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Abstract

The yeast lysine acetyltransferase NuA4 has been implicated in regulating various aspects of metabolism,
including a poorly defined role in lipid homeostasis. While classically known to acetylate histones, regulating
gene expression, NuA4 also targets several non-histone proteins for acetylation. Here, I use a combination of
functional genomics and fluorescent microscopy to define a novel role for NuA4 in regulating phospholipid
availability for organelle morphology. First, I characterized that disruption of the NuA4 complex resulted in
70% of cells displaying deformed nuclei and nearly 50% of cells exhibiting high levels of vacuolar
fragmentation. Interestingly, the deformed nuclei appeared to occur at all stages of the cell cycle, indicating an
underlying dysregulation of lipids driving phospholipid metabolism. With deletion or mutation of additional
genes involved in phospholipid synthesis, [ was able to partially rescue nuclear deformation but not vacuolar
fragmentation. To investigate the cause of these phenotypes further, I probed whether there could be a defect in
a critical autophagy process known as piecemeal microautophagy of the nucleus (PMN). PMN acts to
selectively degrade excess nuclear membrane into the vacuole and is performed at the nuclear-vacuole junction
(NVI). Interestingly, cells deficient in NuA4 also showed severe defects in the formation of NVJ and the
function of PMN. To determine the cause of these defects, I sought to determine if these phenotypes were due
to an uncharacterized relationship between NuA4 and Pahl, an enzyme that converts phosphatidic acid into
diacylglycerol, which favours the accumulation of lipid droplets over phospholipids that are used for membrane
expansion. NuA4 subunit Eafl was required for Pahl localization to the inner nuclear membrane, and artificial
tethering of Pahl to the nuclear membrane rescued nuclear flare and vacuole fragmentation defects but not
defects related to the formation of NVJs. Mutation of a candidate NuA4 acetylation site on Pah1 also resulted in
aberrant Pahl localization and defects in membrane morphology and NVIJ. This work defines a critical role for
NuA4 modification of Pahl in the regulation of lipid pools that define the characteristics and function of
organelle membranes. Given the high level of conservation of NuA4 with the human Tip60 complex, as well as

Pah1 with human lipin, this work is highly relevant to human disease.
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Chapter 1

Introduction

1.1 Introduction to Lysine Acetylation

Post translational modifications (PTMs) are common cellular mechanism that expands the
variety of protein species, thereby enhancing functional diversity.! This diversity is essential to the
cell’s ability to quickly respond to internal and external factors.? While several other types of PTMs
exist and are actively investigated, such as phosphorylation, glycosylation, acylation and
ubiquitination!, acetylation remains one of the most prevalent PTMs.>#* There are two prominent types
of acetylation that can occur on a protein, characterized by the location of acetylation on lysine (K),
N-terminal (Nt) acetylation or the Ng lysine acetylation.* Nt modifications can occur co- or post-
translationally and are catalyzed by Nt-acetyltransferases (NATSs).*® Alternatively, the Ng lysine
acetylation (herein referred to as lysine acetylation and depicted in Figure 1.1) occurs on the side
chains of protein lysine residues and, unlike Nt acetylation, is reversible.” Adding an acetyl group onto

lysine changes the electrostatic properties of the protein by preventing lysine positive charge.’

| Acetyl CoA | | CoA |

Lysine HaC " Acetyl-lysine

7/ o
o
H2N OH OH
H2N

[ Acetyl CoA | | CoA |

Figure 1.1 - Schematic representation of lysine acetylation and de-acetylation.



Lysine acetyltransferase (KAT) enzymes add acetyl groups onto lysine residues at the N-terminal nitrogen
residue. This causes a change in the structure and charge of the residue, which utilizes acetyl-CoA. Alternatively,
lysine deacetylase (KDAC) catalyzes CoA into Acetyl CoA by reversing the covalent lysine acetylation. Amino
acid structures were created through www.chemspider.com.

Early studies of acetylation began investigating histone targets®” and the enzymes catalyzing
this reaction, which became known as histone acetyltransferases (HATSs).® Acetylation on histones
causes conformational changes resulting from a change in charge on the lysine residue that allows for
improved access of the DNA to transcriptional machinery.!? Therefore, high levels of histone
acetylation typically leads to increased levels of transcription.* Additionally, the acetylation of
histones also allows for them to be bound by proteins containing a bromodomain, a YEATS domain
(Yaf9, ENL AF9, Tafl4, Sas5), or a plant homeodomain (PHD).!!"!3 However, it was later shown that
lysine acetylation was not only restricted to histones but could occur on lysine residues within
proteins.” Given this diverse set of targets, the name of the catalyzing enzymes was changed to lysine
acetyltransferases (KATs).!

KATs are further broken down into three distinct families: (1) the GCN5-related N-
acetyltransferases (GNAT) family,!>!® (2) the MOZ, Ybf2, Sas2 and Tip60 (MYST) family,'!” and (3)
the p300/CBP (CREB-binding protein) family.'® Most KATs function in multi-protein complexes
containing many subunits that guide the complex's catalytic capabilities and are involved in
transportation to specific substrates. The actions of KATs are countered by lysine deacetylases
(KDAC:sS), which can remove acetyl groups from lysine residues (outlined in Figure 1.1). There are
four distinct classes of KDACs based on substrate dependence, homology, and localization. Class I, II
and IV are Zn?"dependent aminohydrolases and mainly localize to the nucleus and cytoplasm, while
Class II1, also known as sirtuins, require NAD" for its catalytic function.!*!*2° The opposing actions of

KATs and KDAC: tightly regulate a cell's complex lysine acetylation profile.



1.1.1 Evolving research on non-histone protein acetylation targets

Acetylation of proteins results in the change in function of a protein because it alters the
protein’s stability, hydrophobicity or localization.”?! Given that lysine is also a target for several other
forms of PTMs (such as ubiquitylation or SUMOylation), acetylation can block other PTMs from
occurring, causing additional functional consequences.?? While there are thousands of identified
protein targets of acetylation identified in several systems (from Escherichia coli to Homo sapiens),
only a handful have been functionally analyzed.?** As a result, we are only starting to get a picture of
the diverse role that protein acetylation plays in the cell. Some of the first proteins discovered to be
acetylation were high mobility group (HMG) proteins 14 and 17 in 1981%° and p300-mediated
acetylation on p53 in 1997.2° Since then, expansive mass spectrometry-based proteomics has
continued to expand the list of non-histone protein targets of acetylation.!*’

Both KATs and KDACs have become increasingly relevant as therapeutic targets since their
deregulation has been shown to underlie many diseases, most notably cancer 2%, neurodegeneration 2°,
and diabetes.*° As additional acetylation targets are uncovered, further work must be done to
characterize the significance and function of non-histone acetylation. Identifying the biological
outcome of acetylation on these non-histone targets will assist in understanding why KATs and

KDAC:s contribute to disease and how they can be used in therapeutics.

