. Also, in order to eliminate any effect as a result of solvent, all of
the peptides were dissolved in water (pH = ~7). In addition, the effect of stress
induced by the peptide was investigated by testing an ahpl mutant strain which is

extremely sensitive to ROS elevation.

Exponentially growing wild-type BY4743, AHP1 mutant strain (ahpl) and C.
glabrata cells were harvested and suspended in H,O. Cells were then treated with 2
uM of HFIP or NH,OH pretreated A4, peptide and incubated at 30°C for 48 h. This
study confirms significant toxicity of HFIP pretreated ABs, (p < 0.001) to S.
cerevisiae (Figure 4-8 A, B) and C. glabrata (Figure 4-8C) after 24 h incubation.
There was even more cell killing after 48 h of incubation. Conversely, NH,OH
pretreatment resulted in a significant increase in the number of cells in BY4743 (p <
0.05), ahpl (p < 0.05) and C. glabrata (p < 0.01) in the first 24 h (Figure 4-8). After
48 h incubation the C. glabrata cells more than doubled in number (p < 0.001; Figure

4-8C), and BY4743 (Figure 4-8A) numbers significantly increased over this time (p
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<0.005). However, the ahpl mutant strain proved to be very sensitive, with the
numbers declining in control samples after 48 h incubation in the absence of nutrients
(Figure 4-8B). Comparing the viability of NH,OH pretreated A4, samples with those
of controls, the cell number was higher in the presence of the peptide compared with
the control sample (Figure 4-8B). The data provided thus far, strongly suggest that
the effect of the AP4, peptide on yeast cells is not due to the peptide itself, rather the
conformational changes generated through the pretreatment method. Also, the
cytotoxicity or proliferation effect of the ABa, pretreatment method is not limited to

the growth phase of cells.
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Figure 4-8 Effect of two preparation methods of synthetic Ap,4, dissolved in H,O
on yeast cells. 2 uM Apg4, peptide was added to exponential phase (A) S. cerevisiae
WT (BY4743), (B) ahplmutant and (C) C. glabrata (ATCC90030) suspended in
water. Cell survival was determined after 24 and 48 h of incubation by transferring
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100 pl of samples onto YEPD solid media incubated at 30°C for 48 h. Viability was
determined as a percentage of untreated cells (control). (* p <0.05, ** p < 0.01, *** p
<0.005, and **** p < 0.001). Data are shown as mean = SEM.

4.4.9 Flow cytometry analysis of effect of Ap4, peptide pretreated with HFIP or
NH;OH on S. cerevisiae

In section 4.2.7, it was identified that HFIP pretreated A4, results in toxicity whereas
NH4OH pretreatment of the same peptide caused proliferation in S. cerevisiae. Also,
according to previous findings yeast cells exhibit amyloidogenic proteins on their cell
walls with capability to bind to Thioflavin T dye (ThT) (Kalebina et al., 2008;
Ramsook et al., 2010; Bezsonov et al., 2013). Therefore, in this experiment
exponentially growing BY4743 cells incubated in the presence and absence of 5 uM
of A4 pretreated with HFIP and NH,OH were stained with 20 uM ThT and analysed
by flow cytometry. ThT binding has been associated with peptide that has
aggregation and amyloidogenic propensity and is routinely used for identification of
AP42 aggregates and fibrils. Therefore, by comparing the fluorescent intensity (FI) of

each sample it is possible to predict the amyloidogenic capacity of each pretreatment.

The FI associated with ThT level on the surface of the yeast cells treated with HFIP
and NH,OH amyloid peptide was calculated. These results showed an increase in Fl
in the presence of HFIP pretreated peptide (Figure 4-9C) compared with the NH,OH
method (Figure 4-9D), and untreated controls (Figure 4-9A) with values of 8.4%,
5.4% and 3.7% respectively. Interestingly these results suggest that the peptide
conformation generated as a result of HFIP pretreatment has more propensity to

induce aggregation and causes amyloid deposition on the surface of yeast cell walls.
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Figure 4-9 Flow cytometry analysis of S. cerevisiae treated with HFIP and
NH;OH prepared ABs,. The fluorescent intensity (FI) of ThT in the experimental
samples was determined as a percentage of unstained cells. Yeast cells were grown
to exponential phase and were washed and resuspended in H,O. Cells were then
treated with HFIP and NH,OH pretreated A4, and incubated overnight along with
control (untreated samples) at 30°C with shaking. The next day, cells were treated
with 20 pM ThT and were analysed by flow cytometry. A pacific blue filter was
chosen to measure fluorescence. Unstained control cells (A), ThT stained control
cells (B) and those treated with 5 uM of HFIP (C), and NH4,OH pretreated AP, are
shown.
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4.4.10 Microscopic analysis of amyloidogenic proteins on the surface of S.
cerevisiae and their aggregation propensity in the presence of HFIP and
NH4OH pretreated AP,

In order to examine the presence of amyloidogenic proteins on the surface of yeast
cells, ThT treated cells were visualised with a confocal microscope under a DAPI
filter. Untreated control samples of S. cerevisiae exhibited the presence of high levels
of amyloid proteins on their surface visualised by ThT dye (Figure 4-10A). Treated
samples with the HFIP method of ABs on the other hand revealed more cell
aggregation propensity, causing the cells to adhere and attach to each other (Figure 4-
10A). This aggregation of cells was missing in those cells treated with NH,OH
pretreated AP4, (Figure 4-10A). These results indicated that peptide conformation
produced by each method of preparation interacts differently with the yeast cell walls.
Also, after prolonged incubation, the shape of S. cerevisiae cells treated with the
HFIP pretreated APs, was different to those of NH,OH A4, pretreated and control
samples (Figure 4-10B). This demonstrated that AP4, peptide pretreated with HFIP
interacts differently with the cells compared with the peptide pretreated with NH,OH

and results in loss of cell wall integrity (Figure 4-10B).
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Figure 4-10 Microscopic analysis of Thioflavin T treated S. cerevisiae. (A) The
ThT attaches to the amyloidogenic proteins that are present on the cell walls of yeast
cell. First panels shows untreated S. cerevisiae cells in presence of ThT in comparison
with cells treated with 5 uM NH4OH (middle panels) and HFIP (last panels) prepared
APy, for 24 h in H,O. Scale bars indicate 50 um. (B) microscopic images of the S.
cerevisiae cells treated with HFIP and NH,OH pretreated AP, compared with the
control. Scale bars indicate 10 um.
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4.4.11 TEM analysis of A4, peptide conformers generated by pretreatment

The AP, solutions that were prepared for biological assays on yeast cells were
further analysed by TEM to explore their morphological characteristics. HFIP and
NH;OH pretreated AP, dissolved in H,O were visualised immediately after
preparation (0 h) and after 24 h incubation. Extensive analysis of TEM micrographs
revealed that the NH,OH method results in more uniform solutions with undetectable
fibrils (Figure 4-11A) compared with HFIP pretreated samples at 0 h (Figure 4-11C).
The HFIP treated samples showed the presence of protofibrils and short and long
fibrillar structures even after immediate preparation (0 h). After 24 h incubation at
37°C, morphological differences as result of peptide pretreatments became more
apparent. Although peptide preparations with both methods generated fibrillar
structures their morphology differed (Figure 4-11B, D). Short fibrils were observed
in NH4OH pretreated peptide (Figure 4-11B) whilst, the HFIP method (Figure 4-11D)
was associated with formation of long and twisted fibrillar morphology (Figure 4-

11E).
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Figure 4-11 TEM micrograph of conformational changes in synthetic Afas;
prepared by HFIP and NH,OH methods. Samples of NH,OH pretreated AP, after
preparation (0 h) (A) and after 24 h incubation (B) were compared with the HFIP
pretreated A4, (C) and 24 h after incubation (D) at 37°C with no shaking. The HFIP
pretreated A B, formed twisted fibrillar structures (E). (Scale bar = 200 nm)
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4.4.12 Effect of prolonged incubation of AB4, peptide on S. cerevisiae cells

Analyses of cytotoxicity screening in Section 4.4.7 revealed that pretreatment of APy,
peptide is the major determinant for the extent of its toxic behaviour and its overall
interaction with the yeast cells. Also, visualisation of the AB,, conformers by TEM
described in 4.4.10 suggested that HFIP pretreatment accelerated self-aggregation and
fibril formation compared with the NH,OH method. Therefore, it was hypothesised
that high molecular weight oligomers and fibrillar structures are more toxic to the
yeast cells than low molecular weight aggregates. In order to hasten the aggregation
and determine the effect of fibrils on the yeast cells, samples of peptides were

incubated for 7 d prior to use.

After prolonged incubation the effect of fibrillar structures on the survival of
exponential phase S. cerevisiae cells were examined. Interestingly, fibrils generated
from both HFIP and NH4OH pretreatment methods were cytotoxic (Figure 4-12).
The cytotoxicity was significant with both pretreatment methods but the killing affect

was much slower with NH,OH pretreatment (p <0.05) than HFIP (p <0.001).
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Figure 4-12 Effect of aged peptide on yeast cells. The NH,OH and HFIP pretreated
AP42 peptide was incubated for 7 d at 37°C without shaking. Exponentially growing
S. cerevisiae were washed and suspended in H,O and then treated with 2 uM of these
aged peptides and incubated overnight. Viability was determined the next day by
transferring 100 pl of treated and untreated samples onto YEPD solid agar.

4.4.13 Western blot analysis of NH;OH and HFIP pretreated AP, peptide at 0 h

and after prolonged incubation
Qualitative assessment using western immunoblotting analysis (Figure 4-13) of
freshly prepared AP4, peptide solution pretreated with NH,OH and HFIP was
conducted to further detect differences between the two methods. These results were

compared with the pretreated peptides that were incubated for 7 d.

Analysis of the immunoblotting indicated that oligomeric fractions generated by each
method were different in size. AP4, peptide pretreated with NH4,OH was observed
without any incubation (0 h) as monomers (~4.5 kDa) and SDS stable oligomers in
the 6 - 17 kDa range, indicative of low-n oligomers (dimers, timers, and tetramers) by

immunoblotting using WO2 monoclonal antibody (Figure 4-13A). However,
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prolonged incubation generated a characteristic smear of high-n oligomers (> 28 kDa)
indicative of protofibrils (Figure 4-13A). This result support the reports of Ryan et
al. (2013) that showed that NH4,OH treatment of AP4, produces more aggregate free

solutions that are suitable for kinetic studies.

The HFIP pretreated samples had very different characteristics. Similar patterns for
the presence of monomers (~4.5 kDa), low-n oligomers (< 17 kDa) and high-n
oligomers were observed at 0 h incubation (Figure 4-13B, lane 1) and after prolonged
incubation (Figure 4-13B, lane 2). This indicated the HFIP pretreatment is not
capable of eliminating aggregates and small nuclei that initiate fibrillar structure

formation (Stine et al., 2003; Teplow, 2006).
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Figure 4-13 Western blot analysis of effect of pretreatment on the size of Afa..
The NH,;OH pretreated samples dissolved in 60 mM NaOH (A) were examined
immediately after preparation (0 h) and after prolonged incubation (7 d). Similarly
HFIP pretreated AP, samples were examined at 0 h and 7 d (B). Pretreatment with
NH,OH showed the presence of high levels of monomeric and dimeric AB,, whereas
after prolonged incubation high molecular weight oligomers became apparent. The
HFIP method resulted in both low and high oligomeric species both at the baseline
and after prolonged incubation. The first lane in both figures shows the molecular
marker. 0.5 pg of each peptide were used for electrophoresis on SDS-PAGE.
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4.4.14 Role of AHP1 overexpression in the protection against cellular toxicity
induced by HFIP pre-treated Aps,

It is worth noting that the Section 4.4.9 data and in Section 4.4.10 demonstrated that
the effect of AB42 on cellular killing possibly resulted from aggregation of the existing
amyloidogenic proteins on the surface of yeast. Therefore, it was hypothesised that
this aggregation might in turn increase the oxidative stress within the cell which
contributes to the killing. Hence in the current section, the effect of HFIP pretreated
AB4, has been tested on S. cerevisiae that overexpress AHP1 (Ahplp), an ahpl

mutant and a WT strain that has been transformed with the empty vector (p416.GPD).

The ahpl mutant strain as shown in the previous section is very sensitive and the
viability of untreated control samples declined in the absence of nutrients (Figure 4-
14). Compared with the untreated control samples all three strains were sensitive to
the effect of APz (p <0.001). Analyses of data also showed a significant difference in
the percentage cell survival in all three strains with pretreated HFIP compared with
the NH,OH method (p <0.001). The Ahplp overexpression did not result in the
protection of cells against the effect of AB4, as expected. These results may suggest
that the effect of AB4, is limited to the extracellular compartment of the yeast cells;

therefore AHP1 overexpression cannot rescue cells from exogenous toxins.
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Figure 4-14 Role of AHP1 in the cytotoxicity induced by Ap4,. HFIP and NH,OH
pretreated AP4, were used for the treatment of exponentially growing S. cerevisiae
WT (BY4743) transformed with the p416.GPD empty vector, ahpl null mutant and
BY4743 overexpressing the Ahplp. (* p <0.05, *** p <0.005, **** p < 0.001).

135



Chapter Four

4.5 DISCUSSION

The contribution of yeast to elucidating the biology of cells has been immense.
Studies in yeast have deepened our knowledge of the eukaryotic cell, DNA damage
and check points, autophagy and more recently as a model for the study of protein
misfolding (reviewed in Khurana and Lindquist, 2010). It is well known that yeast
lack the specialised processes of cell to cell communication that exists in neuronal
cells. However yeast exhibit some relevant responses to AP, peptide. For instance
Park et al. (2011) and Treusch et al. (2011) found that intracellular expression of A4
disrupts endocytosis and cause a defect in receptor protein trafficking which supports
that yeast are good models for studying the effects of AB4, on neuronal cells. Another
similarity is the presence of the YAP1802 yeast gene with a human homolog of
phosphatidylinositol binding clathrin assembly protein (PICALM), which is
considered as a risk factor for sporadic AD (Treusch et al., 2011). Limitations to this
model organism are also expected since yeast lack receptors that have been proposed
for AB4, binding. Putative receptors include the insulin receptor (Xie et al., 2002),
the alpha7 nicotinic receptor (Wang et al., 2000), the metabotropic glutamate receptor

(Renner et al., 2010) and cellular prion protein (Lauren et al., 2009).

