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Abstract

Actively proliferating cells constantly monitor and re-adjust their metabolic pathways to
ensure the replenishment of phospholipids necessary for membrane biogenesis and intracellular
trafficking. In Saccharomyces cerevisiae, multiple studies have suggested that lysine acetylation
has a role in coordinating phospholipid metabolism, yet its contribution towards phospholipid
homeostasis remains uncharacterized. In this study we undertook a genetic screen to explore
the connection between lysine acetylation and phospholipid homeostasis. We found that
mutants of the lysine acetyltransferase complex, NuA4, shared a negative genetic interaction
with a mutant of Secl14, a lipid-binding protein that regulates Golgi phospholipid composition.
Through transcriptome, genetic, cell biology, and chemical analysis, we discovered that the
growth defects between NuA4 and Secl4 mutants is likely derived from impaired fatty acid
biosynthesis suggesting a role for NuA4 as a positive regulator of fatty acid biosynthesis.
Secondly, we discovered that acetylation on the conserved lysine residue K109 inhibits the
localization and function of the Oxysterol-Binding Protein Osh4- a lipid-binding protein that
antagonizes the function of Secl4 at the Golgi. Furthermore, regulation of Oxysterol-Binding
Proteins by acetylation may be a conserved mechanism as we found that Osh1, a homologue of
Osh4, was also acetylated on the equivalent lysine residue. Altogether, we have demonstrated
that lysine acetylation can target multiple different phospholipid metabolic pathways which
implies that it has a very important role for the regulation of phospholipid homeostasis.
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1 Introduction
Phospholipids are not only the structural foundation for all cellular membranes but are

also pivotal signalling molecules for cellular processes such as proliferation and intracellular
trafficking. A vast network of metabolic pathways is responsible to generate these
phospholipids. The model organism Saccharomyces cerevisiae offers important insights on the
mechanisms that regulate lipid metabolism as most genes and pathways remain tightly

conserved across all eukaryotes.

Membrane phospholipid composition is in part established by highly conserved families
of lipid-binding proteins which, as their name suggests, bind cellular lipids to facilitate lipid
transport, modulate enzymatic activity and even regulate the transcription of metabolic genes
(reviewed in HENRY et al. 2012; OLKKONEN 2013; JACKSON AND BOUVET 2014; TRIPATHI et al.
2014). Phospholipid metabolism can also be regulated by signalling pathways such as post-
translational maodifications. Indeed, it has recently emerged that lysine acetylation contributes to
lipid metabolism by regulating both gene expression and the activity of metabolic enzymes
(reviewed in DRAzIC et al. 2016; MENZIES et al. 2016). However, the overall effect of lysine
acetylation on the regulation of lipid metabolic pathways remains only partly resolved. The goal
of my thesis was to uncover the different mechanisms by which lysine acetylation contributes to
phospholipid metabolism. | will begin by describing the pathways and effectors regulating
phospholipid metabolism all the while introducing the currently known links between lysine

acetylation and phospholipid metabolism.

1.1 Lysine Acetylation

Mechanism of lysine acetylation

Lysine acetylation is a conserved post-translational modification (PTM) found in many

different species including yeast and humans (KURDISTANI AND GRUNSTEIN 2003; SHAHBAZIAN



AND GRUNSTEIN 2007). It consists of the reversible addition of an acetyl group on the g-amino
group of a lysine residue on a protein to mask its positive charge. This modification has been
found on both histones as well as non-histone proteins implicated in a wide variety of cellular
processes (CHOUDHARY et al. 2014). Lysine acetylation can have many different effects on
proteins which includes inducing conformational changes, modulating protein-ligand
interactions, and inducing degradation (XIONG AND GUAN 2012). The enzymes mediating the
exchange between the acetylated and the unacetylated form of the residues are the Lysine
Acetyltransferases (KATs) and the Lysine Deacetylases (KDACs). In yeast, there are 8
confirmed KATs, 6 more putative or unconfirmed KATs, as well as 10 confirmed KDACs
(reviewed in DOWNEY AND BAETZ 2016). Several of these enzymes work within a larger complex

that includes other subunits, including the well characterized and essential NuA4 KAT complex.

NuA4 KAT complex

NuA4 is a 13 subunit complex composed of the essential lysine acetyltransferase
catalytic domain, Esal, five other essential subunits (Actl, Arp4, Epll, Swc4, Tral) and seven
non-essential subunits (Eafl, Eaf3, Eaf5, Eaf6, Eaf7, Yaf9, Yng2) (reviewed in DOYON AND
CoTE 2004) (Figure 1.1). The NuA4 complex is highly conserved with the homologous human
KAT complex, Tip60 (Cal et al. 2003; reviewed in DOYON et al. 2004). The scaffold protein,
Eafl, is critical for NuA4 complex integrity as it attaches the catalytic domain or piccolo-NuA4
domain, Esal/Yng2/Epll/Eaf6, to the recruitment module or TINTIN complex, Eaf3/Eaf5/Eaf7
(AUGER et al. 2008; MITCHELL et al. 2008; CHENG AND COTE 2014; ROSSETTO et al. 2014; BHAT

et al. 2015).

NuA4/Tip60 complex have many defined role and functions within the cells. NuA4 and
Tip60 typically localizes within the nucleus in the cells (YAMAMOTO AND HORIKOSHI 1997;
GALARNEAU et al. 2000), where they regulate chromatin remodelling and gene transcription

through the acetylation of histones H4 and H2A-Z (reviewed in LU et al. 2009). However, there
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Figure 1.1 Current model of the NuA4 lysine acetyltransferase complex. The 13
subunits of NuA4 are organized with their known physical interactors. In red are the three
NuA4 subunits focussed for this project to study the roles and effect of NuA4 mutants on
phospholipid homeostasis. Proteins within smaller complexes are organized by colour
code: purple= piccolo NuA4 or the catalytic subcomplex; green = TINTIN complex; yellow =
other. Figure derived from (CHITTULURU et al. 2011)



is also evidence of NuA4/Tip60 localizing outside the nucleus in the cytoplasm under certain
conditions (LEE et al. 2001; YI et al. 2012; Y1 et al. 2014), as well as growing evidence that
NuA4 targets non-histone proteins (LIN et al. 2009; MITCHELL et al. 2011; MITCHELL et al. 2013),
and the importance of these acetylation sites are only beginning to be understood (reviewed in

DOWNEY AND BAETZ 2016).

1.2 Phospholipid metabolism
Major phospholipids biosynthesis pathways

The four phospholipids species that compose the majority of intracellular membranes
are phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), and
phosphatidylinositol (P1), all of which derive from the common lipid precursor, phosphatidic acid
(PA) (reviewed in HENRY et al. 2012) (Figure 1.2). De novo PA is synthesized at the
endoplasmic reticulum (ER) through the incorporation of two fatty acids (FAs) on a glycerol-3-
phosphate head-group. PA is subsequently converted to CDP-diacylglycerol (CDP-DAG) at
either the ER or the mitochondria (KUCHLER et al. 1986), through the activity of the
phosphatidate cytidylyltransferase Cdsl (SHEN et al. 1996), effectively priming it for
phospholipid biosynthesis. Subsequently, the three phospholipids PS, PE, and PC are
synthesized from CDP-DAG through the combined activity of several enzymes. First, the PS-
synthase Chol converts CDP-DAG into PS at the ER by incorporating a serine molecule on the
glycerol-3-phosphate head-group (LETTS et al. 1983; YAMASHITA AND NIKAWA 1997). Next, PS is
converted to PE by the activity of one of two PS-decarboxylases, Psdl or Psd2, that localizes to
the inner mitochondria membrane and the Golgi/vacuole, respectively (CLANCEY et al. 1993;
TROTTER et al. 1993; TROTTER et al. 1995; VOELKER 1997). Finally, PE is converted to PC at the
ER by the activity of the PE-methyltransferase Cho2/Peml and the phospholipid-
methyltransferase Opi3/Pem2 (KODAKI AND YAMASHITA 1987). Alternatively, PC and PE can also

be synthesized through a salvage pathway, also referred to as the Kennedy pathway. In this
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Figure 1.2 Overview of phospholipid and neutral lipid metabolism. Key lipid metabolic
proteins are indicated in black to demonstrate their enzymatic activities. Lipid species are
indicated in black rectangles. Abbreviations: Phosphatidic acid (PA), Diacylglycerol (DAG),
Triacylglycerol (TAG), Steryl esters (SE), Cytidine diphosphate diacylglycerol (CDP-DAG),
Phosphatidylinositol (PI), Phosphatidylserine (PS), Phosphatidylethanolamine (PE),
Phosphatidylcholine (PC), Phosphatidylinositol-4-phosphate (PI-4-P). In red are three lipid-
binding proteins that help coordinate phospholipid homeostasis by either regulating
transcription (Opil) or by regulating enzymatic activities (Sec14 and Osh4).



pathway, ethanolamine and choline provided for by the residing media is transported into the
cells and directly incorporated as head-groups on the glycerophosphate backbone of DAG
through the CDP-ethanolamine pathway and the CDP-choline pathway by enzymes that
localizes on vesicular structures, the mitochondria, or the ER (HUH et al. 2003; NATTER et al.
2005; GIBELLINI AND SMITH 2010). Unlike the other phospholipids, PI is synthesized at the ER in
a completely distinct pathway dependent on inositol which is directly incorporated on CDP-DAG
by the Pl synthase, Pisl (NIKAWA AND YAMASHITA 1984; NIKAWA AND YAMASHITA 1997).
Together, these four lipids provide most of the necessary components for membrane assembly

which is instrumental for cellular proliferation and division

Neutral lipid biosynthesis pathways

When cells are in stationary phase, or are not actively proliferating, excess
phospholipids and fatty acids can be stored within lipid droplets in the form of neutral lipids
through the generation of triacylglycerols (TAGSs) and steryl esters (SE) (Figure 1.2). TAGs are
generated predominately by the activity of the acyltransferases Dgal and Lrol (OELKERS et al.
2000; OELKERS et al. 2002). The two acyltransferases, Arel and Are2 are necessary for the
production of SEs but can also contribute to TAG biosynthesis (YANG et al. 1996; SANDAGER et
al. 2002). Although TAG and SE biosynthesis is not required for cell survival as a strain lacking
all four neutral lipid biosynthesis genes, dgalAlrolAarelAare2A, remains viable and can
proliferate (SANDAGER et al. 2002), their synthesis does allow the cells to efficiently store FAs for
energy purposes and to buffer the toxic effect of over-accumulated FAs (reviewed in MULLNER
AND DAUM 2004). Conversely, under conditions where FAs are required, such as in actively
proliferating cells, the hydrolysis of TAGs and SEs provides readily available substrate for

creating new membranes (reviewed in KOHLWEIN 2010).

Pl-4-Phosphate metabolic pathways



A smaller yet no less important class of lipids are the phosphoinositides, which are the
phosphorylated-derivatives of PI. The inositol head-group of Pl can be phosphorylated on the
three available hydroxyl groups (D3, D4, D5) in every different combination, each of which
confer a specific function or signal to the lipid. A well characterized phosphoinositide subspecies
is Pl-4-phosphate (PI-4-P) that plays both the role of a precursor for secondary messenger
molecules as well as a signalling molecule itself for the recruitment of specific proteins to
membranes (reviewed in DELAGE et al. 2013). PI-4-P metabolism is controlled by the activity of
Pl-kinases and Pl-phosphatases. In yeast, there are three known PI-4-kinases of which two
contribute to most of the PI-4-P produced: Pik1l and Stt4 (FLANAGAN et al. 1993; YOSHIDA et al.
1994a; AUDHYA et al. 2000; HAN et al. 2002). Although they have the same catalytic activity,
Pik1l and Stt4 have different functions. Pik1 localizes both on Golgi membranes as well as within
the nucleus whereas Stt4 localizes predominately at the plasma membrane (AUDHYA AND EMR
2002; STRAHL et al. 2005). Pik1l-dependent PI-4-P production is essential for the secretion and
trafficking of Golgi vesicles, whereas Stt4-dependent PI-4-P production is instead essential for
actin cytoskeleton organisation suggesting that distinct pools of PI-4-P are required for different
functions (AUDHYA et al. 2000). In the case of vesicular trafficking, Pl-4-P can be used as a
recruitment platform for various trafficking effectors, such as GTPases and membrane coating
proteins (reviewed in TAN AND BRILL 2014). PI-4-P also provides the substrate required to
produce the PI-4,5-P, subspecies of phosphoinositides catalyzed by the PM-localized Mss4 PlI-
4,5-kinase (DESRIVIERES et al. 1998; HOMMA et al. 1998). Much like PI-4-P, PI-4,5-P, also has
unique essential functions that include providing substrate for phospholipase C, recruiting
protein effectors for various membrane functions, and regulating the enzymatic activities of
some proteins (reviewed in DELAGE et al. 2013). The dephosphorylation of PI-4-P and PI-4,5-P,
is catalyzed by PIl-phosphatases. Sacl is the major Pl-4-phosphatase that’s localized at the
endoplasmic reticulum (ER) but has been shown to shuttle to the Golgi in nutrient-limited

conditions (HUGHES et al. 2000; FAULHAMMER et al. 2005). Unlike the kinases, Sacl is not
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essential in yeast but its null mutation causes accumulation of Pl-4-P within the cells, vacuole

morphological defects, and accumulation of lipid droplets (FOTI et al. 2001).

Regulation of phospholipid homeostasis

Although | only briefly introduced the enzymes responsible for the metabolism of the
major phospholipids, the objective was to illustrate the complexity and intricacies of
phospholipid biosynthesis (Figure 1.2). One can truly appreciate how remarkable it is that cells
can create and maintain specific lipid compositions for each distinct membrane. Tight regulation
of this phospholipid homeostasis over different growth phases and in different stress conditions
is crucial for the viability of cells. Several different effectors for regulating homeostasis have

been identified of which I will present three of particular interest: Opil, Sec14, and Osh4.

1.3 Transcriptional regulation of phospholipid metabolic genes by Opil-
mediated repression
One mechanism used for regulating phospholipid homeostasis under different growth

conditions is driven by Opil- a transcriptional repressor of phospholipid biosynthesis genes. The
coordination of phospholipid homeostasis by Opil under inositol-depleted conditions has been
extensively studied and provides a key example of transcriptional regulation of the phospholipid

gene network.

Lipid changes under inositol-depleted conditions

In inositol-depleted conditions, intracellular phospholipid composition undergoes drastic
remodeling. As inositol is a necessary substrate for Pl synthesis, under inositol-depleted
conditions the rate of Pl synthesis are rapidly decreased which leads to an accumulation of its
precursor, PA (BECKER AND LESTER 1977). The accumulation of PA then leads to the increase
production of TAGs and SEs in lipid droplets, effectively storing excessive and potentially toxic
lipids (GASPAR et al. 2011). Upon the re-introduction of inositol, the opposite effect occurs in that

PA and TAGs are rapidly consumed in favor of Pl synthesis (GASPAR et al. 2011). Cells unable
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to synthesize or hydrolyze TAGs and SEs have severe growth defects under inositol-depleted
conditions (GASPAR et al. 2011). Moreover, these mutants exhibit decreased growth rate upon
re-introduction of inositol and an extended lag phase upon re-introduction to nutrient rich media
suggesting that TAG and SE turnover pathways are important for stress response and cellular
proliferation (PETSCHNIGG et al. 2009; GASPAR et al. 2011). Similar fluctuations of TAGs and PA
have also found between cells in different growth phases. The levels of TAGs are increased
when cells enter into stationary phase, and are rapidly decreased when cells re-enter
logarithmic growth phase (reviewed in KOHLWEIN 2010). Additionally, TAG turnover appear to
play an important role during cell cycle events (KURAT et al. 2009). In summary, the regulatory
mechanism of lipid homeostasis under inositol-depleted conditions offers important insight on
the regulation of lipid metabolism under stress and provides incentives for discovering additional

mechanisms behind the regulation of lipid metabolism.

Inositol biosynthesis

Inositol is a metabolite required for the synthesis of all inositol-containing lipids including
Pl, phosphatidylinositides, inositol phosphates, and inositol-containing sphingolipids, but it can
also be used as a key metabolic signalling molecule (reviewed in HENRY et al. 2014). Inositol
can either be provied for by the residing media or, if needed, be synthesized de novo through
the enzymatic conversion of glucose-6-phosphate to inositol in through the cytoplasmic inositol-
3-phosphate synthase, Inol (DONAHUE AND HENRY 1981). The Inol gene, INO1, is one of
several genes whose expression is regulated by the availability of inositol/choline (HIRSCH AND
HENRY 1986). Under inositol-depleted conditions, cells require INO1 expression in order to
survive (CULBERTSON AND HENRY 1975; DEAN-JOHNSON AND HENRY 1989). A genome wide
screen has led to the identification of multiple mutants which confer growth defects under
inositol-depleted conditions mainly due to their inability to derepress and transcriptionally

activate INO1 (VILLA-GARCIA et al. 2011).
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Transcriptional regulation of ICRE-containing genes

The promoter region of INO1 includes multiple copies of upstream repressing sequence called
inositol/choline-responsive elements (ICRE) that contains a conserved repeat element (UAS cre)
found in different gene promoters of many phospholipid metabolic genes (Table 1.1) as well as
other stress response pathways (LOPES et al. 1993; BACHHAWAT et al. 1995). The transcription
factors required to activate transcription of ICRE-regulated genes are Ino2 and Ino4 (LOEWY AND
HENRY 1984; HOSAKA et al. 1994). Ino2 and Ino4 form a heterodimer which contain basic helix-
loop-helix domains that binds to the INO1 promoter and other ICRE-containing genes
(SCHULLER et al. 1992; AMBROZIAK AND HENRY 1994; SCHULLER et al. 1995; SCHWANK et al.
1995). Ino2 then recruits histone remodelers Ino80 and Snf2 as well as histone acetylases Esal
and Gcn5 to the promoter region to acetylate histone tails and displace the surrounding
nucleosomes (SUKA et al. 2001; EsposITO et al. 2010; KONARZEWSKA et al. 2012). Repression
of the transcription of INO1 and ICRE-regulated genes is mediated by Opil (GREENBERG et al.
1982; HIRSCH AND HENRY 1986; WHITE et al. 1991). Opil can directly bind to Ino2 as well as the
co-repressors Sin3 and Ssn6 to recruit histone deacetylases and repress ICRE-regulated genes

(WAGNER et al. 2001; JASCHKE et al. 2011; GRIGAT et al. 2012).

Opil-dependent regulation of ICRE-containing genes

Intracellular inositol levels signal the cells to either switch ON or OFF the ICRE-regulated
genes (reviewed in HENRY et al. 2014) (Figure 1.3). In nutrient rich conditions or inositol-
supplemented conditions, PA and CDP-DAG levels are rapidly consumed in favor of PI
synthesis leading to the translocation of the transcriptional repressor Opil from the ER to the
nucleus where it represses the transcription of ICRE-containing genes (LOEWEN et al. 2003;
LOEWEN et al. 2004) (Figure 1.3A). In inositol-depleted conditions, PI synthesis is substantially

decreased leading to increased levels of PA (BECKER AND LESTER 1977). Opil, which contains a
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Table 1.1 ICRE-regulated phospholipid biosynthesis genes and function

Gene name* Description**
INO1 Inositol-3-phosphate synthase
CDSs1 Phosphatidate cytidylyltransferase
CHO1 Phosphatidylserine synthase
PSD1 Phosphatidylserine decarboxylase
CHO2 Phosphatidylethanolamine methyltransferase
OPI3 Methylene-fatty-acyl-phospholipid synthase
EKI1 Ethanolamine kinase
EPT1 Ethanolamine phosphotranferase
CKiI1 Choline kinase
CPT1 Choline phosphotransferase
SAH1 S-adenosyl-L-homocysteine hydrolase
SAM2 S-adenosylmethionine synthetase
PGS1 Phosphatidylglycerolphosphate synthase
PCT1 Cholinephosphate cytidylyltransferase
ITR1 Myo-inositol transporter
ITR2 Myo-inositol transporter
CTR1 Choline/ethanolamine transporter
FAS1 Beta subunit of fatty acid synthetase
FAS2 Alpha subunit of fatty acid synthetase
ACCl1 Acetyl-CoA carboxylase

* Gene list created using reviews (CARMAN AND HAN 2011; HENRY et al. 2014) as reference.
** Descriptions obtained from the Saccharomyces Genome Database (SGD)
http://www.yeastgenome.org/
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Figure 1.3 Current understanding of the mechanism regulating transcription of ICRE-
containing genes. Under inositol-supplemented conditions, Cdsl and Pisl rapidly
consume PA and CDP-DAG to make PI. The transcriptional repressor, Opil, resides in the
nucleus and binds to the transcription factor, Ino2. The heterodimer Ino2/Ino4 are bound to
the UAS,cre binding motif in front of ICRE-regulated target genes. Opil recruits the
chromatin remodelers Sin3 and Ssn6 as well as the lysine deacetylase Rpd3 leading to the
deacetylation of histones surrounding the promoter region of ICRE-regulated target genes.
Altogether, this leads to transcriptional repression of ICRE-regulated target genes. B)
Under inositol-depleted conditions, Pl synthesis is inhibited, leading to the accumulation of
PA at the ER. Opil, which contains a PA-binding domain, shuttles from the nucleus to the
ER, thus releasing the Ino2/Ino4 transcription factors. Ino2 subsequently recruits the
chromatin remodelers, Ino80 and Snf2, as well as the lysine acetylases, Esal and Gcnb, to
promote the acetylation and displacement of nucleosomes from the promoter region of the
target genes. Altogether, this leads to transcriptional activation of ICRE-regulated target
genes. Detailed explanation of Opil-regulated transcriptional repression of ICRE-containing
genes is reviewed in (HENRY et al. 2014).
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PA-binding domain, will preferentially bind to PA localized at the ER, which then leads to the
derepression and transcription of ICRE-regulated genes (LOEWEN et al. 2004) (Figure 1.3B).
Mutants that overproduce and excrete excess inositol (Opi- phenotype) are characteristic of an

opi1A mutant (GREENBERG et al. 1982).