1.2 Tip60, a human lysine acetyltransferase

Tip60, a Tat (trans-activator of transcription)-interactive protein 60 kDa in size, remains one of
the best characterized MYST proteins, known for its role in DNA damage response and
transcription.®! True to its namesake, TIP60 was first isolated as an HIV-1 Tat interactive protein but
was quickly discovered to have HAT activity on histones H2A, H3 and H4.32-3 Tip60 exists primarily

as a stable protein complex with 18 subunits, summarized and compared to NuA4 for homology in



Table 1 and Figure 1.2. Further work uncovered Tip60-mediated acetylation of several transcription
factors, such as androgen receptor (AR),* upstream binding transcription factor (UBF),3®
myelocytomatosis oncogene ¢ (c-Myc),?” and kinase Ataxia Telangiectasia mutated (ATM).>® The
name Tip60 remains widely accepted, however, recent efforts to simplify the naming systems of
KATSs have denoted it as KATS5 to reflect its broader role in acetylation.>

Tip60 has several functions, both through its epigenetic regulation of gene expression and its
non-histone protein targets of acetylation. In addition to the links between Tip60 and metabolism

(outlined below), the following is a highlight of Tip60 functions (also found in Figure 1.2D):

1.2.1 Tip60 and Chromosome Segregation

Segregation of chromosomes is an essential process of mitosis and is highly regulated through
various checkpoints that aim to ensure there is no DNA damage and that spindle attachments are
assembled appropriately (governed by spindle assembly checkpoints, SACs). Aurora B
serine/threonine kinase is the catalytic subunit of the chromosome passenger complex (CPC), which
governs chromosome segregation through spindle and microtubule attachments.*® As a result, Aurora
b plays a vital role in the progression into mitosis, ensuring chromosome segregation occurs smoothly
and error-free. #! It has recently been shown that Tip60 acetylates Aurora B at K215, preventing it
from dephosphorylation and sustaining its actions. This acetylation required Tip60 to be

phosphorylated and activated by the cyclin-dependent kinase (CDK1)-cyclin B complex at Ser90.4°

1.2.2 Tip60 and p53

The transcription factor p53 is one of the most studied human proteins. This is because over
50% of human cancers exhibit a mutation in the p53 gene.*? Primarily, p53 acts as a tumour
suppressor. Upon DNA damage, p53 is activated through several PTMs, including acetylation by

Tip60, among several other acetyltransferases.** Tip60-dependent acetylation occurs at K120 within



the DNA-binding domain of p53. This modification allows for p53 to transcriptionally active genes
associated with cell cycle arrest and apoptosis.** Given the diverse roles of p53 in regulating cancer,
Alzheimer’s disease, and other aging-related diseases, Tip60’s regulation of p53 is of high clinical

significance.

1.3 Saccharomyces cerevisiae as a model organism to study lysine acetylation

Saccharomyces cerevisiae, commonly known as budding or brewer’s yeast, provides a
comprehensive and robust model to study acetylation, given its proven role as a model organism for
genetic analysis. As the first eukaryotic organism to have its DNA fully sequenced,* S. cerevisiae has
been fundamental to our understanding of genetics. Nearly 31% of all protein-coding S. cerevisiae
DNA shows high levels of homology to mammalian sequences.*® As a single-celled organism,
approximately Sum in size, S. cerevisiae contains a nucleus and several membrane-bound organelles.
S. cerevisiae are known for their quick and simple growth requirements, which make it incredibly easy
for them to work within a lab setting.*” Under optimal conditions, yeast cells divide every 90 minutes
through a process known as budding, which involves the budding of a daughter cell that is genetically

identical to the mother cell.*’

Once the process of transformations was successfully defined to
introduce Escherichia coli plasmids into S. cerevisiae, and later the integration of homologous
recombination to integrate DNA fragments into the S. cerevisiae genome, S. cerevisiae became widely
accepted as a model organism for genetic studies.*’*

Notably, KAT and KDAC complexes show a high degree of conservation between yeast and
mammals, with acetylated lysines being more conserved across species than their non-acetylated
counterparts.’®32 In S. cerevisiae, there are 10 KDACs (Hdal, Hos1, Hos2, Hos3, Hst1, Hst2, Hst3,
Hst4, Rpd3 and Sir2), 8 confirmed KATs (Ecol, Elp3, Esal, Gen5, Hatl, Rtt109, Sas2 and Sas3), and

6 putative KATs (Hp12, Hp13, Lys20, Lys21, Spt10 and Taf1).?® Large-scale protein-wide



assessments and acetylome studies have identified over 2000 acetylated proteins,>!> however, only a
handful have been studied for their functional consequences.

Further, S. cerevisiae provides a robust model to perform large-scale screening since the
creation of several collections of yeast strains, most notably the deletion mutant array (DMA),>*> the
overexpression collection,>® and the green fluorescent protein (GFP)-tagged collection.>” These
collections allowed for the characterization of gene/protein functions through Synthetic Genetic Array
(SGA) analysis, allowing for investigating query strains by generating multi-mutant collections.>>’
The resulting combination provides for the interpretation of genetic interactions between genes of
interest and has significantly contributed to our understanding of cellular functions and
interactions.’®> SGA analysis has increased our knowledge of KATs and KDACs by providing
insight into interactions with each other and other genes/proteins. For example, SGA unveiled the
dynamic relationship between the KAT NuA4 and the KDAC Rpd3 in response to DNA double-
stranded breaks.®® Additionally, SGA can provide, for the first time, valuable findings on the role of
mutations on the in vitro proteome of the cell. By deleting the KDAC RPD3 in combination with the
GFP-tagged yeast collection, there were drastic changes in the localization of the GFP-tagged

proteins.®! This revolutionized our understanding of acetylation as a modulator of protein localization

and function.

1.4 The yeast lysine acetyltransferase, NuA4

The Nucleosomal Acetyltransferase of histone 4, referred to as NuA4, is the only essential
KAT in S. cerevisiae.®? It was named for its predominant role in acetylating Histone H4.5> However,
NuA4 has now been linked to several metabolic proteins,’*® lipid regulatory pathways,* growth
defects,®” and stress response®® in yeast. The NuA4 complex is a member of the MYST KAT family

and is comprised of 13 subunits, including the catalytic component, Esal, 5 components essential to



cell viability, Actl, Arp4, Epll, Swc4, and Tral, as well as 7 others (not required for cell viability),
Eafl, Eaf3, Eaf5, Eaf6, Eaf7, Yaf9, and Yng2.62%70 Importantly, Esal is homologous to human
Tip60, which also functions in a complex known as the Tip60 complex.”! The 12 other subunits of the
yeast NuA4 complex also have mammalian homologs, highlighting the high level of conservation of
this complex between species.®® © As such, studies investigating NuA4 in yeast can provide

meaningful insight into the function and role of Tip60 in human disease states.®
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A) Labelled complex of the yeast lysine acetyltransferase NuA4. All 13 subunits are denoted, including the
catalytic component, Esal. As an essential subunit, £S4/ cannot be deleted, however deletion of the scaffolding
subunit EAF] results in the dissociation of the complex, a reduction in Esal activity and a reduction in the
acetylation of NuA4 complex acetylation targets. B) Labelled complex of the human Tip60 complex. C)
Schematic displaying the various cellular mechanisms that NuA4 takes part in. Below, in brackets, is the
specific target of NuA4 acetylation that it modulates this pathway through. D) Schematic displaying the various
cellular mechanisms that Tip60 takes part in. Below, in brackets, is the specific target of Tip60 acetylation that
it modulates this pathway through.