Chemically-synthesised APg; is also used for cytotoxicity studies in yeast (Chacinska
et al., 2002; Bharadwaj et al., 2012). To understand the effect of pretreatment on the
structure of A4, and ultimately cytotoxicity responses and validate a yeast model for
extracellular toxicity studies, two methods of pretreatment were used in the current
chapter. The data presented elucidate the effect of pretreatment on A4, potency and

how yeast cells respond differently to the effect compared with neural cell culture.
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45.1 Pretreatment determines the activity of Ap4, peptide

Amyloid oligomers are found to be diverse both structurally and morphologically
(Glabe, 2009). There are three classes of amyloid oligomers associated with
neurodegenerative diseases identified by immunologically distinct type antibodies
(Glabe, 2008; Kayed et al., 2009). These include “fibrillar oligomers” (Kayed et al.,
2007), “annular protofibrils” (Lashuel et al., 2002; Kayed et al., 2009) and

“prefibrillar oligomers” (Kayed et al., 2003; Baglioni et al., 2006).

Structural polymorphism of amyloid-p and other amyloid fibrils have been reported
previously (Fandrich et al., 2009; Hard and Lendel, 2012). Many variables such as
incubation temperature, pH, salt and ionic strength of the solvents can affect the
structure and morphology of amyloids (Sahoo et al., 2009; Yu et al., 2009; Ahmed et
al., 2010). At low temperature and low salt conditions, the oligomers were found to
be more stabilised and lacked the B-sheet structure characteristic of fibrils and were
more toxic to the mouse cortical neurons than protofibrils and fibrils (Ahmed et al.,
2010). Pretreatment of chemically-synthesised APs, in order to generate smaller
oligomers for Kinetic studies of its aggregation however is required and many
methods have been developed over the years. HFIP pretreatment of AP, is routinely
used as it has been shown to induce a-helical conformations, produce monomeric
solutions and remove the conformational memory from the peptide which otherwise
would accelerate the fibril formation (Walsh et al., 1997; Stine et al., 2003). Nicolas
and colleagues (2005a) however, reported that HFIP pretreated AP4, results in
amyloid aggregates that are polymorphic and a single polypeptide can fold into

multiple amyloid conformation (Nichols et al., 2005a).
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The current study indicates that different preparations of Af4, peptide can lead to
different biological activity towards yeast. AB4, pretreated with HFIP, was previously
shown to cause toxicity to C. glabrata cells but only in oligomeric form with fibrils
being ineffective (Bharadwaj et al., 2008). The present study however confirms
significant cytotoxicity of HFIP pretreated APs, immediately after preparation and
after prolonged incubation with C. glabrata and to S. cerevisiae, with fibrillar

structures being the more toxic species.

The recently introduced ammonium hydroxide (NH4;OH) pretreatment of synthetic
APy, reportedly results in formation of higher levels of monomeric peptide (Ryan et
al., 2013) and has not previously been tested on yeast. In this study, soluble oligomers
of the AP, prepared by NH4OH caused cell proliferation and increased the number of
colonies in both S. cerevisiae and C. glabrata, regardless of the type of solvent (H,O
or NaOH). C. glabrata more than doubled in number, and S. cerevisiae humbers
significantly increased over time. This method of pretreatment also resulted in AP,
that became toxic to the cells as it progressed to form fibrillar structures after
prolonged incubation. The results presented in this chapter suggest that ABs, is more
toxic to the yeast cells in fibrillar structures rather than the smaller oligomeric form
despite some previous findings (Bharadwaj et al., 2008). This is in agreement with
the findings of Chacinska et al. (2002) where A4, was found to stimulate cell growth

in monomeric form.
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The A4, peptide conformation appears to be the major determinant of its effect on
yeast cells. This finding is contrary to the effect of extracellular A4, to neural cells in
tissue culture (Lambert et al., 2001) and animal models (Knobloch et al., 2007) in
which oligomeric forms appear to be more toxic (reviewed in Benilova et al., 2012;
Kayed and Lasagna-Reeves, 2013). This discrepancy can be explained by the
complexity and dynamic nature of amyloid oligomers which contribute to the
molecular mechanism underlying the toxicity of various forms. However the data
from this chapter also identified that NH,OH pretreated A4, results in proliferation
in yeast whereas it caused toxicity to the PC12 cells. These results indicate that APy,
peptide species with identical conformation have opposing effects on neural cells
compared with yeast cells further questioning the validity of yeast as a model for

determining extracellular effects of Apao.

4.5.2 Older cells are more susceptible to the effect of AB4, than younger cells

The data from this chapter indicates that oligomeric AB4, can cause cytotoxicity and
proliferation in yeast regardless of growth phase. After separating the quiescent and
non-quiescent fractions of stationary phase cells it became apparent that quiescent
cells which represents the daughter cells (Allen et al., 2006; Aragon et al., 2008) were
more resistant to cytotoxicity and proliferation induced by the A4, peptide compared
with the non-quiescent fractions which consist mainly of older mother cells (Allen et
al., 2006; Aragon et al., 2008). These results are expected and can be explained by
differences that have been proposed for these two cell populations by previous studies
(reviewed in Smets et al., 2010). A microarray analysis of stationary phase cells from

a previous publication by Aragon et al. (2008) revealed > 1300 mRNAs that
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distinguished quiescent from non-quiescent fractions. Quiescent cells were found to
be more associated with mRNAs that encode proteins required for membrane
maintenance and signal transduction as well as the presence of more than 2000
protease-released mRNAs (Aragon et al., 2008). Quiescence is also associated with
distinct physiological properties such as a thickened cell wall with enhanced integrity,
resistance to heat shock and oxidative stress (Klosinska et al., 2011). These facts
demonstrate that quiescent cells are physiologically poised to respond to
environmental changes (Li et al., 2009). The non-quiescent mother cells on the other
hand comprise mMRNASs consistent with apoptosis in these cells. Allen et al. (2006)
has explained this observation by indicating that non-quiescent cells are depleted in
glycogen but are high in autophagic vesicles and do not compete for resources in the

mixed culture but rather serve as non-fermentable storage reserves for quiescent cells.

453 Effect of chemically-synthesised APs, is limited to the extracellular

compartment of yeast

This study revealed that the AB4, peptide formed cell surface amyloid that stained
intensely with ThT. Without A4, peptide treatment, there was some ThT staining
and this is attributed to binding by yeast cell wall proteins such as Flolp, Alslp,
Als5p, Muclp and Bgl2p that are known to have amyloid like properties (Kalebina et
al., 2008; Gorkovskii et al., 2009; Ramsook et al., 2010; Bezsonov et al., 2013).
HFIP-pretreated A4, resulted in peptide with long strand fibrillar morphology
compared with the NH,OH method. In yeast, this HFIP pretreatment resulted in
peptide that has a high propensity to adhere to the yeast cell wall. On the other hand,
APay, freshly pretreated with NH,OH caused cell proliferation due to the presence of

monomeric and oligomeric forms (Section 4.4.12) while prolonged incubation led to
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a fibrillar conformation which was toxic to S. cerevisiae cells. The association of
HFIP pretreated A4, with the cell wall proteins were much higher than the NH,OH
pretreated A4, peptide. Previous studies showed that A4, prepared using HFIP tend
to be more potent in electrophysiological tests and have greater tendency to modulate
biological membrane properties (Zagorski et al., 1999; Roccatano et al., 2005;
Lioudyno et al., 2012). Amyloid-B peptide has been referred to as a prion due to its
self-aggregation capability (White et al., 2001; Stohr et al., 2012). This might also
explain its propensity for adhering to amyloidogenic cell wall proteins of yeast cell.
Subsequent data also suggest that certain AP assembly might have prion-dependent

toxicity (Nicoll et al., 2013).

The effect of exogenous APs, on yeast cells is limited to the extracellular
compartment. These findings further confirm those of Chacinska and colleagues
(2002) which demonstrated the presence of approximately 15,000 AP binding sites
per yeast cell. Further, Treusch et al. (2011) indicated that cell wall retains the
intracellular expressed A4, and prevents the secreted peptides from diffusion into the
culture medium. C. glabrata cells treated with AB4, peptide labelled with fluorescein
isothiocyanate (FITC) as well as immune-gold labelled A4, peptide have also
confirmed that the APy, is associated with the cell surface and no entry of the peptide
within the cells was detected (Bharadwaj, 2011). Similarly in this study it was found
that the A4, attaches to the cell surface and does not appear to enter into the cell
compartment due to the cell wall acting as a barrier to this entry. Therefore, despite
previous reports on the suitability of yeast as model for extracellular cytotoxicity
studies using the chemically-synthesised Afas», the intracellular expression of the

protein seems more relevant to the disease. The data in this current study is novel in
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that it shows the interaction of extracellular AB4, with yeast cells is dissimilar to that
of neural cells so caution should be taken when reporting their cytotoxicity effect.
Overall, these findings indicate that extracellular toxicity studies of A4, in yeast are
not suitable because it is impossible to explore the endocytosis and vesicular
trafficking which are very critical for studying the AP4, toxicity and allows unbiased
screening of AP, modifiers (Treusch et al., 2011). Further, the non-permeability of
the yeast cell wall was illustrated in an elegant study by Treusch et al. (2011) in
which intracellular expression of ABa, in S. cerevisiae was able to be studied as the
yeast cell wall restrained secreted protein from diffusing into the culture medium and
allowing its interaction with the plasma membrane and endocytosis. Also, movement
and migration of the AB4, within the cell was described as an important factor for the
study of its interaction with internal organelles and compartments (Jung and Haucke,
2007; Deane et al., 2009; Sakono and Zako, 2010; Holtzman, 2011). AB4, oligomers
have been found to increase endocytosis in cultured cells (Minano-Molina et al.,
2011) and cause defects in endocytosis in human induced neuronal cells derived from

AD patients (Qiang et al., 2011).

It has been reported that exogenous amyloid protein such as those in food or
cosmetics can cause cross-seeding, aggregation and propagation of A4, amyloidosis
(Ono et al., 2014). TEM micrographs of HFIP pretreated AP, showed that this
preparation contain high level of fibrils which suggests that it may act as seeding for
increased amyloidogenicity and aggregation pathways. The yeast cell wall may also
possesses a high level of amyloidogenic protein that could also act as cross-seeds and
accelerate the amyloidosis of the exogenous ABs,. Although, the cytotoxicity of the

AP, was found to be associated with aggregation of the yeast cells, the exact
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mechanism of its action remains elusive. It can be speculated that cell wall integrity
(CWI) might be compromised by A4, which is required for progression through the
cell cycle (Levin, 2005, 2011). This implies that cell wall mutant strains could be

even more susceptible to the effect of APa4,.

4.5.4 Ahplp overexpression cannot rescue cells from the toxicity effect of Apas,

AHP1 is a member of Prx (type 1) with alkyl hydroperoxide defence in yeast (Lee et
al., 1999; Trivelli et al., 2003; lwai et al., 2010). The AHP1 null mutant yeast strain
was very sensitive when suspended in water with 50% decrease in cell viability after
an overnight incubation. This severe growth retardation and hypersensitivity to
oxidative stress in the mutant has been reported previously (Wong et al., 2004).
Although findings from this study illustrate that ABs, may be localised to the
extracellular region of the yeast it still seems to generate a form of stress which
became apparent in the ahpl null mutant strain. The ahpl null mutant strain was very
sensitive to the effect of exogenous A4, and this sensitivity was lower in the WT S.
cerevisiae strain. Because AHP1 provides protection against ROS (Nguyen-nhu and
Knoops, 2002; Lian et al., 2012), it was expected that the overexpression of Ahplp
could rescue the cells from the cytotoxic effect of HFIP pretreated A4, while
surprisingly the overexpressed cells were more sensitive than the WT strain. Apart
from ROS regulation AHP1 has been shown to play a role in manganese (Mn®")
homeostasis and trafficking (Farcasanu et al., 1999). They have also shown that
Ahplp is involved in the regulation of cytoplasmic Mn?* concentration.
Overexpression of AHP1 therefore, may cause disruption in Mn?" trafficking and
instead of being protective against the cytotoxic effect of A4y, it may become more

prone to its effect. Interestingly, the AHP1 gene was found to be not essential for
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vegetative growth while it is required for growth under stressful conditions. Ahplp
reportedly is localised both in the cytosol and mitochondria as both organelles are
associated with high level of ROS intermediates (Farcasanu et al., 1999; Park et al.,
2000). Therefore, if the A4 is localised to the cell wall of yeast according to the
findings from this study it can be speculated that overexpression of the Ahplp
produced a strain in which the cellular metal trafficking was disrupted hence was

more sensitive to the effect of ABa, than the wild-type.

Ahplp has been found to be an antioxidant protein and play a role in the urmylation
pathway by forming a conjugate with Urm1p during nutrient sensing and budding
which ultimately induces a strong oxidative-stress response and protection (Goehring
et al.,, 2003). AHP1 has shown to preferentially eliminate organic peroxides rather
than hydrogen peroxide (H,O,) and Ahplp was found to be specific for organic
peroxides (Lee et al., 1999). A study by Jeong et al. (1999) showed that
overexpression of the Ahplp in E. coli cells reversed the growth sensitivity induced
by alkyl hydroperoxides. Consistent with these previous findings, in this chapter
overexpression of AHP1 could not rescue cells from the cytotoxic effect of Apa,.
Further, Ahplp acts to protect against organic peroxides therefore, stress induced by
AP4, peptide could not be overcome by this antioxidant protein. However,
thioredoxin protein 1 (Tsal), a cytosolic antioxidant protein (Garrido and Grant,
2002) have been shown to provide protection against ROS induced by protein

misfolding and aggregates (Weids and Grant, 2014).
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4.6 CONCLUSION

The tendency of amyloid beta (A), in particular Af4, isoform to misfold and
aggregate into insoluble amyloid fibrils in the early stages of AD has been well
documented. Investigations using chemically-synthesised A4, peptide for
extracellular studies therefore have become a common practice, the outcome of these

studies, however, have not been in agreement.

