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ABSTRACT

The basic biological processes between the yeast Saccharomyces cerevisiae and
mammals are highly conserved. Yeast posses many genes that are implicated in human
diseases and have been successfully used as a model for the study of neurodegeneration.
Platelet-Activating Factor (C16:0 PAF) causes neuronal cell death independent of its
receptor and has been implicated in Alzheimer’s disease. I hypothesized that yeast could
be used as a model system for deciphering PAF receptor-independent signalling and have
utilized genome-wide chemical genomic screening in yeast to further characterize the
molecular mechanism of PAF toxicity. Two complementary screens implicate PAF in
many cellular processes, some of which parallel results obtained in mammalian studies. I
have found that PAF challenge is cytotoxic, delays cell cycle progression, and affects

actin stability leading to spindle misorientation and bi-nucleate mother cells.
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CHAPTER 1: INTRODUCTION

A link between the neurodegenerative Alzheimer’s Disease (AD) and lipids has
been found (1-4). It is increasingly being demonstrated that lipids act as second
messengers and signalling molecules. One such bioactive lipid, platelet-activating factor
(PAF), was first identified by its ability to cause platelet aggregation, but is now known
to also cause neuronal cell death independent of its receptor. As well, it has been
implicated in Alzheimer’s disease progression (1, 2, 5-11). The molécular mechanism of
PAF-dependent neuronal toxicity is not known.

The budding yeast Saccharomyces cerevisiae has been successfully used as a
model for the study of neurodegenerative diseases such as Alzheimer’s (12-18). In this
study I hypothesized that yeast could be used as a model system for studying PAF
receptor-independent signalling and have performed genome-wide chemical-genomic
screening to identify proteins and pathways that upon deletion enhance PAF toxicity.
Overall, this study demonstrates that two-unbiased and complementary screens produced
a chemical-genetic profile that implicates PAF in many cellular processes, including
pathways previously linked to Alzheimer’s disease. This study indicates that yeast
chemical-genomic screens are a potentially valuable tool in elucidating the cellular role

of PAF and similar lipids in Alzheimer’s progression.



1.1 Yeast As A Model Organism For Amyloidoses

Saccharomyces cerevisiae has been widely employed as a model system for
studying many aspects of biology found in higher eukaryotes including cell division,
DNA repair, protein folding, and trafficking (reviewed in 19, 20-24). The reasons for this
choice are many, and include the power of yeast’s classical genetics tools (reviewed in
25), a sequenced genome (26) with extensive annotation (27, 28) and ease of directed
mutagenesis that allowed for the systematic creation of deletion mutants and
overexpression libraries (29, 30). More importantly, the basic biological processes
between yeast and man are highly conserved and yeast posses many genes that are
implicated in human diseases (31-34).

Though historically used as a model for cancer due to the conservation of the cell
cycle machinery (35, 36), yeast has recently been successfully used as a model for the
study of neurodegenerative diseases such as Alzheimer’s, Parkinson’s and Huntington’s
(12-18). These diseases are termed “amyloidoses” due to their common underlying
protein misfolding and aggregation characteristics. Here, I discuss the yeast models that
were developed for the study of Parkinson’s, Huntington’s, prion, and Alzheimer’s
disease.

In Parkinson’s disease (PD), accumulation of Alpha-synuclein forms Lewy
Bodies (abnormal aggregates of protein) inside neurons. This accumulation is thought to
cause the disease pathogenesis by displacing cellular compartments and inhibiting ER-
Golgi traffic (37-39). Yeast was used as a model system to investigate Alpha-synuclein
toxicity (16, 17, 39). Using GFP-tagged Alpha-synuclein, the localization of mutant

forms compared to wildtype was determined. The localization for these constructs was
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consistent with other model systems in that wildtype Alpha-synuclein concentrated at the
plasma membrane. Cells with two copies of wildtype Alpha-synuclein showed
cytoplasmic aggregates. Also, one of the mutants behaved like wildtype while the other
mutant showed a cytoplasmic localization that was diffuse and consistent with its weak
ability to bind the membrane in other systems (16). These constructs were also used for
observing the effect of overexpression of Alpha-synuclein and it was found that, similar
to mammalian cells, overexpression of Alpha-synuclein caused large cytoplasmic
inclusions and inhibited phospholipase D activity in yeast thus validating the use of yeast
as a PD model. This finding also validated the hypothesis that accumulation of Alpha-
synuclein overloads the cell’s quality control system for protein folding and causes the
disease related-toxicity (16). Additionally, a screen for genome-wide yeast mutants that
enhance Alpha-synuclein toxicity was performed by synthetic-lethal Synthetic Genetic
Array (SL-SGA) methodology (17). SL-SGA is a genetic tool that allows for the
systematic construction of double mutants between a mutant of interest and all non-
essential deletion mutants (roughly 4000) in yeast (See below, 40). This screen was
performed to assess the level of toxicity of Alpha-synuclein expression in each non-
essential deletion mutant in yeast. It was found that 86 deletion mutants display either a
growth defect or death upon expression of Alpha-synuclein. The mutants identified were
enriched for genes encoding proteins involved in lipid metabolism and vesicle-mediated
transport (17). The use of yeast as a PD model is not only feasible but also yields novel
results that portray an accurate picture of the underlying biology of the disease.

A similar screen was also performed to find enhancers (17) and suppressors (41)

of an Huntingtin (Htt) mutant fragment toxicity. Htt is a gene that codes for a 348 kDa



protein called “Huntingtin protein” and the normal functions of Htt are not fully known
(42). It seems to play a role in neurons and has the highest expression levels in the brain.
It is however also needed for the development of the embryo (43). Mutants of Htt that
contain an abnormal number (36+) of glutamines at the N-terminal are fragmented by the
cell’s machinery and form abnormal inclusions that lead to the disease pathogenesis. The
Htt yeast screen found that the strongest suppressor of toxicity was a gene that encodes
kynurenine 3-monooxygenase. The kynurenine pathway is the main route for tryptophan
degradation in eukaryotes. This pathway is activated in HD affected patients and in
animal models as well. This highlights the relevance of the yeast model (41) and suggests
a conservation of the mechanism of toxicity. The genes that were identified in the
Huntingtin screen were different from those of the Alpha-synuclein screen (mentioned
above) with an overlap of only one gene; this points toward specificity in the yeast
model.

A screen for identifying compounds acting against yeast prions has also been
developed in yeast (12, 13). Remarkably it was found that the compounds isolated in the
yeast screen also inhibited mammalian prion formation. This illustrates that yeast and
man share common biological processes that impact prions. In addition, yeast prions have
been used to study amyloid polymerization inhibitors (14). Given the above, it is clear
that yeast can be used to study many different aspects of amyloidoses.

In AD, the accumulation of Amyloid-B (AB) plays a major part in disease
progression. Af} is made from cleavage of the transmembrane amyloid precursor protein
(APP) by specific secretases (reviewed in 37). To aid in the identification of the human

secretases, a yeast model expressing APP was used to identify secretases that cleave APP
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(18). The study identified two secretases in yeast capable of cleaving APP and rightfully
concluded that aspartyl proteases are good candidates to narrow down the search in
humans (18). It can be readily appreciated that identification of inhibitors that act
specifically on these secretases has great therapeutic potential. A screen to find inhibitors
of a human secretase expressed in yeast was developed such that it identified compounds
that not only inhibit the human enzyme but also crossed cellular membranes without
being cytotoxic (15). This screen employed a lacZ reporter assay and 15,000 compounds
and had identified 13 secretase inhibitors (15). These results highlight the speed and ease

of working with the yeast model and its overall applicability to the study of amyloidoses.

1.2 Lipid Second Messengers

The central theme in biology that “structure serves function” leads to the question
of why cells produce thousands of different lipid species. It is generally accepted that
lipids play three major roles: 1) energy storage 2) compartmentalization as membrane
components and 3) signalling as first and second messengers (reviewed in 44). Energy is
stored mainly as triacylglycerol or steryl esters while the major structural lipids in
eukaryotic membranes are glycerophospholipids such as phosphatidylcholine, which
notably accounts for greater than half of the phospholipids in these membranes (reviewed
in 44, 45). Membrane phospholipids are composed of predominantly 16 or 18 carbon
fatty acid chains and are given the nomenclature Cx:y, where x is the number of carbons
on the sn-1 position chain and y is the number of double bonds in that chain (46).

Communication between cells is crucial and usually involves a signal or stimulant
that is detected and then transmitted across the plasma membrane boundary. The plasma

membrane not only serves as a mechanical barrier but also as a pool for second
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messenger lipids which are usually found at much lower concentrations than other
membrane lipids (47). Second messenger lipids can act by binding cell surface receptors
that activate downstream factors or that activate lipid metabolizing enzymes that release
the messengers’ head-groups inside the cell to activate effectors such as kinases. One
such example is diacylglycerol (DAG) which activates protein kinase C by binding to its
allosteric site (48). Phosphatidylcholine can be broken down by phospholipase D and the
resulting phosphatidic acid (another signalling molecule) is recycled back to DAG (49,
50). Phosphatidic acid can activate calcium channels and inhibit adenylyl cyclase. In this
way, phosphatidylcholine and other lipids such as phosphatidylinositol in the plasma
membrane provide a plentiful supply of substrates via the action of phospholipases and
sphingomyelinases. One can thus appreciate the vitality of temporal and spatial regulation

of such molecules in the membrane and its impact on disease states (4).

1.3 Actin And Spindle In Yeast

The regulation and remodelling of actin networks in yeast is crucial for processes
such as endocytosis, spindle orientation, and cytokenisis. The actin protein is about 42-
kDa and, in yeast, is expressed from one essential gene (ACTI) the proteins of which
(termed G-actin) polymerize to form filaments having a barbed (+) end and a pointed (-)
end (termed F-actin). In yeast, there are three F-actin structures termed patches, rings,
and cables (reviewed in 51). Actin patches are localized cortically at sites of polarized
growth, are highly motile, and are involved in endocytosis as they are physically linked
with clathrin patches at the cortex (reviewed in 51). The structure of an actin patch is
proposed to be a branched network of filaments arranged in a cone shape around a finger-

like invagination in the plasma membrane with the ARP2/3 complex (the actin nucleator)
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at the tip of the cone (52). Actin cables on the other hand are used to transport cargo in
the cell and assemble in an ARP2/3-independant manner with fhe help of formins (Bnilp
and Bnrlp). Cables are composed of short filaments arranged unidirectionally into
bundles surrounded with tropomyosin (filament stabilizer) such that the barbed ends
(providing fast growth) orient towards polarity sites.

In order for chromosomes to separate correctly in dividing cells there needs to be
coordination between cell polarity cues, mitotic spindle orientation, and cell cycle
checkpoints. In yeast, spindle forms in between spindle pole bodies (SPB) found in the
nuclear envelope and are composed of tubulin (TUBI-4) dimers that form microtubules
(53). From the SPBs emanate the astral microtubules towards the cell periphery and are
used to aid in the spindle orientation process. There are two pathways in yeast for spindle
orientation: dynein pathway and Kar9 pathway (reviewed in 54). The Kar9 and Dynein
pathways are parallel pathways in that the loss of both is lethal (55). In the Kar9 pathway,
the spindle orient by attaching astral microtubules to actin cables extending from the bud
via Kar9p and Myo2p (reviewed in 54, 56). Myo2p is the motor that provides the force
needed to orient the spindle by moving astral microtubules along actin cables emanating
from the bud (reviewed in 57). In the Dynein pathway, the dynein complex localizes to
the ends of astral microtubules and pulls the spindle through the bud neck by attaching to
Num?2p (the cortical anchor). The dynactin complex is required for dynein activity (55).
The Kar9 pathway occurs prior to anaphase while the dynein pathway takes place during
anaphase. In order to ensure that the cell cycle does not progress until the spindle are
oriented properly and the nuclear envelop has gone through the bud neck, cells use the

spindle position checkpoint (SPOC). The SPOC inhibits mitotic exit and cytokinesis. The
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SPOC’s directly inhibits Tem1p by binding of Bub2p/Bfalp. Tem1p activation by Ltelp
is needed to progress out of mitosis (reviewed in 54) however, Temlp and Ltel are
physically separated as Tem1p is found in the mother cell while Ltel is in the bud. It has
been proposed that these two proteins only meet when the nuclear envelope has gone

through the bud neck in late anaphase indicating a properly positioned spindle (58).