The NuA4 complex is comprised of 4 separate subcomplexes (Figure 1.2A). Firstly, the
piccolo complex, or the catalytic submodule, includes subunits Esal, Yng2, Eaf6 and Epl1.7>73 As
such, this portion completes the catalytic function of acetylation but is unable to interact with
transcription factors, making it unable to localize to its location of function.”*”> Second is the Trimer
Independent of NuA4 involved in Transcription Interactions with Nucleosomes, referred to as the
TINTIN subcomplex, comprising of Eaf3, Eaf5 and Eaf7.7® While TINTIN can act both with or
without the complete NuA4 complex, its main role is to aid in NuA4 interaction with nucleosomes
through methylated histone H3.”” On its own, TINTIN can block the incorporation of new histones
and promote the recycling of nucleosomes following elongation by RNA polymerase I1.77-"® The third
NuA4 subcomplex is comprised solely of Tral, the largest subunit of the NuA4 complex, which is
shared with the SAGA complex. Given its size, Tral serves as a platform for interacting with
transcription factors in the NuA4 and SAGA complexes.””® Tral is most commonly described as an
activator target, assisting with the localization of NuA4 and SAGA complexes to specific loci.?!
Finally, the core of NuA4 is made up of the remaining subunits, Actl, Swc4, Yaf9, Arp4 and Eafl,
which connect the other three groups together.’%-82

While it is known that these 4 subcomplexes form the overall holo complex structure of NuA4,
the details of this dynamic remain an active area of research. In recent years, advancements in cryo-

electron microscopy (EM) have provided significant details on NuA4 structure in S. cerevisiae.®* For

example, cryo-EM uncovered that Elp1 plays a large role in maintaining the connection between



NuA4’s catalytic and core subcomplexes.®* As a bridge, the C-terminal tail region of Elp1 interacts

directly with the core module of NuA4 through a tight binding between Elp1 and Eafl. At its N-

terminal, Elp1 connects to the FAT domain of Tral.** Cryo-EM confirmed that NuA4 exists in two

major modules: the KAT and TRA modules. While the KAT module is involved in binding the

nucleosome, the TRA modules remain in close proximity and act as an activator surface for the

complex. Given the advancements in techniques in this area, further research will elucidate the

structure of NuA4 and its association with the nucleosome.

Table 1 — Components of the yeast lysine acetyltransferase, NuA4 and the human Tip60 complex.

Yeast Protein Human Role in the yeast, NuA4 Role in the human, Tip60
Ortholog complex complex
Esal TIP60 Piccolo Complex (NuA4 Acetyltransferase Complex
catalytic submodule)
Yng2 ING3 Piccolo Complex (NuA4 PHD finger domain, growth
catalytic submodule) inhibitor, apoptosis
Eaf6 MEAF6/ Piccolo Complex (NuA4
FLJ11730 catalytic submodule)
Epll Epcl/2 Piccolo Complex (NuA4 Transcription control, silencing
catalytic submodule)
Eaf3 Mrgl5/X TINTIN Complex (NuA4 Chromo domain, senescence
interaction with nucleosomes)
Eaf5 BRDS TINTIN Complex (NuA4
interaction with nucleosomes)
Eaf7 MrgBP TINTIN Complex (NuA4
interaction with nucleosomes)
Tral TRRAP Platform for NuA4/SAGA PIKK domain, component of Hat
interaction with transcription complexes
factors.
Actl Actin NuA4 Core ATPase, cytoskeleton
Swc4 DMAPI NuA4 Core
Yaf9 YEATS4 NuA4 Core
Arp4 BAF53a NuA4 Core Actin related, DNA repair
Eafl EP400 (not NuA4 Core
homologous but
shares some
similarity)
Eafl/Swrl P400/Domino SWI2/SNF2-like ATPase
Vps72 VPS72/Y1-1 Subunit of SWR1 Chromatin remodelling
Brd8/TRCp120 | BRDS Subunit of SWR1
- MSL3
Sas5 and Tafl4 | YEATS2 SAS complex, INO8O,
SWI/SNF and NuA3 complexes
Rvb1/2 RuvBL1/2 No role in NuA4 Helicase/ATPase?




- MBTDI1
Sas5 and Tafl4 | MLLT1/3 SAS complex, INO8O,
SWI/SNF and NuA3 complexes

Since ESA1 is an essential gene, the temperature-sensitive mutant esal” (esal-L254P), which
inactivates the encoded subunit at high temperatures, reducing acetylation activity, may be used to
investigate the role of NuA4.708586 Another method to manipulate £S41 without causing secondary
effects throughout the cell is to use the “anchor-away” model, A4-ESA1, which pulls Esal from the
nucleus and anchors it in the cytoplasm.?’ Studies show that A4-ESA1 causes no difference in cell
growth or viability in A4-ESAI compared to WT.3® This model is ideal when one is studying only
nuclear phenotypes and/or functions since targeting ESA/ to the cytoplasm can cause its own effects.
Alternatively, the deletion of the non-essential EAF] can also serve as an easier and more efficient
model since Eafl functions exclusively within the NuA4 complex.®>8%%° As a scaffolding subunit in
the core module of NuA4, deletion of EAF I results in dissociation of the NuA4 complex and
reduction of Esal targeting (Figure 1.2A).54% Therefore, eafIA strains are useful models for

investigating the consequences of NuA4 dysfunction,62:63-:66.89-91

In addition to NuA4’s role in histone acetylation, it is widely accepted that NuA4 is also
involved in the acetylation of a variety of non-histone/protein targets. Mapping of NuA4’s genetic
interactions has provided a deeper understanding of clusters of NuA4 activity, many of which remain
unexplored. This role ranges from metabolism (described in further detail below) to mRNA transport,
DNA damage, and cell cycle. Additional functions of NuA4 and its interactors are summarized here

and in Figure 1.2C:

1.4.1 NuA4 and DNA repair

NuA4’s role in DNA repair is multi-faceted and well-documented, especially in relation to

DNA double-stranded breaks (DSBs). DSBs can be repaired either through non-homologous end
10



joining (NHEJ) or homologous recombination (HR).”? NuA4 is specifically recruited to the site of
DSBs,” where NuA4-dependent acetylation on H4 and H2A facilitates the incorporation of the
H2A.Z histone variant into nucleosomes in response to DNA damage.’* This specifically marks the
nucleosome for DNA damage and is a fundamental step in DNA repair.”* Beyond histones, NuA4 also
actively recruits several chromatin remodelers and influences the selectivity of the DNA repair
pathways. For example, by acetylating Nejl and Ku80 at DNA breaks, NuA4 inhibits NHEJ, thereby

promoting DNA end resection and favouring homologous recombination repair.®

1.4.2 NuA4 auto-acetylation

Autoacetylation sites have been identified on nearly all of the NuA4 complex subunits. Most
significantly occurring on Yng2 and Epl1.3¢ Acetylation of Yng2 is important for the stability and
function of the subunit and impacts the overall function of NuA4.%° Autoacetylation sites have also

196

been found directly on Esal®®and are conserved on Tip60,”” impacting its activity and function.”®

1.4.3 NuA4 and autophagy

Autophagy is the cell’s natural ability to recycle materials through lysosomal (in most
mammalian cells) or vacuolar (in most eukaryotic cells) degradation. In particular, this process plays a
protective role in the cell and aims to get rid of harmful proteins or injured organelles throughout the
cell’s life cycle.” Defects in autophagy are highly relevant to cancer and aging research since this is

highly related to recycling and removing damaged cellular products.!%0-102

Given the role of protein
acetylation in regulating autophagy,'®® Tip60 has been investigated with great interest by autophagy
researchers. Notably, glycogen synthase kinase-3 (GSK3) phosphorylates Tip60 upon depletion of
growth factors and ER stress, activating Tip60.!%* This requires prior phosphorylation of Tip60 by
cyclin-dependent kinase 1 (CDK1). Tip60 then acetylates the protein kinase ULK1, activating

autophagy.!%195 Ulk1’s yeast homolog is Atgl, an upstream component of the autophagy machinery

11



and a key regulator in selective autophagy in yeast.!% GSK3-activated Tip60 also induces autophagy
through acetylation of RUBCNL/Pacer, which facilitates the recruitment of the HOPS complex to the
autophagosome, promoting maturation and clearance of lipid droplets.!®” Similarly, GSK 1-activated
Tip60 also acetylates p62/SQSTM1, enhancing p62’s ability to bind ubiquitylated proteins and
promote autophagy.'%®

While several autophagy proteins exist in yeast, NuA4’s role in autophagy is mainly related to
the acetylation of the autophagy protein Atg3 under nitrogen starvation.!%” Acetylation on Atg3 is
found at K19 and K48 and has been found to be dependent on Esal. This acetylation promotes Atg3
interaction with Atg8 and directly promotes autophagy. Therefore, impeding the acetylation of Atg3

caused a defect in autophagy.!?® All of the described autophagy pathways are depicted in Figure 1.3.
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Figure 1.3 — Summary of Tip60 and NuA4 complex’s roles in autophagy pathways.