Lysine acetylation and Opil-mediated transcription of phospholipid genes

High-throughput genomic screens have identified many other mutants that similarly derepress
INO1 transcription and causes an Opi- phenotype including multiple mutants of the NuA4
complex (EAF1, EAF3, EAF5, EAF7, YAF9, and ESA1) (HANCOCK et al. 2006; SALAS-SANTIAGO
AND LOPES 2014). Despite evidence that NuA4 localizes to and acetylates the histones on the
INO1 promoter, NuA4 is not required for the transcriptional activation of INO1 (SUKA et al. 2001;
KONARZEWSKA et al. 2012) suggesting that the Opi- phenotype of NuA4 mutants is due to an
uncharacterized role for NuA4 in the regulation of ICRE-containing genes as well as
phospholipid homeostasis. NuA4 subunits are unique among Opi- mutants as they also
negatively interact with a mutant of the phospholipid-remodelling protein Secl14, providing an
opportunity to dissect the particular role of NuA4 in phospholipid metabolism. Alternatively,
mutants of the SAGA KAT complex and the Set3 KDAC complex have both been found to
exhibit an inositol auxotrophy phenotype (Ino-) providing evidence once again that additional
KAT/KDACs might be involved in phospholipid homeostasis (VILLA-GARCIA et al. 2011). Despite
increasing evidence of its participation in Opil-regulated transcription of phospholipid metabolic

genes, the role of lysine acetylation and NuA4 on this process has been sparingly studied.

1.4 Secl4: role and function within the Golgi vesicular trafficking pathway

The conserved lipid-binding protein Sec14

Secl14, like Opil, is another example of a lipid-binding protein that can regulate
phospholipid metabolic pathways (Figure 1.4A). Secl14 was initially identified as one of 23

essential genes required for the yeast secretory pathway (Novick et al. 1980). The temperature
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sensitive mutant, sec14-G266N (sec14-1%), is unable to survive at 37°C due to defects in Golgi-
derived vesicular trafficking characterized by its inability to secrete invertase (BANKAITIS et al.
1989). Secl14 was subsequently identified as a lipid-transfer protein with capacity to transfer Pl
and PC between membranes in-vitro (AITKEN et al. 1990; BANKAITIS et al. 1990). The Golgi
trafficking defects in sec14-1" are caused by the depletion of PI-4-P pools in the cells (HAMA et
al. 1999) (Figure 1.4B). Furthermore, overexpression of the PI-4 kinase Pik1 can suppress both
PI-4-P depletion and Golgi trafficking defects of sec14-1" suggesting that Sec14 has a role in
positively regulating PI-4-P metabolism (HAMA et al. 1999). It was later demonstrated that Sec14
can physically stimulate the kinase activity of Pik1 in-vitro and that the PI-binding affinity, but not
the PC-binding affinity, was required for this function (SCHAAF et al. 2008). Yet, specific
inhibition of either Pl or PC binding affinity by point mutation inhibits genetic complementation of
a secl14 background suggesting binding of both Pl and PC are essential for its function (SCHAAF
et al. 2008). The PC-bound form for Sec14 is necessary for accomplishing a secondary function
which is the inhibition of the rate-limiting enzyme of the PC metabolic pathway, Pctl (SKINNER et
al. 1995). This model is further supported by evidence demonstrating that inhibition of Secl14
was shown to cause an increase of PC levels at the Golgi (MCGEE et al. 1994). Altogether, the
data suggests that Secl14 coordinates the metabolism of PI-4-P with PC in order to sustain a
lipid environment at the Golgi necessary for vesicular trafficking (summarized in GHOSH AND

BANKAITIS 2011).

The sec14 bypass phenotype

By manipulating either PI-4-P or PC metabolic, the lethal phenotype of a Sec14-deficient
strain can be suppressed, which is often referred to as the “bypass” pathway. The first method
of bypassing the Sec14 essential function is by deleting Ckil or any other members of the CDP-
choline pathway responsible for PC biosynthesis, which is called the CKI1l-dependent sec14

bypass (CLEVES et al. 1991) (Figure 1.4C). The CDP-choline pathway is one of the pathways
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Figure 1.4 Current model for Secl4 and Osh4-mediated regulation of Golgi
membrane phospholipid composition.A) The PI/PC transfer protein Sec14 transports Pl
to the Golgi in exchange for PC and stimulates the Pl-kinase Pikl to produce PI-4-P.
Subsequently, PC is transported back to the ER in exchange for another PI molecule and
the cycle restarts. Sec14 also prevents further production of PC by inhibiting the activity of
Pctl- the rate limiting enzyme of the CDP-choline pathway. Conversely, the PI-4-P/sterol
transfer protein Osh4 antagonizes the function of Secl14 by transporting PI-4-P from the
Golgi to the ER in exchange for a sterol molecule. PI-4-P is subsequently
dephosphorylated by the PI-4-phosphatase Sacl and the cycle restarts. B) In Secl4-
deficient conditions, PI-4-P levels are depleted and PC levels are increased which prevents
Golgi-derived vesicular trafficking and causes lethality. C) By deleting CKI1 or any other
genes with the CDP-choline pathway, cells can adapt to the loss of Secl4 by preventing
PC biosynthesis. Inhibiting PC biosynthesis is sufficient to restore viability to Secl4-
deficent cells. D) By deleting OSH4, cells can adapt to Secl4-deficient conditions by
replenishing PI-4-P levels, thus restoring viability to Secl4-deficient cells. Detailed
explanation of Secl4/Osh4-regulated Golgi phospholipid metabolism is reviewed in
(GHOSH AND BANKAITIS 2011; TRIPATHI et al. 2014).
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responsible for the synthesis of PC at the expense of PA (DowbD et al. 2001). The second
method of bypassing the Sec14 essential function is by deleting the Oxysterol-Binding Protein
homologue, Osh4/Kesl, which is called the OSH4-dependent secl14 bypass (FANG et al. 1996)
(Figure 1.4D). Osh4 directly antagonizes Secl4-stimulated Pik1l activity by promoting the
depletion of Golgi-localized PI-4-P via activation of the Pl-4-P phosphatase Sacl (FANG et al.

1996; LI et al. 2002; FAIRN et al. 2007; STEFAN et al. 2011).

Although OSH4-dependent and CKl1-dependent secl4 bypass pathways have distinct
features, both bypass pathways converge towards the activity of the phospholipid D (PLD)
enzyme Spol4. Spol4 is a P-4,5-P, activated PLD enzyme that contributes to sec14 bypass by
catalyzing the hydrolysis of PC to PA, a function required for both OSH4-dependent and CKI1-
dependent secl4 bypass (ROSE et al. 1995; PATTON-VOGT et al. 1997; SREENIVAS et al. 1998;
XIE et al. 1998; FAIRN et al. 2007). In recent models, it was suggested that Spol4 regulates
Golgi-trafficking in the absence of Secl4 by regulating trafficking effectors (MENDONSA AND
ENGEBRECHT 2009). In secl4 conditions, Spol4 activity is increased leading to increased
turnover and hydrolysis of PC (SREENIVAS et al. 1998). This increase in activity is dependent on
Secl4-homologues, called Sfh proteins, which stimulates Pl-4-P synthesis through the
alternative PI-4 kinase Stt4 and provides the necessary precursor for Mss4-catalyzed PI1-4.5-P,
synthesis (YOSHIDA et al. 1994b; LI et al. 2000; RUDGE et al. 2004). Moreover, overexpression of
Secl4 homologues, including Sfh2, suppresses the lethality of a sec14 background in a Spol4-

dependent manner (LI et al. 2000).

Lysine acetylation and Secl4-mediated phospholipid metabolism

Secl4-deficient mutants also exhibit growth defects under inositol-depleted conditions
(PATTON-VOGT et al. 1997), which in contrast to the Opi- phenotype, is associated with an
inability to derepress INO1 expression leading to decreased inositol biosynthesis under

conditions lacking an exogenous source of inositol (CULBERTSON AND HENRY 1975; VILLA-
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GARCIA et al. 2011). Synthetic genetic screens identified eaf7A, a subunit of NuA4, as one of
several mutants which displays a growth defect in combination with the temperature sensitive
mutant, sec14-1° (CURWIN et al. 2009). A separate high-throughput synthetic dosage lethal
screen found that overexpression of OSH4, a gene whose function directly antagonizes Secl14
by depleting phosphatidylinositol 4-phosphate (PI-4-P), (FANG et al. 1996; LEBLANC AND
MCMASTER 2010; ALFARO et al. 2011) resulted in decreased viability in the NuA4 mutants
eafbA, eaf7A and lethality in yng2A, providing evidence that NuA4 mutants are sensitive to
conditions where PI-4-P levels are limited. In a third synthetic dosage lethal screen, the KDAC
mutant, rpd34, was found to be sensitive to OSH4 overexpression providing evidence that other
KAT/KDAC enzymes might be involved in Secl14/ PI-4-P metabolism. Yet, much like the case
for Opil-mediated phospholipid homeostasis, the role for lysine acetylation within the Secl4

and PI-4-P metabolic pathway remains unresolved.

1.5 Oxysterol-Binding Proteins
Lipid-binding affinity of Oxysterol-Binding Proteins

Oxysterol-Binding Proteins (OSBPs) are a conserved class of lipid-binding proteins
found in yeast and humans. In mammalian cells, there are 12 genes encoding for 16 different
OSBPs, deemed OSBP-related proteins (ORPs) while in S. cerevisiae, there are seven genes
encoding for seven OSBP-homologues called Osh proteins (BEH et al. 2001; LEHTO et al. 2001).
The proteins were originally identified as OSBPs (KANDUTSCH et al. 1984; TAYLOR et al. 1984);
however, OSBPs have since been demonstrated to bind a variety of lipid-ligands including
sterols, PS, PI-4,5-P,, and, more importantly, PI-4-P (LI et al. 2002; IM et al. 2005; DE SAINT-
JEAN et al. 2011; MAEDA et al. 2013). The crystal structure of the conserved domain of OSBPs
reveals a (B-barrel enclosed with a lid, allowing the protein to extract and sequester lipids from
membranes in-vitro (IM et al. 2005). Selectively mutating the residues involved in lipid-binding

severely affects functionality both in-vivo and in-vitro implying that OSBPs lipid-binding affinities
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are at the core of their functions (Im et al. 2005; RAYCHAUDHURI et al. 2006; DE SAINT-JEAN et al.
2011). However, it is currently unknown if or how OSBPs lipid-binding affinities are regulated. Its
affinity for PI-4-P is particularly interesting because, unlike with the other lipid-ligands, the
residue involved in PI-4-P binding are conserved throughout the entire family of proteins and
several OSBPs have been found to be able to bind to PI-4-P including Osh3, Osh4, and Osh6 in
yeast and OSBP, ORP4, ORP5, ORP8, and ORP9 in mammals (reviewed in TONG et al. 2016).

This suggests that PI-4-P binding is the principal lipid-ligand for all OSBPs.

Osh proteins regulate PI-4-P metabolism

In yeast, deletion of the seven Osh proteins is lethal; but, the expression of any one
Osh proteins, at correct dosage, is sufficient for the cells to survive (BEH et al. 2001). Cells
lacking expression of all seven Osh proteins show a significant increase in PI-4-P levels
comparable to the effect of deleting the PI-4-P phosphatase Sacl (STEFAN et al. 2011).
Furthermore, overexpression of OSH4 causes a significant decrease in PI-4-P levels and
impairs growth dependently on Sacl expression (LEBLANC AND MCMASTER 2010; ALFARO et al.
2011). Finally, Osh proteins have been found to directly stimulated the activity of Sacl in-vitro
(STEFAN et al. 2011). Therefore, the main function of OSBP has been hypothesized to be the
regulation of Pl-4-P metabolism through the stimulation of Sacl. To date, the mechanism
behind the stimulation of Sacl is at least partially resolved. The PI-4-P-binding affinity of Osh4
ability is required for Sacl stimulation (STEFAN et al. 2011). Additionally, stimulation of Sacl
activity in-vivo is dependent on proper localization of a subfraction of Osh4 to Golgi/endosomes
through its PIP-binding domain (LI et al. 2002; MOUSLEY et al. 2012). Current model for Osh4
suggests that the protein carries PI-4-P from the Golgi to the ER in a cyclical fashion (DE SAINT-
JEAN et al. 2011) (Figure 1.4). Furthermore, this exchange coupled with the stimulation of Sacl
activity would ensure a definite direction for the exchange between PI-4-P and sterols (STEFAN

et al. 2011). A similar model has been proposed for the function of the mammalian OSBP
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protein suggesting a conserved role for all ORPs in the regulation of Pl-4-P metabolism through
intermembrane trafficking (OLKKONEN 2015). However, it should be noted that Oxysterol-Binding
Proteins do not share all the same function. For example, the previously mentioned OSH4-
dependent secl4 bypass is a unique feature of Osh4 that does not extend to any other Osh

proteins (FANG et al. 1996; BEH et al. 2001).

Lysine acetylation and Osh proteins

Several high-throughput acetylome studies have uncovered acetylation sites on Osh4
(HENRIKSEN et al. 2012; DOWNEY et al. 2015; MADSEN et al. 2015). One of the sites identified in
these studies, lysine K109, is directly implicated in the PI-4-P binding affinity of the protein (DE
SAINT-JEAN et al. 2011) suggesting that lysine acetylation could potentially regulate the lipid-
binding affinity and the function of Osh4. Although other Osh proteins have not been identified in
any of these screens, the highly conserved nature of these proteins and their PTMs suggests
that lysine acetylation could potentially regulate more OSBPs. Altogether, this suggests another

possibility for how lysine acetylation could contribute to phospholipid metabolism.

1.6 Hypothesis

Based on the presented evidence, we hypothesize that lysine acetylation is regulating
Sec14/0sh4 mediated phospholipid metabolism and maintenance. To investigate this claim, we
pursed two different aims in pursuit of the numerous targets and pathways likely affected by
lysine acetylation:

Aim #1: Study the effect of lysine acetyltransferases and lysine deacetylases on PI-4-P and
phospholipid metabolic pathways

Aim #2: Study the effect of lysine acetylation on the function of Osh4 and other Oxysterol-
Binding Proteins
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2 Materials and Methods
Yeast strains, plasmids, and media

The yeast strains and the plasmids used in this study are listed in Table S1 and Table
S2, respectively. Strains were generated either by standard mating methods or a PCR-mediated
gene insertion/deletion technique for mutants with defective mating (LONGTINE et al. 1998). In
each case, multiple colonies for each generated strains were confirmed by PCR. Strains from
the Deletion Mutant Array (DMA) collection (GE, CAT# YSC1053) and the GFP collection
(Thermo, CAT#95702) were confirmed by PCR. Plasmids generated for this study were created
using Seamless Ligation Cloning Extract (SLICE) method (ZHANG et al. 2014).
Tetracycline/doxycycline inducible promoter (ptet) was a gift from M. Kaern lab (RONEY et al.
2016). Strains and plasmids from other sources are as indicated. All yeast cells were grown in
standard nutrient rich media, YPD, for most experiments, or synthetic media (synthetic drop-out
(SD) or synthetic complete (SC)) for selecting markers or for inositol-depletion experiment. For
media plates, a final concentration of 20 g/L of agar (BioShop®, CAT#AGRO001.1) was added to
the liquid media before autoclaving. SC-inositol media was made using 6.7 g/L of YNB with
ammonium sulfate, without inositol (Millipore, CAT#4027-412) and 2 g/L of standard amino acid
complete mix. The most common source of inositol, myo-inositol (Sigma, CAT#15125), was
used for inositol repleted conditions doxycycline at a final concentration of 75 uM. Doxycycline
(Sigma, CAT#D3447), cerulenin (Sigma, CAT#C2389) or dH,O was added to media after

autoclaving to the concentration desired.

Spot assays

Cultures were grown in YPD or SD media, as indicated, at 30°C prior to being diluted to
an ODggy of 0.1 and 4 times 10-fold serial dilutions (ODggo= 0.1, 0.01, 0.001, and 0.0001) were
spotted on selected plates and incubated for two to three days at the indicated temperatures.
Images of spot assays were taken with the Bio-Rad Chemidoc™ XRS system under EPI-white

light illumination and auto-exposure setting.
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Protein lysate

Yeast strains were pre-inoculated overnight in liquid media (YPD or SD media) at 25°C.
After which, samples were re-inoculated at ODgy=0.1 in liquid media (YPD or SD media) and
grown at 30°C until mid-log growth phase (ODgy=0.5-0.6), then harvested by centrifugation,
washed in water, aliquoted in 1.5 mL microcentrifuge tubes and flash frozen in liquid nitrogen.
Cell pellets were re-suspended in lysis buffer (0.1 M sodium phosphate buffer pH=7.0, 100 mM
NaCl (Sigma, CAT#S7653-5KG), 2 mM EDTA (EMD, CAT#4050-1KG), 10 mM sodium butyrate
(Sigma, CAT#B5887-5G), 2 mM DTT (Sigma, CAT#D9779-10G) , 0.6 mM PMSF (Sigma,
CAT#78830-5G), 1 mM sodium orthovanadate (Sigma, CAT#S6508-50G), 1% w/v NP-40
(Roche, CAT#11754599001), protease inhibitor cocktail tablet (Roche, CAT# 4693159001)) and
lysed mechanically by vortex with glass beads. Cell debris and glass beads were removed by
centrifugation. Whole cell extract (WCE) was diluted in Laemmli loading dye and stored at -

80°C.

Immunoprecipitation

Ten to fifteen milligrams of whole cell extract (WCE) were added to pre-washed GFP-
Trap®_M magnetic beads (Chromotek, gta-20 CAT# ACT-CM-GFA0050) and incubated at -4°C
for 1h on an end-to-end rotator. The magnetic beads were collected with a magnet, washed 5
times in lysis buffer and re-suspended in 1X Laemmli loading dye (40mM Tris pH=6.8 (Wisent,
CAT#600-125-1K), 2% w/v SDS (Wisent, CAT#800-100-cl), 0.02% w/v Bromophenol Blue
(Sigma, CAT#B5525-5G), 10% v/v glycerol (Fisher, CAT#G33-4)). Immunoprecipitated (IP)
samples were eluted from beads (65°C, 15 min) and 2-mercaptoethanol (Sigma, CAT#M3148-
25ML) was added to a final concentration of 100 mM, to reduce disulfide bonds, before storage

at -80°C.
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Detection of lysine acetylation by mass spectrometry

Mass spectrometry service was provided by Dr. Daniel Figeys lab (UOttawa) and Dr.
Anne-Claude Gingras lab (UToronto). IP samples were separated by SDS-PAGE, and resulting
gel was stained using a coomassie-based protocol (MERRIL 1990). Protein band was cut out and
dried in 1.5 mL microcentrifuge tubes before being sent to respective labs. Resulting samples
were analyzed by LC-MS/MS and acetylation sites were identified using a Mascot search

engine, as previously described (Mitchell et al., 2013).

Immunoblotting

The prepared samples (IP and/or WCE) were boiled at 95°C for 10min prior to
separation by SDS-PAGE on a linear SDS-polyacrylamide gel (7%-9%). Western blotting was
performed using a semi-dry transfer apparatus from Bio-Rad (Trans-Blot SD Semi Dry
Electrophoretic Transfer Cell; CAT#170-3940). Protein transfer was performed for 1 hour using
constant milliamps (mA) based on the following calculation: 0.8mA x area of gel x # of gels.
Acetylation was detected by using 1/500 dilution of mouse a-acetyl lysine 1gG (a-AcK) (Cell
Signaling, CAT#9681). Other primary antibodies used were: rabbit a-G6PDH IgG (1/10000
dilution) (Sigma, CAT#A9521) as a loading standard, mouse a-GFP IgG (1/5000
dilution)(Roche, CAT#11814460001), rabbit a-GST IgG (1/10000 dilution)(Invitrogen,
CAT#A5800) and rabbit a-Osh4 I1gG (1/10000 dilution)(gift from C. Beh lab). Secondary
antibodies used were peroxidase-conjugated goat a-rabbit IgG (1/10000) (Chemicon;
CAT#AP307P), and peroxidase-conjugated goat a-mouse 1gG (1/5000) (Bio-Rad; CAT#170-
6516), where appropriate. Blocking and primary incubations were performed with 5% milk (w/v)

in TBS-T (0.1% Tween20 (v/v); VWR, CAT#CA95017-122L), except the Cell Signaling anti-
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acetyl lysine antibody which was performed in 5% BSA (w/v) in TBS-T (0.1% Tween20 (v/v);
VWR, CAT#CA95017-122L). Secondary incubations were all done with 5% milk (w/v) in TBS-T
(0.1% Tween20 (v/v); VWR, CAT#CA95017-122L). Primary incubations were carried out
overnight at 4°C and secondary incubations at room temperature for 1 hour.
Chemiluminescence was detected using Immobilon Western Chemiluminescent HRP substrate
(Millipore; CAT#WBKLS0500) and developed on a ChemiDoc XRS system (Bio-Rad; CAT#170-

8070).