1.4 PAF Is A Bioactive Lipid Implicated In Alzheimer’s Disease

Platelet-Activating Factor (PAF), also known as PAF, PAF-acether or AGEPC
(acetyl-glyceryl-ether-phosphorylcholine), is defined by an alkyl-ether linkage at the sn-1
position, an acetyl group at the sn-2 position, and a phosphocholine at the sn-3 position
(46) (Figure 1). PAF is a family of bioactive lipids with varying sn-1 chain lengths and
each confers differe.nt cellular effects. PAF was originally found as a phospholipid
mediator released by sensitized rabbit basophils and aggregated platelets at low
concentrations during IgE-mediated anaphylaxis in rabbits (59). Since its discovery,
studies on PAF have indicated that it has many functions at physiological levels (nM
range) and yet others at pathophysiological levels (WM range) in diseases and during

injury. At physiological levels, it acts through its membrane receptor and is involved in
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Figure 1. Platelet Activating Factor Metabolic Pathways. Three main pathways
produce the PAF family of glycerolipids. Red: The remodelling pathway is the primary
enzymatic pathway for PAF production. Blue: The de novo synthesis pathway used to
make basal levels of PAF. Green: non-enzymatic oxidation of membrane lipids to
produce PAF-like lipids with sn-2 position (hatched green box) fatty acid chains up to 8
carbons. This schematic depicts C16-PAF synthesis from the 1-alky-2-arachidonyl-
glycerophosphocholine precursor lipid. Adapted with permission from Ryan SD, Harris
CS, Carswell CL, Baenziger JE, Bennett SAL (2008) Heterogeneity in the sn-1 carbon
chain of platelet activating factor glycerophospholipids determines pro-or anti-apoptotic
signaling in primary neurons. J Lipid Res, 49:2250-2258. (60).
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asthma, inflammation, allergic response, and shock (reviewed in 61). Further, it is
involved in bronchial hyperactivity (62) and anaphylaxis (63). Mammalian studies of
PAF show a link between PAF and F-actin polymerization/depolymerization oscillations
(64-66). Thimidine uptake assays have demonstrated that PAF impinges upon cell
proliferation (67-69); and mice overexpressing the PAF receptor develop skin tumors
(62). This indicated a role for PAF in cell cycle regulation. Other functions include the
mediation of intercellular interaction and cell-cell adhesion (reviewed in 46).

In the brain, PAF is thought to mediate functions ranging from synaptic
transmission and plasticity to neuroprotection (reviewed in 70). As well, it is a retrograde
neurotransmitter involved in long-term potentiation (71, 72). At high levels in the brain
PAF becomes neurotoxic and mediates cell loss in many diseases (5, 7-11, 61, 73-78).
For example, HIV-1 infection of the nervous system causes an increased release of PAF
by infected monocytes inducing neuronal apoptosis. The neuronal apoptosis in this
condition was prevented by PAF degrading enzymes (PAF-AHs discussed below) and is
thought to occur through the PAF receptor (73). Further, PAF also mediates apoptosis of
neurons in conditions such as epileptic seizure (75). It is clear that PAF plays a crucial
role in the brain and high levels of it have been found in neurodegenerative disorders. For
example, higher enzymatic activity (phospholipase A2 discussed below) was elicited by
AP oligomerization and lead to high levels of bioactive glycerophospholipids including
PAF (reviewed in 1-4, 5, 6, 76). In addition, it has been found that shifting the
composition of fatty acids in synaptosomal phosphatidylcholines from octadecyl (18:0) to

hexadecyl (16:0) species by dietary means impinges on the timing of Alzheimer’s disease
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onset (79). This highlights the importance of the sn-1 chain length in determining the
exact effect of each PAF species in relation to diseases.

C16:0 PAF toxicity can occur through an unknown PAF-receptor (PAFR)-
independent pathway (80). This toxicity is, in some cases, caspase-dependant and can
occur with or without the receptor depending on the PAF species (C16 or C18) (60).
Also, C16:0 PAF was again implicated in Alzheimer’s disease by acting downstream of
AR and by enhancing AP oligomerization (reviewed in 1, 2, 4, 5).The lack of knowledge
about the receptor-independent signalling pathway indicates that studies into C16:0

PAF’s involvement in neurotoxicity are warranted.

1.5 PAF Biosynthesis Pathways

PAF biosynthesis occurs via three main pathways. 1) de novo. 2) Remodelling. 3)
Oxidative remodelling (Figure 1). The first two pathways are regulated and each is
responsible for different levels of PAF and PAF-like lipids. The remodelling pathway
simply substitutes an acetyl group at the sn-2 position for the existing acyl fatty-acid
chain of other phospholipids. This is done via a two step calcium-dependent process.
Rises in intracellular calcium triggers phospholipase A, (PLA;) to remove the fatty acid
chain at the sn-2 of precursor phospholipids to create lyso-PAF (L-PAF) which is then
acetylated by the calcium-stimulated lyso-platelet activating factor acetyl-transferase (L-
PAF-AT) to produce PAF (81, 82). L-PAF-AT has been found in both humans and yeast
despite the lack of sequence similarity (81, 83). The reverse direction of this pathway is
calcium independent. The acetyl group of PAF is hydrolyzed by PAF acetylhydrolases
(PAF-AH) thus producing L-PAF which is then reacylated by a transacylase (84) or

lysophospholipase D (85). This remodelling pathway contributes to the majority of PAF
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produced during inflammation while the de novo pathway makes PAF at physiological
levels for normal cellular function (46). The de novo pathway has three steps and starts
with a molecule that has an alkyl at the sn-1 position (1-alkyl-2-lyso-glycero-3-P). This
precursor is acetylated at the sn-2 and then the phosphate at the sn-3 is removed to be
replaced with phosphocholine derived from CDP-Choline (86). Finally, PAF-like lipids
are produced via the non-enzymatic oxidative remodelling of membrane lipid. For
example, oxidation of an unsaturated phosphatidylcholine at the sn-2 may produce PAF-
like molecules that have up to 8 carbons at the sn-2 instead of the acetyl group of PAF
(87, 88)

With the exception of PAF-like lipid production, PAF biosynthesis pathways are
regulated. This tight control is achieved through many mechanisms that include
enzymatic control of synthesis, constitutively expressed degradative enzymes, and
regulated PAF-receptor (reviewed in 89). For example, the receptor’s expression is

controlled by cytokines and by intracellular cAMP levels (90).

1.6 PAF In Yeast

Presently, our knowledge of PAF in yeast is limited. Varying C16:0 PAF levels
have been found in many different yeast strains of the genus Saccharomyces (91, 92)
with the highest levels found in stationary cells (93). It also appears that PAF levels may
be cell cycle regulated with higher levels of C16:0 PAF in G1 or M compared to S-phase
(93). It was also shown that up to 10-fold increases in yeast C16:0 PAF can be elicited by
treatment with the calcium ionophore A23187 in a time and concentration dependant
manner suggesting that C16:0 PAF synthesis in yeast occurs through the Ca2+—dependent

remodelling pathway (93, 94). Interestingly, PAF production in yeast is temperature
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dependant with lower levels at 14°C than at 20°C (92). Other yeast genera were tested for
PAF but the majority showed no detectable PAF levels (91). The presence of PAF in
Saccharomyces indicates that an enzymatic pathway for its production exists in this
organism. Indeed, the presence of PAF-AH activity in S. cerevisiae and S. pombe has
been alluded to by mass spectrometry data (95). Also, Alel the gene encoding L-PAF-AT
has been found in yeast (83, 96, 97). All of these findings signify the presence of the
remodelling pathway in yeast or part thereof.

Yeast does not have any recognizable PAF-receptor homolog yet was shown to be
sensitive to PAF treatment (94). A BLAST search for the PAF-receptor against the yeast
genome yields a partial but strong match with SEC7 (92), which is part of the vesicle coat
involved in trafficking and is thought to be a guanine nucleotide exchange factor. Further,
the sensitivity to PAF was dose-dependant and was partially reversed by pre-treatment
with a PAF antagonist which binds to the receptor in neurons by competing with PAF
(94). However Sec7 is not localized to the plasma membrane (98), thus, the presence of
the PAF-receptor in yeast remains questionable.

The sensitivity of yeast to PAF is enhanced upon deletion of three enzymes
(SPOI14, SCT1, and GPT2) belonging to the glycerophospholipid biosynthetic pathway,
indicating that PAF is entering the cells upon treatment or eliciting intracellular changes
in glycerophospholipid metabolism (99). Only three mutants were analyzed in that
particular study and the complete PAF biosynthetic or remodelling pathways in yeast
have yet to be elucidated. Nor has a systematic genome-wide survey of deletion mutants

hypersensitive to PAF treatment been conducted.
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In terms of yeast physiological changes upon PAF treatment, it was reported that
membrane adenylate cyclase activity and cAMP levels decreased upon PAF treatment
and this was partially reversed by pre-treatment with a PAF antagonist (94). Surprisingly,
an increase in yeast PAF levels during mating was suggested to be stimulated by calcium
influx caused by mating factor (94). Isolated yeast vacuoles treated with PAF showed
stimulated vacuolar ATPase and pyrophosphatase activities leading to a lower proton
potential on the vacuolar membranes and decreased calcium transport (100). This
illustrates that PAF exists in yeast and that the pathways for its production likely exist.

However, the role of PAF in yeast is not known.

1.7 Yeast As A Model For PAF Cytotoxicity

The goal of this study is to exploit chemical genomic screens in yeast to provide
insight into how C16:0 PAF elicits neuronal cell death independent of its receptor. This
approach was chosen because yeast likely do not have a recognizable PAF-receptor, are
highly conserved with mammals, and have been successfully used to study amyloidoses.
More importantly, yeast screens have been successfully employed to reveal the targets
and metabolizing enzymes of similar phospholipids and lyso-phospholipids. Wildtype
yeast as well as numerous mutants (genome wide in some cases) have been challenged
with C16:0 PAF, C16:0 L-PAF, C16:0 lysophosphatidylcholine and edelfosine (a similar
synthetic ether lipid) and their growth phenotype assessed (99, 101, 102). The mutants
that were tested in these studies belonged to the glycerophospholipid biosynthetic
pathway only. Importantly these studies determined that treating yeast with high levels of
these lipids required to produce a cellular effect in yeast (uM range), produced distinct

cellular effects on growth and lipid metabolism as opposed to a non-specific detergent
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effect on the membrane. The hypersensitivity of SPOI14, SCTI1, and GPT2 deletion
mutant strains to PAF strongly suggests that, due to their predicted roles in PAF
metabolism, screening genome-wide mutant arrays for PAF sensitivity is not only
feasible, but will likely successfully isolate mutants specifically involved in cellular
response to PAF.

Chemical-genomic screens in the case of lipid diseases, yeast, and an ether lipid
(edelfosine) were used for the study of Niemann-Pick Type C (NP-C) disease and further
argue that ether lipids can be studied using yeast. NP-C is an autosomal recessive
neurodegenerative disorder affecting lipid metabolism and storage that causes
accumulation of low-density lipoprotein derived cholesterol and tissue specific lysosomal
accumulation of glycoproteins and phospholipids (103, 104). Mutations in NPC1 are
found in the majority of Niemann-Pick disease type C (NP-C) patients. NCR1 is the yeast
homolog of NPC1 (105) and deletion of NCRI conferred resistance to the anti-tumor
drug edelfosine. This increased resistance to edelfosine in the ncrlA strains was exploited
for the study of mutations corresponding to those found in the NPC1 gene from patients
with NP-C (105) stressing the power of this model system. Even though edelfosine is an
ether lipid that was used at high levels above its critical micelle concentration, the yeast
model did not exhibit non-specific detergent effects (105, 106) but rather showed specific
differences between the NCRI mutants tested. Other edelfosine studies in yeast further
indicate that ether lipid signalling can be examined using this system (99, 105-108). For
example, an overexpression screen of yeast genes that cause growth defects upon
treatment with edelfosine (108) did not identify cell wall or membrane proteins that

would have been expected if the ether lipid was causing non-specific detergent effects
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rather than a specific signalling response. In addition it was determined that edelfosine
induces apoptosis via the same mechanism in yeast and in tumor cells (106) again
highlighting the conservation and specificity.

Similar studies have also been conducted using C16:0 lysophosphatidylcholine
(101). An overexpression screen, in which mutants express each gene in the genome on a
plasmid, was used to observe the toxicity of C16:0 lysophosphatidylcholine. The screen
uncovered a novel phospholipase B in yeast (101) and this emphasizes the relevance of
this type of study of lipids in revealing mechanistic information. Interestingly, a
fluorescently labelled phosphatidylcholine was observed inside the cells upon treatment
indicating that exogenous treatment of lipids leads to their internalization (105) and that
the cellular growth defects are not just due to plasma membrane effects.

All of these studies indicate that the signalling and cellular effects of ether lipids
can be studied using yeast. Hence, I hypothesize that not only will high-throughput PAF
yeast chemical genomic screens be feasible, but they will yield relevant and invaluable

insight into the mechanism of PAF signalling and neuronal death.

1.8 Chemogenomics: A Systems Biology Approach For Drug Target
Discovery

The emerging field of systems biology aims to understand complex biological
phenomena not by using the reductionist approach but rather by observing all the
components (and their relationships) in a system (109, 110). This is done by integration
of computational and experimental tools (reviewed in 110, 111). Recently, this field has
gained much popularity due to the emergence of high-throughput techniques (112) that

generate data for a system and quickly allow for model creation (reviewed in 113, 114).
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The systems biology approach is discovery-driven and is a multidisciplinary alternative
to the classical molecular biology approach (115). In this project, I have employed a
series of systems biology approaches available in yeast to predict the molecular
mechanism or mode-of-action of C16:0 PAF. The techniques I employ are yeast
chemical-genomic screens, synthetic-lethal synthetic genetic array (SL-SGA) screens, as

well as mass spectrometry based lipidomics profiling. Below I review these techniques:

1.8.1 Deletion Mutant Arrays.

The ease of directed mutagengsis in yeast has lead to the production of several
deletion mutant libraries that are used in both functional- and chemical- genomic studies.
A kanamycin-resistance cassette having a unique bar-code (DNA sequence) was used to
construct a haploid deletion mutant array consisting of 4000+ haploid yeast strains each
missing one gene and a heterozygous deletion mutant array consisting of 6000+ diploid
yeast strains (30). These deletion mutant libraries are the essential reagents for both

chemical- and functional- genomic screening described below.