The top panel describes Tip60’s role in regulating autophagy in humans. First, Tip60 must be phosphorylated
and activated by cyclin-dependent kinase 1 (CDK1) and glycogen synthase kinase-3 (GSK3). Tip60 was then
described to acetylate the protein kinase ULK1, RUBCNL/Pacer and p62/SQSTM1. All of which promote
autophagy. In yeast (bottom panel), NuA4 is known to acetylate the autophagy gene, Atg3, which promotes its
interaction with Atg8 and its role in autophagy.

1.5 NuA4-dependent acetylation is tightly linked to lipid metabolism and biosynthesis

Previous work by the Baetz lab and others has established a role for NuA4 in regulating the
expression of the inositol-3-phosphate synthase genes, INO1,°%7 the oxysterol binding protein Osh1
(unpublished), ergosterol (submitted to G3), and the activity and location of the Acetyl-CoA
Carboxylase protein, Accl.”! There is growing evidence that NuA4 may have a role in regulating the
phosphatidic acid phosphatase Pahl, contributing to the delicate balance between lipid storage and

phospholipid biosynthesis.!'°

1.5.1 An overview of lipid metabolism in yeast

Lipids, small organic biomolecules, have become increasingly studied for their involvement in
human diseases. This heightened interest in studying lipids led to a need for a classification system. In
2005, the International Lipid Classification and Nomenclature Committee developed a
“Comprehensive Classification System of Lipids” that involved defining lipids into 8 different
categories: fatty acyls, glycerolipids, glycerophospholipids, sphingolipids, sterol lipids, prenol lipids,

111

saccharolipids and polyketides."'' Lipids can serve a multitude of roles in the cell. Primarily, they are

an energy source, but they can also serve as structural elements of the cell envelope and organelles, act
as a signaling molecule, or even as a mediator of membrane fusion and apoptosis.!!?-!13

Yeast provides an ideal model organism for studying lipid metabolism due to the high level of
conservation with humans.!'%!17 Additionally, the nature of deletion sets and the flexibility and
customization of growth conditions make the metabolism pathways easy to manipulate in practice.!'*-

120 Yeast lipid metabolism is characterized by the balance between lipid synthesis, storage and

utilization. In excess, high levels of lipids can cause lipotoxicity, causing corresponding signalling,
13



stress response, and cell death.!?! To counter this, lipids are often stored in lipid droplets (LD) as an
energy reservoir that can be utilized for energy production or the creation of more complex lipids,
such as membrane phospholipids.!!® LDs are comprised of triacylglycerols (TAG) cores, a layer of

steryl esters (SE) with a phospholipid monolayer.!??

1.5.2 Pahl is a central component of lipid metabolism.

As a central component of the lipid synthesis pathway, phosphatidic acid (PA) sits at a critical
crossroad between lipid droplet formation and phospholipid production (Figure 1.4).!2* In one
direction, PA can be dephosphorylated by the yeast phosphatidic acid phosphatase (Pahl) to create
diacylglycerol (DAG), which is subsequently modified by the DAG acyltransferase to form
triacylglycerol (TAG).!?#1%5 Alternatively, PA can be processed into CDP-DAG, which is a precursor
to the membrane phospholipids, phosphatidylinositol (PI), phosphatidylserine (PS),
phosphatidylethanolamine (PE) and phosphatidylcholine (PC).!2%:126:127 P production requires the
addition of inositol, which is derived from glucose and processed by inositol-3-phosphate synthase
(Ino1). PI is essential in promoting vacuole fusion through the production of PI(3,5)P by the PI 3-
kinase Vps34 and DAG through phospholipase C, Plc1.!%

Regulation of PA is vital to establishing a balance between the production of lipid droplets and
membrane phospholipids. Initial pools of PA can be produced mainly through two methods. The most
common is through glycerol-3-phosphate (G3P), an intermediate in the glycolysis pathway.'?* G3P
can be subsequently acylated by glycerol-3-phosphate acyltransferase (GPAT) to create
lysophosphatidic acid (LPA) and then by lysophosphatidic acid acyltransferase (LPAAT) to create
PA. Alternatively, PA can be made by the digestion of PC by phospholipase D (PLD) (Summarized in
Figure 1.4A).'%

Pahl is a critical regulator of PA, and this is highlighted by the phenotypes that are seen upon

its deletion. As the primary function of Pahl is to convert PA into DAG, pahlA cells have increased
14



levels of PA and corresponding decreases in DAG and TAG, its derivative.!*%!32 Through regulation
of PA levels, Pahl also acts as a repressor of the transcription factor Opil, a transcriptional repressor
of phospholipid synthesis genes, such as CHO1, INO1 and other phospholipid metabolic genes
containing inositol/choline-responsive elements (ICREs) in their promotor regions (Figure
1.4B).!33:134 These genes are transcriptionally activated through Ino2 and Ino4, forming a heterodimer
and binding ICRE-related genes' promotors.!3>1*7 When PA is low, Opil translocates into the nucleus,
binds Ino2, and represses transcription of phospholipid metabolic genes.!3*138 In the context of a
pahlA, increased levels of PA inhibit Opil. As a result, there is a further increase in the synthesis of
phospholipid genes 67125133

pahlA mutants exhibit an expansion of the nuclear/ER membrane, show sensitivity to fatty-
acid-induced toxicity, and have defects in lipid droplet formation.!2%:126:139.140 Additionally, pahlA
mutants exhibit growth defects on non-fermentable carbon sources and at high temperatures, 30132141
are hypersensitive to oxidative stress,'*> have shortened life spans,'#? and have defects in cell wall

143,144 qutophagy'4>143:146 and vacuole fusion.'#’ Interestingly, the deletion of the DAG kinase

integrity,
(Dgk1), which counteracts Pahl activity converting DAG into PA, can rescue nuclear flares, the

expression of phospholipid synthesis genes, and lipid droplet numbers,'*%!4° but not the defects in

vacuole fusion.'??
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Figure 1.4 - Schematic diagram for lipid metabohsm in yeast.
A) Simplified pathway for PA production, membrane lipid synthesis and lipid droplet formation. B) Role of PA

as a repressor of Opil transcriptional repression of phospholipid metabolic genes. The figure is adapted from
Dacquay et al. .