Osh4 quantitative immunoblotting

The prepared samples (WCE) were boiled at 95°C for 10min prior to separation by SDS-
PAGE using the TGX Stain-Free™ FastCast™ Acrylamide Kit (7.5%) (BioRad, CAT#1610181).
Strain-Free gels were activated in gel under ultraviolet light for 1 min using the Bio-Rad imaging
tool. After which, immunoblotting was performed using a semi-dry transfer apparatus from Bio-
Rad (Trans-Blot Turbo™ Transfer System, CAT#1704155). Protein transfer was performed for 7
min at constant voltage (25 V) on nitrocellulose membranes. After transfer, membranes were
exposed under ultraviolet light to measure total protein content per lane using the Bio-Rad
imaging software which was subsequently used to normalize immunoblots. Then, membranes
were blocked for 30 min with 5% w/v milk in TBS-T (0.1% Tween; VWR, CAT#CA95017-122L)
Primary antibodies used was rabbit a-Osh4 IgG (1/10000 dilution) (gift from C. Beh lab).
Secondary antibody used was peroxidase-conjugated goat a-rabbit IgG (1/10000 dilution)
(Chemicon, CAT#AP307P). Primary incubations were carried out overnight at 4°C and
secondary incubations at room temperature for 1 hour. Chemiluminescence was detected using
Immobilon Western Chemiluminescent HRP substrate (Millipore, CAT#WBKLS0500) and
developed on a ChemiDoc XRS system (Bio-Rad, CAT#170-8070). Quantification of images
were performed on the Bio-Rad Image Lab™ software using total protein content per lane to

normalize Osh4 signal following protocol defined by Bio-Rad (TAYLOR AND POSCH 2014).
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RNA-seq

The strains sec14-1® (CMY505) and sec14-1"eaf1A (YKB3935) were grown in triplicate
in 50 mL of YPD at 30°C to mid-log phase (ODgy=0.5), then shifted to pre-warmed YPD media
at 33.5°C for two hours before harvesting, washing with dH,O, and flash-freezing on dry ice.
Cells were subsequently lysed by resuspending pellets in 100 pL of lyticase reaction solution
(1.2 M sorbitol, Sigma CAT# S1876; 1 mg/mL lyticase Sigma, CAT #SRE0018) and incubated
at 30°C for 30 min. RNA was purified using the RNA mini-kit (Ambion, CAT#12183018A)
following the yeast extraction protocol as suggested by the manufacturers. Purified RNA
extracts were then twice treated with DNasel (Promega, CAT#M6101) for 1h at 37°C each time
followed by a phenol/choloroform extraction. After two DNasel treatments, purified RNA was
resuspended in 30 yL of RNase-free water. Three micrograms of purified RNA spiked with 1.5
pg of ERCC RNA control (Ambion, CAT#4456740) was depleted of ribosomal RNA (rRNA)
using the Ribo-Zero Gold rRNA depletion kit for yeast (lllumina, CAT#MRZY1306) and
resuspended in 10 pL of RNase-free water. Successful depletion of the 18S and 26S ribosomal
RNA was confirmed using the Agilent Bioanalyzer RNA 6000 Pico quantification kit (Agilent

Technologies, CAT#5067-1513).

Whole transcriptome RNA-seq libraries were prepared using the lon Total RNA-Seq Kit
V2 (Life Technologies, CAT#4479789) and the lon-Xpress RNA-seq Barcode 1-16 kit (Life
Technologies, CAT#4475485) according to the manufacturer’s recommendations using 50 ng of
input rRNA depleted total RNA. The size distribution and yield of the final barcoded RNA-seq
libraries was assessed using the Agilent Bioanalyzer High Sensitivity DNA quantification kit
(Agilent Technologies, CAT#5067-4626). All six RNA-seq libraries were multiplexed and

sequenced on the Life Technologies lon Torrent Proton platform using a single lon Proton Chip.

Resulting reads were aligned against the Saccharomyces cerevisiae S288c genome

(version GCF_000146045.2_R64) using the TMAP aligner provided with the Torrent Suite
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(v5.0.4). Raw sequencing reads have been deposited at the NCBI SRA archive under accession
number PRJINA350552. Variation in sample processing during rRNA depletions and library
construction was assessed using the ERCC analysis plugin (v5.0.0.0). The number of reads
aligning to each annotated transcript was determined using bedtools (v2.17.0) (QUINLAN AND
HALL 2010). Differential expression of transcripts between sec14-1° and sec14-1"eaf1A was
determined using DESeq2 (v1.10.1) (LoVE et al. 2014). Transcripts with a fold change =2 and
an adjusted p value <0.05 were considered to be differentially expressed. GO-term analysis of
enriched biological processes was conducted by using the DAVID bioinformatic online database

(https://david.ncifcrf.gov) (HUANG DA et al. 2009). Significantly downregulated or upregulated

genes were clustered into functionally related groups using the Gene Functional Classification
Tool. The highest ranking Biological Process term (BP-term) was subsequently assigned for

each group.

gqRT-PCR

RNA extracts were prepared as above but without rRNA depletion. Two micrograms of
purified RNA was reverse transcribed using the High Capacity cDNA Reverse Transcriptase Kit
(Applied Biosciences, CAT#4368814) and resulting cDNA was diluted 1/10 for gRT-PCR.
Transcript levels were measured using the SsoFast™ EvaGreen® Supermix for gPCR (Bio-
Rad, CAT#172-5201) with the Bio-Rad MiniOpticon Real-Time PCR system and CFX manager
software. Primers wused for qRT-PCR are as |listed: 1) INO1 Forw.: 5'-
TCTCTGTTGCCCATGGTTAG-3' Rev: 5'-CTTCAAGCGTTGTTGCAG-AT-3"; 2) FAS1 Forw: 5'-
TGAAGGTGTTCCATCTCCAA-3' Rev: 5-CGACTAGATTCTT-CGCACCA-3'; FAS2 Forw: 5'-
GCCAGAACAAGATGG-GAAAT-3' Rev: 5-TGTATG-GACGACCCTTCAAA-3’; CDS1 Forw: 5'-
GCCATGGTGGT-ATCACAGAC-3’' Rev: 5-TCTGCTTGTCGTTCAGGTTC-3’; YEH1 Forw: 5'-

TTCTCAG-GGCACTACACAGG-3' Rev: 5-AAGGGACCAGGATACACTGC-3’; BCP1 Forw: 5'-
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TGATTAATATGCCACCG-GAA-3' Rev: 5-ATGTTTGTCATCGCCAAGTG-3’; TDH3 Forw: 5'-
CTGTCAAGTTGAACAAGGAAACCAC-3 Rev: 5-CAACGTGTTCAACCAAGT-CGACAA-3’;
ACT1 Forw:5’-GCCTTCTACGTTTCCATCCA-3' Rev: 5-CGTAAATTGGA-ACGACGTGA-3. A
standard curve was constructed using a five times five-fold serial dilution series of pooled cDNA
sample from the original individual RT reactions starting at a 1/5 dilution. TDH3 and ACT1 were
used as the internal reference genes for normalization of relative expression levels (PFAFFL
2001) using the BioRad CFX Manager™ software. Three biological and two technical replicates
were used for each sample. Statistical analyses were completed using a two-tailed unpaired t-

test (p<0.05) with the GraphPad Prism software.

Lipid droplet

Cultures were grown in SC media at 30°C to mid-log growth phase (ODg=0.5), washed
in dH,O, and transferred to SC-inositol media supplemented with and without 75 pM of myo-
inositol and grown for 2 hours at 30°C. Cells were subsequently incubated with 10uM BODIPY®
493/503 (LifeTechnologies, CAT#D3922) for 10min at room temperature in their residing media
and washed with dH,O. Cells were pelleted, re-suspended in SC media, and loaded onto
prewashed microscope slide with coverslips. Images were taken using the CellVoyager™
CV1000 disk confocal microscope (Yokogawa Electric Corporation, Musashino Tokyo, Japan).
Brightfield (20% intensity,100 ms exposure time, 100% gain) and BODIPY fluorescence, using
FITC filters (25% intensity, 50 ms exposure time, 20% gain) were taken across multiple fields of
view to capture at least 100 cells on the 100X oil-immersion objective. Images for each field of
view were taken at 0.2 um steps for a total of 30 images. Image analysis was done using a
custom MATLAB script. Bright field images were first thresholded using an adaptive
thresholding algorithm. The resulting thresholded images were segmented using our MATLAB
script that incorporated previously published code (RicicovA et al. 2013), as well as our own

code which makes use of functions found in the MATLAB Image Processing Toolbox. The cell
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outlines obtained through segmentation were used to quantify the area (in pixels) and total
fluorescence from the fluorescence images. Fluorescence was quantified using the middle z-
stack for each cell. Fluorescence density was calculated by dividing total fluorescence by area.
A total of three biological replicates with over 100 cells were analysed for each sample.
Statistical analyses were performed by one-way ANOVA with the Tukey’s multiple comparisons

test using the GraphPad Prism software.

Osh4 and Osh1l point mutant generation

Sets of two primers were designed to generate either acetylated lysine mimic (lysine (K)
to glutamine (Q)) or unacetylated mimic (lysine (K) to arginine (R)) on specified residue. Each
primer set was designed using the QuickChange® Primer Design program available on the

Agilent website (http://www.genomics.agilent.com/primerDesignProgram.jsp) by substituting a

single amino acid. For K to Q mutants, specified lysine codon, AAA or AAG, was changed to
glutamine codon CAA or CAG, respectively. For K to R mutants, specified lysine codon, AAA or
AAG, was changed to arginine codon AGA or AGG, respectively. All the primer designed are as
followed: A) Osh4 K109Q: Forw: 5-ATGAATCCTTAGGTTCTGAGAAACA-
ACCTTTGAACCCATTTCTAG-3' Rev: 5-CTAGAAATGGGTTCAAAGGTTGTTTCTCAGAA-
CCTAAGGATTCAT-3’; K109R: Forw: 5-AATGAATCCTTAGGTTCTGAGAAAAGACCTTTGAA-
CCCATTTCTAG-3 Rev: 5-CTAGAAATGGGTTCAAAGGTCTTTTCTCAGAACCTAAGGAT-
TCATT-3’; K168Q: Forw: 5-AAGCTGCAAGGCTACAACCAAATTCAAGCCAGTTTCAC-3 Rev:
5-GTGAAACTGGCTTGAATTTGGTTGTAGCCTTGCAGCTT-3; K168R: Forw: 5-GCTGCA-
AGGCTACAACCAAATTAGAGCCAGTTTCAC-3' Rev: 5-GTGAAACTGGCTCTAATTTGG-
TTGTAGCCTTGCAGC-3’; K247Q: Forw: 5-TACTTTTCTGGTAAAAAGAATTCATTCCAGG-
CAAGAATTTACAAAGACTC-3' Rev: 5-GAGTCTTTGTAAATTCTTGCCTGGAATGAATTCT-
TTTTACCAGAAAAGTA-3’; K247R: Forw: 5-GGCTACTTTTCTGGTAAAAAGAATTCATTCA-

GGGCAAGAATTTACAAA-3" Rev: 5-TTTGTAAATTCTTGCCCTGAATGAATTCTTTTTACCA-
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GAAAAGTAGCC-3 B) Osh1 K874Q: Forw: 5-GTAAGGGGTTGAATGGTTGAGACACTCTG-
TTAGTGGT-3' Rev: 5- ACCACTAACAGAGTGTCTCAACCATTCAACCCCTTAC-3’; K874R:
Forw: 5- TAAGGGGTTGAATGGTCTAGACACTCTGTTAGTGGTAG-3" Rev: 5-CTACCACT-
AACAGAGTGTCTAGACCATTCAACCCCTTA-3'. Mutagenesis of plasmids encoding Osh4 or
Oshl was performed using QuickChange® Lightning Site-Directed Mutagenesis kit (Agilent;
CAT#210519) following the manufacturer’s instruction. Briefly, complete 50 uL PCR reaction
mix with 100 ng of plasmid and 125 ng of each primer were mixed together in PCR reaction
tubes. Reaction tubes were subjected to the following PCR cycling parameter: Step 1) 95°C for
2min; Step 2) 95°C for 20 sec; Step 3) 60°C for 10 sec; Step 4) 68° for 30 sec/kb of plasmid
length; Step 5) Repeat Step 2-4 18 times; Step 6) 68°C for 5 min. After PCR cycling, each
reaction was treated with 2 uL of Dpnl enzyme provided in the kit for 5 min at 37°C. Finally, 2 uL
of each reaction were transformed in competent DH5a cells and plated on LB +ampicillin media
and incubated at 37°C for 16 hours. Positive colonies were grown overnight in LB +ampicillin at
37°C and mutated plasmids were recovered using plasmid Miniprep kit (Bio-Basic, CAT#BS614-
250Preps). Mutated plasmids were confirmed by sequencing using the TCAG DNA Sequencing

facility in Toronto (http://www.tcag.ca/facilities/dnaSequencingSynthesis.html).

Osh4-GFP and Osh1-GFP localization

Cultures were grown in selective media at 30°C to mid-log phase (ODgy= 0.5), re-
suspended in SC media and spread on microscope slides with cover glass. Microscopy was
performed using a Leica DMI 6000 fluorescent microscope (Leica Microsystems GmbH, Wetzler
Germany), equipped with a Sutter DG4 light source (Sutter Instruments, California, USA), Ludl
emission filter wheel with Chroma band pass emission filters (Ludl Electronic Products Ltd., NY,
USA) and Hamamatsu Orca AG camera (Hamamatsu Photonics, Herrsching am Ammersee,
Germany). Brightfield (0.07 sec exposure time, 100% gain) and GFP fluorescence, using the

FITC filters (1 sec exposure time, 100% gain) were taken across multiple fields of view to
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capture at least 80 cells on the 63X oil-immersion objective. Images for each field of view were
taken at 0.2 pm steps for a total of 30 images using the Velocity 4.3.2 Build 23 (Perkin Elmer).
Quantification of Osh4 localization was done manually by inspecting the presence of at least
one distinct foci within the cell across 80 cells from three biological replicates. Statistical
analysis was performed by one-way ANOVA with Tukey’s multiple comparisons test using the

GraphPad Prism software.

Recombinant Osh4 protein purification for in-vitro assay

Plasmid encoding wildtype (PKB261), K109Q (PKB262), and K109R (PKB263) GST-
tagged Osh4 recombinant protein as well as the GST empty vector (PKB292) were transformed
in BL21 competent cells. Cultures for each strain were grown overnight in 1L of LB media + 25
pg/mL chloramphenicol (Sigma, CAT# C0378-5G), 100 pg/mL ampicillin (Wisent, 400-110-XG),
and 1 mM IPTG (Sigma, CAT# 16758-1G). Cells were pelleted by centrifugation (5 min, 3000
rpm) and 2-5ml of lysis buffer (125 mM Tris-HCI pH 7.5 (Wisent, CAT#600-125-1K), 150 mM
NaCl (Sigma, CAT#S7653-5KG), protease inhibitor cocktail tablet (Roche, CAT# 4693159001),
1 mg/mL lysozyme (Sigma; CAT# 62970-1G-F)) were added per mg of wet weight. Samples
were subsequently incubated for 30 min on ice. After which, samples were sonicated for 30 sec
at power level 5 followed by DNasel | treatment (5ug/ml) (Promega, CAT#M6101). Then,
lysates were centrifuged for 30 min at 12500 rpm. Resin bead for purification (Sigma, CAT#
M8032-100G) were prepared by washing resin in empty column with lysis buffer, and
centrifuging at 500g for 5 min to sediment resin. Resin beads were diluted as 50 % slurry by
adding 200 pl of lysis buffer if 200 pl of resin was initially prepared. Protein lysates were added
to resin on column and incubated at room temperature for 30 min to ensure binding. Resin
beads were washed by adding 5x volume of bed volume of lysis buffer. Afterwards, proteins
were eluted by adding elution buffer (50 mM Tris-HCI, pH 8.0 (Wisent, CAT#600-125-IK); 10mM

reduced glutathione (Sigma, CAT# G4251 L)) and incubated at room temperature for 10 min
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followed by elution through the column into 1.5 mL microcentrifuge tubes. Finally, purified
protein concentration was measured by spectrophotometry and final concentration was adjusted
to 1 mg/mL of protein in 50% glycerol stock. Protein expression was confirmed by staining SDS-

PAGE gels using a coomassie-based protocol (MERRIL 1990).

Lipid-binding assay

PI (Avanti Polar Lipids, CAT# 840042P) and PI-4-P (Avanti Polar Lipids, CAT#840045P)
in chloroform/methanol stock (2:1) were serially diluted in chloroform at indicated amounts.
Dilutions were spotted on pre-washed (chloroform washed) nitrocellulose membrane and dried
at room temperature. Purified GST, GST-Osh4, GST-0sh4-K109Q, and GST-0sh4-K109R GST
(4 pg/mL) in PBS were incubated with blocked membranes overnight. Thereafter, membranes
were washed 3 times with PBS and immunoblotted using primary a-Osh4 IgG (1/10000 dilution)
(gift from C. Beh lab) and secondary peroxidase-conjugated goat a-rabbit IgG (1/10000 dilution)
(Chemicon, CAT#AP307P). Chemiluminescence was detected using Immobilon Western
Chemiluminescent HRP substrate (Millipore; CAT#WBKLS0500) and developed on a ChemiDoc

XRS system (Bio-Rad; CAT#170-8070).

In-vitro Sacl assay

Protocol was largely derived from previously established method (STEFAN et al. 2011).
Catalytic domain of Sacl (Sac1'°*) (PKB266) was purified from BL21 cells, similarly to Osh4
protein but with some differences. Lysis buffer used was slightly different (50 mM Tris-HCI pH
8.0 (Wisent, CAT#600-125-IK), 300 mM NacCl (Sigma, CAT#S7653-5KG), 10mM imidazole
(Sigma, CAT#12399-100G), 1 mg/mL lysozyme (Sigma; CAT# 62970-1G-F). For the washing
steps, 5mM of 2-mercaptoethanol (Sigma, CAT#M3148-25ML), was added to the lysis buffer.
Elution buffer used was lysis buffer + 250mM of imidazole (Sigma, CAT#12399-100G). After
elution, purified Sacl™®?* was dialyzed in dialysis buffer (50mM Tris-HCI, pH6.8 (Wisent,

CAT#600-125-IK), 150mM NaCl (Sigma, CAT#S7653-5KG), 2mM DTT (Sigma, CAT#D9779-
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10G)). Simarly, Osh4 protein samples were dialyzed in dialysis buffer. Concentration was
measured by spectrophometry and adjusted to 1 mg/ml in 50% glycerol. For assay, diC8 PI4P
stock (Echelon, CAT#P4008) was diluted in chloroform to 250 uM and 50 pL were aliquoted into
each tube for the assay and dried under N2 gas. Dried lipid film was rehydrated in 50 uL of

reaction buffer/dialysis buffer. Buffer or 300 ng of purified Sac1'°*?

with or without 3 pg of
purified Osh4, 0sh4"*®? or osh4*'%R protein were added to individual reaction tubes with
rehydrated lipids. Reaction mix was incubated for 10 min at 25°C and stopped with 40 mM N-
ethylmaleimide (Sigma, CAT#E3876). After which, 50 yL of each reaction mix were added to
each well of a 96 well plate. Standard curve for PI-4-P were 2X serial dilutions from 8000 pmol
to 500 pmol in duplicates. 100 pL of Biomol green reagent (Enzo, CAT#BML-AK111-0250) was
added to each well and incubated for 20 min before reading absorbance at ODgy. Results

shown are averages from three separate experiments. Statistical analyses were performed by

one-way ANOVA with Sidak’s multiple comparisons test: ** = p< 0.05; n.s.= not significant.
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3 Chapter 1: NuA4 regulates the secl14 bypass and phospholipid
homeostasis

3.1 Brief introduction
Several pieces of evidence suggested a connection between lysine acetylation and the

regulation of phospholipid homeostasis, particularly with regards to phosphatidylinositol-4-
phosphate (PI-4-P) metabolism and inositol metabolism. Two high-throughput genetic screens
found that mutants of the NuA4 KAT complex members caused growth defects when either
Secl4 was inactivated or when Osh4 was hyperactivated- two conditions where PI-4-P levels
are depleted (CURWIN et al. 2009; MITCHELL et al. 2011). Furthermore, several NuA4 mutants
display increased expression of the inositol-3-synthase Inol, and increased production of
inositol- a key metabolite used as a signal for transcriptional regulation of phospholipid
metabolic genes containing inositol-choline responsive elements (ICREs) within their promoters
(HANcock et al. 2006; HENRY et al. 2014; SALAS-SANTIAGO AND LOPES 2014). Our initial goal
was to determine which of the several lysine acetyltransferases (KATs) and lysine deacetylases
(KDACs) display defects in phospholipid regulation, specifically in regards to PI-4-P-depleted
conditions. For this purpose, we undertook a genetic screen with non-essential deletion mutants
of KAT and KDAC catalytic subunit or complex members to determine their effect under PI-4-P

depleted conditions.

Here we report that of all the KAT and KDAC mutants screened, mutants of three
separate NuA4 complex subunits (Eafl, Eaf7, Esal) displayed the strongest and most
consistent negative growth defects under both Secl4-deficient conditions and OSH4-
overexpression conditions. Furthermore, we found that NuA4 mutants increased the growth
defects of sec14-1" under inositol-depleted conditions, instead of suppressing it. Transcriptional
analysis of sec14-1®eaf1A cells determined that while the transcription of INO1 is derepressed

by over 2-fold, the transcription of other ICRE-containing genes was not. This suggests that the
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growth defects of NuA4 mutants with sec14-1" under inositol-depleted conditions likely involve a
mechanism that extends beyond de novo inositol biosynthesis. In fact, we find that eaf1A cells
have decreased lipid droplet formation which implies defects in the biosynthesis of
triacylglycerols (TAGSs) and steryl esters (SEs). Through genetic and chemical approaches, we
determine that the genetic interaction between sec14-1" and eaf1A potentially reflects a role for
NuA4 in fatty acid biosynthesis. Altogether our work identifies a role for NuA4 in the regulation
of phospholipid metabolism through the fatty acid biosynthesis pathway and lipid droplet

formation.

3.2 Results:

3.2.1 Identifying the KATs and KDACs regulating phospholipid homeostasis through
complementary genetic screens.

To begin our investigation into the role of lysine acetylation on phospholipid
homeostasis, we attempted to identify the KAT and KDAC mutants that were sensitive to Pl-4-
P-depleted conditions. For this purpose, we screened a collection of non-essential deletion
mutants for KATs and KDACs (Table 3.1), and compared their growth under two conditions
which deplete PI-4-P levels.