1.8.2 Yeast Chemical-Genomics

The deletion mutant arrays have been successfully exploited to help uncover the
mode-of-action of many compounds (reviewed in 116). Two commonly used screens are
known as chemogenomic (or chemical-genetic) profiling and drug-induced
haploinsufficiency profiling. Chemogenomic screens use the haploid deletion mutant
array (Figure 2) and are based on the principle that deleting a gene that normally protects
yeast from the toxic effects of a drug should enhance the toxicity and uncover the target

of the drug (117). A disadvantage of this haploid based screen is that only non-essential
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Screen1: Chemical-Genetic Profiling

Drug Target Protein X Frotein ¥ Growth Phenotype

Genotype .
WT Haploid ~ X/Y QO —  Alive

Single Deletion XA/Y @ O —  Alive
Single Deletion X/yA O ® —  Alive
Double Deletion xA/yA ® ® == Sick or lethal
Drug (sub-lethal dose) \@ O w—  Alive
Drug mimics deletion @ ® =—p Sick or lethal
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Figure 2. Schematic representation of Chemical-Genetic Profiling. A haploid mutant
of a non-essential gene (represented by an X) is hypersensitive to sublethal concentrations
of a drug (represented by a T) and is likely synthetically lethal with the target of the drug.
Thus, chemical-genetic interactions identify drug targets via “guilt by association” such
that a single deletion (protein yA) is alive but with drug treatment the phenotype mimics
that of a double deletion (protein yA and drug target xA) — shown in the red box.
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genes are assessed for sensitivity to the compound. This screen is then complemented
with the heterozygous deletion mutant array chemical-genetic screen commonly known
as Drug Induced Haploinsufficiency profiling (118, 119). The heterozygous diploid
screen is based on the principle that reducing the copy number of the target of a drug in a
diploid should increase the inhibition caused by semi-inhibitory concentrations of that
compound (Figure 3). This screen does utilize essential genes and could potentially lead
to the discovery of direct targets as opposed to the processes or parallel pathways
identified by the haploid screen.

There are two commonly used methods for screening deletion mutant arrays for
drug sensitivity. First, the growth of each deletion mutant strain can be directly monitored
on agar plates containing the compound of interest (117). This direct-measurement of
individual mutant growth can be easily facilitated through precise and reproducible
robotic-based manipulation of the deletion mutant arrays and computer based scoring of
colony growth. The growth of each mutant on control versus compound media is scored
to identify mutants with enhanced toxicity. In a parallel method, all the deletion mutant
cells can be pooled into one test tube such that each mutant is represented equally. This
type of screen uses liquid media containing the compound to challenge the pooled
mutants. The starting culture is thus treated equally and the relative growth of each
mutant is monitored over time. Since all the mutants a mixed together, their relative

growth is assessed using the built in bar-codes and DNA microarrays (119, 120).

1.8.3 Yeast Functional Genomics

Pathways and processes in yeast are sometimes redundant or parallel. This

redundancy can make the assignment of biological function of genes a challenge as many
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Screen2: Drug-Induced Haploinsufficiency
Profiling

Drug Target Protein X Growth Phenotype
Genotyp

e
WT Diploid YIY Q Q —_—  Alive
Heterozygous Deletion yAfY @ Q —p  Alive
Homozygous Deletion yA/yA ® @ =—p  Sick or lethal

Drug (sub-lethal dose) \® Q —  Alive
Drug mimics deletion @ @ =p  Sick or lethal
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Figure 3. Schematic representation of Drug Induced Haploinsufficiency Profiling. In
a diploid cell the target of a drug acting on a gene product can be uncovered by lowering
the gene copy number from two copies to one resulting in hypersensitivity to that drug.
The drug, even at semi-inhibitory levels, may become toxic when its target’s copy
number is reduced. A drug target (represented by a blue circle) is present in the cell at
levels that keeps it resistant to sublethal concentrations of that drug (represented by a T).
However, lowering the gene dosage of the target by 50% renders the cell hypersensitive
to the drug and thus uncovers the target — shown in the red box.
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deletion mutants display no observable phenotype because the remaining parallel
pathway can compensate. In many cases, only when a single deletion is combined with a
deletion of a gene in the parallel pathway does a phenotype arise. This has been termed
synthetic lethality (SL) and occurs when the combined deletion of two non-essential
genes in a haploid yeast cell results in slow growth or lethality as compared to each
deletion on its own (Figure 4). SL interactions are able to predict the function of
uncharacterized genes. For example, a gene with an unknown function may be linked to a
pathway with a known function via synthetic lethality thus providing hints as to its own
role in the cell. Synthetic Genetic Array (SGA) is a methodology that allows for
systematic creation of double mutants in a genome-wide manner (Figure 5) (40). This
tool utilizes the haploid deletion mutant array and through a process of mating and
genetic selection produces a new array of double deletion mutants (the original non-
essential gene deletion plus a secondary deletion of interest). The final double mutant
array can be screened for virtually any phenotype of interest. The most common
phenotype that is assessed is the growth or fitness defect compared to each of the single
mutants. The power of this method comes in when a genome-wide SL interaction map is
produced for a gene of interest as it allows for hypothesis generation with regards to
every possible process that the gene may be involved in.

SL-SGA data can be integrated with chemical-genetic data in a manner that
allows for prediction of the direct target of a drug. Synthetic lethality is based on parallel
pathways while chemical-genetic screens are designed to uncover genes that when
deleted exacerbate the effect of a drug. The drug may be acting on the pathway parallel

to the deletion and would thus mimic a secondary deletion causing a synthetic chemical
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Principle behind Synthetic Lethal
interactions

Gene X Gene Y Growth Phenotype
Genotype

WT Haploid ~ X/Y Q Q —p Alive
Single Deletion xA/Y @ O —p Alive
Single Deletion X/yA Q @ ——p  Alive
Double Deletion xA/yA @ @ w——p  Sick or |ethal
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Figure 4. Schematic representation of Synthetic Genetic interactions. A synthetic
sick or synthetic lethal (SL) interaction occurs when the combined deletion of two non-
essential genes in a haploid yeast cell results in slow growth or lethality as compared to
each deletion on its own.
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interaction. For example, a haploid deletion mutant library was used for screening 12
compounds to find mutant enhancers of toxicity and this approach was integrated with

synthetic lethal data to find the target pathways (117).

1.8.4 Lipidomics: Mass Spectrometric Profiling Of Phospholipids

Advances in mass spectrometry techniques have allowed for the high throughput
analysis of complex mixtures of lipids (reviewed in 45). Lipidomics is defined as the
systems-level cataloguing of lipid species and their associated factors and proteins for the
purpose of drug and biomarker discovery. The identification and quantitation of lipids
extracted from biological samples is a hallmark of lipidomics. The principle behind this
technique is that lipids are extracted by conventional methods and analyzed on a mass
spectrometer such that the fragmentation patterns offer insight into the structure of the
molecules. Advances in ionization methods have allowed for greater precision in lipid
structure identification. In this study, phosphocholine containing lipids are identified by
their fragmentation pattern since they produce a phosphocholine fragment having a
known mass-to-charge ratio. This method allows for a semi-global search for changes in
phosphocholine-containing lipid profiles of biological samples. For example, this
technique was used to compare phosphocholine-containing lipids such as PAF in
neuronal cell lines before and after differentiation (121). In this project, I have utilized
this technique with help from collaborators to address certain questions that would aid in

the interpretatton of the chemical-genomic screening results.
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Figure 5. Schematic representation of Synthetic Genetic Array (SGA) screening. An
SGA screen allows for identification of genome-wide SL and SS interactions for a
particular gene of interest by creating double mutants in a haploid yeast cell. In the case
of this study, a MATq ydl133wA query strain is mated to the MATa deletion mutant array.
After sporulation, haploid selection, and double mutant selection via a series of replica
pinning and genetic selection steps, the resulting array of double mutants is evaluated for
the presence of SL or SS interactions.
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1.9 Hypothesis

While most studies on PAF signalling have been performed in mammalian
systems, to date, very little work has been done using lower eukaryotes such as yeast as
model systems for PAF studies. Studies performed on other compounds, including lipids,
using yeast chemical-genomic techniques have been successful at revealing target
pathways or mode-of-action. To gain further insight into receptor-independent PAF
neuronal toxicity I used yeast chemical genomics to test the hypothesis that PAF is
cytotoxic to yeast and acts through multiple cellular pathways in the cell that parallel
those found in mammals.

Towards this end, I had three specific aims. 1) Characterize the sensitivity of
yeast to PAF by examining its growth, cell cycle progression, and viability upon PAF
challenge. 2) To perform and confirm yeast genome-wide chemical-genetic profiling and
genome-wide drug-induced haploid insufficiency screens for C16:0 PAF and C16:0 L-
PAF using the yeast haploid deletion mutant array and the yeast diploid heterozygous
deletion mutant array, respectively. 3) Use the chemical-genomic profiles for PAF and L-
PAF make testable hypotheses with regards to the mode-of-action. This work provides
novel insight into the molecular mechanism of PAF signalling and influences our

understanding of Alzheimer’s disease progression.
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CHAPTER 2: MATERIALS AND METHODS

This section outlines reagents, solutions, and buffers used including their source

as well as which strains were used and the protocol for each experiment.

2.1 Reagents

Both C16:0 PAF and C16:0 L-PAF were purchased from Cedarlane Laboratories
Limited, Ontario, Canada. YPD consisted of 1% yeast extract, 2% peptone, 2% glucose.
Yeast Extract was purchased from Wisent Bioproducts, Quebec, Canada. Bacto Peptone
was purchased from BD biosciences, Mississauga, Canada. Note that Bacto Peptone from
Wisent Bioproducts exhibited an interaction with C16:0 PAF that gave non-specific
results so it was avoided. DAPI (D1306), Rhodamine phalloidin (R415), and goat anti-
mouse IgG with Alexa Fluor 488 (MP 00852) were purchased from Invitrogen.
Antibodies for GFP were from Santa Cruz Biotechnology (SC-8334), and Anti-c-Myc
Mouse monoclonal antibody (clone 9E10) from Roche. Clon‘at was purchased from
Werner (Cat#5.5000), L-Canavanine from sigma (Cat#C9758-5G), and G418 from

Wisent (Cat#400-130-QG).
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Strains used in this study

Strain Other name Genotype

MATa ade2-101, his3-A200, lys2-801, leu2-Al, ura3-52, trpl-
YKB779 YPH499 A63

MAT ¢ ade2-101, his3-A200, lys2-801, leu2-Al, ura3-52, trpl-
YKB780 YPH500 A63
YKBI1079 BY4741 MATa his3A 1, leu2A0, met1 5A0, ura3A0
YKB1118 BY4742 MAT a his3A1, leu2A0, lys2A0, ura3A0
YKB1117 BY4743 MATa/a his3A 1, leu2A0, lys2A0, ura3A0

MATa/aade2-101, his3-A200, lys2-801, leu2-Al, ura3-52,
YKB1140 trpl-A63

MATaade2-101, his3-A200, lys2-801, leu2-Al, ura3-52, trpl-
YKB1203 A63, YDLI133w-GFP::KanMX

MATa ade2-101, his3-A200, lys2-801, leu2-Al, trpl-A63,
YKB1191 ura3A::Tublp-GFP-Tubl

MAT a ade2-101, his3-A200, lys2-801, leu2-Al, ura3-52 trpl-
YKB1164 A63, ydli33wA::KanMX

MATa ade2-101, his3-A200, lys2-801, leu2-Al, ura3-52, trpl-
YKB1206 A63, ccslA::KanMX

MAT o canlA::STE2pr-Sp-his5, lypl A, his3A1, leu2 A0,
YKB1185 ura3A0, metl SA0, LYS2, ydli33wA. :natMX4

2.2 Chemical-Genetic Profiling

The MATa haploid deletion mutants were purchased from Open Biosystems
(Cat# YSC1053) (30). Strains were robotically pinned in duplicate onto YPD + 200mg/L
G418 (2% peptone, 1% yeast extract, 2% glucose, 2% Agar) plates at a density of 1536
colonies per plate using the Singer Rotor HDA and grown for 3 days at 25°C. These
plates were pinned onto YPD containing either Ethanol, 120uM PAF, or 120uM L-PAF.
Plates were incubated at 25°C and pictures taken using a Biorad Imager at 15 and 40
hours. The sensitivity of each mutant was assessed visually by comparing colony sizes on
the treated plates to the ethanol control plates. To supplement the visual scoring and
reduce false negatives I also employed a computer-based scoring method. Tiff images of
the plates were used to quantify pixel intensity, and thus colony size, using commercially

available AlphaEaseFC V4.0.0 from Alpha Innotech Corporation, California, USA.
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Colonies on each plate were normalized to their plate’s average and compared to their
respective ethanol treated colonies as described (122). The screen was performed in
triplicate and any interactions identified at least 2 out of 3 times for each compound were
confirmed by quantitative growth curves. To increase the number of putative hits and
increase the chances of finding more interactions, I also confirmed by growth curves the
interactions that appeared at least once for both compounds. I removed multiple-drug

resistance (MDR) genes based on published literature (117, 120).