1.5.3 Pahl location, function and regulation through phosphorylation

Pah1 function is entirely dependent on its localization. Since it lacks a transmembrane domain,
Pahl interacts with members through PA.!>! Therefore, Pahl can bind to the membrane when PA is
present and execute its function. Pahl is located in the cytosol in its inactive state, and only through
posttranslational modification, primarily phosphorylation and dephosphorylation, can Pah1 be shuttled
to the nuclear/endoplasmic reticulum (ER).!3%152 Pah1 is phosphorylated through several protein
kinases, such as cell cycle kinase, Cdc28 (Cdk1)-cyclin B complex,!>* Pho85p-Pho80p,!>* Hsl1
kinase,!>® protein kinase A (PKA),'>® and protein kinase C (PKC).!” This process of Pahl modulation
through phosphorylation is summarized in Figure 1.5. Through mass spectrometry, it was found that

this phosphorylation activity centralized on seven Ser/Thr-Pro motifs (Ser-110, Ser-114, Ser-168, Ser-
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602, Thr-723, Ser-744, and Ser-748) within Pah1.!2415> A summary of these sites and their
corresponding kinase activity can be found in Figure 1.6.

For Pahl to bind to the nuclear/ER membrane, it must first be dephosphorylated by Nem1-Spo7, a
protein phosphatase complex located in the nuclear/ER membrane.!?>138 Notably, both Nem1, the
catalytic subunit, and Spo7, the regulator subunit, are required for Pahl function.!>® In fact, deletion of
NEM1 or SPO7 results in many of the same phenotypes at deletion of PAH1 itself (such as expansion
of the nuclear/ER membrane, decreases in TAG and LDs, temperature sensitivity, and defects in
autophagy).!2>131.146.152.159 Pah | has several domain regions that play various roles in its function and
location. Nem1-Spo7 interacts with Pahl through its acidic tail, as well as directly through several
phosphorylation sites within intrinsically disordered regions (IDRs),!2:1% many of which are regulated
through the regulation of phosphorylation (RP) domain.!®® Pahl can be dephosphorylated to interact
directly with the nuclear/ER membrane, and interaction occurs through Pah1’s N-terminal
amphipathic helix, which specifically recognizes PA in the membrane.!>!-1¢! Interestingly, mutations at
all seven sites to alanine residues on Pah1, rendering them non-phosphorylatable, bypass the
requirement for dephosphorylation by Nem1-Spo7 and cause enhanced Pahl activity.!24!53

Additional domains on Pahl include the HAD-like domain containing the DXDX(T/V) catalytic
motif, which must form a catalytic core through interaction with the N-LIP domain. The C-terminal of
the HAD-like domain is the WRDPLVDID domain, which is also required for enzymatic
activity.!9%19 Non-phosphorylated Pah1, either through lack of phosphorylation or following
dephosphorylation by Nem1-Spo7, is readily degraded through 20S proteasomal degradation,!64165
Figure 1.5 summarizes these domains and their relation to the Pah1 function.

In summary, Pahl is heavily regulated by phosphorylation and dephosphorylation. These

modifications manipulate Pah1’s location from the cytosol to the nuclear membrane. Recent research

suggests that the binding of Pahl to PA in the nuclear/ER membrane is a “hop” and a “scoot” along
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the membrane to additional PA molecules within the membrane that converts into DAG.!%® While this
seems the energetically favourable model, Pahl is found at various other membranes in the cell, such
as the nuclear-vacuole junction,'?¢ the inner nuclear membrane,'®” and lipid droplets.'®!-1® This
suggests that physiological conditions within the cell must promote Pahl to shift from a “scoot” across
the membrane to a “hopping” mode at various membrane locations.!%® Future work on specific Pahl
mutations and post-translational modifications could shed light on the movement of Pah1 between

membranes and continues to be an active area of investigation.
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Figure 1.5 — Graphical representation of Pahl localization to the nuclear membrane mediated by
phosphorylation and dephosphorylation.

Pahl is inactive in the cytosol. Upon dephosphorylation by Nem1/Spo7, Pahl is recruited to the nuclear
membrane, which converts PA into DAG, facilitating the production of lipid droplets. Pahl can also be shuttled
to proteasomal degradation. The graphic is adapted from Han et al. ' and Park et al. '**
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Figure 1.6 — Domains and phosphorylation sites of Pahl.

Regions of Pahl are shown (from left to right), the amphipathic helix required for association with the nuclear
membrane (dark blue), the N-LIP (green), the N-terminal non-conserved region, N-NCR (light blue), the HAD-
like domain required for PAP activity, the C-terminal non-conserved region, C-NCR (orange), and the acidic
tail required for association with Nem1-Spo7. All phosphorylation sites are labelled in black, where S indicates
a serine residue and T indicates a threonine residue. Acetylation sites are labelled in red, and K indicates a
lysine residue. All enzymes responsible for the corresponding site mutations are indicated through a series of
shapes and labelled below the diagram. Phosphorylation data is summarized and adapted from Park et al. '*
and acetylation data is from Li et al. '"°.

1.5.4 Tip60-dependent regulation of Lipin

Similar to the high level of conservation between yeast £S4/ and mammalian 7ip60 (see
Sections 1.2 and 1.4), yeast PAH! is highly conserved in higher eukaryotes, including the human
Lpinl gene.!’%!73 The Lpinl gene was first discovered and isolated in a mutant mouse strain with fatty
liver dystrophy (fld).!’6!"7 The corresponding protein, lipin 1, exists in two protein isoforms (lipin-1a
and lipin-1p) from alternative mRNA splicing of the LpinI gene.!”! lipin 1, lipin 2 and lipin 3 make up
the human lipin family.!”? All are characterized by their PAP1 enzyme activity and DXDXT motif
within the C-LIP domain of Pah1.!3%172 These various lipin proteins have unique physiological roles in
mammals and contribute to PAP activity in different regions of the body.!”? For example, lipin 1 is

responsible for nearly all PAP activity in skeletal muscle, the heart, and adipose tissues.!7%178:17

19



Similarly to Pahl in yeast, lipins do not have transmembrane domains, are inactive in the cytosol, and

are active when bound through PA to membranes such as the ER, mitochondria and autophagosomes

(or lysosomes).!24125.180

A study on mice with reduced Tip60 function (homozygous mice for the Tip605854 allele
containing a serine to alanine mutations at S86, with 50% reduced Tip60 activity), herein referred to
as Tip6054 mice, found that these mice had significantly reduced body weight.''° This was paired
with inhibited milk supply and TAG production in female mice, both of which indicate significant

OSA/SA

impairment of TAG production in 7ip6 mice. Upon investigation into the root of this impairment,

Tip60 was found to exclusively acetylate lipin 1 and no other enzymes involved in TAG biosynthesis
pathway.!'® While 9 acetylation sites were identified on lipin 1, Lys425 and Lys595 were found to be
the most important sites with the largest impact on activity and the highest level of conservation
(shown in Figure 1.7). Lipid chromatography-mass spectrometry (LC-MASS) also showed that
Tip605"54 mice had elevated PA and decreased DAG levels compared to WT mice.!'” These lipotypes
are summarized in comparison to other NuA4 and Tip60 mutants in Table 2. Since the function of
lipin 1 is to convert PA into DAG, this finding further illustrates the relationship between Tip60 and
lipin 1. Interestingly, acetylation of lipin 1 did not have an impact on its PAP activity but rather
assisted in lipin 1 translocation to the ER. Further, this Tip60-mediated acetylation of lipin 1 was

found to be countered by the HDAC, sirtuin 1.1

i‘ K425 (H. sapiens)
@ K495 (S.cerevisiae)

¥
H. sapiens § KNGDPSLAKHASDNGARSA

M. musculus K NGDPGLPKQASDNGARSA
R. norvegious K NGDFPGLPKQASDNGARSA
C.lupus § KNGDPSLPKHASDNGARSA

B taurus mKNGDFPSLTKPTSDNGARSA
S.cerevisea@ | LKKPEL -K | ACLND IRSA

Figure 1.7 — Sequence alignment of the conserved NuA4-dependent acetylation site on lipin/Pah]1.