My original contribution to knowledge is showing that the pretreatment method of
synthetic AP4, peptide determines APy, activity and ultimately how it interacts with
yeast cells. Here by manipulating the growth phase, the chronological lifespan of
yeast has been studied to gain understandings into the aging process in yeast and how
A4z influence survival and cell division. The effect of A2 is found to be limited to
the yeast cell wall and interactions with the amyloidogenic cell wall proteins. S.
cerevisiae were found to be more resistant than C. glabrata to the effect of AP,
peptide. It was identified that conformational changes in the peptide due to
preparation methods, determine its fate on toxicity and proliferation. The
hexafluoroisopropanol pretreated A4, had a greater tendency to aggregate on yeast
cells as determined by thioflavin T staining followed by flow cytometry and
microscopy. Both quiescent and non-quiescent cells were analysed by these methods
of peptide preparation, of which the latter is found to be more susceptible to the
toxicity of AP4z. Also, similar peptide preparations which resulted in cytotoxicity in

PC12 cells caused proliferation in yeast cells.
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5 CHAPTER 5: VALIDATING THE YEAST MODEL OF
ALZHEIMER’S DISEASE FOR COMPOUND LIBRARY
SCREENING

51 INTRODUCTION

As reviewed in Chapter 1 (Section 1.1.1) deposition and aggregation of amyloid-p
(AP) is believed to play a key role in the pathogenesis of Alzheimer’s disease (AD)
(Findeis, 2007; Bignante et al., 2013; Tay et al., 2013). The physicochemical
properties of the amino acid sequence in AP peptides, particularly the central
hydrophobic region (residues 16-20; KLVFF) is believed to be responsible for the
initiation of amyloid formation by favouring the ordered aggregation of Ap (Kim and
Hecht, 2005; Mathura et al., 2005; Selkoe, 2008). Various sizes of AP species have
been associated with the onset and progression of AD (Glabe, 2008; Klyubin et al.,
2012). For example, dimeric forms have shown to induce synaptic dysfunction (Jin et
al., 2011), SDS-stable oligomers were found to be neurotoxic (Lacor et al., 2004)
whereas, AP monomers and mature fibrils are relatively inert (Lambert et al., 1998;
Wau et al., 2010). Therefore, targeting the AP aggregation pathway has become a key
target in an effort to discover therapeutics which may be capable of preventing or
delaying the onset of AD (Matharu et al., 2010). Studies have shown that the anti-
parallel B—sheet orientation of the peptide and hence the aggregation, could be
blocked by compounds that can act as -sheet breakers or ligands (Keshet and Good,

2010; Hérd and Lendel, 2012).
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Small molecule inhibitors have been defined by Cheng et al. (2013) as low molecular
weight organic compounds with capability to form a bond with high affinity
biomacromolecules. Small molecules are routinely screened for their ability to
prevent aggregation or reduction of the A-induced cytotoxicity, but their other
important roles such as enhancing fibril formation is ignored. Although, the dynamic
relationship between intracellular oligomers and extracellular plaques is still
unknown, suggestions have been proposed that the larger fibrillar structures and
plagues may make inert or even aid in preventing toxic oligomer formation (Glabe,
2005; Necula et al., 2007a; Chen et al., 2010). So, an effective small molecule may
be one that prevents the formation of toxic oligomeric species by accelerating the
fibril formation. Therefore, screening for fibril stabilisers is as important as those
with anti-aggregation propensity since it has been reported that fibrils are not very
toxic (Kayed et al., 2003). Also, many aggregate inhibitors have been identified
previously but the mechanism of their action is rather complex and may be related to
oxidation reactions and covalent modifications (Kim et al., 2014). These examples
illustrate that targeting only a single approach for screening does not seem to be
appropriate and informative but multiple analytical approaches may be required to
fully investigate and identify the potential therapeutic compounds. 2,2'4'-
Trihydroxychalcone (TDC), a flavonoid belonging to the chalcone family has been
found to have therapeutic potential including BACEL inhibition and showed
potential in tissue culture and in an animal model of AD significant reduction was
shown in BACE1-cleavage of APP and improved memory and neuro-behavioural

activities (Zhu et al., 2010).
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High-throughput in vivo screening of compounds that inhibit aggregation of Aa,
using green fluorescent protein (GFP) fusion has been reported previously (Kim et
al., 2006). This method has successfully been applied to identify those compounds
that inhibit aggregation and enable GFP to fold into its native structure in E. coli
transformants (Wurth et al., 2002; Kim and Hecht, 2005; Kim et al., 2006). In this
chapter compounds were screened for their effect on the reduction or increase in
fluorescence due to aggregation of Afs, in AHPL deletant strain and WT S.
cerevisiae transformants expressing GFP-AB4,. The alkyl hydroperoxide reductase
protein (Ahplp) is a thiol-specific peroxiredoxin that provide protection against
reactive oxygen species (ROS) (lwai et al., 2010; Lian et al., 2012). Using this
mutant strain ahpl should allow identification of those compounds that can provide
protection against oxidation and those capable of inhibition of amyloid aggregation

in the GFP-AP4; fusion-associated fluorescence assay.

There is a growing consensus in the literature that the frequently investigated
polyphenols could be key molecules for the development of therapeutics or as a part
of a prevention strategy for AD (Ono et al., 2003; Harvey et al., 2011; Qin et al.,
2012; Cheng et al., 2013; Pallauf and Rimbach, 2013). The chemo-protective effects
of (-)-epigallocatechin-3-gallate (EGCG), a polyphenol in green tea as an anti-aging
and cancer prevention has been well documented (Rezai-Zadeh et al., 2005; Mandel
et al., 2006; Maurya and Rizvi, 2009; Nichols and Katiyar, 2010). EGCG has shown
to provide protection against the toxicity of AP (Lee et al., 2009a; Harvey et al.,
2011; Smid et al., 2012), modulate the amyloid precursor protein (APP) cleavage and

reduce cerebral amyloidosis through activation of the non-amyloidogenic pathway
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(Levites et al., 2003; Rezai-Zadeh et al., 2005; Avramovich-Tirosh et al., 2007) and
directly bind to AB (Palhano et al., 2013) . EGCG has been shown to activate cellular
antioxidant defense capacity against the ROS stress induced by AP, identified by an
increase in mRNA expression of y-glutamylcysteine ligase (Kim et al., 2009).
Consequently, in this chapter EGCG has been included as a positive control for
comparison of compound potency. Also, the compounds that were screened include

both small molecule inhibitors and polyphenols.

This chapter aimed at screening a library of chemicals containing three groups of
compounds (42 compounds in total) and verifying whether the outcome of an in vivo
yeast based screening assay for potential chemo-protectors is compatible with in
vitro conventional methods. 42 compounds were screened, these include 21 Danshen
derivative and analogue chemicals (Appendix A, Table 1), and 6 Biscoumarin
analogues (Figure 5-3) which have been synthesised and supplied by Assoc. Prof.
Helmut Hugel (RMIT University, School of Applied Sciences). Another 15
proprietary compounds (Appendix A, Table 2) of unknown identity were supplied by
Dr. Sylvia Urban (RMIT University, School of Applied Sciences) at 1 mM
concentration dissolved in dimethyl sulfoxide (DMSOQO). Polyphenols were
investigated for their capacity to inhibit protein aggregation and toxicity, their radical
scavenging activity and their ability to stabilise oligomeric species (Ono et al., 2003;

Huber et al., 2006; Mandel et al., 2006).
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5.1.1 Danshen compounds

This group consists of danshen derived compounds and their analogs which were
chemically-synthesised by Alford and Hugel (2013), (Appendix A, Table 1).
Danshen, the dried root of Salvia miltiorrhiza (a type of sage), has been widely used
in Chinese medicine for treatment of cardiovascular diseases (lzzat et al., 1998; Zhou
et al.,, 2005). Danshen constituents have also been shown to possess potential
therapeutic effects in the treatment of AD in both animal models by attenuating
cognitive dysfunction induced by AP4, peptide (Kim et al., 2011; Feng et al., 2012;
Lee et al., 2013) and in tissue culture studies (Tian et al., 2008; Zhou et al., 2011; Shi
et al., 2012; Yu et al., 2014a) due to protection against toxicity of the peptide. The
beneficial effect of danshen is reportedly attributed to the presence of diverse
hydrophilic (caffeic acid, salvianolic acid and rosmarinic acid) and hydrophobic
constituents (Tanshinones) including antioxidant properties which have been

summarised in Figure 5-1.

Since the number and position of the hydroxyl moieties attached to the phenyl rings
in benzoic acid and cinnamic acid analogs differ in various compounds, an
investigation was performed into the role of hydroxyl groups in the inhibitory
activity of these phenolic acids. Further, to be able to explore whether the hydroxyl
group possess inhibitory activity in those phenolic acids, different benzoic acid and
cinnamic acid derivatives having methoxy groups instead of hydroxyl moieties have

been examined.
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Figure 5-1 Overview of the diverse therapeutic applications of danshen
constituents. AchE1: Acetylcholinesterase, ROS: Reactive oxygen species, RA:
Rosmarinic acid, Sal A: Salvianolic acid A, DHT: Dihydro-tanshinone, TS2: Tanshinones

I1A. From Hiigel and Jackson (2014).

5.1.2 MATNAP proprietary compounds

The Marine and Terrestrial Natural Product (MATNAP) are a group of 15 naturally
occurring novel compounds with undisclosed structures and were synthesised in the
laboratory of Dr. Sylvia Urban (RMIT University). Due to interest in characterising
their biological activities, these compounds (small molecules) have been investigated

in the current chapter for their anti-aggregation propensities.
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5.1.3 Biscoumarins

The early therapeutic potential of coumarins has been reported in 1936 (von Werder
and Merck's, 1936). Since then coumarins have been identified for their anti-
inflammatory (Hadjipavlou-Litina et al., 2007; Witaicenis et al., 2014), antibacterial
(Ojala et al., 2000; de Souza et al., 2005), antitumor (Stefanova et al., 2007), anti-
HIV activities (Dong et al., 2011) and their role as a stimulator of the central nervous
system (CNS) (Pereira et al., 2009). The coumarins are naturally occurring in plants
and consist of a large class of phenolic compounds consisting of benzo-a-pyrone
(2H-1-benzopiran-2-one) rings (Venugopala et al., 2013). Generally coumarins are
classified into five groups, namely; 1) simple coumarins, 2) Furanocoumarins, 3)
Pyranocoumarins, 4) Biscoumarins and Triscoumarins and 5) Coumarinolignans
(Borges et al., 2005). Structure-activity relationships for biscoumarins have been
reported previously (Khan et al., 2004; Chiang et al., 2007; Kancheva et al., 2010). In
the current chapter, six structurally distinct biscoumarins have been investigated for

their chemoprotection against AD.

All of these compound groups were screened for identification of bioactive small
molecules which may show potential anti-oligomerisation and anti-toxicity activities.
This was done using in vitro and in vivo yeast based assays validated by standard

conventional in vitro screening methods.
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52 AIMS
1) Define the anti-oligomerisation property of select compounds using
conventional in vitro methods (e.g. ThT assay)
2) Determine the cytotoxicity effect of various A4, conformers produced after
prolonged incubation with potential chemo-protective ligands
3) Verify whether the GFP-AP,; fusion in yeast can be used for high-throughput

detection of anti-amyloidogenic compounds
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5.3 MATERIALS AND METHODS

S. cerevisiae (BY4743) was utilised in most of the analyses but in some assays C.
glabrata (ATCC90030) was used as it was shown to be more sensitive to the toxicity
of synthetic ABs, peptide (Chapter 2). Wild-type S. cerevisiae strain and the AHP1
deletant strain (ahpl) were transformed with plasmids encoding direct constitutive
expression of GFP and GFP-AP4,. Cells were then grown in the presence of 50 uM
danshen compounds and were analysed after 24 h incubation for green fluorescence
levels using flow cytometry (Section 2.6.2). AHP1 provides protection to the cells
against oxidation therefore, compounds with antioxidant properties can have

substantial effect on the survival of the ahp1 strain.

The chemically-synthesised AP, peptide solutions were prepared as described
respectively in Section 2.7.1. The cytotoxicity effect of the HFIP pretreated A4, and
viability of the yeast cells after any treatment was measured as described in Section
2.3.3. Yeast cell survival in the presence of A4, pretreated with NH,OH and HFIP
was determined as described in Section 2.7.5. The amyloidogenicity potential of the
compounds was examined using thioflavin T (ThT) assay at 0, 16 and 24 h as

described in Section 2.8.

Sample preparation for TEM and the micrograph imaging of Aps, conformers
produced as a result of 7 d co-incubation with the compounds was done respectively
according to Section 2.12.1 and Section 2.12. The TEM images revealed the
presence of various A4, peptide species, with a wide range of sizes and

conformation. In order to explore whether any of the compounds partially or fully
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blocked the oligomerisation process, protein analysis and cytotoxicity of the co-
incubated A4, and compounds after 7 d was performed. The A4, peptide species
generated from prolonged co-incubation with the compounds was characterised by
SDS-PAGE (Section 2.10.1) followed by western blot and silver staining analysis.
Immunoblotting of prolonged incubated APs, and compound samples with WO2
anti-Ap antibody was studied as described 2.10.3. Protein detection was also

performed by silver staining of the gel as described in Section 2.10.2.
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54 RESULTS

Three groups of compounds namely, danshen (Section 5.4.1), proprietary MATNAP
compounds (Section 5.4.2) and biscoumarin derivatives (Section 5.4.3) were
analysed. These were assayed for their ability to prevent amyloid-p oligomer or fibril
formation in vivo and in vitro, or to provide protection to yeast against the

cytotoxicity of the Apap.

54.1 DANSHEN COMPOUNDS ANALYSIS

In vivo and in vitro yeast based assays were used to analyse these danshen
derivatives or their chemically-synthesised analogs (Appendix A, Table 1) and for
comparison with the in vitro conventional methods of anti-oligomerisation screening.
This would allow identification of bioactive molecules and functional groups as well

as the selection of the positional isomer that shows the greatest therapeutic effect.

5.4.1.1 Screening of danshen compounds in an ahpl mutant expressing green
fluorescent protein fused to Ap,, (GFP-AP4)

This screening is based on the percentage of fluorescence emission from the correct
folding of GFP as a reporter for AB4, aggregation in the presence of compounds. The
GFP fusion system used in this study has been described previously (Caine et al.,
2007a). This GFP-A4, fusion results in the green fluorescent being visible in
punctuate patches. In the GFP expression alone, the GFP is distributed uniformly
throughout the cell (Figure 5-2A). The green fluorescence associated with GFP alone

was very strong and present in most cells (Figure 5-3) compared with the GFP-AB4;
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fusion. In fact in vehicle buffer (DMSO) control samples the GFP florescence was
observed in ~80% of cells (78.5 + 1.4). This level did not change significantly in the

presence of 50 uM danshen compounds (Figure 5-3A).