2.3 Growth Curves

Yeast cultures were inoculated into SmLs of YPD and grown overnight at 25°C in
a roller drum. Next morning (~18 hours later), ODgyy was measured and strains were
diluted to ODgpo = 0.2 in SmL YPD. This pre-growth was done for 4 hours to get cells
into log phase. The final ODgoy was measured and a 2X stock of cells was made (ODggg =
0.1). 96-wells were inoculated using 100uL of 2X stock of cells and 100uL. YPD
containing ethanol, Ethanol, PAF, or L-PAF at 2X the desired final concentration. Each
strain was inoculated in triplicate. The plate was immediately taken to the plate-reader
(Multiskan Ascent, Thermo Labsystems) to be shaken at 960rpm and measured 45 times
at 25minutesintervals. Temperature was maintained at 25°C. Shaking was not continuous
and the protocol consisted of 20minuteswaiting then Shaking at 960rpm for Sminutesthen
measuring. Fold decrease in area under the curve for each mutant compared to Wildtype
(WT) on that day was calculated by the formula: [(Area Treated / Areca Control)wr /

(Area Treated / Area ControD)yyrant 1.
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2.4 Drug-Induced Haploinsufficiency Screen

The heterozygous diploid deletion mutants were purchased from Open
Biosystems (Cat# YSCI1055). Strains were robotically pinned in duplicate onto YPD +
200mg/L G418 (2% peptone, 1% yeast extract, 2% glucose, 2% Agar) plates at a density
of 1536 colonies per plate using the Singer Rotor HDA and grown for 3 days at 25°C.
These plates were pinned onto YPD containing either 2.4% Ethanol, 240uM PAF, or
240uM L-PAF. Plates were incubated at 25°C and pictures taken using a Biorad Imager
at 12, 20, 45 and 72 hours. The sensitivity of each mutant was assessed visually by
comparing colony sizes on the treated plates to the ethanol control plates. To supplement
the visual scoring and reduce false negatives I also employed a computer-based scoring
method. Tiff images of the plates were used to quantify pixel intensity, and thus colony
size, using commercially available AlphaEaseFC V4.0.0 from Alpha Innotech
Corporation, California, USA. Colonies on each plate were normalized to their plate’s
average and compared to their respective ethanol treated colonies. The screen was

performed in duplicate and any putative hits confirmed by quantitative growth curves.

2.5 Lipidomics Profiling

1) pre-growth and treatments:

Using the haploid yeast wildtype strain (BY4741), SmL YPD (glass tube) was inoculated
and incubated overnight at 25°C in a rotating drum. Next morning, the ODgyy was
measured and the cells diluted to ODgog = 0.2 in SmL YPD and incubated at 25°C for 4
hours in a rotating drum. Using 15ml plastic tubes, nine samples were prepared and
treated with Ethanol, PAF, or L-PAF as indicated in the table below such that the final

volume was 1mL. The samples were vortexed 3 times to mix and incubated at 25°C for
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13.75 hours in a rotating drum. Samples A-F were centrifuged for 2minutesat 3000 RPM,
at 4°C. Samples G, H, and I were placed on ice for a few minutes to be used for ODgg
measurement and for counting final cell density using a hemacytometer. Samples A, C,
and E had cell pellets so the supernatant was removed to new tubes. 1mL of ice-cold
acidified methanol [acidified with 2% acetic acid] was added to each sample and the cell
pellets, if any, were resuspended immediately to prevent clumping. The samples were
then kept on ice and transferred to the Bennett Lab for lipid extraction.

List of samples prepared after the 4hour pre-growth

A) YPD+cells at ODgq Initial = 0.05 + 40uM PAF [ie 4ul of 10mM Stock]
B) YPD no cells + 40uM PAF

C) YPD+cells at ODgqg Initial = 0.05 + 40uM L-PAF

D) YPD no cells + 40uM L-PAF

E) YPD-+cells at ODgg Initial = 0.05 + 4uL Ethanol

F) YPD + 4pL Ethanol treatment

G) YPD+cells at ODgqg Initial = 0.05 + 40uM PAF [for counting cells]

H) YPD+cells at ODgqp Initial = 0.05 + 40uM L-PAF [for counting cells]
I) YPD4cells at ODgg Initial = 0.05 + 4uL Ethanol [for counting cells]

II) Lipid extractions:

In order to extract glycerophospholipids I used a modified B/ligh émd Dyer method (121,
123, 124). Samples were on ice in 1mL acidified methanol (2% acetic acid) as mentioned
above. 41.3uL of a 10uM stock of C13 LPC was spiked prior to extraction to control for
extraction efficiencies and the lipids were extracted using a volumetric ratio of 0.95 and
0.8 of chloroform and NaAcetate 0.1M (aq) respectively, per volume of methanol in acid-
washed borosilicate glass tubes (Fisher, Ottawa, ON, Canada). For my samples, this was
4mL acidified methanol (ImL from sample plus 3mL added), 3.8mL chloroform, and
3.2mL 0.1M NaAcetate. The organic phase was collected after centrifugation while the

aqueous layer was back-extracted three times using a wash solution. The wash solution
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contained 1.6mL YPD media, 4mL methanol (not acidified), 6mL chloroform, and 1.6mL
NaAcetate (corresponds to the volumetric ratio of 1:2.5:3.75:1). The wash solution did
not contain BSA. The organic fractions were pooled and evaporated under a stream of
nitrogen gas to be dissolved in 300pL of ethanol and stored at -80°C in plastic eppitubes.
(The amount of C13 LPC standard corresponds to 187.5ng in the 300uL ethanol at the
end of the extraction. Which means that Sng will be in the 8pL that are run on the Mass
Spectrometer.) Analytes were introduced into a 2000 Q TRAP mass spectrometer via a
microflow 1100 HPLC system (Agilent, Palo Alto, CA). The Q TRAP was operated with
Analyst 1.4.1 (Applied Biosystems/MDS Sciex, Concord, ON, Canada). Details of the
parameters were as published (121).

1) Data analysis and lipid profiling.

Using the Analyst software, lipid profiling was performed as follows. For each sample
file, the precursor ion scan was plotted as Intensity (cps) vs. m/z (amu). The m/z was
acquired using the range of 450-600. The extracted ion chromatograph (XIC) for each
species of interest was plotted using the range N-1 to N+1.5, N being the peak m/z for
that species. XICs for each species indicate its retention time (RT) and aid in species
identification as well as quantification of the area under that peak. The area for the C13:0
LPC internal standard was also determined and all other species areas were divided by
that value for that sample. This would be the normalized value and the fold change would

be the ratio of the normalized value from one sample to another for that species.
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2.6 Yeast Transformation

PCR mediated transformation of yeast strains with the desired markers was done
using established PCR methods (125) and by the Lithium Acetate transformation method

(126). Successful transformation was confirmed by PCR.

2.7 F-Actin Staining And Fluorescent Microscopy

F-Actin staining protocols were based on established methods (127, 128).
Overnight cultures of wildtype yeast (YKB779) were seeded in SOmL YPD at a starting
ODggo = 0.4 and incubated at 30°C for 4 hours with shaking at 250rpm in an orbital
shaker. When the ODggo reached 0.7, SmL samples of ODgy = 0.3 were treated either
Ethanol, 180uM C16:0 PAF, or 180uM C16:0 L-PAF for 4 hours while incubating at
25°C in a roller drum. The final ODggy was determined and the cells fixed for 10 minutes
by adding formaldehyde to the media to a final concentration of 4%. The cells were then
pelleted by centrifugation (3000rpm, 5 min) and fixed for 1 hour in PBS containing 4%
formaldehyde at room temperature. The cells were washed twice with ImL PBS and
resuspended in 100uL PBS. 10uL of rhodamine phalloidin (6.6uM in MeOH) were
added to the 100pL of fixed sample and it was stained in the dark for 1 hour. The cells
were then pelleted by centrifugation (3000rpm, 3 min) and washed 5 times with 1mL
PBS. Samples were resuspended in SOuLL PBS and stored at 4°C for microscopy. SuL of
stained sample was resuspended in a drop of mounting media containing DAPI (50mg p-
phenylenediamine (Sigma in SmL 1X PBS; adjust to pH 9.0 (NaOH) add 45mL glycerol
and stir to homogeneity. Add 2.25 ul Img/ml DAPI. Store at -70°C in the dark (aliquote
in 1mL/eppendorf)). Clean slides were loaded with 1uL of cells in mounting media and a

cover slip placed on top. Slides were viewed at 63X oil immersion objectives on a Leica
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Microsystems DMI 6000B fluorescent microscope equipped with a digital CCD camera
(C4742-80-12A6 Hamamatsu Photonics) under the control of the Volocity Software from
Improvision. Image stacks with 0.3um spacing were acquired for a total thickness of
Sum. On average, 65 cells were counted for the actin experiments. For the DAPI

experiments, 97 cells were counted for PAF treatment, 55 for ethanol, and 89 L-PAF.

2.8 Spindle Tagging And Fluorescent Microscopy

A GFP tagged TUBI! construct was integrated into the URA3 locus of wildtype
yeast (YKB1191). Overnight cultures (YKB1191) were grown in triplicate (3 different
isolates). The samples were seeded in SmL YPD at a starting ODgoo = 0.2 and incubated
at 25°C for 4 hours in a roller drum. When the ODggg reached 0.6, 2mL samples of ODgg
= 0.05 were treated either Ethanol, 180uM C16:0 PAF, or 180uM C16:0 L-PAF for 3
hours while incubating at 25°C in a roller drum. The final ODgoy was determined and the
cells fixed for 10 minutes by adding formaldehyde to the media to a final concentration
of 4%. The cells were then pelleted by centrifugation (3000rpm, 5 min) and fixed for 1
hour in PBS containing 4% formaldehyde at room temperature. The cells were washed
twice with ImL PBS and resuspended in 50uL. PBS. 5uL of sample was resuspended in a
drop of mounting media containing DAPI. Clean slides were loaded with 1ul of cells in
mounting media and a cover slip placed on top. Slides were viewed at 63X oil immersion
objectives on a Leica Microsystems DMI 6000B fluorescent microscope equipped with a
digital CCD camera (C4742-80-12A6 Hamamatsu Photonics) under the control of the
Volocity Software from Improvision. Images stacks with 0.7um spacing were acquired
for a total thickness of Sum. On average, 88 cells were counted and the experiment done

in Triplicate.
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2.9 Yeast Immunofluorescence

Cells were grown to mid-log phase in SmL YPD and fixed in 3.7% formaldehyde
for lhour followed by one wash in 0.1M potassium phosphate (pH7.5). Samples were
resuspended in 1mL of “digestion buffer” (50 units/ml lyticase in 0.1M potassium
phosphate (pH7.5) with 2ul/ml 2-B-mercaptoethanol) and incubated up to 30 minutes
such that cells are spheroplasted and turn dark grey. Cells were pelleted at 2500rpm for
Sminutesand washed three times with PBS to be resuspended in a final 1mL PBS. Poly-
L-lysine coated 12-well slides were prepared and 10uL of cells placed on each well for a
few minutes then aspirated off and the wells washed 3 times with PBS. The slides were
immersed in cold methanol for 6 minutes and then cold acetone for 30 seconds then
rehydrated with PBS. 15uL of blocking solution (PBS + 3%BSA) was placed on each
well for incubation in a humid chamber for 30 minutes. After removing the blocking
solution, 10uL of varying concentrations (1-10ug/ml) of primary antibody (anti-c-Myc)
were placed on each well and incubated for 1 hour. Wells were then washed three times
with blocking solution for secondary antibody treatment in the dark for 1 hour
(CAT#A11017, Invitrogen). Wells were washed three times with blocking solution and a
drop of mounting medium containing DAPI was placed on each well. Finally, a glass

coverslip was placed on the slide and sealed with nail polish.

2.10 Immunoblotting

Whole Cell Extracts (WCE) were prepared from 30mL of cells from an overnight
culture grown in YPD at 30°C. Cells were pelleted by centrifugation for washing with
cold ImL lysis buffer (20 mM HEPES, pH 7.4, 0.1% Tween 20, 2 mM MgCl,, 300 mM

NaCl). In a 1.5mL Eppendorf tube the cells were resuspended in 300uL lysis buffer and
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an equal volume of acid-washed glass beads (Cat#35-535, Fisher Scientific). Samples
were vortexed six times for 1minuteseach and placed on ice in between iterations of
vortexing such that ~80% lysis was achieved. The WCE was isolated by centrifugation at
13,200rpm for 15minutesand samples frozen at -80°C. 2X loading buffer (100mM Tris,
pH 6.8, 4% sodium dodecyl sulfate [SDS], 0.2% bromophenol blue, 20% glycerol,
200mM 2-B-mercaptoethanol) was used with an equal volume of WCE to boil the sample
for 5 min. Proteins were separated by 7.5-10% SDS-polyacrylamide gel electrophoresis
(PAGE). Standard Western blotting procedures were performed using the following
antibodies: anti-c-Myc (Cat#11667149; Roche), peroxidase-conjugated goat anti-rabbit
IgG (Cat#AP307P; Chemicon), peroxidase-conjugated goat anti-mouse IgG (Cat#170-
6516; Bio-Rad), and anti-GFP (SC-8334, Santa Cruz Biotechnology). Electrophoretic
transfer was done on nitrocellulose membranes using a semi-dry transfer apparatus
(BioRad). The membranes were blocked in Phosphate-buffered saline (PBS) containing
5% nonfat dry milk and 0.1% Tween 20 (PBS-T), at 4°C overnight with gentle shaking.
Primary and secondary antibody staining was lhour each with 3X10minuteswashes with
PBS-T in between. Gels were developed using the Immobilon Western chemiluminescent
HRP substrate (Cat#WBKLS0500, Millipore) and a Biorad ChemiDoc XRS imager

controlled by the Quantity One 4.6.1 software.