An arrow denotes K425 in H. sapiens and K495 in S. cerevisiae. This figure is adapted from Li ez al. ''°
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1.5.5 NuA4-dependent acetylation of Pahl

Two NuA4 subunits, EAF7 and YNG2, have been shown to have genetic interactions with
Pah1, the first being a positive genetic interaction (where the combination of genetic mutations
alleviates a defect seen in a single mutant alone, indicating that the two genes function in the same
pathways) and the latter being a synthetic lethality (where the combination of genetic mutations results
in cell death, while each mutant alone has no affect).®%!®! Like human lipin 1, NuA4-dependent
acetylation sites were also detected on Pahl at Lys**® and Lys®%!.!10 Lys*%is conserved as Lys** on
lipinl. Additionally, only ES47 was required for TAG accumulation out of eight essential
acetyltransferases. A plasmid carrying PAH1 with Lys*® and Lys®*"! mutated to arginine was
expressed in a pahIA strain, resulting in reduced TAG accumulation.!!® While these results suggest
that NuA4 plays a role in the regulation of TAG accumulation through Pahl, the functional
consequences of this acetylation have not been further investigated or understood. As exemplified in
both mice and yeast models, it remains unclear how NuA4/Tip60-dependent acetylation of Pah1/lipin
1 regulates the localization to the nucleus and ER.

Table 2 — Summary of NuA4 and Tip60 mutants and their effect on global lipid levels.

Genotype | TIP605V54 pahlA eaflA esal-ts
Source |Lietal '"° Karanasios e | Pham et al. °! Walden ef al.
al. 3! & Walden et al. |Unpublished
Unpublished
TAG | Down ~ 50% Down Up Up
DAG | Down ~ 50% Down Up (NS) Down (NS)
LPA Up (unpublished) | UP (unpublished)
PA |Up ~40% Up No change No change
CDP-DAG Up (unpublished) | UP (unpublished)
PI| Up Up Down (NS) Down
PG| Up
PC | No change Down Down Down
PS Down (NS) Down (NS)
PE | No change Up Down Down (NS)
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EE Up Up Up
ERG Down

1.5.6 Lipin-related human diseases

The regulation of lipid storage is a critical factor in metabolic diseases, such as obesity and
lipodystrophy (a family of medical conditions characterized by abnormal fat distribution resulting in
insulin resistance and hypertriglyceridemia).!”!:182183 Since lipins have a central role in the regulation
of TAG storage, the lipin family is a regular suspect in disease states associated with impaired and
accumulated TAG production. Several diseases have been identified due to a mutation to LPIN/ in
both mice and humans and are generally referred to as Lipin 1 deficiency diseases.!®* First, a glycine
to arginine mutation at Gly®* within the N-LIP domain of mouse Lipin was found to cause
lipodystrophy and neuropathy.!”! More recently, mutations in human lipin-1 have been found and
characterized by acute rhabdomyolysis, myalgia, and myoglobinuria.!8>-!86 Presenting within the first 7
years of life, these conditions are mainly accompanied by muscle pain and weakness.'8* Studies in
both mice and humans have shown that phenotypes associated with lipin 1 deficiencies result from
either/or both of the PAP products (i.e. DAG, TAG and LD formation) or the accumulation of PA and

184,187

related shuffling of lipids.

1.5.7 NuA4 regulation of phospholipid homeostasis through Secl4 signaling

Multiple studies have suggested a role for NuA4 in regulating phospholipid homeostasis. To
begin, NuA4 mutants have been identified to have an Opi- phenotype, characterized by an excessive
level of inositol.!®%18% The role of Opil in modulating the expression of phospholipid metabolism
genes is summarized in Section 1.5.2 and Figure 1.4. To summarize, a loss of Opil leads to
overexpression of ICRE genes, including INO/, causing increased inositol.!3* NuA4, despite binding
to the promotor of INOI, is not required for its activation, indicating that NuA4 must interact in

another way. NuA4 has a negative genetic interaction with temperature-sensitive mutants of SEC14.%
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Sec14 is an essential protein located at the Golgi and is involved in the lipid transfer of PI and PC
between membranes.'?? In fact, deletion or mutation of NuA4 subunits results in an exacerbated
growth defect in secl4-1° cells.®® RNA-sequencing of secl4-1" eaflA cells showed that of all the
ICRE genes, INOI was most significantly upregulated along with FAS/ and FAS2, while CDS1 was
significantly downregulated.®® This research indicates that NuA4 acts as a positive regulator of fatty

acid biosynthesis.

1.5.8 NuA4 regulation of Accl and Fatty Acid Synthesis

Acetyl-CoA connects several metabolic pathways and can be created from glucose, fatty acids,
and the catabolism of amino acids. Not only is it used as a substrate for the acetylation of proteins,?
but the shuttling of acetyl-CoA is central to the adaptability of metabolism in the cell, allowing for a
variation in response when “fed” or “starved”.!°! For example, under “fed” conditions where glucose
is abundant, acetyl-CoA is shuttled away from the mitochondria, generating fatty acids, sterols and
other lipids, and perpetuating acetylation of histones and the activation of gene expression.!*!-1%3 In
“starved” states, cells shift from growth to survival. Acetyl-CoA, in this case, will become oxidized at
the mitochondria to produce ATP, resulting in a decline in the level of acetyl-coA in the nucleus and
cytosol, as well as an induction of autophagy.'**!%> Importantly, the levels of acetylation in the cell are
tightly linked to the metabolic state of the cell. Further work in yeast has shown that when yeast cells
are starved, there is a dramatic alternation of the global levels of histone acetylation, explicitly
allowing for a shift in the expression of specific genes and directing metabolism towards fatty acid
oxidation when acetyl-CoA is low.!%® It's clear that there is a tight link between metabolism and lysine
acetylation through acetyl-CoA.

As the fate-determining step of acetyl-CoA to lipogenesis, acetyl-CoA carboxylase (ACC)

converts acetyl-CoA into malonyl-CoA."7-1%° In yeast, there are two main ACC proteins: the cytosolic
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Accl and the mitochondrial Hfal.!%7-200:201 Numerous mechanisms regulate Accl’s activity. Most
relevant to this work, mRNA levels of ACCI mRNA are upregulated when PA is high through
modulation of the Opil repressor and Ino2/Ino4 transcriptional activator complex.2%20% Accl is also
subject to phosphorylation by the AMP-activated protein kinase, AMPK, also known as Snfl in
yeast.1?8:204.205 Snf]/AMPK is highly linked to metabolic conditions, and Snfl1/AMPK activity is
increased when the cell is starved. This leads to increased phosphorylation on Accl, reducing its
activity and corresponding fatty acid metabolism.

Interestingly, previous work in the Baetz lab has shown high levels of acetyl-CoA and reduced
Accl activity in NuA4 mutants.®®! Additionally, there are changes in Accl localization compared to
WT cells, in both an eafIA and an esal-ts mutant shifted to 37°C. While WT cells show “punctate and
rod-like structures”, NuA4 mutants displayed diffuse localization.’! Further, NuA4 was also shown to
negatively regulate Snfl through acetylation of one of its inhibitory subunits, Sip2.2% It was recently
found that Snfl/AMPK is only responsible for some of NuA4’s regulation of Accl.”! Most notably,
this appeared to be specifically through genes involved in the elongation of Very Long Chain Fatty
Acids (VLCFA) and sphingolipid synthesis.”! While further work is needed to determine the
mechanism behind this regulation, this work highlights a tight relationship between NuA4 and lipid

metabolism.