In control ahpl mutant samples transformed with GFP-AB4, (GA), fluorescence was
present in ~30% of cells. Cells incubated in the presence of BA PG 65 and
BA PG84 exhibited a significantly higher fluorescence (p < 0.01 and p < 0.05
respectively) compared with the control (Figure 5-3B).  Fourteen danshen
compounds caused a significant reduction in the fluorescent level of the
transformants (Figure 5-3A). Rosmarinic acid, BA PG63, 3, 4-dihydroxybenzoic
acid, salvianolic acid B, 2, 4, 5-trihydroxybenzoic acid significantly lowered the
fluorescence expression level similarly to EGCG (p < 0.001). This effect was lower
with 3, 4, 5-trihydroxybenzoic acid (p < 0.005), BA PG44, BA_PG51, BA PG87,

BA_ PG83 (p <0.01) compared with EGCG.
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GFP Merge DIC

GFP alone

GFP-Ap4, fusion

Figure 5-2  Fluorescent and light images of S. cerevisiae (ahpl mutant)
transformed with GFP and GFP-AB4, plasmids. Green fluorescent expression
pattern in the presence of GFP is well distributed (A) while; GFP-AB4; (B) is viewed
in punctate form. Visualisation was done using a confocal microscope (Scale bar =5

um).
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Figure 5-3 GFP and GFP-ABs, transformants of AHP1 knock-out mutant.
Fraction of fluorescent cells in ahpl transformed with GFP (A) and GFP-AB4, (GA)
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(B) as measured by flow cytometry. A library of 21 danshen derived compounds was
examined with yeast based assays to identify those with anti-misfolding capability.
EGCG was used as a positive control and Cu,SO, as a negative control for indication
of toxicity. (**** p < 0.001, *** p < 0.005, ** p < 0.01,* p < 0.05). All data are

expressed as mean + SEM (n = 3).

Among salvianolic acid analogs (Appendix A, Table 1), salvianolic acid B (p <
0.001) and BA PG87 (p <0.05) significantly decreased the fluorescence level
whereas, BA PG65 (p <0.01) and BA_PG84 (p <0.05) increased the fluorescence

emission and BA_PG69 remained ineffective compared with control (Figure 5-3B).

Danshensu, the most potent constituent of the aqueous extract of danshen is a
relatively simple polyphenol (Chan et al., 2004; Wu et al., 2007). Here three isomers
of Danshensu, two of which have been methylated to resemble the by-products
generated during its metabolic pathway were analysed. All three Danshensu isomers
of BA_PG63 (p <0.001), BA_PG51 (p <0.01), and BA_PG44 (p <0.05) reduced the
percentage of fluorescent expressing cells significantly (Figure 5-3B). Further, the
percentage of fluorescing cells decreased in the presence of all three positional
isomers of dihydroxybenzoic acid (Figure 5-3B). However, 3, 4-dihydroxybenzoic
acid (p <0.001) was more potent compared with 2, 5-dihydroxybenzoic acid (p
<0.01) and 2, 3-dihydroxybenzoic acid (p <0.05) respectively (Figure 5-3B). Also,
the two caffeic acid monomers of 4-hydroxy-3-methoxycinnamic acid, and 3, 4-
dihydroxycinnamic acid decreased the percentage of fluorescing cells significantly (p
<0.05). These results showed that only BA PG84 and BA _PG65 which are

salvianolic acid C analogues were able to increase the number of fluorescing cells.
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This is an indication of increased levels of correctly fold GFP-AB4,. To further
determine the effect of these compounds on the GFP-Ap4, fusion system and role of

AHP1 protein (Ahplp) on the outcome, analysis was conducted in the WT strain.

5.4.1.2 Screening of danshen compounds in the BY4743 wild-type S. cerevisiae
expressing green fluorescent protein associated with GFP and GFP-

ABag

To verify whether the effect of danshen compounds on the ahpl mutant strain is
similar to the WT S. cerevisiae (BY4743), propidium iodide (PI) was used to monitor
cell damage, while levels of fluorescence associated with a GPF-Af4, constructs

were measured (Section 2.6.2).

The percentage fluorescent intensity (FI) of the green fluorescence (GFP) expression
level of BY4743 cells in the presence of 50 uM danshen compounds was analysed
quantitatively. This was done by measuring the average GFP expression of each
sample compared with the untreated control. The percentage of fluorescent intensity

of cells only increased with the presence of ferulic acid (p <0.005; Figure 5-4A).
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Figure 5-4 Quantitative analysis of danshen compounds on wild-type BY4743 S.
cerevisiae expressing GFP-Ap4, measured by flow cytometry. Percentage FI of
GFP-AB4, expressing cells compared with untreated control sample (A). Percentage
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of GFP-Ap4, cells expressing green fluorescence (B). (**** p < 0.001, *** p <
0.005, ** p < 0.01,* p <0.05). All data are expressed as mean + SEM (n = 3).

None of the compounds decreased the number of cells expressing GFP-AB4, while,
sixteen compounds significantly increased the percentage of fluorescing cells (Figure
5-4B). This indicates a different effect in the WT compared with the ahpl mutant
strain which resulted in enhanced fluorescence emission in the presence of the
compounds. The number of cells expressing green fluorescence was significantly
higher in the presence of BA-PG65, 2, 3- dihydroxybenzoic acid and 3,4-
dihydroxybenzoic acid (p < 0.001), followed by BA PG17, BA PG63, ferulic acid,
2, 5-dihydroxybenzoic acid, and 2, 4-dihydroxycinnamic acid (p < 0.005). Further,
rosmarinic acid (an ester of caffeic acid) did not have any effect on the green
fluorescence expression level in WT yeast. Analysis of the data indicated that some
of the compounds contributed to cell death (Figure 5-5). The effect of the compounds
on the cells within the population varied. The population distribution effect was more
profound in the presence of rosmarinic acid, BA PG65 and BA PG84 with
formation of two distinct populations of cells (Figure 5-5). The level of green
fluorescence expression was reduced in the presence of EGCG (3.78 +/- 0.22) as
compared with control (4.39 +/- 0.08). Ferulic acid similar to EGCG is a potent
antioxidant but its effect on the green fluorescence expression level was totally
opposite to that of EGCG by increasing the green fluorescence expressing cells (6.33
+/-0.95; Figure 5-5). These data might indicate that some of these compounds
increase the resistance of the cells to the effect of GFP-Ap4, by inducing autophagy.
Also, at present it is unclear why there were differences in the outcome of compound
treatments on the GFP-AP4, expression level between the two strains that were
tested. Further, in vitro analysis was conducted to determine the effect of these

compounds on the synthetic A4, peptide.
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5-5 Flow cytometry analysis of the apogtggi)s and green fluorescence expression
induced by ten selected danshen compounds on WT S. cerevisiae expressing
GFP-AB4,. The exponentially growing BY4743 transformants in selective media
(YNB-U) were treated with 50 uM of danshen compounds and incubated for 6 h.
Samples were then treated with Pl (1 ug/ ml) prior to analysis. The fluorescence
associated with Pl and GFP was then measured on a flow cytometer. Flow cytometry
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of nine compounds along with GFP-AP4,; control and EGCG has been shown.
Analysis was performed using WESEAL WEHI software.

5.4.1.3 Anti-oligomerisation screening of danshen derivatives and analogues

using thioflavin T analysis
Previous research classified the aggregation inhibitors into three main classes namely
those with capability of inhibiting fibril formation, those that inhibit oligomerisation
and the last class consists of those that possess both activities (Necula et al., 2007b).
Therefore, a ThT assay was employed for identification and classification of danshen
compounds. ThT was first described in 1959 (Vassar and Culling, 1959) and is
regarded as a “gold standard” due to its capability to selectively stain and identify
amyloid fibrils (Naiki et al., 1989; LeVine, 1993; Freire et al., 2014). The ability of
danshen compounds to inhibit the formation of A4, aggregates was monitored by
co-incubating freshly prepared AP4, with compounds and measuring the ThT-
induced fluorescence intensity. The colours associated with many of these
compounds might interfere with ThT, modulate the fluorescence yield of ThT and
bias the results (Hudson et al., 2009). Therefore, analysis of these compounds
without addition of A4, peptide was also included. This allowed adjustment of the
baselines and elimination of the effect of colour on the photometric readings or

quenching of the ThT fluorescence in this assay.

At the baseline (0 h) the starting fluorescence intensity was significantly lower in the
positive control (EGCG) compared with AP, and vehicle buffer (p <0.01; Figure 5-

6A). A similar effect was also viewed in the presence of BA PG65, BA PG84,
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BA PG69, and to lesser extent in BA_PG83 (p <0.05). After 16 h of co-incubation
of the compounds with the Aa, the fluorescence intensity in the presence of ThT
was measured. Five compounds lowered the fluorescence intensity compared with
control samples (ThT negative) indicating their capability to slow aggregation and
fibril formation (Figure 5-6B). These were rosmarinic acid (p <0.01), 2, 5-
dihydroxybenzoic acid, 3, 4-dihydroxycinnamic acid (caffeic acid), 3, 4, 5-

trihydroxybenzoic acid (gallic acid) and salvianolic acid B (p <0.05).

After 24 h co-incubation of compounds with A4, rosmarinic acid similar to EGCG
(p <0.001) exerted the most potent inhibitory effect on peptide aggregate formation
(Figure 5-6C). Other compounds that showed aggregation inhibition capacity were 2,
5- dihydroxybenzoic acid (gentisic acid), 3, 4-dihydroxycinnamic acid, 3, 4, 5-
trihydroxybenzoic acid, and salvianolic acid B (p <0.005). Also, 3, 4-
dihydroxybenzoic acid significantly reduced the aggregation propensity of AP

compared with the control sample (p <0.01).

On the other hand BA_PG69, BA_PG83, BA_PG65 (p <0.01), and BA_PG17 (p
<0.05) significantly contributed to an increased ThT associated fluorescence after 24
h co-incubation with chemically-synthesised AP4,. Further, the results suggest that
these compounds accelerated the aggregation and fibril formation capacity of the

peptide compared with the control sample (Figure 5-6C).
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Figure 5-6 Amyloid formation assayed by thioflavin T fluorescence. Fibril
formation of A4, and the associated increase in in situ ThT fluorescence in the
presence and absence of compounds were measured at 0 h (baseline) (A), 16 h (B)
and after 24 h (C) incubation was calculated by subtracting the ThT blank from each
sample. Significant anti-fibril propensity was determined by comparing the
absorbance of compounds in comparison with the control sample. Analysis was done
in triplicate. Control samples of only compounds with the ThT without the addition
of the AP, peptide were also included to minimise the effect of the compounds’
colour on the fluorescence intensity of the ThT. Selected danshen compounds that
resulted in a significant anti amyloidogenic property compared with the positive
control (EGCG) and negative control (AP4, & vehicle buffer) determined by ThT
measured at 0, 16 and 24 h after incubation with chemically-synthesised A, (D).
(**** p < 0.001, *** p < 0.005, ** p < 0.01,* p < 0.05). All data are expressed as
mean + SEM (n = 3).

5.4.1.4 Immunoblotting analysis of chemically-synthesised ABs, co-incubated

with selected danshen compounds
When studying the AP aggregation, although larger fibrillar aggregates remain
important (Echeverria et al., 2005; Robinson et al., 2011), small oligomeric
aggregates which are reportedly toxic and contribute to the progression of the disease

continue to be of interest (Carvalho et al., 2014). Nevertheless, ordered self-
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association of AP molecule was identified to be essential for toxicity (Pike et al.,
1991). This aggregation pathway however, is reversible such that fibrils can
dismantle and give rise to intermediate protofibrils and soluble oligomers (Pryor et
al., 2012). In this experiment the selected danshen compounds were investigated for
their capacity to prevent oligomeric A4, formation after prolonged incubation. SDS-
PAGE of the AP, conformers that formed over 7 days incubation in the presence of
ThT negative compounds were analysed by silver staining and Western blot using

WO2 monoclonal antibody against the Ap peptide.

Silver staining confirmed the presence of AP, peptide in all of the samples but
despite being a sensitive technique it did not show differences between treatment and
control samples (Figure 5-7A). AP peptide was detected for all experimental
samples (Figure 5-7A; lane 2-6) and control samples (Figure 5-7A; lane 1 & 7). The
band intensity for monomer, dimer and tetramer were similar in both silver staining
and immunoblot analysis. However, the resolution of oligomeric species was very
low, possibly due to gel smearing which prevented quantification of individual sizes

of oligomers within this range (Figure 5-7).

The immunoblotting assay revealed that all of the compounds (Figure 5-7B; lanes 1-
5) seem to be hindering fibrillogenesis when compared with the untreated control
(Figure 5-7B; lane 6). Freshly prepared A4, only formed monomeric and dimeric
structures (<14 kDa) with no aggregation detected (Figure 5-7B; lane 7). In
monomeric form (4.5 kDa) ABs, peptide is said to be harmless (Giuffrida et al.,

2010). However, nucleation can trigger self-assembly of these monomeric species of
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AP into oligomers, large intermediate aggregates and eventually fibrillar aggregates

(Teplow, 1998, Morris et al., 2009).

Low molecular weight (LMW) oligomer species are distinguished by their solubility
and size (>14 kDa) which appear between monomeric and insoluble fibrils (Walsh
and Selkoe, 2007). The level of oligomeric peptide was very high in the presence of
salvianolic acid B (Figure 5-7B; lane 1). These results indicate the presence of high
molecular weight (HMW) species of oligomers and protofibrils especially at > 70
kDa (Figure 5-7B; lane 1). The oligomeric detection in the untreated control on the
other hand was very low demonstrating acceleration in formation of insoluble fibrils
(Figure 5-7B; lane 6). All of the compounds that lowered the ThT associated
fluorescence (ThT negative) apparently were capable of hindering the fibril
formation but were not able to prevent oligomerisation altogether. Longer incubation
resulted in slower aggregation propensity of the A4, peptide in the presence of these
selected ThT negative compounds. These results suggest that selected compounds
might act as a ligand for the PB-sheet regions on the AP4, hence delaying the
association of these regions for aggregation and therefore interfering with the

oligomerisation and fibril formation process.
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Figure 5-7 SDS-PAGE analyses of AP, conformers in the presence and absence
of compounds. Peptide solutions co-incubated with the selected danshen compounds
were fractioned by SDS-PAGE electrophoresis (4-12% Bis-Tris gel) (Section
2.10.1). 100 ng of each A4, sample was analysed by silver staining (A) (Section
2.10.2). Samples are vehicle buffer control & A4, (lane 1), salvianolic acid B (lane
2), rosmarinic acid (lane 3), 2, 5-dihydroxybenzoic acid (lane 4), 3, 4-
dihydroxycinnamic acid (lane 5), 3, 4, 5-trihydroxybenzoic acid (lane 6), and freshly
prepared As2 (lane 7). Lane M contains molecular weight marker. 0.5 pg of each
A4z sample (from TEM experiment) was also analysed by immunoblotting (Section
2.10.3) using anti-Ap WO2 antibody; (B). Samples are salvianolic acid B (lane 1),
rosmarinic acid (lane 2), 2, 5-dihydroxybenzoic acid (lane 3), 3, 4-
dihydroxycinnamic acid (lane 4), 3, 4, 5-trihydroxybenzoic acid (lane 5), vehicle
buffer control & APa4, (lane 6), and freshly prepared AP, (lane 7). Molecular weight
markers are shown in lane M.