2.11 Determination Of Budding Index

Wildtype yeast (YKB779) were grown overnight in triplicate and seeded to an
ODggo = 0.2 in SmL then incubated at 25°C for 4 hours until the final ODg = 0.7. Then,
SmL cultures at ODgoo = 0.05 were treated with Ethanol, 180uM C16:0 PAF, or 180uM

C16:0 L-PAF for 4 hours at 25°C in a roller drum. The final ODggy was determined and
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the cells fixed for 10 minutes by adding formaldehyde to the media to a final
concentration of 4%. The cells were then pelleted by centrifugation (3000rpm, 5 min) and
fixed for 1 hour in PBS containing 4% formaldehyde at room temperature. The cells were
washed twice with 1mL PBS and resuspended in 50uL. PBS. Finally, samples were
examined under a light microscope and the budding index determined by the fraction of
budded cells (those not in G1) as calculated by this ratio: Npydded/Niotal, Where N is the

number of cells. 200 cells were counted as in established protocols (129).

2.12 Determination Of Cell Viability By Colony Forming Units (CFU)

CFU counting was performed as described (105, 108). Triplicate overnight
cultures of wildtype (YKB779) were seeded to an ODgo = 0.2 in SmL of YPD and
incubated at 25°C for 3 hours. Then, samples were diluted to ODggo = 0.05 in SmL and
treated with Ethanol, 180uM C16:0 PAF, or 180uM C16:0 L-PAF for 6 hours at 25°C in
a roller drum. 10ul of sample was used for hemacytometer counting to determine
concentration (cells per ul). After appropriate dilution in YPD, 300cells were plated on
YPD plates and spread by glass beads. Colonies were counted after 2days incubation at
30°C and percent viability was calculated by setting the number of colonies formed in

Ethanol treated samples to 100%.

2.13 SL-SGA Of YDL133w

The MATa deletion mutant library was acquired from Open Biosystems (CAT#
YSC1053). A MATa query strain containing a ydlI33wA::NatMX4 (YKB1185) was
constructed as described in “transformation” above. A Singer RoToR HDA (Singer

Instruments) was used to manipulate the deletion library and the genome-wide SL-SGA
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screen was performed according to established protocols (40). All steps were carried out
in triplicate at 30°C except for sporulation (room temperature). The sensitivity of each
mutant was assessed visually by examining colony sizes. To supplement the visual
scoring and reduce false negatives I also employed a computer-based scoring method.
Tiff images of the plates were used to quantify pixel intensity, and thus colony size, using
commercially available AlphaEaseFC V4.0.0 from Alpha Innotech Corporation,
California, USA. Colonies on each plate were normalized to their plate’s average and
compared to their respective control colonies as described (122). In this way, a list of
putative hits was generated and ranked based on number of times a hit was observed out
of three times and also based on the strength of the interaction. This putative list was

confirmed by tetrad dissection on YPD plates at 30°C.
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CHAPTER 3: RESULTS

3.1 Yeast Dose-Dependant Sensitivity To C16:0 PAF

It has previously been demonstrated that S. cerevisiae growth was inhibited upon
treatment with C16:0 PAF (94). In order to confirm the sensitivity and identify semi-
inhibitory concentrations of C16:0 PAF I performed automated growth curve analysis. In
addition, as C16:0 L-PAF does not illicit neuronal cell death (11, 60) I also performed
growth curve analysis using C16:0 L-PAF as a negative control. Growth curve analysis
allows for quantitative, as well as visual, assessment of growth rate in comparison to
control treatment. I found that wildtype yeast cells are sensitive to C16:0 PAF in a dose-
dependent manner with dramatic inhibition at 180uM (Figure 6a). In contrast, equivalent
concentrations of C16:0 L-PAF do not inhibit growth to the same extent (Figure 6b).
These results suggest that similar to neuronal cells, yeast are sensitive to C16:0 PAF but
not L-PAF and suggest that yeast have at least one C16:0 PAF target. The similarity in
C16:0 PAF sensitivity between man and yeast suggest that despite the dramatic
differences between yeast and neuronal cells, yeast may contain conserved biological
processes and pathways impacted by PAF that maybe identified via chemical-genetic

methods.
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Figure 6. C16:0 PAF affects wildtype yeast proliferation in a dose-dependant
manner. Automated yeast growth curve of MATa wildtype strain (YKB779) showing
ODsgo as a function of time in hours. Triplicate cultures were grown in YPD (1% yeast
extract, 2% peptone, 2% glucose) at 25°C and treated with ethanol carrier or varying
concentrations of C16:0 PAF (Panel A) or L-PAF (Panel B). ODgyp measurements of the
samples were taken every 25 minutes in a plate-reader (Multiskan Ascent, Thermo
Labsystems). Error bars represent one Standard deviation.
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3.2 Yeast Has A Lower Budding Index Upon C16:0 PAF Challenge

C16:0 PAF levels in both mammalian and yeast systems seem to be cell cycle
dependant (67, 93), hence I was interested in determining whether C16:0 PAF treatment
causes a specific cell cycle arrest or delay. To test this, I examined budding index of
wildtype yeast cultures treated with ethanol carrier control, 180uM C16:0 L-PAF, or
C16:0 PAF. This concentration of C16:0 PAF showed the greatest inhibition of growth
(Figure 6) and was thus chosen for this experiment. In yeast, the size of the bud is
indicative of the position of the cell in the cell cycle with, with G1 cells having no buds,
S-phase cells having small bud, and G2/M cells having a large bud. Budding index, the
ratio of budded cells to the total number of cells, of logarithmically growing wildtype
yeast is usually 75%. Similar to other studies on wildtype cells (129), I observed that
wildtype cells treated with either ethanol and L-PAF had the expected budding index of
~75% while the PAF treated cultures exhibited a significant decrease in budding index
(Figure 7). This suggests that PAF treatment impinges on cell cycle progression in yeast

and causes cells to have a mild delay or arrest in G1.

3.3 C16:0 PAF Is Cytotoxic To Yeast Cells

The mild G1 accumulation of cells upon treatment with 180uM C16:0 PAF
suggests that the dramatic growth defects displayed at this concentration of C16:0 PAF is
likely not due to cell cycle arrest. To further characterize how the drug affects yeast, I
performed a viability assay to determine whether yeast treated with C16:0 PAF for a

period of 6 hours were able to form viable colonies after removal of the compound. If a
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Figure 7. Budding index of wildtype yeast is lower upon treatment with 180pM
C16:0 PAF but not L-PAF. Budding index of wildtype (YKB779) after 4 hours of
treatment at 25°C with carrier, 180uM C16:0 PAF, or 180uM C16:0 L-PAF. Budding
index is defined as the fraction of budded cells (those not in G1) in a yeast culture as
calculated by this ratio: Nyydgea/Niwtal, Where N is the number of cells. For each of the
replicate experiments, 200 cells were counted (Wildtype n = 3, PAF and L-PAF n = 4).
Error bars indicate one standard deviation. (* p-value < 0.05 for ANOVA, post hoc
bonferroni correction one-tail t-test at Alpha = 0.05/3).
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compound is cytostatic, treatment of the cells with the compound will inhibit growth, but
upon its removal cells should remain viable and colonies should be formed. On the other
hand, if a compound is cytotoxic, upon its removal cells will be inviable and unable to
form colonies. In this way the ability of cells to form colonies after treatment indicates
whether C16:0 PAF or L-PAF inhibit yeast growth (cytostatic effect) or whether they kill
the cells (cytotoxic effect). Wildtype cells were incubated with ethanol carrier, 180uM L-
PAF or 180uM C16:0 PAF for six hours and I asked if colonies could be formed on rich
media plates after treatment. It was observed that 180uM C16:0 PAF but not L-PAF
caused a significant decrease in viable cells after six hours of treatment indicating that it

1s cytotoxic to yeast at this concentration (Figure 8).

3.4 Chemogenomic Screens Of PAF Implicate It In Many Processes

The automated growth curves, budding index and cell viability assays indicated
that at least one target for C16:0 PAF exists in yeast. Genome-wide yeast chemogenomic
screens have been shown to be powerful tools for elucidating drug mode-of-action (120,
130, 131). Therefore, in an attempt to define the target(s) of C16:0 PAF and/or its
signalling pathway(s) I embarked on screening for deletion mutants with enhanced
sensitivity to C16:0 PAF, but not L-PAF. C16:0 L-PAF served as a good control because
not only does it not elicit neuronal cell death (60) but also it is a lipid with almost the
same structure as C16:0 PAF such that it can account for non-specific lipid effects. PAF
and L-PAF were subjected to two complementary genome-wide screens: chemical-
genetic profiling (Figure 2) using a haploid mutant library and drug .induced
haploinsufficiency profiling (Figure 3) using a heterozygous diploid mutant library. The

first screen was performed in triplicate and 126 deletion mutants were putatively
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Figure 8. 180uM C16:0 PAF is cytotoxic. Wildtype yeast cells (YKB779) were treated
with Ethanol carrier, 180uM C16:0 PAF or 180uM L-PAF for 6 hours and subsequently
300 cells of each culture were seeded on YPD plates. Cell viability was determined by
counting colonies formed on YPD after 2 days incubation at 30°C. The experiment was
performed in triplicate. Percent viability was calculated by setting the number of colonies
formed in Ethanol treated samples to 100%. Error bars represent one standard deviation.
(* p-value < 0.05 ANOVA, post hoc bonferroni correction one-tail t-test at alpha =
0.05/3).
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identified as being hypersensitive to C16:0 PAF and/or L-PAF (in at least 2 out of three
replicates), of which 25 deletion mutants encode multiple-drug resistance (MDR) genes
whose deletions, are hypersensitive to a wide-variety of compounds (117, 120). The
heterozygous diploid screen was performed in duplicate and 109 mutants were putatively
identified as being hypersensitive to C16:0 PAF and/or L-PAF, 10 of which encode MDR
genes (131). The isolation of the MDR deletion mutants suggested that the genome-wide
screens were successful.

The C16:0 PAF and L-PAF sensitivity of the putative hits were confirmed by
automated growth curve analysis at 40uM. This sub-lethal dosage had a mild effect on
wildtype (Figure 6) and was selected for confirmation purposes as it provides for a
stringent and sensitive way to detect and differentiate mild and strong sensitivities. In
total, 23 haploid deletion mutants and 30 heterozygous diploid deletion mutants were
confirmed to be sensitive to C16:0 PAF and/or L-PAF respectively (Tables 1 and 2). As
expected from the growth curves results (Figure 6) that showed differences between PAF
and L-PAF. I also saw more deletion mutants that were sensitive to PAF compared to L-
PAF in my confirmed hits. I also expected that the heterozygous diploid screen would
yield even fewer L-PAF hits. Indeed, there was a higher overlap between PAF and L-
PAF hits in the haploid screen than in the diploid screen (Figures 9 and 10). It should be
noted that MTC4 is more sensitive to L-PAF and more resistant to PAF than wildtype
while all other hits show sensitivity to one or both compounds.

Since chemical genetic interactions can be used as a method to predict mode-of-
action of a compound (131), T analyzed the confirmed PAF/L-PAF sensitive mutant

strains based on their gene ontology (GO) processes. This is done in order to group genes
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Table 1. PAF and L-PAF confirmed chemical-genetic interactions.

PAF L-PAF
area fold | area fold Human
ORF/NAME decrease* | decrease* Ortholog** Cellular Function***

Phospholipase D, sporulation, mating

YKRO31C/SPO14* 7.49 1.47 PLDI1/2 projections
Needed for LACS activation and cell-cell
YDL133W? 6.67 - fusion during mating
YGR240C/PFK1 4.53 1.2] PFKM Subunit of phosphofructokinase
Dubious/not-expressed. overlaps
YBL094C 4.36 - YBL095w (unknown)
YHRO39C- Vacuolar H+ ATPase; Vacuolar
B/VMAI10 4.33 4.33 - acidification
YBR200OW/BEM1 4.14 1.40 SH3PXD2A Cell polarity; delocalized actin
Permease; carnitine transporter,
YBR132C/AGP2 3.84 342 SLC7A8 spermidine uptake
YHL025W/SNF6 3.80 2.98 - Subunit of SWI/SNF. Sporulation
Complex with NuA3, TFIID, and RSC.
YPL129W/TAF14 3.77 2.60 MLLTI1/YEATS4 | Shmoos formation. Actin organization
Copper chaperone for superoxide
YMRO38C/CCS1* 3.77 1.88 CCS dismutase Sodlp
Transcriptional regulator; complex with
YDR207C/UMEG6 329 TRIOBP Imelp and Sin3p-Rpd3p
Clathrin light chain, endocytosis, actin
YGR167W/CLCI1 2.61 2.58 LCa/LCb dynamics

Protein of unknown function. Meiosis.
Spindle orientation; Component of

YLL049w/LDB18 2.59 p24 Dynactin Complex.
Glycerol-3-phosphate acyltransferase.
YBLO11W/SCT1* 2.06 1.69 - Prefers C16 over C18. makes Lyso-PA
Nuclear pore complex (NPC),
YDLI116W/NUP84 1.67 6.67 NUP107 Sporulation
Fermentation at low temperature. Salt
YLRO87C/CSFI 1.62 2.92 - sensitive
Vacuolar protein sorting. Defective
YPR139C/VPS66 1.57 2.33 - Prc1p/Pep3p trafficking
Catalytic subunit of CTDK-I that
YKL139W/CTK1 2.76 CRKRS phosphorylates Rpo21p
Actin organization; Synthetic lethal with
YBR266C/SLM6 2.03 - PI4K
Protein of unknown function. Life span
YBR255W/MTC4 0.63 1.36 - abnormal. Telomere capping
YELO50C/RML2 1.20 1.80 MRPL2/RPLS Mitochondrial ribosomal protein
YIL025C 1.27 - Dubious
YLR0O65C 1.81 1.51 - Unknown function. Sporulation

¥ Indicates that the strain was confirmed by PCR and/or by re-making the knockout in house

* Blanks indicate no change; Fold decrease in area under the curve for each mutant compared to WildType
on that day as calculated by the formula: [ (Area Treated / Area Control)yy / (Area Treated / Area
Contro)yyranr]

** Human Orthologs based on pre-computed blast results from Www.proteome.com show that 52% of
my hits have orthologs as compared to ~31% in the yeast genome (132).