Table 3.1 Lysine Acetyltransferases (KATs) and Lysine Deacetylases (KDACs) mutants
used for genetic screens

KAT mutant KDAC mutant
eaf1A* rpd3A
rtt109A Sir2A

elp3A hdalA
gcnbA hos1A
hatlA hos24
sas2A hos3A
sas3A hst1A
hpa2A hst2A
hpa3A hst3A

hst4A

*Eafl is a non-essential subunit of the NuA4 KAT complex
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Notable exceptions to our list of KATs and KDACs mutants are Ecol, which is an essential
gene, and the putative KATs, Lys20, Lys21, Sptl0, and Tafl, which are unconfirmed catalytic
domains (reviewed in DOWNEY AND BAETZz 2016). Another noticeable absent KAT is Esal, which
is the essential catalytic domain of NuA4 (reviewed in DOYON AND COTE 2004). Instead of using

an Esal mutant, we used a deletion mutant for one of NuA4s non-essential subunit, Eafl.

The KATs and KDACs deletion mutants where first subjected to Sec14 inactivation. The
temperature sensitive Sec14 mutant, sec14-1%, is inactive at higher temperatures causing PI-4-
P depletion and Golgi trafficking defects (BANKAITIS et al. 1989; CLEVES et al. 1989; HAMA et al.
1999). Double mutants of sec14-1* and non-essential KAT and KDAC mutants were screened
to identify mutants that either increase or decrease the growth defects of sec14-1%. While most
genetic backgrounds did not affect the growth defects of sec14-1%, the KAT deletion mutants,
eaf1A, rit1094, and elp34, all increased the growth defects of secl4-1® compared to the
wildtype background at semi-permissive temperatures (33.5°C) with eaflA having the most
dramatic effect (Figure 3.1A). In contrast, none of the KDAC deletion mutants appear to affect

the growth of sec14-1* (Figure 3.1B).

In a complementary screen, we compared the growth defect of overexpressing OSH4-
the genetic antagonist of Secl14 (FANG et al. 1996). Overexpression of Osh4 causes a similar
negative effect on growth as Sec14 inactivation caused by depletion of PI-4-P levels through the
hyperactivation of the PI-4-P phosphatase Sacl (LEBLANC AND MCMASTER 2010; ALFARO et al.
2011; MoUSLEY et al. 2012). For this screen, OSH4 expression was controlled by a tetracycline-
inducible promoter generated through the genetic manipulation of a galactose-inducible
promoter (RONEY et al. 2016). We confirmed the overexpression-induced toxicity by spot assay
for both the wildtype OSH4 and the sterol-binding deficient osh4-Y97F (Figure 3.2A). As a
negative control, media containing raffinose without tetracycline was used to prevent any leaky

expression of OSH4 that might be caused by residual effect of the galactose-inducible promoter.
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Figure 3.1 Systematic screening of KAT and KDAC mutants reveal that deletion
mutants of EAF1, RTT109, ELP3 display negative genetic interactions with sec14-1".
To determine if KAT or KDAC activity would affect the growth of sec14-1%, wildtype (WT;
YKB1079) and an array of non-essential KAT (A) or KDAC (B) deletion mutant strains
(Table 3.1) were crossed with sec14-1° (YKB3145). Cultures were grown in YPD at 30°C
prior to being diluted to an ODggo Of 0.1 and 4 times 10-fold serial dilutions were spotted on
YPD for two days at 30°C, 33.5°C, or 37°C. Representative images from three separate
experiments are shown.
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Figure 3.2 Systematic screening of KAT and KDAC mutants reveal that deletion of
EAF1, RTT109, GCN5, and RPD3 increase o0sh4-Y97F overexpression-induced
toxicity. A) OSH4 overexpression-induced toxicity levels are similar between wildtype
OSH4 construct and sterol-binding deficient mutant, osh4"?’F. Wildtype yeast strain
(YKB1079) was transformed with either an empty vector (pRS413), a tetracycline inducible
reporter with OSH4 (ptet-OSH4; PKB299) or sterol-binding deficient mutant (ptet-osh4"*’F;
PKB302). Cultures were grown in SD—His at 30°C prior to being diluted to an ODgg of 0.1
and 4 times 10-fold serial dilutions were spotted on non-inducible media (Raffinose, -
tetracycline) or inducible media (Galactose, + 10 ng/ml tetracycline) for three days at 30°C.
Representative images from three separate experiments are shown. B) and C) To
determine if KAT or KDAC activity could modulate osh4-Y97F overexpression-induced
toxicity, wildtype (WT; YKB1079) and an array of non-essential KAT (B) or KDAC (C)
deletion mutant strains (Table 3.1) were transformed with an empty vector (pRS413), or
osh4-Y97F under a tetracycline-inducible reporter (ptet-osh4"®’"; PKB302). Cultures were
grown in SD—His at 30°C prior to being diluted to an ODgg of 0.1 and 4 times 10-fold serial
dilutions were spotted on non-inducible media (Raffinose, - tetracycline) or inducible media
(Galactose, + 10 ng/ml tetracycline) for three days at 30°C. Representative images from
three separate experiments are shown.
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Both OSH4 and osh4-Y97F caused growth defects under inducible conditions (galactose +
tetracycline). However, the use of the sterol-binding deficient mutant, osh4-Y97F, over the
wildtype OSH4 construct was favoured due to its specific interaction with PI-4-P, instead of
sterols (IM et al. 2005; MoOUSLEY et al. 2012). osh4-Y97F was overexpressed in all the
KAT/KDAC deletion mutants and growth was compared by spot assays under inducible
conditions (Galactose, + tetracycline). Of all the KAT mutants, only eaf14, rtt1094, and gcn5A
displayed a relatively increased growth defect compared to wildtype when osh4-Y97F was
overexpressed, with eaflA having the most pronounced effect (Figure 3.2B). Additionally, the
KDAC mutant rpd3A also displayed a relatively increased growth defects when osh4-Y97F

overexpression (Figure 3.2C).

Only eaflA and rtt1094 consistently displayed a negative interaction to both PI-4-P
depleted conditions (Figure 3.1-3.2). This led us to focus our attention on these particular
genes. To determine if eaflA and rtt109A negative interactions with Pl-4-P depleted conditions
were epistatic, we compared the growth of the double mutant, eaf1Artt1094, to the single
mutant strains with and without sec14-1%® (Figure 3.3). At normally permissive temperatures
(30°C), the eaf1Artt109A double mutant displayed an additive effect on the growth defect of
sec14-1" compared to the single mutants. This non-epistatic interaction suggests that Eafl and
Rtt109 are not working within the same pathway, but, more likely, in parallel pathways to buffer
sec14-1®. Furthermore, the effects of eaflA on PI-4-P-depleted conditions appear relatively
more deleterious than the effect of rtt109A. Therefore, we decided to focus our attention on the

role of Eafl and its related complex, NuA4, on the regulation of phospholipid homeostasis.

3.2.2 NuA4 subunits all share a genetic interaction with Sec14

Eafl is the structural component of the conserved NuA4 KAT complex consisting of 13
different subunits (SMITH et al. 1998; MITCHELL et al. 2008). Given that eaflfA was

hypersensitive to PI-4-P deficient conditions, we anticipated that a similar sensitivity would be
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Figure 3.3 eaflA rtt109A double mutant displays additive effect on sec14-1" growth
defects. Wildtype (WT; YKB1079), secl4-1° (YKB3144), rtt109A (YKB4073), secl4-
1°rtt109A (YKB4074), eafliA (YKB3333), secl4-1®eafi/A (YKB3935), eaflA rtt109A
(YKB4083), and sec14-1® eaf1A rtt109A (YKB4084) cultures were grown in YPD at 30°C
prior to being diluted to an ODggo Of 0.1 and 4 times 10-fold serial dilutions were spotted on
YPD media for two days at 30°C, 33.5°C, or 37°C. Representative images of three
separate experiments are shown.
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shared across other NuA4 mutant strains. To confirm this, we assessed the effect of two other
NuA4 mutants, eaf7A and esal-L254P®, on Secl4 inactivation and OSH4 overexpression
(Figure 3.4). esal-L254P" is a temperature-sensitive mutant allele of the essential catalytic
gene ESA1 (CLARKE et al. 1999). As expected, both eaf7A and esal-L254P" increased the
growth defects of sec14-1® compared to wildtype at semi-permissive temperature (Figure
3.4A). Similarly, both eaf7A and esal-L254P" strains increased the growth defects towards
OSH4 overexpression compared to wildtype at a similar extent as eaffA (Figure 3.4B). This
suggests that the entire NuA4 complex is required to buffer the effect of Sec14 inactivation and
Osh4 overexpression. Additionally, we determined that the role of NuA4 within this pathway
were not simply due to regulation of either endogenous or induced Osh4 protein levels (Figure
3.5). In conclusion, we have determined that the NuA4 complex is required to buffer the toxic
effect of Secl4 inactivation and OSH4 overexpression suggesting a role for NuA4 in the

regulation of phospholipid homeostasis.

3.2.3 NuA4is required for both OSH4- and CKI1-dependent sec14 bypass.

We next sought to determine the cause of the genetic interaction between NuA4 mutants
and sec14-1®. Mutations within PIl-4-P or PC metabolic pathways can suppress sec14 mutants
and are known as “secl14 bypass” pathways. Deletion of OSH4/KES1, encoding for a conserved
P1-4-P binding protein which activates the Sacl PI-4-P phosphatase, can restore viability to the
temperature-sensitive sec14-1% strain, by preventing PI-4-P depletion (FANG et al. 1996; FAIRN
et al. 2007; STEFAN et al. 2011). Alternatively, deletion of CKI1, or any genes within the CDP-
choline pathway, can also restore viability to the sec14-1° strain by inhibiting PC biosynthesis
and preventing PA depletion (CLEVES et al. 1989; CLEVES et al. 1991; PATTON-VOGT et al.
1997). Therefore, we wanted to determine whether deletion of OSH4 or CKI1 could bypass the
synthetic lethality observed in a secl4-1®eaffA double mutant. Although deletion of OSH4,

could, as expected, completely suppress the growth defects of sec14-1" at 37°C, the growth of
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Figure 3.4 NuA4 mutants are hypersensitive to Pl-4-P-depleted conditions. A) NuA4
mutants display negative genetic interactions with sec14-1%. Wildtype (WT; YKB1079),
sec14-1° (YKB3144), eafliA (YKB3333), sec14-1° eaf1A (YKB3935), eaf7A (YKB3292),
secl4-1° eaf7A (YKB4068), esal-L254P"° (YKB4236), and secl4-1° esal-L254P"
(YKB4242) cultures were grown in YPD at 30°C prior to being diluted to an ODggg of 0.1
and 4 times 10-fold serial dilutions were spotted on YPD for two days at 30°C, 32°C,
33.5°C, or 37°C. Representative images from three separate experiments are shown. B)
OSH4 overexpression-induced toxicity is increased in NuA4 mutants. Wildtype (WT,;
YKB1079), eaffA (YKB3333), eaf7A (YKB3292), and esal-L254P° (YKB4236) were
transformed with an empty vector (pRS415), or with a vector containing OSH4 under a
tetracycline-inducible GAL promoter (ptet-OSH4; PKB321). Cultures were grown in SD-His
at 30°C prior to being diluted to an ODgq of 0.1 and 4 times 10-fold serial dilutions were
spotted on non-inducible media (Raffinose, - tetracycline) or inducible media (Galactose, +
10 ng/ml tetracycline) for three days at 30°C or 32°C.
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Figure 3.5 EAF1 deletion mutant does not affect Osh4 protein levels A) Protein levels
of Osh4 were compared wildtype (WT; YKB1079), sec14-1° (YKB3144), eaf1A (YKB3333),
and sec14-1"eaf1A (YKB3935). Cultures were grown in YPD at 30°C prior to being shifted
in preheated YPD media for four hours at 30°C, 33.5°C, or 37°C. B) Protein levels of Osh4
were compared in wildtype (WT; YKB1079) and eaffA (YKB3333) transformed with an
empty vector (pRS415), or with a vector containing OSH4 under a tetracycline-inducible
GAL promoter (ptet-OSH4; PKB321). Cultures were grown in SD-His at 30°C prior to being
shifted to non-inducible media (Raffinose, - tetracycline) or inducible media (Galactose, +
10ng/ml tetracycline) for four hours at 30°C. Whole cell lysates were prepared and 12 ug
resolved on 7.5% SDS-PAGE gel, and subjected to Western blot analysis with a-Osh4
antibodies. Osh4 signal was normalized to total protein amount loaded in each well, shown
below the immunoblot. using the methods described in (TAYLOR AND POsScH 2014). Top
panel is representative immunoblot image of three separate biological replicates. Bar graph
displays the mean normalized signal (N=3, +S.E.M.) of Osh4 for each sample relative to A)
WT 30°C sample, and B) WT with empty vector (Raffinose) sample.
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of the triple mutant strain sec14-1®eaffAosh4A was only partially rescued at 33.5°C, and
remained inviable at 37°C (Figure 3.6A). Similarly, cki1A was unable to completely suppress
the growth defects of sec14-1"eaf1A at 33.5°C and was unable to grow at 37°C (Figure 3.6A).
As this may reflect the temperature sensitivity and growth defects of eaflA cells (AUGER et al.
2008; AUESUKAREE et al. 2009), we also determined the suppression capability of osh4A and
ckilA on secl4-1®eaf7A and sec14-1®esal-L254P®, While deletion of OSH4 could rescue
secl4-1%eaf7A at 33.5°C, only partial rescue could be achieved at 37°C (Figure 3.6B). In
contrast deletion of CKI1 resulted in minimal suppression of secl4®eaf7A at 37°C (Figure
3.6B). While deletion of OSH4 and CKI1 could partially suppress the secl4-1%esal-L254P" at
33.5°C, no suppression was detected at 37°C, suggesting that the essential function of Esal is
likely not phospholipid metabolism (Figure 3.6C). However, it must be noted that suppression of
sec14-1®eaflA is background dependent, as deletion of OSH4, but not CKI1, can completely
suppress secl4-1%eaflA in a different strain background, SEY6210/SEY6211 (Huang et al.

2016; preparing for submission to Cell).

Since both OSH4-dependent and CKIl1-dependent Secl4-bypass pathways requires
phosphatidic acid (PA) and the activity of the Phospholipase D Spol4 (PATTON-VOGT et al.
1997; SREENIVAS et al. 1998; XIE et al. 1998), we sought to assess if NuA4 and Spol4 worked
within the same pathway. We compared the growth of the double mutant eaf1Aspo714A and
triple mutant sec14-1®eaf1Aspo14A with their respective single and double mutants (Figure
3.7A). As previously determined, the secl4-1spo714A displayed a growth defect upon
increased temperature (CURWIN et al. 2009). We also determined that the double mutant
eaf1Aspo14A displays a synthetic growth defect at 30°C compared to the single mutants, and
that this growth defect is increased in combination with sec14-1" (Figure 3.7A). In contrast, the
negative genetic interaction between eaf1A and spo74A were not seen between eaf7A and

esal-L254P" with spo14A (Figure 3.7B-C). Eaf7 has been found both within NuA4 and as part
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Figure 3.6 NuA4 mutants impairs OSH4-- and CKI1l-dependent secl14 bypass.A) EAF1
deletion mutant, B) EAF7 deletion mutant, and C) ESAl temperature-sensitive mutant
impair OSH4- and CKll-dependent secl4 bypass. Wildtype (YKB1079), sec14-1°
(YKB3144), eafiA (YKB3333), secl4-1eaflA (YKB3935), osh4A (YKB3343), secl4-
1®0osh4A (YKB3344), eafliA osh4A (YKB4056), secl4-1%eaf1A osh4A (YKB4061), cki1A
(YKB4273), secl4-1%cki1A (YKB4275), eafliA ckilA (YKB4277), secl4-1%eafiA cki1A
(YKB4278), eaf7A (YKB3292), secl4-1®eaf7A (YKB4068), osh4A (YKB3343), secl4-
1®0sh4A (YKB3344), eaf7A osh4A (N/A), secl4-1®eaf1A osh4A (N/A), ckilA (YKB4273),
secl4-15cki1A (YKB4275), eaf7A ckilA (YKB4279), secl4d-1®eaf7AckilA (YKB4281),
esal-L254P" (YKB4236), sec14-1° esal-L254P" (YKB4242), esal-L254P"0osh4A (N/A),
sec14-1®esal-L254P"0sh4A (N/A) cultures were grown in YPD at 30°C prior to being
diluted to an ODgy of 0.1 and 4 times 10-fold serial dilutions were spotted on YPD for two
days at 30°C, 32°C, 33.5°C, or 37°C. Representative images of three separate experiments
are shown.
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Figure 3.7 EAF1 deletion mutant displays synthetic sickness with SPO14 deletion
mutant.A) EAF1, B) EAF7, and C) ESA1 mutants genetic interaction with SPO14 deletion
mutant. spo74A (YKB3113), sec14-1° spo14A (YKB4261), spo14A eaflA (YKB4263),
secl4-1® spo14A eaflA (YKB4264), spo14A eaf7A (YKB4269), secl4-1spo14A eaf7A
(YKB4271), esal-L254P®spol4A (YKB4265), and secl4-1®esal-L254P"spol4A
(YKB4267) cultures were grown in YPD at 30°C prior to being diluted to an ODggg of 0.1
and 4 times 10-fold serial dilutions were spotted on YPD for two days at 30°C, 32°C,
33.5°C, or 37°C. Representative images of three separate experiments are shown.
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of the TINTIN complex (ROSSETTO et al. 2014; BHAT et al. 2015); therefore its genetic

interaction with Sec14 might be independent of NuA4 and would not necessarily share the same
interactions as Eafl. Furthermore, the temperature sensitive Esal mutant would not share the
same phenotype as a complete null mutation which could explain why we do not see a similar
interaction with spo14A as we did with eaffA. For these reasons, we believe that NuA4 is
necessary to suppress defects in Sec14 function through a mechanism independent of SPO14.

3.2.4 ICRE-regulated phospholipid genes are not fully derepressed in EAF1 mutant
background.

Given the importance of transcriptional regulation to lipid homeostasis, we next sought to
determine whether the synthetic genetic interaction between sec14-1* and NuA4 mutants could
reflect misregulation of lipid metabolic genes expression. In collaboration with the Stintzi lab
(uOttawa), we compared mRNA gene expression between sec14-1® and sec14-1%eaflA using
RNA deep sequencing. RNA samples from three biological replicates were extracted from mid-
log phase cells that were shifted to semi-permissive temperatures (33.5°C) for two hours to
briefly inactivate sec14-1%. In summary, over 8 million reads were obtained for each sample
identifying at least 89% of the annotated open reading frames in the Saccharomyces genome
database (CHERRY et al. 2012; ENGEL et al. 2014). Analysis of the ERCC spike-in standard
revealed that all samples had an R? correlation ranging from 0.92-0.95 (Figure 3.8A). These
results indicate our rRNA depletion and library construction was consistent and unbiased across
samples. Principal component analysis determined that the majority of the variance between
samples is attributable to the differences between the two different strains and not their
biological replicates (Figure 3.8B). Only a subset of genes were found to be significantly
downregulated (103 genes/1.84%) or upregulated (183 genes/3.11%) in secl4-1%eaf1A
compared to sec14-1% by a fold change = 2 and FDR adjusted p-value < 0.05 (Figure 3.9A,

Table S3-S4).
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Figure 3.8 ERCC standard validation and principal component analysis for RNA-seq
samples. A) Representative ERCC standard curve. Graph shows standard curve
calculated for one biological replicate of sec14-1®. Log2 transformed ERCC counts are
plotted on the y-axis while Log2 transformed ERCC concentrations are plotted on the x-
axis. B) Principal component analysis of the normalized gene counts. The graph plots the
first two principal components. As expected, the RNA-seq datasets separate by genotype
on PC1, demonstrating that the majority of variance is explained by genotype and not by
biological replicate. Annika Flint and James Butcher (Stintzi lab; UOttawa) performed
experiments and created graphs.
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Figure 3.9 Transcriptional profiling of sec14-1eaf1A and sec14-1"* reveal that ICRE-
regulated phospholipid genes are not significantly upregulated.A) Volcano plot for
differentially expressed genes (secl4-1%eaf1A (YKB3935) vs. sec14-1° (YKB3144)) from
RNA-sequencing experiments. Differential expression levels of aligned sequences were
calculated using significant thresholds set at Log, fold change=2 and FDR adjusted p-
value<0.05. Significant differentially expressed genes are in red. In blue are significantly
changed lipid metabolic genes described in B). B) Table listing significantly downregulated
and upregulated lipid metabolic genes. C) Confirmation of mMRNA expression of lipid
metabolic genes identified in transcriptome comparison of sec14-1®eaflA and sec14-1°.
Strains were grown to log phase in YPD at 30°C then shifted to 33.5°C for two hours prior
to RNA extraction. mRNA expression levels were normalized to TDH3 and ACT1
expression. The mean normalized Log, fold expression (+S.E.M.) from three biological
replicates is shown. Statistical analysis was performed by unpaired two-tailed t-test: *p-
value<0.05. D) Relative expression levels of ICRE-containing phospholipid genes between
secl4-1®eaf1A and secl4-1®. Genes are ordered from lowest to highest fold-change
expression. Annika Flint and James Butcher (Stintzi lab; UOttawa) performed RNA-seq
experiments.
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Deletion of EAF1 in the sec14-1® background resulted in the decreased expression of the
purine biosynthesis genes (ADE1, ADE12, ADE17) phosphate metabolic genes (PHO3, PHO5,
PHO11, PHO12) and a large cluster of genes associated with ribosomal biogenesis (Table S3-
S5) which is in agreement with previously published studies (REID et al. 2000; KROGAN et al.
2004; NOURANI et al. 2004; LINDSTROM et al. 2006; CHENG et al. 2015). Upregulated genes
common to previous eaffA transcriptome studies and secl4-1®eaf1A included the stress
response genes (DDR2, HSP12, HSP26) (LINDSTROM et al. 2006; CHENG et al. 2015) (Table
S4-S6), altogether demonstrating the genes that are regulated by NuA4 independent of SEC14.
However, our main purpose was to focus on genes that were both implicated in phospholipid

metabolism and that were differentially regulated by NuA4 in sec14-1" background

Only 8 genes involved in phospholipid metabolism displayed significant transcriptional
change (Figure 3.9B). Downregulated genes included the steryl ester hydrolase YEH1, the
phosphatidate cytidylyltransferase (CDP-diglyceride synthetase) CDS1, the phospholipase B
PLB2, and BCP1, which encodes a protein implicated in phosphatidylinositol-4,5-biphosphate
(P1-4,5-P,) synthesis. Upregulated genes included the inositol-3-phosphate synthase INO1, the
fatty acid synthases FAS1 and FAS2, along with the phospholipase B PLB3. As recent evidence
suggests that the contribution of phospholipase B enzymes toward phospholipid turnover in-vivo
is negligible (MoRA et al. 2012), we focused our attention on the remaining six genes. For each
of the lipid metabolic genes, the changes in expression detected by next generation sequencing
analysis were confirmed through gRT-PCR (Figure 3.9C). Intriguingly, four out of the six genes

confirmed contain an inositol-choline repressible element (ICRE) in their promoter.