5.4.1.5 TEM analysis of AB4, species formed in the presence of selected potent

danshen compounds

To further explore the effects of the selected ThT negative danshen compounds
(Figure 5-5D) on amyloid aggregation and fibril formation, morphological changes
during 7 d incubation of AP4, peptide in the presence of these five selected

compounds were examined by TEM. A control sample of chemically-synthesised
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AP42 peptide with only addition of vehicle buffer was analysed for morphological

comparison.

The control A4, sample resulted in highly ordered fibrillar structures (Figure 5-8A).
Although none of the compounds prevented the aggregation altogether, the extent of
protofibrils and fibril formation varied in the presence of different compounds.
Structures like sheets, globular and short or long fibrils were formed as a result of the

effect of the compounds on the A4, conformation.

Salvianolic acid B resulted in formation of HMW species including protofibrils and
mature amyloid fibrils. The fibrils were well separated and dispersed compared with
the control sample (Figure 5-8B). Rosmarinic acid on the other hand resulted in
formation of oligomers, protofibrils, long fibrils, as well as clusters of short fibrillar
structures which were merged into sheet-like structures (Figure 5-8C). In the
presence of 2, 5-dihydroxybenzoic acid (gentisic acid) (Figure 5-8D) micelle like
structures (Vitalis and Caflisch, 2010) along with many protofibrils became visible.
However, very few fibrillar structures were detected which were very long in length.
Caffeic acid also formed spherical globular micelle-like species (Figure 5-8E). The
globule structures presumably represented caffeic acid microdroplets in which AP,
had deposited and begun to aggregate. After 7 d co-incubation, caffeic acid proved to
be a good ligand for the AP4, peptide, preventing extensive aggregation and fibril
formation. 3, 4, 5-trihydroxybenzoic acid (gallic acid; Figure 5-8F) resulted in

formation of only a few very long, twisted fibrils.
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One possible explanation for detection of high levels of fibrillar structures in the
presence of salvianolic acid B and rosmarinic is that these two compounds are
capable of accelerating fibril formation after prolonged incubation resulting in a less
toxic form of oligomer compared with the soluble toxic form. Another possible
explanation would be that these selected ThT negative compounds competitively
binds to the P-sheet site of the amyloid fibrils. This result in, inhibition or
minimising the ThT interactions with these active sites along the length of the fibrils
causing a lower fluorescence emission associated with ThT. These findings have also
been previously reported (Hudson et al., 2009) and it could be that similarity in the

aromatic structure of ThT and polyphenols contributes to differing results generated

by the ThT method compared with TEM.
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Figure 5-8 TEM micrographs of A4, co-incubated with selected compounds.
Morphological effects of selected compounds on chemically-synthesised AP,
aggregation was investigated and compared with control samples. Micrograph of
AP4, sample without addition of compounds (control) (A). Micrograph of
chemically-synthesised A4, in presence of salvianolic acid B (B), rosmarinic acid
(C), 2, 5-dihydroxybenzoic acid (gentisic acid) (D), 3, 4-dihydroxycinnamic acid
(caffeic acid; E), and 3, 4, 5-trihydroxybenzoic acid (gallic acid; F). Arrows show
micelle (globular) structures, protofibrils and fibrillar species of AB4,. Micrographs
showing other conformational species of peptide formed by the compound is
highlighted in yellow box. Structure of each compound is also shown on the
micrograph. Scale bars = 200 nm

5.4.1.6 Effect of selected danshen compounds on the toxicity of Ap,

The cytotoxicity effect of HFIP pretreated AP, (5 uM) and the protection of the five
selected danshen compounds (50 uM) were tested on C. glabrata cells. It should be
noted that at 50 uM concentration none of these selected compounds are toxic or

inhibitory to yeast cells.
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The percentage survival of yeast cells in the presence of ABs, was only ~10% of the
untreated control sample (Figure 5-9). All of the selected danshen compounds were
capable of inhibiting toxicity to the C. glabrata cells when compared with the
control. Salvianolic acid B (p < 0.001) followed by gentisic acid gallic acid, and

Caffeic acid (p <0.005) were the most effective (Figure 5-9).
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Figure 5-9 Cytotoxicity effect of freshly prepared Aps, on C. glabrata cells. C.
glabrata was grown into exponential phase according to section 2.3.1. Cells were
then treated with selected danshen compounds and incubated for minimum of 6 h.
Then HFIP pre-treated AB4, (5 uM) was prepared and then added to each sample,
including control and incubated overnight. Untreated samples were also included.
Viability was determined by transferring 100 pl of cell suspension the next day on
YEPD solid media and reporting it as a percentage of untreated cells. (**** p <
0.001, *** p < 0.005, ** p <0.01). All data are expressed as mean + SEM (n = 4).
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5.4.1.7 Cytotoxicity of the AP, species generated in the presence of the selected

five danshen compounds
In order to elucidate the modulation in the structural conformation of AB4, upon
treatments with compounds for 7 d (Section 2.12.1), the cytotoxicity of these
conformers were tested on yeast cells. In order to achieve similar APy, species in the
presence of the compounds, samples were prepared in a similar manner to that for
TEM. The conformation produced by the aged AB4, control solution is not toxic. The
toxic effect is very similar and probably as a result of the vehicle control buffer
(Figure 5-10A, B). The vehicle control buffer contains 10 x PBS with a high level of
phosphate and is seemingly toxic to yeast cells. This toxicity is more profound in C.
glabrata than S. cerevisiae with almost double cell survival with the latter (< 60%)
compared with former (< 30%). While identical aliquots of each sample of AP, co-
incubated with compound were used for treatment of C. glabrata and S. cerevisiae,
the effect is vastly different (Figure 5-10A, B). Further, significant cytoprotective
activity in C. glabrata (Figure 5-10A) was observed with gallic acid (p < 0.005)
whereas in S. cerevisiae (Figure 5-10B), rosmarinic acid (p < 0.001) was the most
protective followed by gentisic and caffeic acid (p < 0.005). Interestingly, gallic acid
was the only compound that caused significant toxicity to the S. cerevisiae cells (p <
0.005). It is important to note that the fibrillar species formed by gallic acid were
more twisted compared with rosmarinic and salvianolic acid. These differences in the
fibrillar conformation might be a major contributing factor for their interaction with

the yeast cell wall.
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Figure 5-10 Effect of conformational changes of synthetic AB,, produced in the
presence of danshen compounds on the survival of yeast cells. C. glabrata
(ATCC90030) (A) and S. cerevisiae (BY4743) (B) were grown to exponential phase.
AP4, conformers were generated according to Section 2.12.1. Cells were then
incubated with the AP4, conformers developed by incubation for 7 d with
compounds. Survival was determined by colony forming units on YEPD complete
media plate. (**** p < 0.001, *** p < 0.005, ** p < 0.01). All data are expressed as
mean + SEM (n = 3).

542 MATNAP PROPRIETARY COMPOUNDS ANALYSIS- Minimum

inhibitory concentration determination
The following compound group consists of 15 chemicals that were dissolved in
DMSO to the final concentration of 1 mM (Appendix A, Table 2). As the toxicity of
these compounds is not known, the MIC 90 was determined on C. albicans to
determine their effect on the survival of yeast (Figure 5-11). The DMSO level was

kept to < 0.1% in all of the following experiments.
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Figure 5-11 An example of MIC 90 determination for RB9_6.3 on C. albicans
WM1172. Positive control of untreated C. albicans cells and negative controls
containing Fluconazole were also included (Section 2.3.5).
were monitored by measuring optical density at 595 nm at the baseline (0 h) (A) and
after 24 h of incubation (B). All compounds were tested using a broth micro-dilution
method. In order to avoid bias in the MIC determination due to colour associated
with each compound, the differences between treated and untreated samples at the
baseline was subtracted from the final values for the compounds. The approximate
MICs for 90% were determined as the lowest concentration that suppressed any

visible growth.

Growths of the cells
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5.4.2.1 Fluorescence produced in associated with an AHP1 deletant mutant
expressing green fluorescent protein fused to APs; (GFP-AB42) In the
presence of MATNAP compounds

The S. cerevisiae, ahpl mutant transformed with GFP and GFP-Ap4, were used to
analyse the effect of these compounds (50 uM) on the fluorescent protein expression
level. None of the compounds affected the fluorescent expression of GFP
transformant (Figure 5-12A) whereas, RB9_6.3 significantly reduced (p < 0.01) the
number cells capable of expressing green fluorescent in GFP-AB,, transformants

(Figure 5-12B).
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Figure 5-12 Intensity of fluorescence expression in ahpl transformed with GFP
(A) and GFP-AB4; (GA) (B) as measured by flow cytometry. A library of 15
compounds (50 uM) dissolved in DMSO was examined with in vivo yeast based
assays to identify those with capability of enhancing autophagy or anti-misfolding
characteristics. Exponentially growing yeast cells transformed with GFP and GA
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plasmids were incubated with 50 uM compounds in selective media and grown for
further 6 h at 30°C with shaking. Samples were taken and analysed by flow
cytometry. None of the compounds affected the green fluorescence level in the GFP
transformants (A). Only RB9_6.3 significantly decreased the fluorescence level of
the GA transformants compared with GA/DMSO control sample (p <0.01). All data
are expressed as mean + SEM (n = 6).

5.4.2.2 Fluorescence based screening of the wild-type S. cerevisiae (BY4743)
transformed with GFP-ABs, plasmid in the presence of MATNAP

compounds

Green fluorescence in BY4743 cells transformed with GFP- A4, plasmid in the
presence of these compounds (50 uM) was analysed using a flow cytometer (Section
2.6.2). The fluorescent intensity (FI) of each compound was then determined as a
percentage of average fluorescence of samples compared with control samples
transformed with an empty vector (p416.GPD). The scatter graph of the flow
cytometer showed the presence of two distinct cell populations in the presence of
RB9_6.3, Plocamenone, and RB9_7.2 (Figure 5-13A). The effect of the compounds
on the green fluorescence expression in WT transformants was different to the
mutant (5.2.2.2). Analysis of data showed a significant decrease in FI in the presence
of RB1_3.6 (p <0.05) whilst, nine compounds increased the FI (Figure 5-13B). Also,
the level of GFP-AP4, expression was affected by these compounds with five
chemicals namely, RB9 6.3, RB1 3.6, DD6 3.2, RB10 10.4 and RB9 7.3 and was
observed as a significant reduction of fluorescing cells (p <0.001). Another five
chemicals remained ineffective while, the last five compounds enhanced the number

of fluorescing cells (Figure 5-13C).
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Figure 5-13 Anti aggregation propensity of MATNAP compounds (50 pM) using
GFP-AB4s, WT S. cerevisiae transformants. Flow cytometry graphs displaying the
effect of selected compounds on the survival of cells (measured by propidium iodide)
and green fluorescence expression level are shown (A). The percentage FI of
transformants in the presence of compounds compared with control (B).
Exponentially growing cells were treated with treated with the compounds and
incubated for at least 6 h prior to flow cytometry analysis. (*** p < 0.005, ** p <
0.01, * p<0.05). All data are expressed as mean + SEM (n = 6).
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5.4.2.3 Anti-oligomerisation analysis of structurally designed, MATNAP

molecules by thioflavin T assay

In order to determine the anti-amyloidogenicity of this class of compounds, ThT
analysis was performed at 0, 16 and 24 h of co-incubation of (20 uM) compounds
with ABs,. Most of these compounds have associated colours which might interfere
with the ThT fluorescence. Despite adjusting the effect of associated colours by
including samples without addition of AB4, many samples revealed their capability
to quench or interfere with the ThT fluorescence significantly at 0 h (Figure 5-5A).
After 16 h incubation ten compounds showed significant lower ThT associated
fluorescence compared with the control sample (Figure 5-14B). Overnight co-
incubation however resulted in identifying eight compounds with ability to reduce
fluorescence associated with ThT. Among those, only four compounds were selected
as ThT negative, due to their similarities in oligomerisation kinetics to EGCG

(Figure 5-14D).
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Figure 5-14 Amyloid formation assayed by thioflavin T fluorescence after
incubation with MATNAP compounds. Fibril formation of A4, and the associated
increase in in situ ThT fluorescence in presence and absence of compounds were
measured at 0 h (baseline) (A), 16 h (B) and after 24 h (C) incubation. Kinetics of
fibril formation of selected compounds monitored by ThT fluorescence compared
with the positive control (EGCG) and negative control (APs; & vehicle buffer)
measured at 0, 16 and 24 h after incubation with chemically-synthesised ABa, (D).
(**** p < 0.001, *** p < 0.005, ** p < 0.01,* p < 0.05). All data are expressed as
mean + SEM (n = 3).

5424 TEM analysis of APs, species formed in the presence of selected
MATNAP compounds

Morphological changes to the ABa2 incubated for 7 d in the presence and absence of
the compounds was investigated by TEM imaging. RB9 6.3 was associated with
formation of very few fibrils which were very short in length but branched (Figure 5-
15A). RB9_7.2 resulted in clusters of highly branched amyloid fibrils as well as

long ribbon like species (Figure 5-15B). RB9 7.1 also did not show any anti-

188



Chapter Five

aggregation propensity as clusters of fibrils similar in morphology to the control
sample were visible in some of the micrographs (Figure 5-15C). This indicated the
colour associated with these compounds was perhaps quenching the ThT
fluorescence and as a result displayed false ThT effects. Only RB10_10.3 showed
signs of hindering oligomerisation and fibril formation as only few short fibrillar

species were detected (Figure 5-15D).
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Figure 5-15 TEM micrographs of A4, co-incubated with selected ThT negative
compounds. Morphological differences of the peptide formed in the presence of 20
uM of RB9 6.3 (A) RB9 7.2 (B) RB9 7.1(C) RB10 10.3 (D) after 7 d incubation
has been shown. Only RB9 6.3 and RB10_10.3 reduced the formation of fibrillar
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structures compared with an untreated control sample. Micrograph showing other
conformational species of peptide formed by the compound is highlighted in the
yellow box. Scale bars = 200 nm

5.4.2.5 Silver staining and western blot analysis of the anti-amyloidogenic

candidates
SDS-PAGE, the most common electrophoretic technique for AP oligomer size
determination, was applied in conjunction with silver staining and immunoblot with
monoclonal WO?2 antibody. This allowed analysis of the anti-aggregation propensity
of these selected compounds. A4, peptide was co-incubated with the selected ThT
negative compounds for 7 d. Then 0.5 pug was analysed for detection of low and high
molecular weight oligomers. Based on these ThT results it was expected to identify
high levels of monomeric species of AP4, peptide associated with co-incubation with

selected compounds.