*** Adapted from the Saccharomyces Genome Database (WWWw.yeastgenome.org)
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Table 2. PAF and L-PAF confirmed drug-induced halpoinsufficiency interactions.

PAF area L-PAF
fold area fold Human
ORF/NAME decrease* | decrease* | Ortholog** | Cellular Function***
Phospholipase D, sporulation, mating
YKRO31C/SPO14 3.11 PLD1/2 projections
YBLOI11W/SCT1 3.07 1.38 - Acylation of glycerol-3-phosphate, prefers C16
YGL232W/TAN1 2.88 1.57 THUMPDI1 [ tRNA acetyltransferase
Nucleocytoplasmic transport (ran family),
YLR293C/GSP1 2.42 RAN mitotic spindle formation
Transports FBPase from the cytosol to Vid
YLR373C/VID22 2.32 - vesicles
Cytokinesis; regulates actomyosin ring
YMRO32W/HOF1 1.95 STAC dynamics and septin localization
Kinase involved in bud growth and assembly of
YDRS507C/GIN4 1.85 1.45 PRKAA2 | the septin ring
Transmembrane osmosensor, activation of the
YER118C/SHOLI 1.82 DBNL HOG pathway
YBL0O62W 1.78 - Dubious. overlaps with SKT5
Ribosomal protein (60S), Multiple buds, nuclear
YOL127W/RPL25 1.76 1.46 RPL23A | division defect. Nuclear export needs gspl
Translational elongation factor EF-1alpha. Actin
YBR118W/TEF1 1.75 1.45 EEFIAL cable organization
YILO15C-A 1.73 - Uncharacterized
YGR114C 1.72 - Dubious
YARO18C/KIN3 1.62 NEK?2 Kinase; no known role
YFR054C 1.56 1.48 - Dubious
Needed for LACS activation and cell-cell fusion
YDL133W 1.44 - during mating
YHR143W-
A/RPC10 143 POLR2K | RNA polymerase subunit
YKRO67W/GPT2 1.41 - Acylation of glycerol-3-phosphate, prefers C18
YPL143W/RPL33A 1.4 1.72 RPL35A | Ribosomal protein (60S)
YDRI56W/RPA14 1.36 - RNA polymerase I subunit A14
Alpha-1,2-mannosyltransferase; localized to
YIL186W/MNNS 1.35 - Golgi
Component of the oligomeric Golgi complex
YERI57TW/COG3 1.35 1.28 COG3 {Coglp through Cog8p)
YJL182C 1.3 - Dubious
YOL145C/CTR9Y 1.27 CTR9 Component of the Paflp complex
YCRO06C 1.25 - Dubious
YNL164C/IBD2 1.24 - Spindle checkpoint pathway
YOR202W/HIS3 1.23 1.21 - Histidine biosynthesis
YNLI112W/DBP2 1.2 1.62 DDX17 ATP-dependent RNA helicase
YKL128C/PMU1 1.2 - Putative phosphomutase
YFLOO8W/SMC1 1.38 SMC1A Subunit of cohesin complex

* Blanks indicate no change; Fold decrease in area under the curve for each mutant compared to WildType
on that day as calculated by the formula: [ (Area Treated / Area Control)yy / (Area Treated / Area

ControDpmyrant]

** Human Orthologs based on pre-computed blast results from Www.proteome.com show that 50% of
my hits have orthologs as compared to ~31% in the yeast genome (132).
*#** Adapted from the Saccharomyces Genome Database (WWWw.yeastgenome.org)
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with similar functions and assess the dataset for enrichments in any given process. For
example, I had expected to find genes involved in lipid metabolism. I saw enrichments in
genes implicated in cytoskeleton, sporulation, and transcription (Figures 9 and 10). Only
three genes were identified in both the haploid and the diploid screens: SPOI4, SCTI,
YDLI133w. The first two are involved in phospholipid metabolism and the third is an

uncharacterized gene.

3.5 C16:0 PAF Causes Actin Cytoskeleton Defects And Leads To
Spindle Misorientation And Binucleate Cells

Mammalian studies of PAF show a link between PAF and F-actin
polymerization/depolymerization oscillations (64-66). My yeast chemical genomic
screens identified numerous cytoskeleton related genes, which suggests that similar to
man, PAF treatment of yeast may impact actin cytoskeleton. To explore this hypothesis
using rhodamine-phalloidin staining (127) I visualized the effect of C16:0 PAF treatment
on the actin cytoskeleton.

Normally, the F-Actin cytoskeleton is polarized towards the site of an emerging
bud with actin patches at much higher levels in the bud. The cables extend from the bud
into the mother cell (128) (Figure 11 ethanol control). In my pilot study, I found that
some PAF treated cells in S-phase (mini-budded) show an abnormal actin phenotype as
compared to both ethanol and L-PAF cultures. This preliminary data (n=1) shows a large
increase in S-phase cells having abnormal actin compared to carrier treated cells (Figure
11). This affect drops when observing cells in all stages of cell cycle including those
stages that have no observable actin cables normally. I defined “abnormal actin” as a lack

in polarity, diffuse staining in the cytoplasm, and a lack in cables.
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Figure 9. C16:0 PAF and L-PAF chemical-genetic hits show enrichments for
cytoskeleton and sporulation related functions. Chemical-genetic interactions for PAF
and L-PAF are indicated by blue lines. Circles highlight genes involved in certain
biological process (based on GO process).
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Figure 10. C16:0 PAF and L-PAF drug-induced haploinsufficiency hits show
enrichments for cytoskeleton related functions. Interactions for PAF and L-PAF are
indicated by blue lines. Circles highlight genes involved in certain biological process
(based on GO process).
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It is known that F-Actin disruption is a cause of spindle misorientation because astral
microtubules are linked to actin cables and aid in orienting the spindle (53, 55). This
disruption causes an increase in binucleate mother cells due to the separation of the sister
genomes within that same mother cell (53). Further, one of the hits in the screens was a
spindle checkpoint mutant, /BD2, which plays it role upstream of the two major spindle
position checkpoint controlling proteins, BUB2 and BFAI, and displays spindle
orientation defects upon deletion (58). Hence, I was interested in determining if PAF
treatment results in a spindle orientation defect or an increase in binucleate mother cells.
To test this, through genetic manipulation I created a wildtype strain expressing a GFP
tagged TUBI, the o-tubulin component, which allowed me to visualize microtubules by
fluorescent microscopy. This strain was subjected to fluorescent microscopy after
treatment with PAF or L-PAF and staining the DNA with DAPIL The samples were
compared to carrier treated cultures. I found that 66% of the cells in S-phase of cell cycle
(having a small bud and spindle) exhibited misoriented spindle upon PAF treatment as
compared to 25% and 23% for wildtype and L-PAF, respectively. This is a 2.5-fold
increase in misoriented spindle in PAF treated cultures as compared to wildtype (Figure
12). Remarkably, 30% of the large budded cells that completed anaphase exhibited a
binucleate mother cell phenotype as compared to 0% in carrier treated cells and 2% in L-
PAF treated cells (Figure 13). This suggests that PAF greatly affects the yeast
cytoskeleton causing spindle misorientation and leading to DNA loss. This would explain

PAF’s cytotoxic effect.
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Figure 11. C16:0 PAF causes actin cytoskeleton defects. MATa wildtype (YKB779)
cells were incubated at 25°C in the presence or absence of 180uM C16:0 PAF or L-PAF
for 4 hours. The cells were fixed and stained with both DAPI and rhodamine-conjugated
phalloidin and imaged with a Leica fluorescent microscope as described in the materials
and methods. Fluorescent optical sections with a total thickness of Sum were collapsed
into two dimensions (127). PAF treated S-phase cells show an increase in cells having
abnormal actin compared to carrier treated cells. Cells with “normal” actin were defined
as those cells having cables between the mother cell and bud, asymmetrically distributed
actin patches, and actin at the septin ring. Cells with “abnormal” actin were defined as
those cells having similar numbers of actin patches in the mother cell and bud (lacking
polarity), diffuse staining in the cytoplasm, and no cables. White arrows indicate actin
patches in the bud, actin cables, and actin at the septin ring. Images were enhanced using
“detect edges” option in IrfanView software.
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Figure 12. C16:0 PAF causes spindle mis-orientation. Yeast cells with GFP-TUBI
integrated in the genome (YKB1191) were incubated in Triplicate at 25°C in the presence
or absence of 180uM C16:0 PAF or L-PAF for 4 hours. The cells were fixed then imaged
with a Leica fluorescent microscope. Small budded cells (or S-phase) exhibit a 2.5-fold
increase in mis-oriented spindle upon PAF treatment as compared to carrier treated cells.

Misoriented spindles were defined as those in which the spindle axis does not pass
through the neck.
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Figure 13. C16:0 PAF causes chromosomal DNA to segregate in the mother cell.
MATa wildtype (YKB779) cells were incubated at 25°C in the presence or absence of
180uM C16:0 PAF or L-PAF for 4 hours. The cells were fixed and stained with DAPI
and imaged with a Leica fluorescent microscope as described in the materials and
methods. 1 found that 30% of the large budded cells exhibit a binucleate cell body
phenotype as compared to 0% in carrier treated cells and 2% in L-PAF treated cells. This
was calculated by dividing the number of cell in which the two sister genomes separated
but both remained in the mother cell by the total number of cells that had completed
anaphase (large budded).
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3.6 ydl133wA Mutants Are Sensitive To 40uM C16:0 PAF

I was interested in identifying genes that were only sensitive to PAF as I expected
those to have direct bearing on the human PAF effects. YDLI33w, one of the mutants
that was identified in both the haploid and the diploid screens, exhibited a very strong
sensitivity to PAF and not L-PAF. This uncharacterized gene has been shown in high-
throughput studies to be required for calcium influx during mating such that it is needed
to activate the low affinity calcium influx system (LACS) (133). As PAF treatment elicits
increases in free intracellular calcium in mammalian cells (134), I was particularly
interested in characterizing the function of Ydl133wp in PAF response. Since mis-
annotated genes exist with in the commercial deletion mutant arrays (30), I set out to
confirm the hypersensitivity of ydlI33wA cells to C16:0 PAF. Using standard PCR
methods (125) I constructed a ydll33wA mutant strain. Using growth curve analysis I

confirmed that ydl133wA cells are hypersensitive to PAF but not L-PAF (Figure 14).

3.7 ydl133wA SL-SGA Screen

To gain insight into the function of the uncharacterized Ydl133wp, I performed a
genome-wide synthetic lethal SGA (see introduction). This serves to uncover functional
relationships and thus predict the function of YDLI33w. The ydl133wA SL-SGA screen
was performed in triplicate and after removing 12 linkage group deletion mutants and
non-specific slow-grower mutants, a list of 108 putative deletion mutants with synthetic
interactions with ydlI33wA was generated. As high-throughput SL-SGA screening

produces a high rate of false positives (40) I confirmed these interactions by tetrad
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Figure 14. ydl133wA mutants are sensitive to 40uM C16:0 PAF. Automated yeast
growth curve of MATo ydll33wAKanMX (YKB1164) showing ODggy as a function of
time in hours. Cultures were grown in YPD in triplicate and treated with ethanol carrier,
40uM C16:0 PAF, or 40uM C16:0 L-PAF dissolved in ethanol. ODggy measurements of

the samples were taken every 25 minutes in a plate-reader (Multiskan Ascent, Thermo
Labsystems).
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dissection and 15 deletion mutants were identified that displayed synthetic genetic

interactions with ydl133wA (Table 3).

3.8 Attempted Localization of YdI133wp

The amino acid sequence of Ydl133wp indicates that is has four transmembrane
domains near its C-terminus. The Yeast Resource Center
(http://www.yeastrc.org/pdr/viewProtein.do?id=529222) lists 7 unpublished yeast-2-
hybrid interactions with Ydl133w, three of which play a role in the endoplasmic
reticulum or have been localized to there by GFP tagging (98). This hints that YdI133wp
could be in the endoplasmic reticulum membrane. Therefore, I sought to determine its
subcellular localization of YdI133w by two complimentary methods, GFP fusions and
indirect immunofluorescence.

First, using standard PCR based methods (125) I made a C-terminal GFP fusion
protein at the endogenous YDLI33w gene locus. The successful fusion was confirmed by
PCR (data not shown). Although the fusion was confirmed I could not detect a signal on
the fluorescent microscope (data not shown) and this experiment was deemed
unsuccessful.

In a second attempt to localize Ydl133w, I sought to perform indirect
immunofluorescence. To do this, through standard PCR based methods I C-terminally
tagged Ydl133w with a Myc tag and confirmed the expression of the fusion by western
blotting (Figure 15). This strain, along with wildtype untagged controls was subjected to
immunofluorescence. Only background signal was observed on the fluorescent

microscope as can be seen in Figure 16.
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Table 3. ydl133wA confirmed SSL genetic interactions.