1.6 Pahl as a regulator of nuclear shape

1.6.1 Regulation of the Yeast Nuclear Shape

Most nuclei are spherical in nature, and yeast are no exception. While yeast lack the nuclear
filament protein lamin found in higher eukaryotic cells to regulate nuclear shape, there are several
lamin-associated proteins with yeast homologs that can be found at the yeast nuclear envelope (NE),
such as Man1, Msp3 and Doal0.20721% A high level of internal organization breaks up the yeast nuclei
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into distinct structural elements, mainly the NE, the nuclear pore complex (NPC), and the nucleolus.
The NE consists of two distinct lipid bilayers, an inner and outer membrane herein referred to as the
INM and ONM. The INM plays an important role as an anchor point for several types of chromatin
(most notably rDNA) through tethering proteins.?%8-211212 The NPCs are gatekeeps between the
nucleoplasm and the cytoplasm, facilitating the transfer of key proteins and RNAs.?!3 In some cases,
deletion of NPCs, such as NUPS84, can lead to small outgrowths of the nuclear membrane.?!#4213
Finally, the yeast nucleolus produces ribosomes and takes on a distinct crescent shape while
occupying about a third of the nucleus.?!®?!7 The nucleolus is anchored to the nuclear periphery
through specific regions on the INM.2!8

While the regulation of nuclear size and shape remains an active area of research, we do know
that there is a link between the ratio of nuclear to cellular volume (N:C volume).?'” This is consistent
with other higher eukaryotes but is less understood in yeast. Importantly, studies have shown that
DNA content does not determine nuclear size.??%*?! Given the defects in nuclear shape seen upon
deletion of key lipid metabolism genes, such as PAHI and SPO7, significant research has investigated
the role that lipids play in shaping the nucleus of the yeast cells.??? In particular, studies in these
mutants have shown that there is a direct link between the availability of NE and the ability of the NE
to expand. If the nuclear scales gradually throughout the cell cycle, it’s natural to think that NE would
expand accordingly. However, it was shown that NE can expand independently of cell size, and
nuclear volume can remain unimpacted during cases of NE expansion.???

To summarize, there are many reasons for irregular nuclear shape. Most commonly,
deformations and/or extensions of the nucleus are due to:

1. Mitotic Arrest — It's important to note that since yeast undergo closed mitosis, the nucleus
must naturally expand to allow for chromosome segregation. The expansion of the NE tightly

links the process of lipid metabolism to the cell cycle. However, a delay in cell cycle
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progression can cause normal expansion of the NE to continue unchecked. This results in an
abundance of nuclear membrane with nowhere to go.??*-?** While the progression of mitosis
stalls out, the nucleus continues to expand asymmetrically, resulting in an extension from one
side of the cell referred to as a “nuclear flare”.?*> By projecting this nuclear membrane as a
flare in a “membrane sink”, the cell can maintain intranuclear organization, causing minimal
disruption to the cell’s DNA.??° These types of nuclear flares occur distinctly adjacent to the
nucleolus and are thought to be due to a specific make-up of the NE at this location that allows
for expansions to occur.??*22° Further research indicates that Golgi-associated vesicle
trafficking is needed to confine the NE expansion to the area surrounding the nucleolus.??’
Cells with an interruption of vesicle trafficking (such as in cells with deletion of ARL/ and
SYS1) exhibited multiple flares and an increase in NE but maintained the N:C volume.??’
Manipulation of Pah1 — As outlined in Section 1.5.2, Pahl acts as a mediator between lipid
droplet formation and membrane phospholipid synthesis.!?*!>2 Any inhibition of Pahl
increases the total level of phospholipids and a single flare from the NE adjacent to the
nucleolus. These flares look very similar to that seen in a mitotic flare because the mechanism
(an overproduction of NE phospholipids) is the root cause of the flare.??2224

Piecemeal Microautophagy of the Nucleus (PMN) — As described in Section 1.7.3, PMN is
the cell’s natural ability to digest excess nuclear by inserting a teardrop-like piece of the NE
directly into the vacuole.??® Unlike mitotic flares, nuclear extensions here are not confined to
the location on the NE adjacent to the nucleolus.??*2822% In cases where PMN is inhibited
(such as that seen in a variety of autophagy gene deletions), nuclear deformations can occur in

an attempt to insert NE into the vacuole but instead extend around the nucleus.?*°
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1.7 Pahl and the yeast vacuole

1.7.1 Vacuole Fusion and Morphology

In addition to regulating nuclear shape, lipid availability is a key regulator of vacuolar
morphology and fusion. Known for its ability to “recycle” cell content, this lysosome-like organelle is
critical to regulating several cell trafficking pathways.?*! Yeast vacuole fusion pathways are highly
conserved in organelles and vesicles in higher eukaryotes. Therefore, vacuoles can be used as a model
for studying membrane fusion defects that underlay many human diseases such as diabetes,
lipodystrophy, neurodegenerative disease and some types of cancers.?*

Recent studies have aimed at understanding the fundamental role of regulatory lipids in
determining the fusogenic ability of the vacuole membrane and the localization of vital components of
the fusion process. There are four distinct stages of vacuole fusion: priming, tethering/docking and
fusion (Figure 1.8A). 231232 The first priming stage signals the beginning of a new round of fusion,
which is initiated by hydrolysis of ATP by Sec18 and releases it from the vacuole membrane. This
allows Sec18 to use Sec17 as a wedge to dissociate the two inactive cis-SNARE complexes. In its
inactive state, PA is bound to Sec18 on the vacuole membrane. Therefore, a reduction in PA levels is
also required to release Sec18 from the vacuole membrane. At this point, the vacuole will tether to
another vacuole through a process driven by the interaction between Ypt7 and the HOPS complex
(Figure 1.8A and B). SNARESs from opposing vacuoles will interact and form a complex, bringing
the vacuolar membranes closer together. This contact creates a disc called the boundary vertex. It is
here that high levels of DAG are required to facilitate the mixing of vacuole content through either a
fusion pore or intermediate mixing known as Hemifusion.?3!-232

A growing list of lipids and lipid modifiers have been identified as being required for vacuole
fusion. Through the purification of vacuoles, PI3P, PI(4,5)P,, ergosterol and DAG were shown to be

needed for vacuole fusion.?*? Later, minimal lipid requirements for vacuole fusion were determined
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using reconstituted proteoliposomes (RPLs).23*23 This verified previous findings but also identified
PE and PA for vacuole fusion, specifically for the assembly of SNARE complexes. Additionally, PA
is required to interact directly with Sec18 and the HOPS subunit Vps39. Although these are all the
lipids required for vacuole fusion, additional lipids, such as PI4P, are also involved in this process and
help establish equilibrium between fusion and fission events.?3*

It is well characterized that lipids are required to regulate trafficking pathways. For example,
upon deletion of PAH 1, vacuoles lack several components necessary for fusion, including the PI3P-
kinase Vps34, the HOPS subunit Vps39, Mon1-Ccz1, and Ypt7.!47-236 These molecules are all linked
through the Rab cascade model for the endolysosomal pathway. PI3P produced by Vps34 recruits the
Ypt7 guanine nucleotide exchange factor (GEF), Mon1-Ccz1, which recruits and activates Ypt7.236-237
It is not clear how Pahl recruits Vps34 to the vacuole, although it is thought to be partly due to
hyperacidification of vacuoles due to an upregulation of V-ATPase genes in a pahlA mutant.?8
Additionally, the role of Pahl in establishing the levels of PA also drastically impacts PA binding to
Sec18. Inhibition of Pah1 activity inhibits PA-bound Sec18 from detaching from the vacuole

membrane and binding SNAREs.?° PA has also been shown to bind Vam?7, which could lead to many

other downstream effects of PA on vacuole fusion.?*?