If NuA4 is regulating transcription of ICRE-containing genes, one would anticipate that
other ICRE-containing phospholipid metabolic genes would be similarly derepressed as INO1
(Figure 3.9D); however, this was not the case. While the expression of FAS1 and FAS2 were

significantly upregulated in secl4-1®eaflA cells, CDS1 was down-regulated. Indeed the
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expression of the majority of ICRE-containing phospholipid genes did not display significant
changes in gene expression in our transcriptome profile, including the transcription factor INO2,
whose expression remained close to basal level (Figure 3.9D). Derepression of INO1
expression is normally preceded by increased levels of INO2 which subsequently dimerizes with
INO4 and binds to ICRE-gene promoters to promote transcription (AMBROZIAK AND HENRY 1994;
ASHBURNER AND LOPES 1995). Our transcriptome analysis provides evidence of INO1
derepression happening independently of INO2 derepression, suggesting that the transcriptional
derepression of INO1 in secl4-1%eaflA is not characteristic of the typical Opi- transcriptional
response. This demonstrates that the ICRE-regulated phospholipid genes are not properly
regulated in NuA4 mutants which could negatively impact phospholipid homeostasis under

conditions requiring these genes

3.2.5 Overexpression of CDS1 or BCP1 do not rescue growth defect of sec14-1"eafl4

We next sought to determine if the misregulation of ICRE-regulated phospholipid genes
was contributing to the synthetic sickness of sec14-1%eaf1A strain. We hypothesized that if the
sickness defect was the result of decreased Cdsl activity, then overexpression of CDS1 would
rescue the growth defect of secl14-1%eaflA cells. To test this we generated a doxycycline-
inducible CDS1-TAP strain. While overexpression of CDS1 did not impact growth of wildtype or
sec14-1* cells, overexpression of CDS1 caused synthetic dosage sickness with eaflA at 30°C
and the genetic interaction increased at 33.5°C (Figure 3.10A). Further, overexpression of
CDS1 did not rescue sec14-1%eaflA cells, indicating that the genetic interaction between eaflA
and sec14-1® is not due to a decrease in CDS1 gene expression. Similarly overexpression of

BCP1 did not rescue the growth defect of secl4-1° eaflA cells (Figure 3.10B).
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Figure 3.10 CDS1 and BCP1 overexpression does not suppress the synthetic
sickness interaction of secl4-1®eaffA. A) CDS1 overexpression and B) BCP1
overexpression does not suppress secl4-1%eafiA. CDS1-TAP or BCP1-TAP under a
tetracycline-inducible promoter was integrated into the ADEZ2 locus region in WT (BY4741),
secl4-1® (YKB3144), eafiA (YKB3333), and secl4-1®eafiA (YKB3935) strain
backgrounds. Cultures were grown in YPD at 30°C prior to being diluted to an ODgqo of 0.1
and 4 times 10-fold serial dilutions were spotted on YPD with indicated amount of
doxycycline for two days at 30°C, 33.5°C, or 37°C. Representative images of three
separate experiments are shown.
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3.2.6 NuA4 mutants exacerbate the growth defects of sec14-1* under inositol-depleted
conditions

We next asked if NuA4-dependent regulation of inositol impacted the growth of secl4-
1®. The growth defects of sec14-1" on inositol-depleted media can be suppressed by mutants
which exhibit an overproduction of inositol phenotype (Opi-) due to the derepression and
transcription of the rate limiting biosynthetic enzyme within this pathway, INO1 (PATTON-VOGT et
al. 1997; CHANG et al. 2002). Surprisingly, we (Figure 3.9) and others have shown that the
NuA4 mutants exhibit a derepression of INO1 and inositol production or Opi- phenotype
(HANcockK et al. 2006; SALAS-SANTIAGO AND LoOPES 2014). We then anticipated that NuA4
mutants would suppress the growth defect of sec14-1® under inositol-depleted conditions. To
test this hypothesis, NuA4 mutants eaflA, eaf74, and the temperature sensitive ESA1 mutant,
esal-L254P" (CLARKE et al. 1999), were crossed with sec14-1® and growth was assessed
under both inositol-replete and -depleted conditions (Figure 3.11). As expected, sec14-1%eaf7A
cells display synthetic sickness upon increased temperature in inositol-supplemented media
(CURWIN et al. 2009)(Figure 3.6), and similar interactions were seen for the double mutants of
secl4-1® with eaflA and esal-L254P®. As was also expected, sec14-1® cells exhibited a
growth defect in inositol-depleted media at the semi-permissive temperature 33.5°C (PATTON-
VOGT et al. 1997) (Figure 3.11A). While the eaflA and eaf7A single mutants grew similarly
between both conditions, (Figure 3.11A-B), we were surprised to see that esal-L254P" cells
displayed growth defects in inositol-depleted media (Figure 3.11C). In combination, the double
mutants sec14-1%eaf1A, secl4-1%eaf7A, and secl4-1®esal-L254P" all showed a synthetic
growth defect at 30°C in inositol-depleted media compared to sec14-1° (Figure 3.11). These
results suggest that, though eaf1A and eaf7A do not display detectable growth defects under
inositol-depleted conditions like esal-L254P", these mutants do in fact exacerbate these growth
defects for sec14-1®° under normally permissive temperatures. However as the synthetic

sickness between NuA4 mutants and sec14-1° at the semi-permissive temperature could not be
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Figure 3.11 NuA4 mutants exacerbate the growth defects of sec14-1" in inositol-
depleted media.Combination of the NuA4 mutants A) eaflA, B) eaf7A, and C) esal-
L254P" increase the growth defects of the SEC14 temperature-sensitive mutant, sec14-1%,
under inositol-depleted conditions. Wildtype (YKB1079), secl4-1° (YKB3144), eaflA
(YKB3333), secl4-1®eafl1A (YKB3935), eaf7A (YKB3292), secl4-1%eaf7A (YKB4068),
esal-L254P® (YKB4236), and secl4-1®esal-L254P" (YKB4242) cultures were grown to
mid-log phase prior to being diluted to an ODgyo 0Of 0.1 and 4 times 10-fold serial dilutions
were spotted on SC-inositol media supplemented with indicated amount of myo-inositol.
Plates were incubated for two days at 30°C, 32°C, or 33.5°C and images are
representative of three biological replicates.

67



rescued by supplemented inositol, this suggest that inositol defects are not the root-cause of the

OSH4/CKI1-independent mechanisms by which NuA4 is required to buffer sec14-1" defects.

3.2.7 Lipid droplet formation is impaired in sec14-1%eaf14

Given the fact that ICRE-regulated genes are misregulated in NuA4 mutants, we wanted
to determine which, if any, lipid metabolic pathways were affected in sec14-1®eaflA. Under
inositol depleted conditions, not only do cells require inositol but also the ability to synthesize
both TAG and SE, or neutral lipids, for survival (GASPAR et al. 2011). Intriguingly, like sec14-
1®eaflA cells, dga1Alro1Aare1Aare2A cells- a strain with abolished triacylglycerol (TAG) and
steryl ester (SE) biosynthesis- is not able to grow in the absence of inositol at higher
temperatures, this despite INO1 expression (GASPAR et al. 2011). Therefore, we asked if sec14-
1®eaf1A increased growth defects under inositol-depleted conditions were due to defects in
TAG and SE biosynthesis. The formation of lipid droplets is an established proxy for TAG and
SE biosynthesis (WANG 2015). Therefore, we examined lipid droplet formation under inositol-
replete and -depleted conditions in the wildtype, sec14-1%, eaflA, and sec14-1%eaflA strains at
30°C using a fluorescent lipid-droplet marker (Figure 3.12A). Upon inositol-depletion, both
wildtype and sec14-1" cells emitted a nearly 3-fold increase in fluorescence density compared
to inositol-supplemented conditions, which is in agreement with previous reports of increased
neutral lipid levels in cells under inositol-depleted conditions (Figure 3.12A-B) (GASPAR et al.
2011). In contrast, deletion of eaf1A in either the wild type or sec14-1" background resulted in a
reduction in the fluorescence intensity of lipid droplets. This finding suggests that neutral lipid
biogenesis is significantly impaired in eaflA, which could explain the increased growth defects
of sec14-1"eaflA cells under inositol-depleted conditions.

3.2.8 Inhibition of de novo fatty acid biosynthesis has a detrimental effect on sec14-1*
growth and is epistatic with eaflA

To investigate if defects in neutral lipid biosynthesis were the cause of the secl4-
1®eaf1A increased growth defects under inositol-depleted conditions, we examined the growth
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Figure 3.12 Lipid droplet dynamics is impaired in EAF1 deletion mutants. A) Wildtype
(YKB1079), sec14-1° (YKB3144), eaf1A (YKB3333), and secl4-1®eaf1A (YKB3935) were
grown to mid-log phase in SC media at 30°C before shifting to inositol-supplemented (75
MM myo-inositol) SC media or inositol-depleted SC media for 2 hours at 30°C prior to being
stained with 10uM BOPIDY 493/503 for 10 min before imaging. Images shown are mid-field
view of representative cells for each sample (Scale bar =10 um). B) Graphic display of the
mean relative fluorescence density for each strain and condition. Cells were first
segmented from brightfield images using a custom Matlab script then fluorescence was
measured for each cell using the outlines (see Materials and Methods for details). Mean
fluorescence density was measured from 100 cells across three biological replicates
relative to WT fluorescence in inositol supplemented media (+S.E.M.). Statistical analysis
was performed by one-way ANOVA with Tukey’s multiple comparisons test: *p-value <0.05;
n.s. not significant. Danny Salem (Kaerns lab; UOttawa) measured fluorescence density
(Figure 3.12A).
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Figure 3.13 Inhibition of fatty acid biosynthesis causes synthetic growth defect in
sec14-1"* A) Genetic inhibition of triacylglycerol and steryl ester biosynthesis does not
affect the growth of sec14-1%. Wildtype (YKB1079), dgalAlro1Aare1Aare2A (d.l.a.a.A;
YKB4336), secl4-1® (YKB3144), secl4-1°d.la.a.A (YKB4337), eafiA (YKB3333),
eafiAd.la.a.A (YKB4338), secl4-1®eafliA (YKB3935), and secl4-1®eafliA d.la.a.A
(YKB4339) cultures were grown in YPD at 30°C prior to being diluted to an ODggg of 0.1
and 4 times 10-fold serial dilutions were spotted on SC-inositol media supplemented with
indicated amount of myo-inositol and incubated for two days at 30°C. B) Inhibition of fatty
acid biosynthesis by cerulenin treatment causes synthetic growth defect with sec14-1°.
Wildtype (YKB1079), sec14-1° (YKB3144), eaf1A (YKB3333), sec14-1®eaf1A (YKB3935),
cultures were grown in YPD at 30°C prior to being diluted to an ODggo of 0.1 and 4 times
10-fold serial dilutions were spotted on YPD with indicated amounts of cerulenin for two
days at 30°C. Images are representative of three biological replicates.
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of sec14-1" strains when both TAG and SE biosynthesis are eliminated (Figure 3.13A). TAG
and SE biosynthesis can be completely abolished in yeast by deleting Dgal, Lrol, Arel, and
Are2- the proteins responsible for all neutral lipid biosynthesis in yeast (OELKERS et al. 2002;
SANDAGER et al. 2002). As previously shown, dgalAlrolAarelAare2A (d.l.a.a.A) cells do not
display defects in inositol-replete conditions, but become inositol auxotrophs at 37°C (GASPAR et
al. 2011) (Figure 3.13A). In inositol-replete or depleted conditions at 30°C,
dgalAlrolAarelAare2A (d.l.a.a.A) combined with sec14-1% or eaf1A does not impair growth.
Further, the addition of dgalAlrolAarelAare2A does not increase the growth defects of sec14-
1®eaflA cells at 30°C. This suggests the growth defect of sec14-1®eaffA under inositol-

depleted conditions or at higher temperatures is not due to defects in neutral lipid biosynthesis.

However, while inhibition of TAG and SE biosynthesis is not the cause of the growth
defects of sec14-1%eaflA in inositol-depleted media, loss of lipid droplet formation reflects
defects somewhere downstream of the neutral lipid biosynthesis pathway. Therefore, we
examined whether the de novo biosynthesis of fatty acids, a requisite precursor for neutral lipid
biosynthesis, was involved in the negative genetic interaction between sec14-1" and eaflA. For
this purpose, we used cerulenin -a fatty acid analog which inhibits the enzymatic activity of fatty
acid synthases FAS1 and FAS2 (KAWAGUCHI et al. 1979; KAWAGUCHI et al. 1982), to determine
the effect of inhibiting fatty acid biosynthesis on sec14-1® growth. We found that while the
growth of wildtype and eaf1A cells were not impacted by 2.5 uM cerulenin treatment at 30°C,
growth of sec14-1* cells were hypersensitive to these conditions (Figure 3.13B). Interestingly,
the cerulenin sensitivity at 30°C of sec14-1" cells was rescued by deletion of EAF1. At 32°C and
33.5°C, cerulenin treatment affected sec14-1" growth to a similar extent as secl4-1®eaflA in
the absence of cerulenin treatment which demonstrates an epistatic effect between deleting
EAF1 and inhibiting the fatty acid synthases FAS1/FAS2 on the observed sec14-1"° growth

defect, at least at higher temperatures. This suggests that the cause of the disrupted
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phospholipid homeostasis in NuA4 mutants, including their negative genetic interaction with
sec14-1* and the loss of lipid droplets, originates from defects within the fatty acid biosynthesis

pathway.

3.3 Discussion
The lysine acetyltransferase complex NuA4 is required for the sec14 bypass

The secl4 bypass phenotype offers important insight on pathways and mechanism
which coordinate lipid homeostasis in compensation for Sec14-deficient conditions. We report a
novel role for the lysine acetyltransferase complex, NuA4, as a mediator of these compensatory
pathways. Deletion or mutants of NuA4 subunits caused a consistent growth defect both in
sec14-1" background and in OSH4-overexpressed conditions (Figure 3.4). This proved to be
an effect particular to NuA4 mutants as most of the other KAT mutants and KDAC mutants,
other than rtt1094, did not affect the growth under sec14 conditions or of OSH4-overexpressed
conditions (Figure 3.1-3.2). We chose not to pursue our investigation into the role of Rtt109 on
the function of Secl4 as the deletion mutant’s effect on growth were not as important as Eafl
(Figure 2.1-2.2) and the negative genetic interaction between rtt1094 and eaflA suggested

distinct parallel roles between the two KATs on Secl14 (Figure 3.3).

Deletion of either OSH4 or CKI1 only partially suppressed Secl14-deficient growth defect
in a NuA4 mutant background (Figure 3.6). This implies that the sec14 bypass pathway relies
heavily on a functional NuA4 complex. However, a partial suppression also suggests that NuA4
mutants might genetically interact with sec14-1% through pathway both dependent and
independent of OSH4/CKI1. Recent communication with our collaborators at A&M University in
Texas, Dr. Vytas Bankaitis and Dr. Ju Huang, also noted that in their own strain background,
SEY6210/SEY6211, deletion of OSH4 completely suppresses the negative growth defects of
secl4-1®eaflA at 37°C, but deletion of CKI1 does not (Huang et al. 2016; preparing for

submission to Cell). This lead us to conclude that NuA4 might have multiple target within the
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lipid biosynthesis pathway that effect Sec14-deficient conditions, including some targets whose
function depend on OSH4. The subject of my second chapter will touch more on this subject.
For this aim, we decided to continue our investigation into the OSH4-idenpendent targets of

NuA4.

NuA4 mutants increase the inositol auxotrophy of sec14® cells despite INO1 induction
NuA4 mutants are known to exhibit the Opi- phenotype, which is the overproduction of
inositol caused by the derepression and transcription of INO1 (HANCOCK et al. 2006; SALAS-
SANTIAGO AND LOPES 2014). Although sec14-1" had been previously reported as having growth
defects under inositol-depleted conditions (PATTON-VOGT et al. 1997), a high-throughput study
that tested non-essential mutants for inositol auxotrophy did not identify any NuA4 mutants with
this phenotype (VILLA-GARCIA et al. 2011). We initially hypothesized that the introduction of
NuA4 mutants into a sec14-1* background would restore INO1 expression and rescue growth
on inositol-depleted media. Instead, we found that the combination of sec14-1® and NuA4
mutants resulted in an increased growth defect under inositol-depleted conditions, this despite
INO1 derepression (Figure 3.9- 3.11). In contrast, deletion mutants of genes within the CDP-
choline pathway, CKI1, PCT1 and CPT1, required for phosphatidylcholine synthesis have been
shown to not only exhibit an Opi- phenotype but also suppress the growth defect of the secl14-

1* mutant under inositol-depleted conditions (PATTON-VOGT et al. 1997; CHANG et al. 2002).

Although the mutants of the CDP-choline pathway exhibit a relatively stronger Opi-
phenotype then NuA4 mutants (HANCOCK et al. 2006), we did not expect the growth defect of
sec14-1" under inositol-depleted conditions to worsen in combination with NuA4 mutants. This
suggests that survival under inositol-depleted conditions requires more than just INO1 induction.
Our transcriptional data showed that derepression and transcription of INO1 was occurring in
secl4-1%eaf1A, but derepression was not extended to all ICRE-regulated phospholipid genes.

The main transcriptional activator of ICRE-regulated genes, INO2, which is normally induced
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under similar conditions as INO1, remained at basal levels of transcription in sec14-1%eaf1A
cells (Figure 3.9D). This suggests that the induction of INO1 in sec14-1%eaf1A cells, and other
NuA4 mutants (HANCOCK et al. 2006; SALAS-SANTIAGO AND LOPES 2014), may not be dependent
on INO2, potentially explaining why most ICRE-regulated genes are not induced in secl4-

1%eaf1A cells.

One possible mechanism for the induction of INO1 expression in secl14-1%eaf1A cells
could be through the downregulation of CDS1 expression (Figure 3.9). It has been shown that
lowering expression of the essential gene CDS1 causes on Opi- phenotype and induction of
INO1 expression, much like NuA4 mutants (SHEN AND DOWHAN 1996; SALAS-SANTIAGO AND
LorPes 2014). However, reduction of CDS1 causes an increase in both PA and TAG levels
resulting in super-sized lipid droplets (FEI et al. 2011), which is not seen in eaf1A cells (Figure
3.12). One intriguing possibility is the Opi- phenotype of NuA4 mutants is an indirect
consequence of the cell trying to compensate for defects in TAG and SE biosynthesis, resulting
in the reduction of CDS1. This may also explain why overexpression of CDS1 is toxic in eaf1A
cells (Figure 3.10A). Indeed, it remains to be determined if NuA4-dependent acetylation of
histones is directly regulating the transcription of the eight lipid metabolism genes identified in
our screen, or if the changes in gene expression reflect a transcriptional compensation

mechanism independent of NuA4’s nuclear activity.

NuA4 regulates lipid droplet formation through the fatty acid biosynthesis pathway

A decrease in lipid droplet formation despite the derepression of INO1 expression is
characteristic of the quadruple mutant dgalAlrolAarelAare2A that is unable to synthesize
neutral lipids (MULLNER AND DAUM 2004; GASPAR et al. 2011). Further, like our esal-L254P"
mutant cells (Figure 3.11C), dgalAlrolAarelAare2A cells are sensitive to inositol-depleted

conditions (GASPAR et al. 2011). However, the loss of neutral lipid biosynthesis did not account
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for the negative genetic interaction between NuA4 and Secl4 nor did it account for the

increased growth of sec14-1®eaf1A on inositol-depleted media at 30°C (Figure 3.13A).

An alternative explanation could be that defective lipid droplet formation in eaf1A cells is
caused by a lack of fatty acid substrate. We demonstrated that the inhibition of the fatty acid
biosynthesis pathway by cerulenin dramatically increased the growth defect of sec14-1° to a
similar extent as untreated sec14-1%eaf1A at 32°C and 33.5°C (Figure 3.13B). As inhibition of
the fatty acid biosynthesis pathway did not further decrease the viability of secl4-1%eaf14, it
would suggest that fatty acid biosynthesis may already be compromised in eaf1A cells at higher
temperatures. The suppressive effect of sec14-1%eaf1A on cerulenin treatment compared to
sec14-1%at 30°C remains unresolved. Potentially, increased expression of both FAS1 and FAS2
in sec14-1"eaflA (Figure 3.9) may be able to buffer the effects of cerulenin at 30°C, but, upon
increasing temperatures, the negative effect of eaf1A on sec14-1" outweighs the negative effect
of cerulenin. The fact remains that the effect of inhibiting fatty acid synthases in sec14-1" cells
is hon-additive to the effect of deleting EAF1, which suggests an epistatic interaction between

EAF1 and FAS1/FAS2.