Interaction
ORF/Name type* Ortholog™* Cellular Function***

YOR303W/CPAI mild SS CAD arginine biosynthesis pathway
YJLO71W/ARG2 mild S§ - arginine biosynthesis pathway
YOLOS8W/ARG1 mild SS ASS1 arginine biosynthesis pathway
YERO69W/ARGS,6 SS - arginine biosynthesis pathway
YJLO88W/ARG3 mild SS OTC arginine biosynthesis pathway

component of the large (60S) ribosomal
YOR312C/RPL20B SS RPL18A subunit

elF-4GII- Translation initiation factor eIF4G.

YGR162W/TIF4631 SS isoform1 Interacts with Tiflp and Pablp.

Mitochondrial ribosomal protein of the
YNL284C/MRPL10 SS MRPL10 large subunit
YNL170W mild SS - Dubious ORF. overlaps PSD1

Palmitoyltransferase that acts on many

SNARES. role in vacuole fusion and
YDR126W/SWFI1 SS ZDHHC17 polarized actin cables

GOS- v-SNARE protein involved in Golgi

YHL031C/GOS1 SL 28/GOSR1 transport

Part of GET complex. Retrieval of HDEL
YERO83C/GET2 SS - proteins from the Golgi to the ER
YLR261C/VPS63 SS - Dubious ORF. Overlaps YPT6

Transport to the cis-Golgi network.

heterodimer with Rgplp acts as a GTP
YLRO39C/RIC1 SS - exchange factor for Ypt6p

PRKAA2/

YDR477W/SNFI mild SS MELK/NUAK?2 | AMP-activated protein kinase. binds Ctklp

*SS=synthetic sick, SL=synthetic lethal.

**Human Orthologs based on pre-computed blast results from WwWw.proteome.com show that 60% of
my hits have orthologs as compared to ~31% in the yeast genome (132).

*** Adapted from the Saccharomyces Genome Database (WWW.yeastgenome.org)
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Figure 15. c-Myc tagging of YDL133w was confirmed by western blotting. Whole cell
extracts (WCE) were prepared and the proteins separated by SDS-PAGE then probed by
anti-Myc as the primary antibody as indicated. Western blot of 7 isolates of YDLI33w-
Myc shows expression of the fusion protein at the expected size (74kDa). The positive
control (+ve) was a Myc tagged EAF7 with an expected running size = 100kDa. Ld=
Ladder; WT=wildtype; letters indicate isolates tested.
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Figure 16. Indirect immunofluorescence does not point to the localization of
YDL133w. Determination of subcellular localization of YDLI33w by Indirect
Immunofluorescence. c-myc tagged YDLI33w yeast strains were stained by either
secondary antibody or by both primary and secondary antibody and imaged on a Leica
fluorescent microscope. (See Materials and Methods for details). FAF7-myc is included
as a positive control and shows an overlap of Green and DAPI signals indicating nuclear
localization as expected.
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3.9 Preliminary Lipidomics Profiling

One interpretation of the yeast hypersensitivity to PAF is that either yeast are not
sensitive to PAF, but the media may contain enzymes that act on PAF and it is the by-
product which is mediating the toxic events. Indeed, the manufacturers of the YPD
ingredients provided information about the animal sources used in making their
BactoPeptone that leads us to suspect that the BactoPeptone ingredients could contain
PAF-AH. To address this possibility I collaborated with the Bennett and Figeys labs at
the University of Ottawa to perform lipidomics profiling which uses tandem mass
spectrometry to select the ion of interest, fragment the molecule, and then separate the
fragment ions on the basis of their m/z value. This allows for identification of the
molecule and insight into its structure (121). 1 treated media alone or cells in the media
with ethanol, PAF, or L-PAF and then extracted the phospholipids from the media, cell
pellet, and supernatant of each treatment as described in the materials and methods. The
phosphocholine containing lipids were analyzed by mass spectrometry. A C13 LPC was
spiked before lipid extraction to serve as an internal standard in all the samples. This data
is considered preliminary because the experiment was done in singlet. My results suggest
that the media does not contain enzymes that affect the integrity of PAF or L-PAF
(Figure 17a).

Alternatively, it is possible that PAF maybe mediating its effect solely externally,
therefore I was interested in confirming that PAF and L-PAF were internalized. Further,
as 1saw some overlap in the PAF and L-PAF chemical genomic screens (Figures 9 and
10) as well as weak sensitivity of wildtype cells to L-PAF, 1 was interested in

determining if this could be attributed to the conversion of L-PAF to PAF by an enzyme
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in yeast (83, 96). I found that the compounds do enter the cells and a large proportion of
L-PAF is acetylated to PAF (Figure 17b), which is released by the cells presumably by
secretion or upon death (Figure 17c).

Further, I was interested in knowing if PAF treatment was eliciting changes in
overall phosphocholine-containing-glycerophospholipid levels thus causing an effect that
may not be specific to PAF signalling. When profiling all detectable phosphocholine
lipids, I found 19 species that had quantifiable peaks in both PAF and ethanol treated
cells and allows for a broader look at changes in lipids upon treatment. It was found that
apart from the aforementioned changes there were no major changes in these 19 lipids
upon treatment with either PAF or L-PAF (Figure 18).

These results, although preliminary, suggest that yeast are able to convert C16:0
L-PAF to C16:0 PAF and that the effects of C16:0 PAF are specific to this molecule.
This work also indicates that lipidomics may be an excellent tool for the dissection of

PAF cellular effects.
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Figure 17. Mass Spectrometry hints that C16:0 PAF and L-PAF are stable in YPD
alone but are possibly hydrolyzed and acetylated inside the cells, respectively.
Samples were treated with compounds for 13.75 hours at 25°C then the lipids were
extracted and total lipids were analyzed using a 2000 Q TRAP mass spectrometer. A
precursor ion scan for phosphocholine (m/z 184) was used to focus in on phosphocholine
containing lipids (see Materials and Methods). A) Rich media (YPD) was analyzed by
mass spec after treatment with carrier, 40uM C16:0 PAF or L-PAF and shows that one
species remains undetectable when treating with the other. B) Fold change for cells
treated with either PAF or L-PAF as compared to carrier treated cells indicates that PAF
is either in or on the cells and that L-PAF maybe acetylated to PAF. C) Fold change for
supernatant of samples treated with either PAF or L-PAF as compared to carrier treated
cells indicates that some PAF/L-PAF is detected in the supernatant with some breakdown
of PAF and acetylation of L-PAF. (N=1).
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Figure 18. Mass Spectrometry lipid profiling data indicates that treating with C16:0
PAF and L-PAF does no elicit detectable changes in phosphocholine containing
lipids in yeast. Samples were treated with compounds then the lipids were extracted and
total lipids were analyzed using a 2000 Q TRAP mass spectrometer. A precursor ion scan
for phosphocholine (m/z 184) was used to focus in on phosphocholine containing lipids
(see Materials and Methods). A) Fold change for cells treated with C16:0 PAF as
compared to carrier treated cells shows that no major change in the composition of other
phosphocholine containing lipids occurs upon treatment. B) Fold change for cells treated
with C16:0 L-PAF as compared to carrier treated cells shows that no major change in the
composition of other phosphocholine containing lipids occurs upon treatment. (N=1).
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CHAPTER 4: DISCUSSION

In this study, I have shown that similar to mammalian cells, treatment of
Saccharomyces cerevisiae with exogenous C16:0 PAF results in cytotoxicity and
decreased viability. I exploited this phenotype to perform a series of PAF chemical-
genomic screens in order to uncover cellular pathways affected by PAF and to shed light
on the PAFR-independent mode-of-action. The screens implicated a role for C16:0 PAF
in cytoskeletal stability and spindle orientation. Importantly, the screens identified many
cellular processes that were previously linked to PAF function in mammalian cells and

identified new potential roles for PAF.

4.1 Yeast As A Model For PAF Cytotoxicity

In the brain, PAF at high levels can be neurotoxic and can mediate cell loss in
many diseases (5, 7-11, 61, 73-78). C16:0 PAF neurotoxicity can occur through an
unknown PAF-receptor (PAFR)-independent pathway while its metabolite, C16:0 L-
PAF, is not neurotoxic (60, 80). PAF has been detected in yeast (91, 92) along with some
of the enzymes in the synthesis pathway which argues that yeast may be a good model for
PAF studies even though the biological role in yeast is not known. To my knowledge,
and probably due to L-PAF’s inactivity, no one has detected L-PAF in yeast.

Using automated growth curves, I found that wildtype yeast are sensitive to C16:0
PAF in a dose-dependant manner (Figure 6), however, although yeast are sensitive to L-

PAF, the sensitivity is significantly less. The minor sensitivity of wildtype yeast to L-
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PAF may be explained by the fact that yeast have the enzyme to acetylate L-PAF to make
PAF (83). Further, my lipidomics study supports the occurrence of the conversion of
exogenous L-PAF to C16:0 PAF in yeast (Figure 17b).

While 6 hours of C16:0 PAF treatment caused decreases in viability, L-PAF
treatment did not cause toxicity (Figure 8). Similarly, an analogous ether lipid,
edelfosine, caused decreased viability in yeast and induced apoptosis in tumor cells (106,
108). This suggests that ether lipids that are bioactive or death-inducing in mammalian
cells tend to have the same property in yeast confirming this organism as a potentially
informative model for the investigation of lipid-signalling.

Previous studies indicate that PAF levels in yeast may be cell cycle regulated with
higher levels of C16:0 PAF in G1 or M compared to S-phase (93), suggesting a possible
role for PAF in some aspect of cell cycle progression. In agreement with this hypothesis,
I found that exogenous C16:0 PAF treatment of wildtype cells results in a G1 delay
(Figure 7). In contrast L-PAF treatment had no detectable effect on the cell cycle. These
results are in line with mammalian studies of PAF that have shown similar effects upon
cell cycle progression. For example, NRK cells (immortalized rat kidney fibroblasts)
treated with PAF inhibited the G1 to S transition in these cells (67). Hence the parallels in
PAF species toxicity, evidenced by biochemical pathway conservation and PAF cell
cycle effects, suggest that S. cerevisiae may be a relevant model organism for the
dissection of PAF signalling. As well, mice overexpressing the PAF receptor develop
skin tumors (62) further implicating PAF in cell proliferation. In human T-cells,

micromolar levels of PAF suppressed proliferation while L-PAF had no effect at these
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concentrations. (68). My results parallel those of mammalian systems for both PAF and
L-PAF and strongly suggest a role for PAF in cell cycle transitions.

The above results are quite interesting when combined together. The delay in cell
cycle and the decrease in viability may be linked because I am treating with PAF for long
periods of time. Indeed it has been shown in yeast that a prolonged exposure to cell cycle
arresting chemicals can lead to cell death. For example, alpha-factor treatment of
wildtype yeast for long periods of time can lead to cell death in up to 26% of the
population (135, 136). This argues that the toxicity seen with PAF treatment is
specifically through cell cycle delay.

Hence the parallels in PAF species toxicity, evidenced by biochemical pathway
conservation and PAF cell cycle effects, suggest that S. cerevisiae may be a relevant

model organism for the dissection of PAF signalling.

4.2 Yeast Chemical Genomic Screens

Chemical genomic screens are powerful tools for the analysis of drug mode-of-
action. Despite the parallels in PAF-induced toxicity and phenotypes between man and
yeast, no genome-wide screen on PAF or L-PAF had been conducted. In this study, I
performed two yeast chemical genomic screens and identified 53 deletion mutants that
are hypersensitive to either C16:0 PAF or L-PAF.

Several internal controls indicate that the screens were successful and produced
specific chemical profiles. First, I had expected my putative hit lists to include “common
hits” known as Multi-Drug Resistance genes (MDR). MDR genes are defined as genes
that when deleted exhibit sensitivity to more than 20% of compounds (120, 131). In other

words, these are genes needed for growth in the presence of multiple drugs. They are
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thought to play roles in the development of anti-microbial resistance and are usually
involved in processes such as intracellular trafficking, endosomal transport, vacuolar
degradation, and transcription (131). The study of such genes has great medicinal value
but for the purpose of my work, they were considered non PAF-specific effects and were
subtracted out of the putative hit list. I found 25 and 10 of these for the chemical-genetic
and haploinsufficiency screens respectively which suggest that technically the screen was
working. Second, three deletion mutants (SPOI4, SCTI, and GPT2) which had
previously been demonstrated to be PAF and L-PAF sensitive (99), were identified in my
screens (Tables 1 and 2). It is interesting to note that there were differences in sensitivity
to the compounds in liquid versus solid media. For example, two genes (SPOI4 and
YBL094W) exhibited sensitivity to both compounds on solid media (YPD with agar) but
when tested in liquid media were only sensitive to PAF. This phenomenon was observed
for edelfosine as well (105) and may be an indication that such lipids interact with the
agar.