Freshly dissolved A4, peptide exhibited a range of monomeric species from 5-15
kDa. The resolution of these species was low with silver staining due to gel
smearing, although the band intensity for monomer, trimer, and tetramer bands were
similar in both methods as reported previously (Moore et al., 2009). It appears that
40 to 60 kDa intermediate sized oligomers were more apparent in the immunoblot

analysis (Figure 5-16).

Sample RB9_7.2 (Figure 5-16B; lane 3) and RB9 7.1 (Figure 5-16B; lane 4)

demonstrated the presence of HMW oligomers which was consistent with the TEM
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images where fibrillar and oligomer intermediates were detected (Figure 5-16B, C).
Although, freshly prepared peptide exhibited a range of LMW species <14 kDa
(Figure 5-16B; lane 6), the aged peptide contained only high molecular weight
oligomers from 49 to 200 kDa, illustrating that the peptide had formed into insoluble
fibrils. The other two samples of RB9_6.3 (lane 1) and RB10_10.3 (lane 2) exhibited
the presence of dimeric species, HMW oligomers were still visible (> 38 kDa; Figure
5-16B). This indicates that the effect of many of these compounds is time dependant

and they lose their potency over the time.

A B
M123 45 6 ka w1 2845 6
'q. |
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Figure 5-16 SDS-PAGE analysis of the aggregation states of APs, peptides.
Freshly dissolved AB4, (20 uM) was incubated with selected compounds (20 uM) at
37°C for 7 d. Peptide solutions were fractioned by SDS-PAGE electrophoresis (4-
12% Bis-Tris gel) (section 2.10.1). 100 ng of peptide from each sample was analysed
by silver staining (A) and 0.5 pg for immunoblot using monoclonal WO2 antibody
(B). Lanes 1 to 6 in silver staining are vehicle buffer control & AP (lane 1),
RB9 6.3 (lane 2), RB9_7.2 (lane 3), RB9_7.1 (lane 4), RB10_10.3 (lane 5), and
freshly prepared A4, (lane 6). Molecular weight markers are shown in lane M. The
samples on western blot gel are; RB9_6.3 (lane 1), RB10_10.3 (lane 2), RB9 7.2
(lane 3), RB9 7.1 (lane 4), vehicle control and AP4, sample (lane 5), freshly prepared
APg4 (lane 6). As a chemifluorescent substrate was used, the fluorescence selected
for imaging the western blot was based on sensitivity and ability to provide better
visualisation of the protein sizes formed in each sample.
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5.4.2.6 Cytotoxicity of the AP, species formed as a result of co-incubation with

selected compounds on yeast

Prolonged co-incubation of Af4, with selected compounds resulted in formation of
various oligomeric species (Section 5.4.2.4). To further identify whether any of these
AP4, species can influence the survival of yeast, exponentially growing C. glabrata
and S. cerevisiae were used to examine their effect on viability. Data analysis
revealed that only the A4, conformation made in the presence of RB9_7.2 which
displayed high level of ribbon like species was toxic to both S. cerevisiae (Figure 5-
17A) and C. glabrata (Figure 5-17B) cells (p <0.001). It should be noted that the
toxicity of RB9_7.2 co-incubated with A4, is due to the conformational structure of
the peptide as the compound in the tested concentration is not toxic to yeast cells

(Appendix A, Table 2).
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Figure 5-17 Toxicity effect of synthetic AB4, species produced in the presence of
selected ThT negative compounds on the survival of yeast cells. (A) S. cerevisiae
(BY4743) (B) C. glabrata (ATCC90030) were grown to exponential phase.
Conformers were generated according to section 2.12. Cells were then incubated
with the AB4, conformers developed by incubation for 7 d with compounds. Survival
was determined by colony forming units on YEPD media. (**** p < 0.001, *** p <
0.005, ** p < 0.01). All data are expressed as mean + SEM (n = 3).
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543 ANTI-OLIGOMERISATION ACTIVITIES OF BISCOUMARIN
ANALOGS

Coumarins (1,2-benzopyrone or 2H-1-benzopyran-2-one) are widely distributed in
nature (Benci et al., 2012). A set of six synthesised biscoumarins were analysed in
this section. These biscoumarins have different chemical compositions, due to the
presence of various types of substitutions in their basic structure, which might
influence their biological activity (Figure 5-18). Four of the biscoumarins share the
same basic molecular structure, 3-((aryl) (4-hydroxy-2-oxo-2H-chromen-3-yl)
methyl)-4- hydroxyl-2H-chromen-2-one with different substitutes; R= H (MW=
412.29), R= 4-Cl (MW= 446.74), R= 4-OMe (MW= 442.75), or R= 2-Cl (MW=
446.74). The other two biscoumarins are 2, 3-bis (4-hydroxy-2-oxo-2H-chromen-3-
yl) 1, 4-benzoquinone (MW= 428.29), and 2, 3-bis (4-hydroxy-2-oxo-2H-chromen-
3-yl) 1, 4-naphthoquinone (MW= 478.43). In this study an investigation of the
structure-activity relationship of each of the biscoumarins with respect to their anti
oligomerisation and aggregation propensity was performed. Difficulty in dissolving
these compounds in biological buffers and H,O was a main constraint in their

analysis in the yeast model.
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2,3-bis (4-hydroxy-2-0xo0-2H-chromen-3-yl) 2,3-bis (4-hydroxy-2-oxo-2H-chromen-3-yl)
1,4-benzoquinone 1,4-naphthoquinone

Figure 5-18 Structure of six Biscoumarin analogs investigated in this study
(source: supplied by Helmut Hugel, RMIT University, 2013).

5.4.3.1 Anti-oligomerisation activity of biscoumarins measured by ThT assay

ThT assays were performed to identify biscoumarins that can hinder oligomerisation
and fibril formation. The effect of colour associated with these compounds were
minimised by setting up ThT control samples for the compound without addition of
the peptide. Treatments were done by co-incubating an equal volume of A4, with
the compounds for 24 h. Analysis of the results showed a greater level of
fluorescence emission at the baseline (0 h) for all biscoumarin analogues compared
with the AP, alone (Figure 5-19A) due to colours associated with these compounds.
However, as the co-incubation with the A4, continued for 16 h, only 2, 3-bis-
benzoquinone derivatives showed ThT negative response (p < 0.05; Figure 5-19B).
After 24 h of co-incubation with the A4, again only 2, 3-bis-benzoquinone showed

anti-fibril propensity and decreased the fluorescence intensity associated with ThT
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significantly (p < 0.005; Figure 5-19C). The results indicated that bis-benzoquinone

might have the ability to reduce B-sheet associated with amyloid aggregation.
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Figure 5-19 Amyloid formation assayed by thioflavin T fluorescence after
incubation with biscoumarin analogs. Freshly prepared ABs, was added to each
compound with final concentration of both being 20 pM. Aggregation propensity of
the peptide was monitored at 0 h (A), 16 h (B), and 24 h (C) after incubation. Kinetic
anti-fibril progression of bis-benzoquinone compared with vehicle control buffer and
EGCG measured by ThT fluorescence (D).
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5.4.3.2 Cytotoxicity effect of APs, co-incubated with biscoumarin on C.
glabrata

Cellular protection capability of biscoumarins was evaluated by incubating
exponentially growing C. glabrata cells in the presence of 50 uM of each
biscoumarin analogs for 6 h. After this time, HFIP pretreated A4, was added to each
sample to the final concentration of 5 uM (Section 2.7.5). All of the biscoumarin
analogs showed the capability to block cellular toxicity mediated by extracellular
AB42 (Figure 5-20; p < 0.001). This might be due to their attachment to the cell wall
of the yeast, and preventing the attachment and aggregation of the Aps, to the
amyloidogenic proteins on the surface of C. glabrata, hence preventing the

cytotoxicity (Chapter 4).

*kkk

wTT [T
80+

60+
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Viability (% untreated cells)

Q Compounds (50 pM)

Figure 5-20 Cellular protections from Ap,, toxicity mediated by Biscoumarin
samples. C. glabrata cells were grown to exponential phase. Triplicate samples were
incubated with each of six biscoumarin (50 pM) analogs for 6 h prior to addition of
HFIP pretreated A4z (5 uM). The survival rate has been calculated as a percentage
of untreated control cells (n = 3; **** p < 0.001).
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5.4.3.3 TEM analysis of A4, co-incubated with bis-benzoquinone

The bis-benzoquinone displayed some anti-oligomeric activity by inhibiting the ThT
associated fluorescence. However, its prolonged co-incubation with A4, did not
reveal any inhibitory activities against aggregation and oligomerisation (Figure 5-

21). Two micrograph panels have been shown (Figure 5-21) to illustrate the extent of

oligomerisation and fibril formation.

Figure 5-21 Transmission EM micrograph of A4, co-incubated with 2, 3-bis-
benzoquinone. Samples were incubated at 37°C for 7 d prior to analysis. A high
level of oligomeric and fibrillar structures became obvious. The fibrils were highly
twisted and long (micrograph in yellow box). Scale bar = 200 nm
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5.5 DISCUSSION

Alzheimer’s disease (AD) is the most common cause of dementia and is the most
prevalent neurodegenerative disorder (Wang and Ding, 2008; Herskovits and
Guarente, 2013). Amyloid beta (AB) protein, which was first identified by Masters et
al. (1985) has been hypothesised as the major cause of neurodegenerative effects
seen in AD. AP has the ability to form aggregates and misfold which ultimately
deposit as plaques identified in the brain of AD sufferers. This protein has been
shown to be harmless in its monomeric form (Giuffrida et al., 2010). Its self-
assembly, however, can result in the formation of various species including
oligomers, intermediate aggregates and eventually the fibrillar aggregates that
deposit in the brain (Teplow, 1998; Stefani and Dobson, 2003; Walsh and Selkoe,
2007; Sperling et al., 2011). This self-assembly of the AP, peptide is reversible and
can also be inhibited. Candidate drugs were examined in this chapter for their ability

to slow or prevent the aggregation and misfolding of A4, peptide.

A majority of tested phenolic compounds have shown a reduction of amyloid toxicity
and inhibition of fibril formation (Smid et al., 2012). Any potential Ap aggregation
agent should not only exhibit direct interference with AP but also cross the blood-
brain barrier (BBB). All of the identified efficient polyphenol inhibitors to date are
composed of at least two phenolic rings with a minimum of two hydroxyl groups on
the aromatic rings which enables them to form strong bonds with -sheet regions of
oligomers (Porat et al., 2006). The role of polyphenols in alleviating AD can be
either direct or indirect. Their direct effect has been reported to be due to the

interactions between A4, and aromatic residues (Levites et al., 2003; Wang et al.,
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2006; Karuppagounder et al., 2009). Many polyphenols are thought to exhibit an
indirect effect on alleviating AD by reducing oxidative stress due to accumulation of
ROS and inflammation induced by A (reviewed in Shi et al., 2013). This chapter
details the effect of forty two candidate compounds on APs, aggregation and their
antioxidant potential for prevention of cytotoxicity in a yeast model. All of their
activities have been characterised with respect to their structure, number of hydroxyl
groups and identification of the position of OH-group on the aromatic ring for
maximum potency and activity. S. cerevisiae (S288c) WT and AHP1 deletant mutant
expressing GFP-Ap4, were utilised as models for high-throughput screening of anti-
amyloidogenic compounds. The efficacy of this screening method was then
compared to those generated from the conventional in vitro assays such as the ThT

assay.

Screening compounds and small molecules for their chemo-protection against
dementia and AD for human use must be approached from diverse angles as many
aspects should be considered, not just the target region. Some inhibitors might
display benefit in in vitro assays or in a simpler organism, but when introduced into
more complex biological systems they may generate differing results. The in vivo
safety of the chemo-protector, its bioavailability, absorption, metabolism and
excretion must be considered. Natural products therefore appear to be attractive
candidates due to their assumed safety profiles as they have been consumed as food
or medicine for a long time (Ji and Zhang, 2008; Williams et al., 2011; Zhang, 2012).

Although the results of most clinical trials of polyphenols and natural products
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remain inconclusive, they are used as chemical scaffolds for the development of new

bio-inspired compounds for the prevention of AD.

Polyphenolic compounds could protect against the toxic effects of ROS either by
preventing AP from forming toxic oligomers (Mazza et al., 2006; Zhang et al., 2006;
Yang et al., 2010) or by having inherent antioxidant activity (Avramovich-Tirosh et
al., 2007; Belinha et al., 2007; Shaykhalishahi et al., 2009; Awaad et al., 2013). The
cytotoxicity results in this chapter demonstrated that different species of yeast show
dissimilar susceptibility to the effect of exogenous A4z, with C. glabrata being more
susceptible to the toxicity effect of ABs, than S. cerevisiae. This finding highlights
the choice of using S. cerevisiae when studying human related diseases since it is the
model eukaryotic organism (Foury, 1997; Gorkovskii et al., 2009; Braun et al., 2010;
D'Angelo et al., 2013). S. cerevisiae has provided insights into the molecular
mechanisms of many diseases (Table 1.1) including neurodegenerative disease
(Table 1.2). The use of S. cerevisiae cells however, have some disadvantages due to
the presence of the cell wall (Klis et al., 2002; Levin, 2005, 2011), which protects
cells during environmental stress and may limit the permeability of some
compounds. The outer membrane of the cell wall is composed of proteins which
reportedly limit this permeability (Klis et al., 2002). The SSD1 locus is known to be
involved in cell wall integrity (CWI) and the S288c strain of S. cerevisiae which was
used in this chapter, is known to have a functional, full-length allele (ssd1-v)
(Kaeberlein and Guarente, 2002). Misfolded proteins have been identified to be toxic
to the cells and expression of misfolded proteins has been found to induce CWI

stress pathways and cause its defect (Spear and Ng, 2001; Sayeed and Ng, 2005; Ron
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and Walter, 2007; Scrimale et al.,, 2009). In addition, many chemical agents
including caffeine have been found to activate CWI signalling (Lum et al., 2004;

Kuranda et al., 2006).