Our proposed theory that NuA4 regulates the fatty acid biosynthesis pathway accounts
for most of the phenotypes reported in this paper. Inhibition of the fatty acid biosynthesis
pathway negatively affects neutral lipid biosynthesis and lipid droplet formation as they are the
principal substrates in these pathways (HENRY et al. 2012; WANG 2015). Similarly to NuA4
mutants, downregulation of the fatty acid biosynthesis pathway leads to the derepression and
transcription of INO1 (SHIRRA et al. 2001). Whether or not the inhibition of the fatty acid
biosynthesis pathway is the primary cause behind INO1 transcriptional activation in NuA4
mutants remains to be confirmed. One potential experiment to test this hypothesis would be to
determine the effect of overexpressing FAS1/FAS2 in the NuA4 mutants to see whether or not

they can suppress INO1 transcriptional activation and lipid droplet decrease. Conversely, the
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opposite effect is observed when this pathway is activated. Overexpression of genes
responsible for fatty acid biosynthesis represses the transcription of INO1 (SHIRRA et al. 2001,
FEDDERSEN et al. 2007) and increased fatty acid biosynthesis causing a dramatic accumulation
of lipid droplet (HOFBAUER et al. 2014). This suggests that NuA4 is a positive regulator of the
fatty acid biosynthesis pathway. While this could occur through NuA4-dependent regulation of
transcriptional events, NuA4 may also have potential targets within the fatty acid biosynthesis
pathway. Indeed, lysine acetylation of proteins in this pathway, including Fasl and Fas2, have
been detected in both yeast and higher organisms (CHOUDHARY et al. 2009; HENRIKSEN et al.
2012; WEINERT et al. 2014; DOWNEY et al. 2015; MADSEN et al. 2015). In order to determine if
acetylation of Fasl/Fas2 is regulating their function, one could determine the specific lysine
residues that are targeted by acetylation and conduct fatty acid synthase activity assay on
mutants that mimic either its acetylated form (lysine to glutamine) or unacetylated form (lysine to
arginine). Alternatively, hyper-activation of AMPK1/Snfl in NuA4 mutants (Lu et al. 2011) might
also contribute to downregulation of the fatty acid biosynthesis pathway (HOFBAUER et al. 2014).
In order to determine if this is the case, we could compare lipid droplet formation and INO1
transcription in mutant strains that express the Snfl hyperactive mutant (LU et al. 2011). While
the mechanism(s) through which NuA4 is contributing to cellular lipid homeostasis remain to be

deciphered, our work introduces that NuA4 have underappreciated roles in lipid homeostasis.
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4 Chapter 2: The effect of lysine acetylation on Oxysterol-Binding

Proteins

4.1 Brief introduction
In the previous chapter, we had demonstrated that NuA4 mutants had deleterious effects

on both OSH4- and CKIll1-dependent secl4 bypass (Figure 3.6). However, we had also
discussed the possibility that NuA4 has multiple targets within the phospholipid metabolic
pathways, some of which whose function were dependent on OSH4. The growth defect
between NuA4 mutant eaflA and Secl4 mutant, sec14-1%, were at least somewhat dependent
on OSH4 because osh4A partially suppressed secl14-1%eaflA growth defects (Figure 2.6A).
Additionally, we have evidence that the extent of the suppressive effect of osh44A on secl4-
1®eaflA is even greater in another yeast background (Huang et al. 2016; preparing for
submission to Cell). Furthermore, we found within a previously conducted genome-wide
synthetic dosage lethal screen that eaf7A specifically inhibited CKI1-dependent secl4 bypass
but not OSH4-dependent sec14 bypass (FAIRN et al. 2007). Therefore, we hypothesized that
NuA4 could be targeting proteins whose function directly related to Osh4. Osh4 is a conserved
lipid-binding protein that regulates PI-4-P metabolism by stimulating the activity of the PI-4-P
phosphatase Sacl which subsequently hydrolyses Pl-4-P into Pl (FAIRN et al. 2007; STEFAN et
al. 2011). Prior to the start of our investigation, results from a high-throughput acetylome study
identified three acetylation sites on Osh4: K109, K168, and K247 (HENRIKSEN et al. 2012). The
function of Osh4 depends on its lipid-binding affinity towards PI-4-P and sterols that requires
specific interactions between the lipid and several side chains of the amino acid sequence of
Osh4, including lysine K109 and K168 (IM et al. 2005; RAYCHAUDHURI et al. 2006; DE SAINT-
JEAN et al. 2011). This led us to believe that lysine acetylation could potentially regulate the

function of Osh4.
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In this study, we screened point mutants of Osh4 that replicated either acetylated lysine
or unacetylated lysine and discovered that the acetylated mimic, K109Q, inhibited both the
function and localization of the protein in-vivo while the unacetylated mimic, K109R, retained
some function and was localized similar to wildtype Osh4. Finally, we discovered that one other
homologue of Osh4, Oshl, is also acetylated on the Osh4 K109-equivalent lysine residue,
K874. Altogether our model suggests a potentially conserved mechanism by which acetylation

inhibits the function of Oxysterol-Binding Proteins.

4.2 Results

4.2.1 Osh4 conserved lysine residue and potential acetylation site, K109, is critical for
function

We initially attempted to confirm the acetylation sites on Osh4 using a mass
spectrometry-based approach adapted for purified protein complexes (MITCHELL et al. 2013). As
a proof of our mass spectrometry method, we analyzed the peptide sequences of a purified
Osh4 recombinant protein sample containing an incorporated acetyl group on lysine K109
(Osh4-K109Ac) (Table 4.1 ID#1) (Huang et al. 2016; Preparing for submission to Cell). As
expected, we were able to detect acetylation on lysine K109 on six unique peptides from Osh4-
K109Ac samples. In comparison, we could not detect any acetylation sites on wildtype Osh4
recombinant protein without the incorporated acetyl group (Table 4.1 ID#2). The fact that we
could detect acetylation on lysine K109 of Osh4 on the recombinant protein validates this

particular method used to identify acetylation on purified Osh4.

Our next goal was to attempt to identify naturally occurring acetylation sites on Osh4
purified from yeast cells. For experimental purposes, we varied the purification strategy of Osh4
by using different epitope tags (GFP, TAP), different growth conditions (log phase, stationary
phase, temperatures), and different strain backgrounds (rpd3A4sir24, sec14-1%) in order to

increase our chance of finding acetylation sites on Osh4 (Table 4.1 ID#3-9). For each

80



Table 4.1 LC/MS/MS experiment conducted on Osh4 samples

ID LC/MS/MS experiment* # of Total peptides Protein Detected
replicates (Unique sequence acetylation
peptides) coverage site(s)
(# peptide(s))
1 Osh4-K109Ac 1 280 (82) 76% K109
(recombinant protein) (6)
2 Osh4 1 570 (98) 81% -
(recombinant protein)
3 IP-GFP: Osh4-GFP 1 361(118) 85.7% -
4 IP-TAP: Osh4-TAP 2 760 (85) 85% -
646 (76) 84%
5 IP-TAP: Osh4-TAP 1 71 (60) 81.6% -
(stationary phase)
6 IP-TAP: Osh4-TAP 2 403(79) 84% -
(rpd34 sir24) 763(83) 85% -
7 IP-TAP: Osh4-TAP 1 71(63) 73.3% -
(stationary phase; rpd34 sir24)
8 IP-GFP: Osh4-GFP 1 78(59) 7% -
(sec14-1%; non-permissive temperature)
9 IP-TAP: Osh4-TAP 1 135(64) 71% -

(sec14-1"; non-permissive temperature)

* Complete MS results, including spectras, are available upon request
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experiment, the protein sequence coverage of Osh4 surpassed 70% and included coverage of
the regions surrounding all three previously identified acetylation sites (K109, K168, K247).
However, despite favorable sequence coverage, including peptides covering K109 amino acid,
we were unable to detect acetylation on any peptide sequences of Osh4. Furthermore,
subsequent analysis for different post-translation modifications failed to identify any significant
modifications on Osh4. Our results would suggest that lysine acetylation does not target Osh4
to an appreciable extent. However, as methods for detecting acetylation sites on extracted
proteins are still being optimized, our results cannot conclusively refute the hypothesis that
Osh4 is acetylated in-vivo. We therefore pursued our investigation on the previously identified

acetylation sites.

We generated point mutations by site-directed mutagenesis on each of the previously
detected acetylation sites (K109, K168, K247) to either mimic its acetylated state (lysine (K) to
glutamine (Q)) or mimic its unacetylated state (lysine (K) to arginine (R)). We confirmed stable
protein expression for each generated point mutants by immunoblot which, at the same time,
suggests that acetylation does not affect protein levels of Osh4 (Figure 4.1A). Two distinct
growth assays were used to assess the effect of each mutant on the function of the protein
(Figure 4.1B-C). The first growth assay addressed the ability of each mutant to rescue the
lethality of an Osh-deficient strain. In yeast, the seven Oxysterol-Binding Protein homologues
share a redundant essential function for growth and viability and the expression of a functional
copy of Osh4, or any other Osh protein, is sufficient to rescue this lethal phenotype (BEH et al.
2001). Therefore, we expressed a copy of each Osh4 acetylation mimics into an Osh-deficient
strain to compare their ability to rescue this lethal phenotype (Figure 4.1B). The strain
background we used for this experiment lacked expression of all seven OSH genes apart from a
single copy of a temperature-sensitive point mutant of Osh4, osh4-1%, whose growth is only

impaired at non-permissive temperatures of 37°C (osh1-7A osh4-1®) (BEH AND RINE 2004). As
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Figure 4.1 Osh4 acetylation mimic, K109Q, inhibits in-vivo function whereas the
unacetylated mimic, K109R, displays partial function. A) Protein levels of Osh4 are
unaffected by point mutations that mimics either acetylated lysine (K to Q) or mimics
unacetylated lysine (K to R) on potential acetylation sites. osh4A (YKB3344) was
transformed with empty vector (untagged; pRS415) or a plasmid expressing different
construct of GFP-tagged Osh4. The transformed strains as well as endogenously GFP-
tagged Esal (YKB2002) were grown in YPD media to mid-log phase, harvested and lysed.
GFP-tagged protein was purified by GFP-immunopurification from 12.5mg of WCE.
Immunoprecipitates were run on 9% acrylamide gel through SDS-PAGE and transferred to
a nitrocellulose membrane. Membranes were immunoblotted using indicated antibodies. B)
The K109 acetylation mimic of Osh4, K109Q, prevents the rescue of OSH deficient cells
whereas the unacetylated mimic, K109R, partially rescues growth. oshl-7A osh4-1%
(YKB3197) was transformed with a empty vector (pRS416) or with a plasmid expressing
different construct of OSH4 . C) Both the K109 acetylation and unacetylated mimic of Osh4,
K109Q and K109R, inhibit OSH4-dependent sec14-1° growth defect. sec14-1®° osh4A
(YKB3344) strain was transformed with a empty vector (pRS416) or with a plasmid
expressing different construct of OSH4. D) Both the K109 acetylation and unacetylated
mimic of Osh4, K109Q and K109R, inhibit OSH4-dependent pik1ts growth defect. pik1-83®
osh4A (YKB3707) strain was transformed with a empty vector (pRS416) or with a plasmid
expressing Osh4, osh4-K109Q or osh4-K109R. E) Osh4 acetylation mimic, K109Q, and
unacetylated mimic, K109R, inhibits OSH4 overexpression-induced toxicity. Wildtype
(YKB1079) strain was transformed with an empty vector (pRS413), or a GAL-dependent
tetracycline inducible reporter with different construct of OSH4: WT construct (ptet-OSH4;
PKB299), acetylated mimic (ptet-osh4-K109Q; PKB300), unacetylated mimic (ptet-osh4-
K109R; PKB301). All cultures were grown in selective media at 30°C prior to being diluted
to an ODgy of 0.1 and 4 times 10-fold serial dilutions were spotted on indicated media for
2-3 days at indicated temperatures. Representative figures from three separate
experiments are shown.
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expected, expression of the wildtype copy, OSH4, was sufficient to rescue growth at 37°C.
Comparatively, expression of the lysine K168 and lysine K247 mutants did not impair the
Osh4s’ ability to restore growth suggesting that acetylation of those lysine residues does not
affect function. However, the expression of the lysine K109 point mutants did have an effect on
the function of Osh4. Expression of the acetylated mimic, K109Q, was unable to rescue growth
at 37°C, whereas expression of the unacetylated mimic, K109R, partially rescued growth at
37°C. This demonstrated that lysine K109 of Osh4 is critical for function. Additionally, it provides
evidence of functional distinction between the acetylated mimic (inactive) and unacetylated

mimic of Osh4 (active).

The second growth assay addressed the ability of each acetylation mimic to prevent the
suppression of OSH4-dependent secl4 bypass. As mentioned in the previous chapter, secl4-
1* lethal growth defect can be suppressed by deleting OSH4 (FANG et al. 1996). Expression of a
functional copy of Osh4 is sufficient to prevent growth of a sec14-1* osh4A background (LI et al.
2002). Therefore, we compared the ability of each mutant to inhibit growth of the secl4-
1®0sh4A strain at non-permissive temperatures (Figure 4.1C). As expected, expression of
wildtype OSH4 inhibited the growth of sec14-1®0osh4A at 38°C which confirms that expression of
a functional copy of Osh4 prevents growth in this background (LI et al. 2002). Of the six
acetylation mimics screened, once again, only the expression of lysine K109 point mutants had
an effect on the ability of Osh4 to inhibit growth. The expression of both the acetylated mimic,
K109Q, and unacetylated mimic, K109R, did not inhibit growth of sec14-1®osh4A at 38°C.This
provided further evidence that lysine K109 of Osh4 is critical for function; however, unlike with
Osh-deficient strain rescue, both K109Q and K109R were non-functional. Given the fact that
mutants of lysine K168 and lysine K247 did not affect the function of Osh4 in either screens, we

decided to focus our attention on the effect of lysine acetylation on lysine K109.
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To further characterize the differences between the acetylated mimic and unacetylated
mimic of lysine K109, we subjected these mutants to two more growth assays. Secl4 directly
stimulates the activity of the Pl-kinase, Pik1 (SCHAAF et al. 2008). Much like with sec14-1%, the
growth defects a temperature sensitive mutant of Pik1l, pik1-83%, can be at least partially
suppressed by deleting OSH4 (FAIRN et al. 2007). However, unlike wildtype OSH4, we found
that expression of the K109Q and K109R mutants did not impair the growth of a pik1-83osh4A
strain at semi-permissive temperatures (30°C) (Figure 4.1D). Finally, we compared the ability of
each mutant to confer a toxic effect on growth once overexpressed (Figure 4.1E).
Overexpression of Osh4 causes a growth defect caused by the hyperactivation of the PI-4-
phosphatase Sacl and subsequent depletion of PI-4-P (LEBLANC AND MCMASTER 2010; ALFARO
et al. 2011). We found that, unlike wildtype OSH4, overexpression of K109Q and K109R did not
induce growth defects. Collectively, our in-vivo growth assays suggest a crucial role for lysine
K109 on the function of Osh4.

4.2.2 The acetylated mimic of lysine K109 prevents the localization of Osh4 to cytosolic
punctate structures

An additional measure of Osh4 function is its ability to localize to punctate regions within
the cells on Golgi-membranes and on vesicles trafficking towards the plasma membrane (LI et
al. 2002; ALFARO et al. 2011). Using GFP-tagged constructs of Osh4, we compared the
localization pattern of the K109 mutants with wildtype Osh4 (Figure 4.2A). As expected,
wildtype Osh4-GFP localized both diffusely in the cytoplasm as well as in punctate regions
within the cells. Interestingly, the acetylated mimic, K109Q, only localized in a diffuse pattern
whereas the unacetylated mimic, K109R, maintained a similar pattern of localization as wildtype
(Figure 4.2A-B). This suggests that the acetylated mimic, K109Q, is potentially non-functional
due to its inability to properly localize within the cells, whereas the unacetylated mimic, K109R,

can still maintain some of its function due to its proper localization.
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Figure 4.2 The acetylated mimic of Osh4-K109Q, adopts a diffused localization within
the cell whereas the unacetylated mimic, K109R, maintains wildtype punctate
localization. A) osh4A (YKB3343) was transformed with a plasmid expressing different
construct of GFP-tagged Osh4 : wildtype construct (Osh4-GFP; PKB289), acetylation
mimic (osh4-GFP-K109Q; PKB211), and unacetylated mimic (osh4-GFP-K109R). Cells
were grown to mid-log phase in SD-Leu at 30°C and imaged at room temperature. Cells
shown are representative of the localization distribution observed for each construct. White
scale bar = 5um B) Quantification of localization changes between the acetylated mimic
and unacetylated mimic of Osh4 of the cells represented in A). The graph displays the
average amount of cells (%) with at least one foci detected (+SEM) from three separate
experiments scoring more than 80 cells in each replicate. Statistical analysis was
performed by one-way ANOVA with Tukey’s multiple comparisons test: *p-value<0.05; n.s.
not significant.
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4.2.3 In-vitro PI-4-P binding affinity and Sacl stimulation is unaffected by lysine K109
mutants

It has been previously reported that lysine K109 of Osh4 is important for the lipid-binding
affinity towards PI-4-P (DE SAINT-JEAN et al. 2011). We decided to try and determine if
acetylation of this particular lysine residue would affect lipid-binding affinity by comparing the PI-
4-P binding affinity of the acetylated mimic, K109Q, and the unacetylated mimic, K109R. For
this purpose, we performed a relatively simple lipid-binding assay of purified Osh4 recombinant
protein on a nitrocellulose membrane spotted with serial dilutions of PI-4-P (MUNNIK AND
WIERZCHOWIECKA 2013) (Figure 4.3A). As expected, wildtype Osh4 could bind to PI-4-P but not
to the control lipid PI. We were surprised to find that both K109Q and K109R maintained their
specific affinity for PI-4-P. This suggests that the PI-4-P binding affinity of Osh4 is independent
of lysine K109. We also decided to compare the ability of the K109 mutants to stimulate the
phosphatase activity of Sacl. Purified Osh4 recombinant protein has the ability to stimulate the
Pl-4-phosphatase activity of Sacl in-vitro (STEFAN et al. 2011). We repeated the same
experiment to compare the function of the acetylated mimic, K109Q, versus the unacetylated
mimic, K109R, on in-vitro Sacl phosphatase activity (Figure 4.3B). As expected, we found that
adding wildtype Osh4 protein significantly increased the activity levels of Sacl compared to the
blank control. However, despite our hypothesis, we found that both K109Q and K109R mutants
also stimulated Sacl activity to a similar extent as wildtype. This evidence suggests that the
neither the PI-4-P binding affinity nor the Sacl activation function of Osh4 is dependent on

lysine K109.

4.2.4 Oshl, ayeast homologue of Osh4, is also acetylated in-vivo

The lysine K109 residue of Osh4 is conserved throughout the family of Oxysterol-Binding
Related Protein (ORP) family both in yeast and in humans. Therefore, it was possible that this
mechanism of regulation by lysine acetylation existed throughout the entire ORP family of

proteins. In yeast, there are seven ORP homologous genes termed Osh proteins
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Figure 4.3 Osh4 K109 mutants does not impair PI-4-P binding on nitrocellulose
membrane or Osh4-dependent in-vitro Sacl activation. A) Lipid overlay assay of
recombinant Osh4 WT, K109Q, and K109R mutant proteins on PI-4-P. Indicated amounts
of serially diluted lipids (Pl and PI-4-P) were spotted on nitrocellulose membranes and
dried. Purified recombinant Osh4 constructs and GST (4 pg/ml) in PBS were incubated on
blocked membranes overnight. Thereafter, membranes were washed and immunoblotted
using anti-Osh4 antibodies. Images shown are representative results from two technical
replicates. Immunoblot of GST-tagged recombinant proteins used for assay is shown
below. B) In-vitro Sacl phosphatase assay with recombinant GST-tagged Osh4, K109Q,
and K109R mutants. Each protein sample (1.2 yM) were incubated with recombinant GST-
tagged sac1'* protein (300 ng) using short acyl chain diC8-PI4P in excess as substrate,
for 10 minutes at 25°C. Reactions were stopped with 50mM of N-ethylmaleimide (NEM),
and phosphate release was measured by malachite green PO4 assay. Results shown are
averages from three separate experiments. Statistical analyses were performed by one-
way ANOVA with Sidak’s multiple comparisons test: ** = p< 0.05; n.s.= not significant.
Reaction mix for each separate sample were resolved on a 9% acrylamide gel and
subsequently stained with Coomassie. Bands corresponding for the Sacl catalytic domain
(sac1'?) and the Osh4 recombinant protein are indicated. Both experiments were
conducted by Dr. Michael Kennedy from our lab.
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(BEH et al. 2001). To determine if any other Osh proteins are acetylated in-vivo, we screened
each protein for acetylation by immunoblotting (Figure 4.4). GFP-tagged Osh proteins, along
with a positive control for acetylation, Esal (MITCHELL et al. 2013), were purified from mid-log
phase yeast cells and immunoblot analysis was performed using pan-acetyl lysine antibodies.
As expected, acetylation was detected on Esal-GFP and a weak yet consistent acetylation
signal was detected on Osh4-GFP. Intriguingly, a very strong acetylation signal was detected on
the Osh1-GFP protein, this despite its protein levels being noticeably less abundant than Osh4.

The five other Osh proteins did not appear to have any detectable acetylation.

In order to identify the acetylation sites on Oshl, TAP-tagged construct of Oshl were
purified from yeast in both wildtype and rpd3Asir2A backgrounds and sequenced by mass
spectrometry. In total, six acetylation sites were detected between two biological replicates of
each strain backgrounds (Table 4.2). The detection of six different acetylation sites on Oshl
would explain the much stronger acetylation signal detected by immunoblotting compared to
Osh4. More importantly, a peptide containing the K109 equivalent residue of Oshl, K874, was
identified as an acetylation site. K109 of Osh4 and K874 of Osh1 fall within the same conserved
lysine residue shared across all ORPs (Figure 4.5). This supports the hypothesis that
acetylation of the conserved lysine residue of ORP could potentially be a general method for

regulating ORP function.