Third as wildtype yeast display increased sensitivity to C16:0 PAF compared to
L-PAF (Figure 6). I anticipated that the C16:0 PAF chemical genetic network would be
more extensive compared to L-PAF. Indeed, I saw nine out of 23 confirmed haploid
deletion mutants displaying either sensitivity to PAF alone or increased sensitivity to
PAF over L-PAF, 11 haploid deletion mutants sensitive to both compounds and only
three haploid deletion mutants sensitive to L-PAF alone. The haploinsufficiency screen
displayed similar trends. Of the 30 hits in this screen, 19 heterozygous deletion mutants
were sensitive to PAF alone, with only one heterozygous deletion mutant sensitive to L-

PAF alone. The remaining 10 mutants were sensitive to PAF with mild sensitivity to L-
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PAF. The overlap between PAF and L-PAF sensitive strains may be explained by the fact
that the L-PAF-AT enzyme is present in yeast and can convert L-PAF to PAF (83) and
my preliminary lipidomics analysis supports this view (Figure 17). Although yeast can
convert L-PAF to C16:0 PAF this reaction must be limiting, or the sensitivity of yeast to
PAF and L-PAF would be similar. The identification of mutants that are equally sensitive
to PAF and L-PAF suggest that these growth defects may not be specific to PAF-
dependent signaling but secondary defects such as cell wall or vacuole function. For
example rmil2A cells were equally sensitivity to PAF and L-PAF. Rml2p is a
mitochondrial ribosomal protein and probably a non-specific hit. In parallel, the
identification of mutants sensitive to L-PAF alone suggests that L-PAF may have cellular
implications that are not dependent on conversion to PAF. As my goal is to understand
the specific C16:0 PAF neurotoxic effects, I was particularly interested in the mutants
that displayed dramatic hypersensitivity to PAF compared to L-PAF.

Importantly, many of the deletion mutants identified in the screen encode proteins
implicated in pathways/functions linked to PAF cellular effects. For example, I
determined that PAF-treatment causes a G1 delay in yeast (Figure 7) and many mutants
with cell cycle defects were identified in my screen. These include, bemlIA (a scaffold
protein implicated in budding that localizes to nascent bud sites to arrange actin
cytoskeleton polarity) and snf6A (a subunit of SWI/SNF chromatin remodelling complex)
mutants which both display G1 pile up (129). PAF treatment has also been shown to
stimulate vacuolar ATPase and pyrophosphatase activities in isolated yeast vacuoles
(100). The protein(s) involved in this PAF effect on vacuoles are not known.

Coincidentally, a vacuolar proton ATPase, VMA 0, was identified in my screens. Two
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other vacuole related mutants were also identified in my haploid screens, SWF1, which
has a role in vacuole fusion (137) and VPS66 which is involved in vacuolar protein
sorting based on a high throughput study (138). The ability of the PAF chemical genomic
screens to identify genes implicated in known PAF-mediated cellular effects, G1 arrest
and vacuole function, suggests that the screens are successful in predicting downstream
PAF effects.

Many of the hits that were sensitive to PAF and not L-PAF were involved in
pathways and processes similar to those implicated for PAF in mammalian systems. In
rabbit lung injury caused by PAF treatment the addition of superoxide dismutase (SOD)
augmented the PAF response (139). This suggested that the levels of superoxide radicals
determine the response to PAF such that depletion of superoxide leads to excessive
responses. Further, endothelial cells’ permeability is affected by PAF such that
intercellular gaps are formed and certain enzymes leaked out. This effect was partially
decreased by pre-treatment with SOD (140). As well, human SOD was shown to reduce
leukocyte adherence initiated by PAF in cat intestines (141). The effect of SOD in
attenuating PAF-induced alterations of microcirculation in dog stomachs was assessed
and showed that SOD significantly reduced the responses (142). In agreement with the
role of SOD in the PAF response I identified ccsIA as being hypersensitive to PAF.
Ccslp is a copper chaperon needed for yeast superoxide dismutase (SODI) function
(143). This suggests that the power of chemical genomics in yeast can be utilized to study
PAF effects including but not limited to neurodegeneration.

In rat brain injury models, L-Carnitine preincubation has been shown to reduce

endogenous PAF concentrations. This suggested that L-Carnitine has a neuroprotective
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effect and that reduced levels of L-Carnitine can lead to higher PAF levels (144). My
results have yielded insights into this process as well. AGP2, a plasma membrane
carnitine transporter was identified in my screen. Interestingly, carnitine uptake is
regulated by the HOG pathway and I identified a gene that regulates the HOG pathway in
my screens (SHOI). The HOG pathway is involved in osmotic sensing and adjustment.
Sholp detects high osmolarity on the cell surface and affects downstream MAP kinases
(145). It was found that osmotic stress leads to decreased carnitine uptake via the Sholp-
mediated activation of Hoglp which suppresses the expression of AGP2 (145). These

results implicate PAF in yeast to the carnitine uptake and osmosensing pathways.

4.3 Actin And Spindle Effects of PAF Treatment

Interestingly my screens identified 13 deletion mutants whose genes encode
proteins with defined roles in cytoskeleton and implicated PAF in impacting the actin
cytoskeleton. In agreement with this, I observed in one experiment that PAF-treatment
causes actin disruption. This lead to spindle misorientation and binucleate cells (Figures
11, 12, and 13). As actin depolymerization/disruption can cause cell cycle arrest (146) the
PAF-dependent disruption of the actin cytoskeleton may be responsible for the observed
PAF cell cycle arrest. However, the actin experiment was performed once and will need
to be replicated. PAF-treatment causes similar effects on the cytoskeleton in mammalian
cells. For example, when neutrophils are stimulated with PAF they undergo an actin
response that is characterized by three stages: an initial polymerization event, then a rapid
oscillation between polymerization/depolymerization, followed with a gradual
depolymerization to initial basal levels (64). These effects are thought to occur due to an

intracellular signalling mechanism dependant on PKC and myosin phosphorylation (64).
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L-PAF on the other hand did not exhibit actin polymerization effects (65). Whether these
effects occur through the PAF receptor remains unclear (64, 65). Also, PAF induced
clathrin-mediated endocytosis, cell polarization, and actin bundle formation at the site of
PAFR in neutrophils (147). My results (Figures 11, 12, and 13) parallel those obtained in
mammalian studies of PAF and suggest a conservation of the mechanism of action. In
yeast, clathrin is found at the cortical actin patches (148) the sites of actin cable assembly
(reviewed in 51). Hence, one could hypothesize that PAF may be causing its effects
through clathrin disruption which would lead to defective patches and thus less actin
cables.

The high rate of binucleate cells and spindle misorientation may be indicative of
PAF-dependent effects on actin cables (53). The Kar9 and Dynein pathways are parallel
pathways involved in orienting the spindle such that the loss of both is lethal (55). The
spindle orient by attaching astral microtubules to actin cables extending from the bud
(reviewed in 56). In the Dynein pathway, the dynactin complex localizes to the ends of
astral microtubules and pulls the spindle through the bud neck. This complex is required
for dynein activity (55). On the other hand, a complex composed of Bimlp, Kar9p, and
Myo2p attaches the astral microtubules to the actin cables and orients the spindle
(reviewed in 57). Mutants of the dynactin complex have spindle orientation defects and it
is interesting to note that LDBI8 (human p24), which is required for dynactin integrity
(55), was identified in my chemical-genetic screen. As chemical-genetic screens provide
synthetic-chemical interactions that predict function, it suggests that PAF may be

affecting the parallel Kar9 pathway. An alternate explanation would be that the effect of
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PAF on actin cables is exacerbated in mutants that have problems attaching the spindle to
actin as would be seen in mutants that affect dynactin integrity.

In yeast, there are two major spindle position checkpoint proteins (BUB2 and
BFAI) (reviewed in 149). These two proteins block the cell cycle until the spindle is
oriented in the mother-bud axis. One of the hits in the haploinsufficiency screen was a
spindle checkpoint mutant, /BD2, which plays it role upstream of these two checkpoint
controlling proteins and displays spindle orientation defects upon deletion (58). This
leads me to believe that PAF is not directly causing a spindle orientation defect but rather
this defect is a consequence of PAF’s effect on actin cables. This effect is then
exacerbated in spindle orientation defective mutants making it seem as though PAF is
directly acting on the spindle.

All of the above leads me to conclude that PAF’s effects on the cytoskeleton are
multifaceted and not limited to one pathway. The microtubules, the cables, and the
patches are all affected either on the level of assembly or at a regulatory level. These
results parallel those obtained in mammalian studies and suggest a conservation of the

mechanism of PAF action between man and yeast.

4.4 YDL133W

The ability of the chemical genomic screens to identify relevant
proteins/pathways implicated in PAF action, suggests that not only is the screen
successfully but that it may also provide unique insights into PAF mode-of-action. As I
am interested in C16:0 PAF-dependent neurotoxicity, I was particularly interested in
mutants that displayed hypersensitivity to C16:0PAF only. Remarkably ydlI33wA cells

were highly sensitive to C16:0 PAF treatment, yet displayed no L-PAF sensitivity beyond
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wildtype (Figure 14). As well it was one of only three mutants identified in both the
haploid and diploid screens. The other two mutants identified were spol4A and sctiA
which both have direct roles in PAF metabolism in yeast (99), hence it suggests that
Ydl133w has a pivotal role in mediating PAF signalling in yeast.

Very little is known about Yd1133wp. It is predicted to be a four trans- membrane
domain protein, however its cellular localization has not been determined. Ydl133wp is
needed for calcium influx during mating (133), and YDLI33w expression is induced
upon mating factor treatment (150). This suggests that Ydl133w plays an important role
in Calcium influx during times of polarization of the cytoskeleton, such as mating
protrusion, by a yet to be determine molecular mechanism. Intriguingly, a high-
throughput chemical genomic screen which examined 1144 compounds and
environmental conditions, suggested that YDLI33w has a co-fitness phenotype with
ENTI (131). Co-fitness was defined as the correlation of the profiles across all the
conditions tested and provides a prediction of function. Entlp is a protein that binds
clathrin and is involved in endocytosis and actin patch assembly. Further, my SL-SGA
screen determined that five out of the 15 deletion mutants that display synthetic
sick/lethal interactions with ydlI133wA are involved in vesicle mediated transport and
endocytosis (Table 3). These interactions suggest that Ydl133wp may play a role in
vesicle transport or endocytosis. One intriguing possibility is that Ydl133wp maybe
regulating Ca2+ fluxes which in turn regulate actin cytoskeleton remodelling and
transport that is imperative during periods of polarized growth such as mating.
Unfortunately attempts at localizing Ydl133wp or discerning its proteins interactions

failed, hence though central to the PAF response in yeast, its cellular function remains
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elusive. To fully dissect yeast’s cellular response to PAF will require the careful

characterization of YdI133wp.

4.5 Final Conclusions

The objective of this study was to determine if yeast is a useful model for
dissecting C16:0 PAF-dependent neuronal cell death and exploit the systematic mutant
screens available in yeast to determine novel PAF mode-of-action. I determined that that
yeast and mammalians cells are toxic to C16:0 PAF but not L-PAF, and importantly
numerous cellular effects of PAF treatment are conserved, including G1 cell cycle arrest
and depolarization of the actin cytoskeleton. This suggests that yeast is a potentially
usefully model for PAF-receptor independent toxicity. Importantly, my chemical
genomic screens do not only identify known mutants with sensitivity to PAF, but identify
known biological pathways/processes affected by PAF treatment. This strongly argues
that not only are PAF-dependent signalling modules conserved, but that the screens will

provide a wealth of novel predictions as to the mode-of-action of PAF in vivo.

4.6 Future Directions

Previous studies on wildtype yeast have shown it to be sensitive to PAF in liquid
media (94) and to both PAF and L-PAF on solid media (99) In my experiments have seen
some strains that were sensitive to both compounds on solid media but only to PAF in
liquid media. In order to resolve the discrepancy seen in liquid versus solid media I
propose two experiments. First, test another medium having different ingredients such as
minimal media. Second, perform dot assays to re-confirm all the putative hits on solid

media as opposed to the quantitative growth curves I performed in 96-well plates. C16:0
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L-PAF was chosen as a control lipid because it did not elicit neuronal cell death (11).
Other beneficial control lipids could be PAF-like lipids and C18:0 species. PAF-like
species tend to have decreasing bioactivity with increasing chain length at the sn-2
position (151). Also, C18:0 PAF and C18:0 L-PAF have apoptotic effects in neurons that
are though different signalling pathways than C16:0 PAF (60).

The preliminary Lipidomics profiling can be improved by the following: First,
three replicas are needed (haploid and diploid). Second, some controls must be added to
solidify the interpretation. For example, some samples will require the addition of PAF-
AH as a positive control to show that PAF does not degrade in yeast cells except when
PAF-AH is added. Also, an ALE] deletion mutant should be analyzed to provide
evidence that L-PAF is truly being acetylated to make PAF in yeast. An internal standard
(for absolute quantitation and enhanced normalization) should be added prior to sample
injection into the mass spectrometric. Finally, the methodology must be optimized such
that the washes during the lipid extraction are done with BSA instead of YPD (to keep
the media separate from the cells). This data can be complemented with a fluorescently
labelled PAF (bodipy-PAF) to show PAF entering the cells. Further, a protein called
Lem3p is needed for the uptake of edelfosine and would serve as a good secondary
control to test if PAF is entering the cells (105, 107). Whether PAF enters the cells by
endocytosis (suggested by CLCI) can be tested using end4 deletion strains that block
endocytosis.

Finally, I suggest other experiments that would complement my current work.
First, the cell cycle results can be complemented with propidium-iodide staining followed

by flow cytometry analysis. Second, instead of using CFU to detect cell death one can
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analyze the levels of reactive oxygen species by the addition of H,DCF-DA, TUNEL
staining to show DNA breakage, propidium-iodide staining followed by flow cytometry
to see degraded DNA, cell staining with Phloxin B dye which accumulates in dead cells,
and methylene blue staining (107, 135). Third, perform an overexpression screen on PAF.
Fourth, check if addition of carnitine or SOD to the growth curves along with PAF has an
alleviating effect. Finally, characterize YDLI133w function using calcium influx assays

(152).
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