5.5.1 The position rather than the number of -OH groups are more important

determinants of anti-oligomerisation activity
The ThT results showed that five danshen compounds had the ability to inhibit
amyloid fibril formation. In order to prevent bias in the ThT assay, control samples
without addition of the AB4, were also tested as identified by Hudson et al. (2009).
The selected ThT negative compounds were; rosmarinic acid, salvianolic acid B,
gallic acid, gentisic acid and caffeic acid. The therapeutic effect of many
polyphenols has been attributed to the presence of aromatic rings namely; benzene
rings and hydroxyl groups, which result in decreased fibril formation (Levy-Sakin et
al., 2009). The effect of these aromatic residues reportedly is due to their binding
mode which disrupt the n-stacking interaction occurring with aromatic amino acids
in the amyloid, hence halting of the self-assembly process that leads to
oligomerisation (Gazit, 2002; Tartaglia et al., 2004). Ono et al. (2006) have indicated
that the more hydroxyl groups present in the molecule, the higher the anti-
amyloidogenic activity. In contrast, the results in this chapter indicate that the
number of hydroxyl moieties attached to the phenyl ring is not the major
determinant. After analysing the positional isomers it became clear that position of
the hydroxyl moieties on the aromatic ring is the major determinant of their potency.
Overall, the effect of these aromatic residues in polyphenols is due to their ability to
prevent transition of a-helix conformation to -sheet and therefore fibril formation

(Jayamani and Shanmugam, 2014). Also, it became apparent that the positions of the
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hydroxyl groups may be more important rather than the numbers in the structure for
their optimum biological activity. For instance, the position of hydroxyl groups on 2,
5-dihydroxybenzoic acid was found to result in a more potent compound with anti-

oligomerisation activity compared with other positions (Figure 5-22).

COOH
COCH COOH
CC o ol
OH
OH HO OH
2, 3-Dihydroxybenzoic acid 2, 5- Dihydroxybenzoic acid 3, 4-Dihydroxybenzoic acid

(Gentisic acid)

Figure 5-22 Chemical structure of dihydroxybenzoic acid isomers.

5.5.2 Conformational changes and toxicity associated with co-incubation of

AB4, with compounds

Several pathogenic species of Af in AD affected patients that proceed to form
neuritic plaques have been described previously (Deshpande et al., 2006; Fandrich et
al., 2009; Ahmed et al., 2010; Butterfield et al., 2012). These consist of both LMW
oligomers (dimers to dodecamers) and HMW oligomers with globular, circular
protofibrils and fibrils structure (McKoy et al., 2012). Some examples of the
polymorphism of soluble AP, aggregates has become apparent in this chapter similar
to the previous findings by Fandrich (2012), with some fibrils exhibiting strong
toxicity effects while other fibrils were found to be non-toxic. Most of the aggregates

exhibited some of the classic features of B-sheet-rich structures, including binding to
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ThT and enhancing its fluorescence. However, they differed in morphology and

capacity to seed ABs2, monomer deposition.

It should be noted that a synthetic AB4, peptide was utilised in this current chapter
and according to previous reports, the oligomers formed by these synthetic A4, are
less stable than naturally occurring oligomers (Walsh et al., 2005). Natural cell-
derived AP has also been shown to be more potent than synthetic AB4, (Wang et al.,
2004). Despite these dissimilarities, synthetic APs, peptide is used widely for
identification of anti-amyloidogenic compounds (Esler et al., 1997; Nakagami et al.,
2002; Blanchard et al., 2004; De Felice et al., 2004). It should therefore be expected
that the biological potency of selected chemicals on inhibiting the aggregation of
AP, oligomers may not be similar under different conditions. The mechanism by
which the selected chemicals however rescued the cells from the toxicity of Afas
oligomers in this chapter could be explained by two distinct pathways. The first is
that these compounds may not be cell-permeable and are attaching to the cell wall
and forming a bond with the surface of the yeast hence, limiting AB4, contact and
association. The second is that the compounds generate AP, conformations that are
not toxic to the cells. Further, the results confirm the findings in Chapter 4 in which
the effect of HFIP-pretreated AP, was shown to be limited to the cell wall due to
presence of amyloidogenic surface proteins in yeast and preventing the endocytosis

which is essential for the initiation of cell damage and toxicity.
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Coumarins in general have been shown to be effective ROS scavengers with strong
antitumor and anti-inflammatory activity (Kancheva et al., 2010; Benci et al., 2012;
Bansal et al., 2013) as well as being a potential acetylcholinesterase inhibitor (Anand
et al., 2012). A study of 1,4-benzoquinone and 1,4-naphthoquinone on insulin
degradation revealed that these compounds are capable of attenuating the
oligomerisation significantly (Gong et al., 2014). The biological evaluation of these
six novel biscoumarin derivatives screened in the current chapter revealed a
generally weak anti-oligomeric effect, but very good cytotoxic protection of the cells
was observed. Only benzoquinone however exerted a strong effect when tested with
the ThT assay. The EM micrographs revealed that after prolonged incubation, this
effect become minimal with no potential anti-aggregation activity. These findings
raise two possible explanations. One is that benzoquinone may compete with the A
in binding to the B-sheet region of the structure at the start of incubation, while after
prolonged incubation, they become outcompeted by the presence of excess
oligomers. Therefore, benzoquinone may generate less fluorescence associated with
ThT (ThT negative) but has limited anti-fibril and anti-aggregation propensity when
incubation is continued. The second possible explanation could be that benzoquinone
and other biscoumarins tested in this chapter, may have significant potential by
accelerating the fibril formation or contributing to formation of oligomeric
conformations that are not toxic. Their potential should be characterised in tissue
culture as they were not found to be toxic and their co-incubation with the APa

resulted in non-toxic peptide species.
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Rosmarinic acid has been identified as an attractive candidate for prevention of AD
due to its biological activities (Hamaguchi et al., 2009). Rosmarinic acid, an ester of
caffeic acid (3, 4-dihydroxyphenyllactic acid), possesses several biological activities,
including antioxidant, anti-inflammatory, antibacterial and antiviral (Petersen and
Simmonds, 2003). Animal model experiments have shown that rosmarinic acid can
reduce AB-induced neurotoxicity (Alkam et al., 2007) and can provide protection
against ROS in tissue culture (luvone et al., 2006). The results from this chapter have
also identified the oligomerisation inhibition property of rosmarinic acid along with

formation of A4, species that are non-toxic to yeast cells.

5.5.3 Fluorescence associated with GFP-AB4, for screening of anti-oligomers is

not identical to the ThT assay
The flow cytometry analysis of GFP-A4, expressing WT S. cerevisiae cells co-
incubated with the compounds, were inconclusive as the strain seemed to be hardly
affected by the fusion. Further, none of the compounds were able to change the green
fluorescence associated with the fusion protein in these WT cells. In contrast, the
green fluorescence expression in the AHP1 deletant mutant expressing GFP-AB4,
was affected in the presence of some compounds. This was more profound with the
danshen class of compounds, as all five ThT negative compounds in this class along
with the EGCG which had anti-oligomeric property also reduced the fluorescence
associated with the GFP-As, fusion, indicating their anti-aggregation potential
(Figure 5-23- clustered in a red circle). However, this mutant strain was not suitable
for identifying compounds with antioxidant property as expected. Also, some of ThT

negative selected compounds in the MATNAP with the exception of RB9 6.3
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showed different effect in the in vivo GFP-Ap4, screening (Figure 5-23). This might
indicate that the mechanism of action for the selected potent compounds on the
aggregation and oligomerisation of AP, is different, therefore not classified in one

cluster.

Despite these findings, in vivo methods developed by Lee et al. (2009b) utilising an
E. coli Tat protein export system with A fusion, allowed high-throughput
screening of a hundred chemicals and identified four that were cell-permeable and
prevented the aggregation of the AP, peptide. A previous study by Kim and
colleagues (2006) also successfully employed the expression of ABs-GFP fusion in
E. coli as a method for high-throughput screening of anti-amyloidogenic compounds.
Surprisingly, their subsequent analysis was only focused on one chemical that
showed similar potency in both an in vivo AB4,-GFP fusion assay and the ThT and
EM methods of screening for fibrillogenesis. Therefore, it is not clear whether this
method can provide valid results for high-throughput screening. Also, Park and
colleagues (2011) developed a fusion system based on A4, fused to functional
release factor (Sup35p) which was capable of identifying small molecules with anti-
oligomeric activity. Differences in findings however, may be related to the use of a
different GFP fusion construct. The fusion that was utilised in this study resulted in a
cytosolic punctate appearance of GFP whereas in the studies by Kim et al. (Kim and
Hecht, 2005; Kim et al., 2006) the fusion inhibited the GFP-associated fluorescence
but inhibitors of AP4, aggregation enabled GFP to fold into its native structure and

produce green fluorescence signals. D’Angelo et al. (2013) have shown that an
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intracellular trafficking pathway is necessary for the generation of toxic species of

AP peptide, further indicating the differences in the results.

The N-terminal tagging with GFP has been shown to adversely affect the protein
localisation compared with C-terminal fusion (Palmer and Freeman, 2004). Further,
tagging with GFP at the C-terminal is found to result in greater subcellular
localisation of the native protein (Palmer and Freeman, 2004). The AP4; in this
chapter was fused to the N-terminus of the GFP which resulted in punctate
fluorescent signalling of GFP rather than total misfolding and inhibition of the

fluorescence associated with aggregation and misfolding of A4, peptide.
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Figure 5-23 Schematic overview of compounds identified that enhanced or
decreased fluorescence associated with GFP-ABs, or Thioflavin T or both.
EGCG, rosmarinic acid, salvianolic acid B, gentisic acid, gallic acid, caffeic acid,
and RB9_6.3 were able to reduce fluorescent associated with ThT (anti-
oligomerisation activity) and fluorescent associated with GFP-Ap4, (Clustered in red
circle).

Although, the GFP-Ap4, screening system did not enable the classification of these
compounds, the in vitro results of biological activities of the compounds were similar
to previous findings. Similar to previous reports on the anti-oligomerisation effect of
polyphenols, rosmarinic acid and salvianolic acid B were found to inhibit
cytotoxicity (Feng et al., 2009; Zhou et al., 2009; Lee et al., 2013) but were not able

to prevent AP, oligomer formation. It is also known that the therapeutic effect of
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these chemicals is similar to other polyphenols and not just limited to their direct
interaction with the AP. For instance, salvianolic acid B demonstrated
antidepressant-like effects (Feng et al., 2012) and an ability to ameliorate spatial
memory impairment in animal models (Teng et al., 2014) possibly due to its anti-
inflammatory activities. Some other therapeutic effects attributed to danshen are the
ability to reduce ROS and prevent DNA fragmentation (luvone et al., 2006), anti-

tumour and antioxidant activity (Jiang et al., 2005).

All of the potential chemicals identified with anti-oligomerisation property in this
study showed reduced fluorescence associated with GFP-AB4, fusion in an ahpl
mutant strain. These chemicals were also found to reduce the fluorescence associated
with the ThT assay, however, proposing this method for identification of potential
inhibitors is not possible. This is mainly due to the presence of many other chemicals
which caused a similar reduction in fluorescence associated with the GFP-Ap4,
fusion but failed to prevent oligomerisation hence reduction of ThT associated
fluorescence. Similar to findings in this chapter, Jimenez et al. (2010) reported that
hypersensitivity of ahpl was not reversed in the presence of the polyphenols. This
further indicates that interaction of small molecules with the intracellular expressed

amyloid aggregates is limited to the ability of the compounds to enter the cell.
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5.6 CONCLUSION

Improvements and validation of the yeast screening model and assays are necessary
in order to generate a suitable disease model that can be used successfully for
designing therapeutic strategies and interventions which correlates with in vitro and
mammalian testing systems. An improvement found in this study was the use of

yeast lacking Ahp1p for screening of compounds.

A novel outcome of this study was identifying most suitable isomers of bio-inspired
compounds with anti-amyloidogenic properties using both in vivo assays and in vitro
assays. Also, the positions of the hydroxyl moieties on the aromatic rings were found
to be the major determinant of their potency rather than number of hydroxyl group.
These results indicate that any yeast screening assays should be complemented with

conventional in vitro assays to ensure its validity prior to high-throughput analysis.
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6 CHAPTER 6: FINAL CONCLUSIONS AND FUTURE
DIRECTIONS

At present, the precise changes in the brain that cause the development of AD are
unknown. Various biological model systems of Alzheimer’s disease (AD) have been
developed to investigate cascades of events that occur in the brain of AD patients.
One of the major focus is on the intracellular AP peptide, and finding ways to block
or prevent its production, toxicity or aggregation. Currently, both prevention and
cure to alleviate the symptoms associated with AD are proving difficult to achieve.
One reason for this could be the lack of a simple model system which could be used
as a “gold standard” for high-throughput screening of AD modifiers. Yeast as a
simple model to study AD and to screen potential A4 inhibitors has in the present
study enabled relatively inexpensive high-throughput screening. It also allowed the
immediate elimination of cytotoxic compounds. However, the yeast model has
drawbacks as some potentially useful compounds might not pass the cell wall of the
yeast or their interaction might be different to what occurs in a multi-cellular
organism. Further, interaction of compounds might become obscured due to the
presence of the yeast cell wall glycoproteins, resulting in a different outcome to those

of neuronal cells.

Cell cycle reactivation and expression of cell cycle proteins which leads to
neurodegeneration in the brain of AD patients has been reported by many
investigators. In order to replicate the cell cycle reactivation event of senescent cells,
in yeast cells and find ways to block its progression, folate was used as an external

stimulator to trigger aberrant cell division (Chapter 3). Aberrant proliferation of
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stationary phase Candida glabrata in the presence of folate was identified.
Formation of multiple buds in the presence of folate was a novel finding. Although,
these findings are not closely related to AD, their investigation is important for better
understanding of yeast cell biology. Multiple bud formation also requires further
investigations into how the bud selection occurs during nutrient depletion and folic
acid treatment. At this point it is unclear whether all of the multiple buds emerge
spontaneously or whether after each bud, cytokinesis fails. Analysis of spindle pole

bodies in C. glabrata might unravel the pattern of multiple bud emergences.