425 Lysine acetylation site of Oshl, K874, is critical for function but not for
localization

Unlike Osh4, the functions of Oshl have not been as extensively studied. Like for all
Osh proteins, Oshl can rescue a strain deficient of all Osh genes (BEH et al. 2001).
Furthermore, Osh1 localizes both to the Golgi as well as to nucleus-vacuole junction (NVJ) sites
(LEVINE AND MUNRO 2001). The entire Osh protein family appear to be required for piecemeal

microautophagy of the nucleus, one function of NVJ sites, however this role remains undefined
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Figure 4.4 Osh1l and Osh4 are acetylated in-vivo. GFP-tagged Osh proteins and GFP-
tagged Esal (YKB2002) was purified by GFP-immunopurification from 12.5mg of WCE.
Immunoprecipitates whole cell lysates were resolved on 9% SDS-PAGE gel, and subjected
to immunoblot analysis with indicated antibodies. Representative images of three separate
experiments are shown.
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Table 4.2 LC/MS/MS experiment conducted on Oshl samples.

LC/MS/MS experiment # of Total peptides Protein Detected
replicates (Unique sequence acetylation
peptides) coverage site(s)
(# peptide(s))

TAP IP: Osh1-TAP 2 1031 (170) 84% K915 (1)
1092 (156) 84% K974 (2)
K999 (2)
TAP-IP: Osh1-TAP 2 787 (151) 79% K231 (3)
rpd34sir24 1450 (177) 87% K814 (1)
background K874 (1)
K974 (3)
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Figure 4.5 Schematic of the acetylation sites detected on both Oshl and Osh4 by
LC/MS/MS. Lysine K874 of Oshl and lysine K109 of Osh4, located on the Oxysterol-
Binding Protein-Related Domain (ORD), is highly conserved throughout the Oxysterol-
Binding Protein family in yeast as well as with the canonical mammalian OSBP, as
demonstrated by the sequence logo below. Oshl acetylation sites were detected in this
study. Osh4 acetylation sites were compiled from previous high-throughput acetylome
studies done in yeast: (HENRIKSEN et al. 2012; WEINERT et al. 2014; DOWNEY et al. 2015;
MADSEN et al. 2015)
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(Kvam AND GOLDFARB 2004). To determine the effect of acetylation on the function and
localization of Osh1l the K874 residue was mutated to either mimic its acetylated state, K874Q,
or mimic its unacetylated state, K874R. Protein expression of Oshl was relatively similar across
all generated mutants with only some minor yet inconsistent changes (Figure 4.6A). Oshl
acetylation mimetics were expressed in the Osh deficient strain (osh1-7A osh4-1%) to assess
their ability to rescue growth and determine its functional capability (Figure 4.6B). Unlike the
wildtype copy of OSH1, both the acetylated mimic, K874Q, and the unacetylated mimic, K874R,
could not rescue growth of the Osh deficient strain at non-permissive temperature (37°C). This

would indicate the importance of this lysine residue for the function of Oshl.

We next wanted to compare the localization pattern of Oshl between each mutant.
GFP-tagged constructs of the Osh1 mutants were created and to our surprise, despite inhibiting
the function of Oshl, localization of both the acetylated mimic, K874Q, and unacetylated mimic,
K874R, appeared similar to wildtype Oshl, suggesting that, unlike Osh4, the conserved lysine
residue is not important for localization (Figure 4.6C). In conclusion, K874 of Osh1 appears to
be critical for its function but not for its localization. This is in contrast to lysine K109 of Osh4

which was critical for both function and localization.

4.3 Discussion

Osh Acetylation

The data we collected suggests a conserved mechanism for the regulation Oxysterol-
Binding Proteins throughout the entire family of proteins. Not only are Oxysterol-Binding
Proteins highly conserved, but the lysine residue of interest, K109 of Osh4 and K874 of Osh1, is
conserved throughout all OSBP proteins. We can hypothesize an initial model for how the
acetylation of lysine K109 of Osh4 can regulate its function in-vivo (Figure 4.7). In our model,

we propose that the acetylation of lysine K109 drives Osh4 away from the Golgi and vesicles
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Figure 4.6 Oshl K109-equivalent lysine residue and potential acetylation site, K874,
is also critical for function but not for localization. A) Protein levels of Osh4 are
unaffected by point mutations that mimics either acetylated lysine (K to Q) or mimics
unacetylated lysine (K to R) on lysine K874. osh1A (YKB4145) was transformed with empty
vector (Untagged; pRS416) or a plasmid expressing different construct of GFP-tagged
Oshl. The transformed strains were grown in YPD media to mid-log phase, harvested and
lysed. GFP-tagged protein was purified by GFP-immunopurification from 10 mg of WCE.
Immunoprecipitates were run on 7% acrylamide gel through SDS-PAGE and transferred to
a nitrocellulose membrane. Membranes were immunoblotted using indicated antibodies. B)
Oshl1 acetylation mimic, K874Q, and unacetylated mimic, K874R, cannot rescue oshl-
7Aosh4-1% strain. oshl-7Aosh4-1® (YKB3197) was transformed with a empty vector
(pRS326) or with a plasmid expressing different construct of OSH1: WT construct (OSH1;
PKB308), acetylated mimic (osh1-K874Q; PKB309), and unacetylated mimic (osh1-K874R;
PKB310). Cultures were grown in SD-Ura at 30°C prior to being diluted to an ODggo Of 0.1
and 4 times 10-fold serial dilutions were spotted on SD-Ura for three days at 30°C, 33.5°C,
or 37°C C) Oshl acetylation mimic, K874Q, and unacetylated mimic, K874R, does not
affect the localization of Oshl. osh1A (YKB4145) was transformed with a plasmid
expressing different construct of GFP-tagged Oshl: WT construct (Osh1-GFP; PKB305),
acetylated mimic (oshl-GFP-K874Q; PKB306), and unacetylated mimic (oshl-GFP-
K874R). Cells were grown to mid-log phase in SD-Ura at 30°C and imaged at room
temperature. Cells shown are representative of the localization distribution observed for
each construct. White scale bar = 5um.
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Figure 4.7 Schematic of the proposed mechanism by which acetylation regulates the
function of Osh4. In this model, acetylation of lysine K109 of Osh4 prevents its
association with Golgi/ vesicle membranes which inhibits the ability of Osh4 to interact with
Pl-4-P. Localization of Osh4 to Golgi membranes and Sacl stimulation requires
deacetylation of lysine K109.
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preventing it from interacting with Pl-4-P and stimulating Sacl-dependent PI-4-P
dephosphorylation. Although we failed to confirm acetylation on Osh4 by mass spectrometry,
the fact that we could detect acetylation on the equivalent site on Oshl strongly suggests a

conserved nature for this method of regulation.

Acetylation of Osh4 and Oshl in-vivo

Despite detection of acetylation on Osh4 in acetylome studies by mass spectrometry
(HENRIKSEN et al. 2012), and immunoblotting using pan acetyl-antibodies (KALUARACHCHI DUFFY
et al. 2012), we failed to detect any naturally occurring acetylation sites on Osh4 (Table 4.1). As
three other acetylome studies also failed to identify acetylation on lysine K109 of Osh4
(WEINERT et al. 2014; DoOwNEY et al. 2015; MADSEN et al. 2015), one possibility is that
acetylation of K109 on Osh4 was a false positive of the Henriksen 2012 screen, and does not
occur in-vivo. However, several reasons could explain why both we and others could not detect

acetylation on lysine K109.

Though all the acetylome studies enriched for acetylated peptides by
immunoprecipitation using pan acetyl-lysine antibodies, there are were differences in the
methodologies that could account for discrepancies in the acetylome (HENRIKSEN et al. 2012;
WEINERT et al. 2014; DOWNEY et al. 2015; MADSEN et al. 2015).The most important of which is
the inherent variability of the specificity of the pan acetyl-lysine antibodies used for enriching
acetylated peptides. Different batches of antibodies could lead to preferential sequence binding
from one source to the next leading to distinctive results. Thus, the fact that acetylation sites
were not perfectly replicated in each of the acetylome screens could very easily be attributed to

their different sources of antibodies.

Secondly, our own experimental method of identifying acetylation sites is different from

the one used in the Henriksen 2012 screen. In our study, purified protein of interest was simply
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purified from yeast extracts without any regards to its acetylation. By removing the enrichment
step for acetylated peptides, the probability of detecting an acetylated peptide became
dependent on the relative abundancy of the modified peptide to the unmodified peptide. A more
recent acetylome study has undertaken the task of determining the relative abundancy of
peptides that are acetylated on proteins (WEINERT et al. 2014). They estimated that the ratio of
acetylated peptides to unacetylated peptides is relatively low, especially for proteins outside the
nucleus. These results imply that we are unlikely to encounter an acetylated peptide among the
entire pool of peptides collected, especially without enriching for acetylated peptides by
immunoprecipitation. Although we purified large amount of protein to compensate for the lack of
enrichment, chances are unacetylated peptides were preferentially pulled out over acetylated

peptide thus preventing identification of acetylation sites.

Finally, there is the possibility that the modified peptide can simply not be detected in-
vivo due to different modifications occurring on the peptide. For example, if phosphorylation of a
specific serine of threonine were occurring on the same peptide which acetylation occurs,
unless it specifically entered into the analysis procedure, the algorithm that solves peptide
sequences would be unable to resolve this peptide. One would have to try inserting multiple
variables in the modification imput of the algorithm to even attempt correctly sequencing and

identifying the modified peptide.

In contrast to Osh4, we were able to consistently detect acetylation sites on Oshl in all
four biological replicates. Unlike Osh4, all four high-throughput acetylome in yeast failed to
detect any acetylated peptides belonging to Oshl (HENRIKSEN et al. 2012; WEINERT et al. 2014;
DowNEY et al. 2015; MADSEN et al. 2015). We were able to find that not only was Oshl
acetylated, but that the acetylation appears much more abundant on Oshl than on Osh4 both
by means of immunoblotting and mass spectrometry which identified six distinct acetylation

sites (Figure 4.4, Table 4.2). Importantly we determined that the equivalent lysine residue of
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Osh4-K109 was acetylated on Oshl: K874 (Figure 4.5, Table 4.2). As suggested by the
immunoblots, mass spectrometry detection of acetylation on Osh1l was likely successful due to
the apparent increase in the percentage of cellular Osh1l that is acetylated. Altogether, we can
support the claim that Osh1l is acetylated in-vivo as we detected acetylated by both immunoblot
and mass spectrometry. As methods for detecting acetylation are still in their infancy, we should
expect better methods designed in the future to validate these acetylation sites on both Osh4

and Osh1.

Acetylation of lysine K109 inhibits the function of Osh4

Of the three acetylation sites we investigated, only lysine K109 appeared to be critical for
the function of Osh4. Lysine K109 had previously been shown to be essential for function,
localization, and lipid-binding (LI et al. 2002; Im et al. 2005; RAYCHAUDHURI et al. 2006; DE
SAINT-JEAN et al. 2011). However, our study showed for the first time that mutating lysine K109
to either mimic acetylated lysine or mimic unacetylated lysine gave two distinct phenotypes. Our
acetylated mimic, K109Q, was completely non-functional as it could not complement any Osh4
phenotype and did not localize properly within the cell (Figure 4.1- 4.2). In contrast, the
unacetylated mimic, K109R, was able to complement one of Osh4 phenotype and maintain
proper localization (Figure 4.1- 4.2). This suggests a model in which acetylation causes

inhibition of function by mislocalizing the protein (Figure 4.7).

An important question still remaining is how acetylation regulates the localization of
Osh4. Structural analysis of Osh4 crystallized with PI-4-P determined that lysine K109 formed a
hydrogen bond (H-bond) with the 1’-phosphate group of PI-4-P (DE SAINT-JEAN et al. 2011).
Disrupting the hydrogen bond by incorporating an acetyl group would in theory prevent the
protein from binding PI-4-P. In fact, previous mutation of that lysine to an alanine did negatively

affect the proteins ability to extract PI-4-P from liposomes (DE SAINT-JEAN et al. 2011). Yet, our
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own lipid-binding experiment determined that our acetylated mimic, K109Q, was still able to bind
Pl-4-P (Figure 4.3A). However, there is a major difference between the method we used to
measure PI-4-P affinity and what has been used before. Our version of the lipid-binding assay
assessed the ability of the protein to simply bind to PIl-4-P-stained nitrocellulose membrane.
Although this method is widely used for lipid-binding assays, it does not perfectly complement
in-vivo conditions. Osh4 needs to bind-to and extract lipids from the Golgi to present it to the
ER-localized Sacl phosphatase (DE SAINT-JEAN et al. 2011; STEFAN et al. 2011). Our method of
measuring PI-4-P binding affinity does not take the lipid-extraction ability of Osh4 into account
which would suggest our method is not ideal. A more relevant PI-4-P binding assay using a
liposome extraction method has been conducted with the K109Q mutant and does demonstrate
that this mutant has severe PI-4-P binding defect (Huang et al. 2016; preparing for submission
to Cell). This provides evidence that acetylation on lysine K109 of Osh4 would prevent PIl-4-P
binding affinity which could in theory explain why our K109Q does not localize to Golgi

membranes.

Another interesting question is why our K109R mutant does not demonstrate all the
phenotype we would expect from our unacetylated mimic (Figure 4.7). In our model, the
unacetylated protein should be able to bind to PI-4-P and localize to Golgi membranes. We
were able to show that Osh4 K109R mutant does in fact localize to Golgi membranes (Figure
4.2), yet this protein does not fully complement the function of the wildtype protein in-vivo
(Figure 4.1). Several plausible explanations could account for these encountered
discrepancies. For example, although we use arginine to mimic the unacetylated lysine residue,
the side chain of arginine and lysine differ both in terms of charge and size. The pKa values of
their side chains are 12.48 and 10.54 for arginine and lysine, respectively. This means that the
positive charge on the arginine side chain is slightly more stable than lysine which would in

theory create stronger electrostatic bonds. Additionally, the charge on the end of the side chain
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of arginine is more delocalized due to the proximity of double C-H bonds. Both the strength of
the charge and the localization of the charge would affect the possible function of the residue.
Therefore, a change in the charge of the side chain could affect its ability to interact with certain
molecule. Alternatively, the arginine residue might also affect the local structure of the protein by
creating new or destroying old interactions between opposing side chains or water molecules.
However, if this mutation does confer structural changes, it does not appear to affect protein
stability (Figure 4.1A). In context with our study, the differences between the function wildtype
Osh4 and the unacetylated mimic, K109R, demonstrates that arginine is not a perfect mimic of

an unacetylated lysine residue.

Osh1lis a novel target of lysine acetylation

This lysine residue K874 on Oshl is conserved throughout the family of Oxysterol-
Binding Proteins from yeast to humans, which highlights the importance of this residue for the
function of the family of proteins. As mentioned before, lysine K109 of Osh4 is essential for
function and this is due to its role in binding PI-4-P (DE SAINT-JEAN et al. 2011). Other than
Osh4, many other Oxysterol-Binding Proteins have been found to bind to PI-4-P including Osh3
and Osh6 in yeast and OSBP, ORP4, ORP5, ORP8, and ORP9 in mammals (TONG et al. 2016).
Crystal structure of Osh3 and Osh6 with Pl-4-P demonstrates that all the residues which help
the protein bind to PI-4-P are conserved, including the lysine residue equivalent to lysine K109
of Osh4 (ToNG et al. 2013; WANG 2015). Coupled to the fact that we also found that lysine K874
of Osh1 is critical for function (Figure 4.6B), we suggest that lysine acetylation would directly

regulate the PI-4-P binding affinity of Osh1 much like we had discussed in the previous section.

One important difference between Oshl and Osh4 is the affect of our mutants on the
localization of the protein. Unlike with Osh4 (Figure 4.2), localization of both the acetylated
mimic K874Q and the unacetylated mimic K874R remained similar to wildtype (Figure 4.6C).

The difference between the effect of lysine acetylation between Osh1 and Osh4 could be due to
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the length of their respective amino acid sequence (Figure 4.5). Osh4 has 434 amino acids and
contains only one identified domain, the conserved Oxysterol-Binding Protein related domain
(ORD) domain. The ORD constitute the lipid-binding region of the Oxysterol-Binding Protein
family that folds into a semi-complete (3-barrel enclosed by a lid allowing for extraction of lipids
from membranes into a hydrophobic compartment (IMm et al. 2005). Lysine K109 is positioned
within this domain at the opening of the barrel (IM et al. 2005; DE SAINT-JEAN et al. 2011). Oshl
is an 1188 amino acid sequence that not only contains the ORD, but also contains a Pleckstrin
Homology domain (PH) as well as several Ankyrin repeats on the C-terminal tail of the protein
(Figure 4.5). Its PH domain appear to be critical for the localization of Oshl to Golgi
membranes, whereas its Ankyrin repeats help anchor the protein at the NVJ sites (LEVINE AND
MuUNRO 2001). Thus, it appears the localization of Oshl is independent on the ORD domain
which is where lysine K874 resides. One possible theory explaining the difference between
Oshl and Osh4 is that given the lack of additional C-terminal domains, the localization of Osh4
is more dependent on PI-4-P binding by its ORD domain. Regulation of Osh1 would more likely

involve the inhibition of PI-4-P binding, but without impairing localization.

Identifying the KATs and KDACs acetylating Osh4/0Osh1

Although we made great efforts at characterizing the mechanisms by which acetylation
regulates Osh proteins, we did not address the enzymes that were responsible for their
acetylation. Our initial screens in Chapter 1 did provide evidence that NuA4 is responsible for
several aspects of phospholipid homeostasis including some which are dependent on Osh4’s
function. Deleting OSH4 in the sec14-1"eaflA did partially suppress the growth defects (Figure
3.6A) and our collaborators even have evidence that in their specific strain background, deleting
OSH4 completely suppresses the growth defects of secl4-1®eaflA (Huang et al. 2016;
preparing for submission to Cell). The partial dependence of NuA4 mutant’s interaction on

OSH4 does suggest that part of its function is directed through that protein. If NuA4 was
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acetylating and inhibiting Osh4, than we would hypothesize that inhibiting NuA4 would activate
Osh4. NuA4 mutants do in fact increase the growth defects of sec14-1® and overexpressed
OSH4 (Figure 3.4), much like a functional and active Osh4 protein would (Figure 4.1). Despite
this, more would need to done to confirm the theory that NuA4 acetylates and inhibits the
function of Osh4. Osh4 was not a part of the list of acetylation targets detected in either the
NuA4 in-vitro KAT assay screen on a protein microarray or the mChlIP-KAT-MS experiment with
the NuA4 catalytic domain, Esal (LIN et al. 2009; MITCHELL et al. 2013), yet, more could be
added to those experiments. The protein microarray in the Lin 2009 screen only confirmed
NuA4 KAT activity by immunoblotting which is entirely dependent on the specificity and batch of
the pan-acetyl antibodies used. Whereas the Mitchell 2013 screen did not include an
enrichment step for acetylated peptides which, as we discussed previously, is dependent on the
abundancy of the modified peptide. Both these examples could explain why Osh4 was not
identified in either screen. Once again, given the rate of scientific advances towards identifying
acetylation sites (reviewed in DOWNEY AND BAETz 2016), we would expect methods of
identifying KATs and KDACs regulating acetylation of specific proteins to become more

obtainable.

Conclusion

Our research provides evidence that the function of Oshl and Osh4 is regulated through
the acetylation of the conserved lysine residue critical for Pl-4-P-binding. Given the conservation
of PI-4-P binding, we extend our hypothesis towards the regulation of all Oxysterol-Binding
Proteins by lysine acetylation. The most recent model for Oxysterol-Binding Protein conserved
function is the regulation of the lipid composition between two opposing membranes by
exchanging PI-4-P with another lipid ligand (OLKKONEN 2015). Activation of the Sacl
phosphatase has been suggested to be a conserved function for all Oxysterol-Binding proteins

(STEFAN et al. 2011). The coupling of PI-4-P transport to Sacl-mediated PI-4-P
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dephosphorylation would allow for a specific lipid gradient to form between the membranes
(OLKKONEN 2015). By altering the PI-4-P binding affinity of Oxysterol-Binding Protein, lysine
acetylation could then regulate the PI-4-P metabolic flux and help establish proper lipid

composition for PI-4-P containing membranes.
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7 Appendices

Table S1 Strain List

Strain Genotype Source
BY4741 MATa his3A1 leu2A0 met15A0 ura3A0 e
VKB3333 MATa his3Ae1aﬁtiff((')A /lzl?&t; 5A0 ura3A0 coIIecl;Dti'\cfr’?(G )
- MATa his3?t le(t)eng}SArmz; 5A0 ura3A0 collecgil\(;lr’?(G 5
VKB3482 MATa his3A e1I ézzZiOA ﬁ?&i 5A0 ura3A0 collegi'\c/)lr?(G )
e MATa hisS’L; Z: L%ZZAK?A rl7\|7¢|\a/1.‘)1< 5A0 ura3A0 collegil\c?r'?(G .
VKB3485 MATa hisBAh1a{[elziff<?A ,[;’|7|\e/|t)1 5A0 ura3A0 collegi,\(;lré(G )
N MATa hisS’AS ; éeszAK(,)A mlc\a/f; 5A0 ura3A0 collegil\c?r’?(G 5
VKB3487 MATa his3AS ; glf?& rlgs/lt; 5A0 ura3A0 collegil\cilr'?(G )
K348 i collecton (GE)
VKB3297 MATa his3Ah 1p ngAKOA rlilnl\a/il.‘;( 5A0 ura3A0 collegi,\(;lr?(G )
EEEE MATa his3L\r ; é?gf?(% r[:|1|\e/|t)1( 5A0 ura3A0 colletl:::i“élr'?(G 5
VKB3492 MATa his3A S1i !(2921232 |<|n|\%(1 5A0 ura3A0 collegi'\(;lr?(G )
—— MATa hisBAh Zj ;elLL]Z::AK?A I;)\lu'\a/zl‘z( 5A0 ura3A0 collegil\gr?(G 5
KEB3490 MATa his3Ah L ﬁi\z::AKoA m&tz(mo ura3A0 . 3:\(;'?(@ 5
. MATa his3L:1 :) szfAKOA r|7\17<'\9/|t)1( 5A0 ura3A0 collecl?til\élr?(GE)
VKB3302 MATa hisBAh Z) ée?)uAZAK(?A ’[1173‘)1( 5A0 ura3A0 collecgil\(;lr?(G 5
e —_— MATa hiS3Ah1sﬁL:];2f(?A rlzlfrl\jt; 5A0 ura3A0 collegil\gr’?(G 5
VKB4081 MATa hiSBAhLSZ;Z;?((,)A Ilzlvl\e/ll; 5A0 ura3A0 coIIe(l:Dti'\(;lr’?(G )
EEEE MATa hissAJgifo(i Ilzlvlaz; 5A0 ura3A0 collecl:::il\cfr’?(G 5
VKB3296 MATa hiS3Ah15{[jLAI;2f(i z&t}l 5A0 ura3A0 collecgi'\cfr?(G )
. MATa his3Ae1a¢97ff& r,\rlvslt; 5A0 ura3A0 collegil\élrf\(G 5

VKBA236 MATa his3A1 leu2A0 met15A0 ura3A0 This study

esalA::HIS3 esal-L254P"-URA3
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YKB4073

CMY505/YKB3144

YKB3935

YKB4074

YKB3444

YKB4080

YKB3442

YKB3447

YKB3449

YKB4065

YKB3451

YKB3509

YKB3936

YKB4064

YKB3510

YKB3512

YKB3514

YKB3516

YKB3518

YKB3520

YKB3522

YKB4068

YKB4242

YKB4083
YKB4084

MATa his3A1 leu2A0 met15A0 ura3A0
rtt1094::HIS3
MATa his3A1 leu2A0 met15A0 ura3A0
secl4-15-NATMX
MATa his3A1 leu2A0 met15A0 ura3A0
secl4-15-NATMX eaflA::KANMX
MATa his3A1 leu2A0 met15A0 ura3A0
sec14-15-NATMX rtt1094::HIS3
MATa his3A1 leu2A0 met15A0 ura3A0
secl4-15-NATMX elp34::KANMX
MATa his3A1 leu2A0 met15A0 ura3A0
secl14-15-NATMX gcn54::KANMX
MATa his3A1 leu2A0 met15A0 ura3A0
sec14-1°-NATMX hatl4::KANMX
MATa his3A1 leu2A0 met15A0 ura3A0
secl4-1°-NATMX sas24::KANMX
MATa his3A1 leu2A0 met15A0 ura3A0
sec14-1°-NATMX sas34::KANMX
MATa his3A1 leu2A0 met15A0 ura3A0
sec14-1°-NATMX hpa24::KANMX
MATa his3A1 leu2A0 met15A0 ura3A0
secl4-15-NATMX hpa34::KANMX
MATa his3A1 leu2A0 met15A0 ura3A0
sec14-15-NATMX rpd34::KANMX
MATa his3A1 leu2A0 met15A0 ura3A0
sec14-15-NATMX sir24::KANMX
MATa his3A1 leu2A0 met15A0 ura3A0
sec14-15-NATMX hdal4::KANMX
MATa his3A1 leu2A0 met15A0 ura3A0
sec14-1°-NATMX hos14::KANMX
MATa his3A1 leu2A0 met15A0 ura3A0
sec14-15-NATMX hos24::KANMX
MATa his3A1 leu2A0 met15A0 ura3A0
secl14-15-NATMX hos34::KANMX
MATa his3A1 leu2A0 met15A0 ura3A0
sec14-15-NATMX hst14::KANMX
MATa his3A1 leu2A0 met15A0 ura3A0
secl14-1-NATMX hst24::KANMX
MATa his3A1 leu2A0 met15A0 ura3A0
sec14-15-NATMX hst34::KANMX
MATa his3A1 leu2A0 met15A0 ura3A0
secl14-1-NATMX hst44::KANMX
MATa his3A1 leu2A0 met15A0 ura3A0
secl4-15-NATMX eaf74::KANMX
MATa his3A1 leu2A0 met15A0 ura3A0

sec14-1°-NATMX esalA::HIS3 esal-L254P"-URA3

MATa his3A1 leu2A0 met15A0 ura3A0
eaflA:;:KANMX rtt1094::HIS3
MATa his3A1 leu2A0 met15A0 ura3A0

This study

(FAIRN et al.
2007)

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

This study
This study

This study

This study
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YKB3343

YKB3344

YKB4056

YKB4061

YKB4273

YKB4275

YKB4277

YKB4278

N/A

N/A

YKB4279

YKB4281

N/A

N/A

YKB4283

YKB4285

YKB3113

YKB4261

YKB4263

YKB4264

YKB4269
YKB4271

sec14-1°-NATMX eaf14::KANMX rtt1094::HIS3

MATa his3A1 leu2A0 met15A0 ura3A0
osh44::KANMX

MATa his3A1 leu2A0 met15A0 ura3A0
sec14-1°-NATMX osh4A4::KANMX
MATa his3A1 leu2A0 met15A0 ura3A0
eaflA::KANMX osh4A4::HIS3
MATa his3A1 leu2A0 met15A0 ura3A0
secl4-1°-NATMX eaflA::KANMX osh44::HIS3

MATa his3A1 leu2A0 met15A0 ura3A0
ckild::KANMX

MATa his3A1 leu2A0 met15A0 ura3A0
sec14-1°-NATMX ckilA::KANMX
MATa his3A1 leu2A0 met15A0 ura3A0
eaflA4::HIS3 ckilAd::KANMX
MATa his3A1 leu2A0 met15A0 ura3A0
secl14-1°-NATMX eaflA4::HIS3 ckild:: KANMX
MATa his3A1 leu2A0 met15A0 ura3A0
eaf74::KANMX osh4A4::HIS3
MATa his3A1 leu2A0 met15A0 ura3A0
secl4-15-NATMX eaf74::KANMX osh44::HIS3
MATa his3A1 leu2A0 met15A0 ura3A0
eaf74::HIS3 ckilAd::KANMX
MATa his3A1 leu2A0 met15A0 ura3A0
secl4-1°-NATMX eaf74::HIS3 ckild::KANMX
MATa his3A1 leu2A0 met15A0 ura3A0
esalA::HIS3 esal-L254P"-URA3 osh4A::KANMX
MATa his3A1 leu2A0 met15A0 ura3A0
sec14-1°-NATMX esalA::HIS3 esal-L254P"-URA3
osh4A::KANMX
MATa his3A1 leu2A0 met15A0 ura3A0
esalA::HIS3 esal-L254P"-URA3 cki1AKAN
MATa his3A1 leu2A0 met15A0 ura3A0
sec14-1°-NATMX esalA::HIS3 esal-L254P"-URA3
cki1A::KANMX

MATa his3A1 leu2A0 met15A0 ura3A0
spol4A::KANMX

MATa his3A1 leu2A0 met15A0 ura3A0
sec14-1°-NATMX spol144::KANMX
MATa his3A1 leu2A0 met15A0 ura3A0
eaflA::HIS3 spol4A::KANMX
MATa his3A1 leu2A0 met15A0 ura3A0
sec14-1°-NATMX eafl4::HIS3 spol44::KANMX
MATa his3A1 leu2A0 met15A0 ura3A0
eaf74::KANMX spol144::KANMX
MATa his3A1 leu2A0 met15A0 ura3A0

DMA
collection
(GE)

This study
This study

This study

DMA
collection
(GE)

This study
This study
This study
This study
This study
This study
This study

This study

This study

This study

This study
DMA

collection
(GE)

This study
This study
This study

This study
This study
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sec14-1°-NATMX eaf74::KANMX spol144::KANMX
MATa his3A1 leu2A0 met15A0 ura3A0

YKBA4265 esal :HIS3 esa-L254PS-URA3 spol4.4:KANMX This study
MATa his3A1 leu2A0 met15A0 ura3A0
YKB4267 sec14-1°-NATMX esalA::HIS3 esal-L254P"-URA3 This study
spol4A::KANMX
MATa his3A1 leu2A0 met15A0 ura3A0 (GASPAR et al
YJP1078/YKB4336 dga1A::KANMX Iro1A::KANMX are1A::KANMX 2011) '
are2/::KANMX
MATa his3A1 leu2A0 met15A0 ura3A0
YKB4337 secl4-1°-NATMX dga1A::KANMX Iro1A::KANMX This study
are1A::KANMX are2A::KANMX
MATa his3A1 leu2A0 met15A0 ura3A0
YKB4338 eaf1A::URA3 dga1A::KANMX Iro1A::KANMX This study
are1A::KANMX are2A::KANMX
MATa his3A1 leu2A0 met15A0 ura3A0
YKB4339 secl4-1°-NATMX eaf1A::URA3 dga1A::KANMX This study
Iro1A::KANMX are1A::KANMX are2/A::KANMX
MATa ura3-52 his3A200 lys2-801 leu2-3,112 trp1A901
suc2A9 osh1A::kan-MX4 osh2A::kan-MX4 osh3A::LYS2  (BEH AND RINE
CBYO26/YKB3197 = pan:-HIS3 0shBA:LEU2 osh6A-LEU2 osh7A:-HIS3 2004)
[osh4-1°-TRP1]
MATa ura3-52 his3A200 lys2-801 leu2-3,112 trp1A901
YKB3707 Suc2A9 This study
pik1A::HIS3 pik1-83"-TRP1 osh4A::KAN
YKB2002 MATa his3A1 leu2A0 met15A0 ura3A0 GFP collection
ESA1-GFP::HIS3 (Thermo)
YKB3900 MATa his3A1 leu2A0 met15A0 ura3A0 GFP collection
OSH1-GFP::HIS3 (Thermo)
MATa his3A1 leu2A0 met15A0 ura3A0 GFP collection
YKB4254 OSH2-GFP::HIS3 (Thermo)
YKB4255 MATa his3A1 leu2A0 met15A0 ura3A0 GFP collection
OSH3-GFP::HIS3 (Thermo)
YKB3267 MATa his3A1 leu2A0 met15A0 ura3A0 GFP collection
OSH4-GFP::HIS3 (Thermo)
MATa his3A1 leu2A0 met15A0 ura3A0 .
YKB4257 OSH5-GEP: HIS3 This study
YKB4256 MATa his3A1 leu2A0 met15A0 ura3A0 GFP collection
OSH6-GFP::HIS3 (Thermo)
MATa his3A1 leu2A0 met15A0 ura3A0 .
YKB4258 OSH7-GEP: HIS3 This study
VKBA145 MATa his3A1 leu2A0 met15A0 ura3A0 Coﬁe'\gtAion
osh1A::KAN (GE)
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Table S2 Plasmid list

Plasmid ID Plasmid components Source
PKB19 pRS413 (SIKORSKI AND HIETER 1989)
PKB299 pRS413 ptet-OSH4 This study
PKB300 pPRS413 ptet-osh4X1%%? This study
PKB301 PRS413 ptet-osh4 %R This study
PKB302 pRS413 ptet-osh4"9’" This study
PKB303 PRS413 ptet-osh4 109/ YorF This study
PKB304 PRS413 ptet-osh4 19RO This study
PKB21 pRS415 (SIKORSKI AND HIETER 1989)
PKB321 pRS415 ptet-OSH4 This study
PKB289 pRS415 OSH4-GFP This study
PKB212 pRS415 0sh4X!®.GFpP This study
PKB211 PRS415 0sh4"'°".GFp This study
PKB214 pPRS415 0sh4X%.GFpP This study
PKB213 pRS415 osh4*8R.GFP This study
PKB218 PRS415 0sh4***’?-GFP This study
PKB223 PRS415 0sh4***"*-GFP This study
PKB23 pRS416 (SIKORSKI AND HIETER 1989)
PKB286 pRS416 OSH4 This study
PKB287 PRS416 0sh419%? This study
PKB288 PRS416 osh4Xo9R This study
PKB269 PRS416 0sh41eQ This study
PKB270 PRS416 0sh4" %R This study
PKB271 PRS416 osh4*247Q This study
PKB272 PRS416 osh4**™® This study
PKB292 pGST2 Gift from J-F Couture lab
PKB261 pGST2 GST-OSH4 This study
PKB262 pPGST2 GST-0sh419%Q This study
PKB263 PGST2 GST-0sh4" 1R This study
PKB266 pRSET-B-His6-SAC1°# (STEFAN et al. 2011)
PKB308 pRS326 OSH1 (LOEWEN et al. 2003)
PKB309 PRS326 0sh1*&Q This study
PKB310 pRS326 osh1*®"R This study
PKB305 pRS416 pPHO5-OSH1-GFP (LOEWEN et al. 2003)
PKB306 pRS416 pPHO5-0sh1X¥"**-GFP This study
PKB307 pRS416 pPHO5-0sh1**"**-GFP This study
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Table S3 List of significantly downregulated genes from RNA-seq experiment

Gene symbol Log2 Fold Change (sec14-1"eaf1A/sec14-1®) FDR-adjusted p-value

TSR2 -1.002 1.01E-04
HUF -1.002 3.33E-05
SER2 -1.012 3.00E-05
DAS2 -1.015 1.65E-05
TRM11 -1.017 1.25E-05
PHOS5 -1.018 6.16E-07
NOP14 -1.020 1.08E-06
NAG1 -1.020 1.30E-04
RPA49 -1.022 7.02E-06
SLX9 -1.027 6.54E-05
NOPG6 -1.032 1.68E-05
SQT1 -1.034 4.89E-07
VMR1 -1.042 2.71E-06
YAROG8W -1.045 3.05E-04
REI1 -1.047 7.17E-08
DDI2 -1.049 4.23E-03
NIP7 -1.050 3.12E-05
TRM112 -1.051 4.00E-06
CDsS1 -1.054 2.17E-06
HPT1 -1.056 7.92E-07
NUS1 -1.058 1.01E-07
RRP8 -1.061 1.57E-06
NOP13 -1.062 3.07E-05
ESF2 -1.067 7.62E-05
YLR446W -1.077 6.29E-06
GLN4 -1.077 5.55E-10
BAT2 -1.079 2.03E-12
RRP5 -1.082 4.37E-11
NUG1 -1.084 2.46E-08
NBL1 -1.091 7.13E-05
RNA170 -1.092 1.40E-02
NOP7 -1.094 4.81E-07
TRM8 -1.095 4.33E-05
NOB1 -1.097 2.31E-07
TRX3 -1.098 3.46E-04
YORO08C_A -1.102 2.34E-02
SVF1 -1.104 1.64E-08
DDI3 -1.125 3.46E-04
IPI3 -1.125 2.35E-07
SNO3 -1.146 4.93E-04
ADE12 -1.149 3.47E-08
LTV1 -1.150 1.56E-07
SNO2 -1.152 5.99E-05
IMP3 -1.158 2.06E-05
YER187W -1.158 3.86E-03
PAC11 -1.163 2.17E-06
GON7 -1.168 1.91E-06
RIX1 -1.180 6.26E-10
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YLRO30W -1.185 4.47E-06

DHR2 -1.191 2.81E-10

YDR541C -1.212 3.43E-08

BIO5 -1.232 1.09E-10

UTP23 -1.293 4.67E-07

YGRO35W_A -1.309 3.33E-05

BCP1 -1.324 5.55E-10

TIR1 -1.329 5.26E-08

RBG2 -1.342 5.30E-11

IMD2 -1.363 7.86E-10

YDL241W -1.403 2.58E-04

AAD3 -1.414 6.52E-11

AlF1 -1.421 8.20E-13

SOM1 -1.455 1.70E-05

TMA46 -1.523 1.51E-12

YOLO014W -1.539 3.02E-05

TNA1 -1.581 2.12E-22

FIT3 -1.675 9.39E-22

YEH1 -1.744 1.71E-23

YHB1 -1.925 7.65E-21

COS10 -2.003 2.91E-18

YNRO75C_A -2.024 3.61E-10

ADE17 -2.055 2.81E-20

PAU18 -2.261 3.46E-11

PHO3 -2.336 1.84E-39
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SIT1
FIT2
ENB1
EAF1

-2.434
-2.694
-3.389
-3.404

1.22E-45
2.51E-31
2.33E-83
2.67E-58
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Table S4 List of significantly upregulated genes from RNA-seq experiment

Gene symbol Log2 Fold Change (sec14-1®eaf1A/sec14-1°) FDR-adjusted p-value

DDR2 4.085 9.16E-59
HSP12 3.587 2.40E-46
HSP26 3.215 3.82E-47
CTT1 3.159 1.60E-56
PUT1 3.008 2.31E-43
FMP16 2.756 2.41E-23
TSL1 2.618 5.15E-31
SOL4 2.492 7.41E-31
PUT4 2.473 1.22E-22
ALD3 2.471 2.24E-36
YRO2 2.365 7.41E-31
NQM1 2.340 1.83E-30
YDRO34W_B 2.326 2.78E-19
HSP42 2.318 1.14E-23
FMP45 2.303 1.54E-25
TDH1 2.251 2.07E-45
GPG1 2.246 1.50E-28
YNRO34W_A 2.139 2.87E-14
GND2 2.128 1.22E-22
YER053C_A 2.110 4.77E-07
YGP1 2.102 2.64E-41
SDH1 2.082 8.34E-26
MSC1 2.078 4.95E-28
TPO2 2.051 2.90E-24
YBRO85C_A 2.024 3.30E-29
SNA2 2.013 5.68E-18
ENO1 1.972 6.47E-37
TMA10 1.910 1.56E-10
STR3 1.892 3.63E-15
SIP4 1.873 3.01E-16
SDH2 1.867 2.98E-19
GLK1 1.867 3.37E-18
GPH1 1.864 7.74E-38
NCE102 1.858 2.47E-31
AAC1 1.819 1.15E-10
TKL2 1.807 7.77E-13
XBP1 1.803 3.44E-11
HOR? 1.799 4.41E-18
COR1 1.785 1.38E-31
YCLO042W 1.771 2.36E-14
YJL133C_A 1.761 2.14E-16
RPM2 1.750 2.74E-17
PTR2 1.725 1.97E-20
PGM2 1.705 1.55E-29
URA2 1.698 1.46E-33
RPM1 1.685 1.46E-09
GLT1 1.652 1.22E-32
YDL124W 1.640 4.38E-32
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BDF2 1.631 4.38E-32

KAR2 1.608 9.93E-26

Al2 1.587 1.07E-14

CAR2 1.578 3.50E-17

GDS1 1.566 2.38E-27

ATP6 1.551 7.98E-15

COX2 1.537 1.07E-17

SPG4 1.516 1.94E-04

TFS1 1.501 4.93E-14

All 1.481 1.26E-12

YBR200W_A 1.458 1.77E-03

SPS4 1.448 1.84E-06

ATP8 1.424 1.36E-07

YLR157C_C 1.422 4.71E-04

RTN2 1.419 2.95E-10

TPS2 1.404 1.58E-13

OM45 1.390 1.67E-08

YKL151C 1.361 1.27E-16

YPC1 1.349 4.58E-07

TPS1 1.346 3.37E-12

YER158C 1.338 4.48E-12

QCR10 1.326 1.27E-06

SIP18 1.321 1.11E-03

RTS3 1.303 9.73E-14

SKS1 1.298 5.22E-12
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BTN2 1.293 1.75E-06

YHRO097C 1.281 4.56E-13

YLR159W 1.273 5.34E-05

CIR2 1.267 4.56E-13

CYT1 1.261 4.51E-11

INO1 1.252 1.66E-10

YLR156W 1.245 2.81E-04

B2 1.217 6.68E-08

UTR5 1.208 1.97E-04

PIR3 1.208 1.13E-08

IGD1 1.189 1.07E-04

HXK1 1.181 1.94E-12

HSP30 1.174 1.33E-06

GAP1 1.170 3.16E-08

BI3 1.159 3.40E-07

ATG39 1.144 6.40E-04

ICY1 1.140 8.87E-06

PMP3 1.130 1.36E-05

CLN1 1.130 2.02E-08

YAK1 1.122 7.45E-10

ROX1 1.116 4.36E-08

COX4 1.109 7.41E-08

SWi1 1.106 1.73E-10

YML100W_A 1.102 5.36E-03

VHR1 1.100 1.14E-10

PBI2 1.093 3.86E-05
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HSL1 1.089 1.04E-11

HSP78 1.083 7.32E-06

CYT2 1.075 1.36E-05

YDR222W 1.071 1.22E-09

FAS2 1.061 1.21E-11

YNL190W 1.057 2.46E-09

YBR126W_A 1.047 2.43E-07

YJR120W 1.043 1.85E-04

NCA3 1.039 1.75E-04

YGR146C_A 1.034 2.12E-02

UGP1 1.032 2.50E-07

QCR6 1.027 1.90E-06

FAS1 1.024 3.38E-12

SCw10 1.023 1.64E-07

ATG17 1.015 5.68E-05

YMR196W 1.007 2.26E-08
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Table S5 Gene clustering GO term analysis of significantly downregulated genes

Enriched GO term

. . Enrichment Score: p-value Fold enrichment
biological process
ribosome biogenesis 5.308802009524532 1.80E-21 1.30E+01
phosphate metabolic process 2.0605013595220907 3.40E-03 1.10E+01
Siderophore transport 1.9896881696205484 6.90E-13 2.70E+02
purine ribonucleoside 1.4769184564461462 6.90E-10 1.70E+02

monophosphate biosynthetic process
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Table S6 Gene clustering GO term analysis of significantly upregulated genes

Enriched GO term

biological process Enrichment Score: p-value Fold enrichment
respiratory electron transport chain 9.152353887660338 3.10E-32 1.00E+02
intron homing 5.332023441986259 2.30E-13 2.10E+01
glycogen metabolic process 3.9587134850705996 2.10E-07 1.20E+02
pentose-phosphate shunt 3.2885669151366286 2.40E-08 2.40E+02
cell wall organization 1.5822704791565951 2.40E-03 8.30E+00
amine transport 1.0875144233351073 1.80E-10 5.00E+01
protein amino acid phosphorylation 0.7922842001078272 2.20E-05 2.60E+01
regulation of transcription, DNA- 0.5475037058344772 6.50E-08 9.20E+00

dependent
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