This study further examined the cellular uptake of folate by utilising a putative folate
transporter (YJL163C) of Saccharomyces cerevisiae. Overexpression of the
YJL163C gene did not alter the susceptibility or resistance of the cells to the toxicity
induced by chemically-synthesised AP4, peptide. Aberrant sporulation of S.
cerevisiae however, with overexpression of this putative transporter gene was
detected which resulted in formation of a triad of spores within asci. It should be
noted that sporulation itself is different to mitotic divisions in that not all of the
cellular contents are packaged into the progeny cells. In vegetative growth, the
cytoplasm and its contents are divided between mother and daughter cells whereas in
sporulation, the contents are divided between the spores in the ascus. Dissection of
the ascus and analysis of each spore is therefore recommended. This may provide
additional information on gene regulation of each individual spore and whether the
starvation or folic acid has caused any changes to cellular function. Folic acid was

observed to stain various organelles of S. cerevisiae during incubation. It would
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therefore be important to demonstrate the entry of folate into the cells using an

electron microscope and directly labelled either folate or receptor.

Methotrexate (MTX), an antifolate was utilised in an attempt to investigate its effect
on yeast cells in the presence and absence of folate source. MTX was not found to be
inhibitory on the growth of wild-type S. cerevisiae strain but, it did not support the
growth of EHY1 strain which relies on an exogenous source of folate. In the
presence of MTX, the EHY1 strain could only grow when folinic acid was also
present simultaneously whilst, folic acid addition did not contribute to cell growth.
The cellular uptake of exogenous folic acid was found to be similar to MTX, whilst
folinic acid mechanism of entry was different and unrelated to MTX uptake. MTX
effect on yeast cells was found to be dissimilar to that seen in humans. This
contributed to a limitation of this model system and caused a barrier for further

investigation.

The tendency of amyloid beta (AP), in particular AP4, isoform to misfold and
aggregate into insoluble amyloid fibrils in the early stages of AD has been well
documented. Investigations using chemically-synthesised A4, peptide for
extracellular kinetic studies of fibril assembly therefore have become a common
practice. The outcomes of these studies in yeast, however, have not been in
agreement. Chapter 4 set out to explore the suitability of yeast as a model organism
for simple high-throughput screening of compounds using exogenous chemically-
synthesised AP4, peptide and evaluate the discrepancy in the previous findings which

has not been resolved. My study shows for the first time that the pretreatment method
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of synthetic APB4, peptide determines its activity and ultimately how it interacts with
the yeast cells. Here by manipulating growth phase, the chronological lifespan of
yeast was studied to gain understandings into the aging process in yeast and how
APaz influence survival and cell division. The effect of APs, was found to be limited
to the yeast cell wall and interactions with the amyloidogenic cell wall proteins. S.
cerevisiae was found to be more resistant than C. glabrata to the effect of Aa
peptide. These might be due to differences in the level of outer cell membrane
proteins which are found to be around 50% higher in C. glabrata than S. cerevisiae
(de Groot et al., 2008). It was identified that conformational changes in the peptide
due to preparation methods, determine its fate on toxicity and proliferation. The
hexafluoroisopropanol pretreated AP, had a greater tendency to aggregate on yeast
cells as determined by thioflavin t (ThT) staining followed by flow cytometry and
microscopy. Both quiescent and non-quiescent cells were analysed by these methods
of peptide preparation, of which the latter was found to be more susceptible to the
toxicity of AB42. Also, similar peptide preparation which resulted in cytotoxicity in
PC12 neuronal cell culture caused proliferation in yeast cells. This study highlighted
many important issues that need to be considered when using the chemically-
synthesised A4, peptide for screening. Firstly, the pretreatment method was found to
be the major determinant of the fate of chemically-synthesised AP, peptide on the
yeast cells. This limited synthetic AP, peptide application in yeast and the
interpretation of the results, particularly when utilised for screening of compounds.
Secondly, solvents that were used for dissolution of synthetic AB4, peptide were
found to affect the outcome of the analysis therefore suitable vehicle buffer control
should be included in all experiments despite what was reported previously

(Bharadwaj et al., 2008). Further, Dubey et al. (2009) found that 20 mM NaOH
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partially rescued yeast cells from the toxicity induced by chemically-synthesised
APa4, peptide while, in the study by Bharadwaj et al. (2008), 20 mM NaOH was
utilised however no vehicle buffer control was included in the experiments.
Interestingly, in this current study, the NH,OH pretreated peptide dissolved in NaOH
resulted in proliferation in yeast while the vehicle buffer itself was toxic. This further
indicates the importance of the vehicle buffer inclusion when reporting the outcome
of cytotoxicity investigations. Finally, findings by these investigators also showed
that the effect of chemically-synthesised AP4, peptide in yeast was similar to
neuronal cells with the oligomeric form causing cytotoxicity to C. glabrata cells
while fibrillar structures were found to be inert. The current study however, showed
that biological activity of chemically-synthesised AB4, peptide is different to that
seen in neuronal cells and that the pretreatment will determine how the peptide
interacts with the yeast cells. Fibrillar structures formed by prolonged incubation of
both HFIP and NH,OH pretreated AP, peptide caused toxicity to C. glabrata.
Extracellular kinetic studies of chemically-synthesised A4, peptide and cytotoxicity
assays in yeast is prone to various limitations as mentioned earlier. In order therefore
to validate yeast based assays for future studies it is imperative to examine the effect
of brain homogenates from AD affected individuals on the survival of yeast cells and
investigate the molecular mechanism underlying any effect. It is also critical to
determine whether A4, causes pore formation and abnormal flow of ions as seen in

neural cells and how various conformations can affect the outcome.

Polyphenolic compounds have been found to have effects on the assembly of A4,

fibrils and oligomers. Although, many polyphenols have been identified as potential
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chemo-protectors, their therapeutic effects have not been well established. This is
partly due to the inherent limitations in screening methods. Screening natural
compounds for their chemo-protection ability does not take into account their
digestion and metabolism in the human body which ultimately leads to formation of
new structures and molecules. It is also unknown whether the absorbed substances
will remain biologically active and able to cross the blood brain barrier. Therefore, it
IS important to design bio-inspired compounds and their metabolites which could be
tested using cell based assays in order to ascertain their potency and therapeutic
potential. A yeast model was used in Chapter 5 to screen small molecules and
identify those with potential anti-oligomeric and anti-aggregation properties.
However, limitations exist with this yeast model when screening for potential
therapeutic compounds. For instance, some beneficial polyphenols such as caffeic
acid and rosmarinic acid have been found to possess antimicrobial properties which
limit their testing in the yeast model. Also, some other compounds do not enter yeast

cells due to the presence of the cell wall which could act as a barrier to cellular entry.

Expression of GFP-AP,, fusion in yeast was utilised in the current study to identify
compounds with potential anti-aggregation properties. However, when S. cerevisiae
BY4743 wild-type was utilised for expression of this fusion protein, no significant
effect on fluorescent level in the presence of any of the compounds was identified.
Expression of GFP-AB4, in an alkyl hydroperoxide reductase (AHP1) deletant strain
however, allowed identification and classification of compounds into three groups.
These were compounds that caused an increase in the green fluorescence intensity

compared with the control samples, those that decreased fluorescence intensity and
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finally those without any effect. Despite these classifications the method did not
identify potential compounds with chemo-protection activities. Further, it was
expected to see that those compounds that reduced the ThT associated fluorescence,
also reduced the green fluorescence associated with GFP-AP4, fusion. Screening of
compounds using GFP-ABs, fusion in the AHP1 deletant strain showed 20
compounds with an ability to lower the level of green fluorescence associated with
fusion. Further screening for anti-oligomers using this ThT assays only identified
seven of those twenty that had shown potential anti-oligomeric properties. Four
other compounds also were found to have anti-oligomeric potential using the ThT
assay but were not identified in the GFP-AB4, fusion system. For efficient high-
throughput screening, it will be necessary to develop a GFP-AP4, expression model
in yeast that can successfully identify the potential anti-oligomerisation or anti-
aggregation compounds. This could be achieved by utilising autophagic-mutant
strains transformed with GFP-Af,4, fusion. Comparisons of the autophagic mutant to
WT can identify the mechanism underlying the GFP-AP4, fusion transport and
degradation. In order to validate such a system, potential therapeutic compounds
such as EGCG, salvianolic acid B and caffeic acid should be screened and their
effect on cell survival, vacuole morphology, and fluorescence-associated with the
fusion, monitored. Such a strain would also need to be screened in the presence of
the compounds only, prior to transformation with the fusion protein, to check the
phenotype and to eliminate any altered expression or changes in cell growth due to
the compound itself. The experimental design should include various concentrations
of the compounds to determine correct dosage of the compound in order to capture
optimum fluorescence production or elimination associated with the fusion in the

presence of the compound.
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Further analyses of the compounds using ThT and TEM in Chapter 5, however,
allowed identification of the most suitable isomers of bio-inspired compounds with
anti-amyloidogenic properties. The positions of the hydroxyl moieties on the
aromatic rings were found to be the major determinant of their potency rather than
number of hydroxyl groups. These results indicate that any yeast screening assays
should be complemented with conventional in vitro assays (e.g. ThT) to ensure its
validity prior to high-throughput analysis. The data presented on activities of
phenolic compounds may also represent the starting point for designing new
molecules that could be used for the treatment of AD and related neurological

disorders.

There is still potential to further develop yeast as a model organism for
neurodegeneration studies despite the current lack of a standard system. Future focus
hence should be on developing standardised methods and protocols that could be
utilised successfully by any investigator, (similar to other cell culture models) and
thus enable the generation of comparable results. Further improvements and
validation of the yeast screening model and assays would be necessary but may lead
to a cost-effective and simple disease model that could be used successfully for
designing therapeutic strategies and interventions with better correlation with in vitro

and mammalian testing systems.
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Table A-1 Chemical structure of Danshen derived and synthesised analogs with
their molecular weight and physical properties.

Name Physical Molecular Structure Solubility | MW
property
Salvianolic acid B White to H,O: >5 | 718.61
tan powder mg/ml
Caffeic acid tetramer
DMSO,
Acetone,
MeOH
Epigallocatechin gallate White DMSO, 442.37
(EGCG) powder EtOH,
DMF
2,3-Dihydroxybenzoic White COOH H.0, 154.12
acid powder o DMSO,
OH MeOH
2,5- Dihydroxybenzoic White H,0, 154.12
COOH
acid (Gentisic acid) powder OH DMSO,
MeOH
HO
3,4- White COOH H,0, 154.12
) ) ) powder DMSO,
Dihydroxybenzoic acid
) ) OH MeOH
(Protocatechuic  acid,
OH
vanillin)
3,4,5- White EtOH, 238.24
COOH
) ) ) powder DMSO,
Trihydroxybenzoic acid
oo HO OH DMF
(Gallic acid)
OH
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2,4- Cream to COOH H,0, 180.16
Dihydroxycinnamic white #Z DMSO,
OH
acid powder EtOH
HO
BA _PG65 Red to )cOMe EtOAc, 576.59
orange “Qom 0 CHCl,,
Sal. C analogue OMe
Acetone,
(+)-heptamethyl | OMe DMSO
Q
lithospermate OMe OMe
Caffeic acid trimer
BA_PG69 Yellow to (R) 004 EtOAc, 562.56
) 2
) ) ) green solid m o CH,ClI,,
(+)- Salvianolic acid C MeO
) OMe Acetone,
hybrid
DMSO
L I OMe
Caffeic acid trimer o
OMe Okle
BA_PG64 Yellow EOH DMSO 354.35
) o solid
(+)-Lithospermic acid
OMe
(8]
OMe OMe
BA PG17 Cream, 0,Et N Warm 382.41
solid EtOAcC,
Benzo [b] furan
CH.CI,,
OMe
0 CHCl;,
OM
OMe ¢ Acetone,
DMSO
Caffeic acid Yellow to o H,0, 180.16
2 4-Divdroxvcinan tan powder /@/\A OH EtOAc,
,4-Dihydroxycinnamic
_ yerory HO DMSO
acid OH
Caffeic acid monomer
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4-hydroxy-3- White 0 H,0, 194.18
methoxycinnamic acid powder " “OH EtOH,
(trans-ferulic acid) HO DMSO
OCHg
Caffeic acid monomer
(+)-Rosmarinic acid Light HO o H,0, 360.31
brown :Q\/f\ro DMSO,
Caffeic acid dimer HO OH
powder o OH | Acetone,
OH MeOH
BA PG31 White solid R)COZMe EtOAc, 240.25
m CHCI,
Danshensu MeO
OMe CHCl3,
BA_PG31 Acetone,
DMSO
BA PG83 Orange to CHO EtOAc, 312.32
golden CH.Cl,,
Benzo [b] furan _ | OMa
solid Q CHCI;,
OMe OMe
Acetone,
DMSO
BA PG63 White solid (S)Cone EtOAC, 240.25
CH,CI
Danshensu Meom e
OMe CHCls,
DMSO
BA PG51 White solid CO,Me EtOAcC, 240.25
Dansh Meo’li;/\cl;| CH.ClI,,
anshensu
OMe CHCl,,
BA_PG51
Acetone,
DMSO
BA_PG44 White solid COH Acetone, 226.23
Danshensu OMe
BA PG44
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BA _PG84 Yellow, tan CO:H H,0, 458.46
solid 0 DMSO
Chalcone-Salvianolic
acid C hybrids
| OMe
o
OMe OMe
BA_PGS4
BA PG87 Yellow, tan o H,0, 458.46
solid DMSO

Chalcone-Salvianolic
acid C hybrids

O,H
|
0

OMe

BA_PGS87
- ™,
2,4,5 o
trimethoxycinnamic o o
acid nd A AN
O
N
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Table A-2 List of proprietary MATNAP compounds along with their colour and
calculated minimum inhibitory concentration (MIC). MIC 90 of the compounds
on C. albicans WM1172 compared with the positive control (C. albicans cells) and
negative control (C. albicans and Fluconazole) were determined.

NAME MIC90 (uM) COLOUR
RB9 6.3 >250 Orange
RB1 3.6 300 White
RB1 3.8 300 White
MT4 3.1 500 Yellow
PLOCAMENONE 200 White
RB9 7.2 500 Dark pink/ peach
BCNK 500 White
DD6_3.2 300 White
RB10_10.4 300 Rose pink
MT4 33 400 Light yellow
RB10_10.3 400 Purple
RB9 6.2 500 Dark Yellow
RB9 7.1 300 Dark purple
RB9 3.5 350 Bright yellow
RB9 7.3 >125 Violet
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