A)
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Figure 1.8 - A schematic representing the process of vacuolar fusion in yeast.

A) Fusion of the vacuoles in a yeast cell occurs through priming, tethering and fusion stages. This requires
transient levels of lipids to facilitate fusion. B) Summary of proteins required for vacuole fusions and their
relationship to lipids. The interconnected nature of these processes allows for tight regulation of vacuole fusion.

1.7.2 Lipid Metabolism at the Nuclear Vacuole Junction (NVJ)

Membrane contact sites are vital to facilitate timely communication between organelles during
changes in metabolic conditions. First discovered in yeast, the nuclear-vacuole junction (NVJ) is a
vital membrane contact site connecting the vacuole with the nuclear ER.??° A few years later, a
membrane contact site between the ER and endosomes was homologous in mammals, containing

many conserved lipid transfer proteins and mechanisms.?*!->*? In yeast, the NVJ is formed through
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direct interaction between the nuclear protein, Nvjl, and the vacuolar protein, Vac8.22° Nvj1 binds to
specific regions within the nuclear ER through its N-terminus, while the C-terminus binds directly to
Vac8.24-24 Nvjl has several other binding partners which are involved in lipid metabolism. For
example, the oxysterol-binding protein Oshl can be found in the late Golgi and the NVJ, interacting
with the cytoplasmic region of Nvj1 through its ankyrin region.?*>-24¢ Additionally, the enoyl-CoA
reductase Tsc13 accumulates at the NVJ and interacts with Nvj1 through its transmembrane
domain.?*72*8 Other relevant proteins localizing to the NVJ are summarized in Figure 1.9 and Table
3.

Upon glucose deprivation, the NVJ expands to facilitate inter-organelle communication.?4-2%0
Remarkably, the ability of the NVJ to expand is an indicator of cell viability, marking cells as
quiescent. Cells that cannot generate NVJs are more likely to become senescent, failing to enter proper
cell functioning upon returning to normal glucose conditions.?’! By expanding the NVJ contact site,
this surface provides a site for the production of LD in an Mdm1-dependent manner.?>? Under glucose
deprivation, Pah1*-GFP (a fusion carrying the D298A D400A mutant that allows it to bind to the
membrane without requiring dephosphorylation) was found to localize transiently to the NVJ, co-
localize with LDs.!26:165 The location of LDs to the NVJ may facilitate the transfer of LDs to the

253 The role of Pahl in this process is still an

vacuole, where they are degraded, as seen in lipophagy.
area of research. However, it is known that Pah1 continues to localize to the NVJ upon deletion of

NVJI, indicating that the NVJ is not required for targeting Pah1.
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Figure 1.9— Summarization of metabolic proteins localized to the NVJ in yeast.
Protein descriptions are listed in Table 3, and information expands on the work by Kohler and Biittner >,

Table 3 — Summary of the role and function of metabolic proteins localized to the NVI.

Proteins Localization | Interacts Role

to the NVJ Through

Oshl Nyjl Binds ergosterol and PI(4)P, transferring lipids between
membranes.””

Tscl3 Nvjl

Nvj2 Nucleus Lipid-binding protein involved in ceramide transfer.>

Mdm1 Vacuole Tethers to the vacuole via PX-domain, promotes LD
biogenesis via localized FA activation.””’

Nvj3 Mdml

Lam6 Vac§ Mediates sterol-enriched lipid microdomains on the vacuolar
membrane, expands contact site interaction under glucose
limitation,****>

Vpsl3 Nucleus Transiently enriched at the NVJ, involved in phospholipid
‘[r21nsp0r‘[.260’261

Snd3 Nvjl Regulator of the NVJ, responds to glucose signalling.***

Lam6 Nucleus and | Sterol transporter, recruited when glucose is limiting.*®

Vac8

1.7.3 Piecemeal Microautophagy of the Nucleus (PMN)

PMN is the primary function of the yeast NVJ.228263 PMN is a specific type of microautophagy
involving the selective degradation of nuclear material into the vacuole.?*® This process is typically
induced by starvation and is structurally maintained by the NVJ. The formation of PMN blebs is

regulated by stress-inducible Nvj1.25? Once the junction between Nvjl and Vac8 is made, excessive
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nuclear membrane extends into the vacuole and pinches off from the nucleus as the vacuole fuses
around it. A summary of the stages in this process can be found in Figure 1.10. Both Nvj1 and Vac8
are required for PMN, and deletions of either are devoid of NVJs altogether.?2*??° For PMN to occur,
remodelling of the nuclear membrane is required. Both Tsc13 and the oxysterol-binding protein, Oshl,

are involved in this process and allow PMN to occur properly,243-247:250,263

The remodelling that occurs
at the NVJ during PMN requires TAG to be stored in LDs as a source of autophagosomal membrane.
Cells defective in TAG synthesis, such as mutants of the Pahl, typically are defective in PMN. 146
When this process is dysregulated, the nucleus will continue to extend around the vacuole and appear
“flared”, as is further described in Section 1.6.1.%**

As a form of microautophagy, PMN also requires a suite of autophagy genes.?* However,
several proteins involved with vacuole fusion (such as Vphl, LMA1 and Vtc proteins) are not

necessary for PMN function, indicating that the fusion of vacuoles seen in PMN is not classic

homotypic fusion.?*
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Figure 1.10 — Schematic diagram of Piecemeal Microautophagy of the nucleus (PMN).

Under normal conditions, PMN will endocytose excess nuclear membrane and recycle its contents. If this
process is dysregulated, or the NVJ is compromised, then the nucleus will extend around the vacuole in an
attempt to create a contact site with the vacuole. This results in a type of nuclear flare.
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1.8 Motivations:

The last 20 years have re-defined our understanding of lysine acetylation as we continue to

discover novel non-histone protein targets whose acetylation alters their localization and function.

This thesis sought to further investigate the connection between NuA4 and lipid metabolism,

exploring how this relationship influences organelle morphology. The following motivating factors

drove this work:

1.

Discovery of nuclear dysregulation in the NuA4 mutant, eafIA - Previous work in the
Baetz lab identified Acs2-GFP in high-content microscopy screen of eaflA cells expressing
GFP-tagged proteins.®> While typically nuclear, Acs2-GFP in an eaf1A showed an irregular
nuclear structure. This brought many questions surrounding how NuA4 could be regulating
nuclear share and morphology.

NuA4’s important role in the regulation of lipid metabolism — The yeast lysine
acetyltransferase, NuA4, has been implicated in a variety of lipid metabolism pathways.®6-67-1
Most recently, the Baetz lab described the role of NuA4 in the regulation of ergosterol and
Acc1.9! While described in detail in the Introduction, NuA4 is also tightly linked to
autophagy and the regulation of gene expression. Since these pathways have underlying roles
in regulating nuclear shape, structure, and function, this probed further investigation into the
mechanisms driving nuclear morphology.

Deletion of PAH1 results in nuclear flares and vacuolar fragmentation — Pahl, a key
regulator of lipid droplet formation and phospholipid membrane synthesis (described in
Section 1.5.2), is well known for its role in maintaining nuclear shape (described in Section

1.6.1). In fact, deletions of PAH1 result in a unique nuclear phenotype called a nuclear flare, as

well as severe fragmentation of the vacuole.??2147:23¢ The nuclear dysregulation and vacuolar
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fragmentation we saw upon deletion of EAF] was very similar to that seen upon deletion of
PAHI. However, these phenotypes appeared more severe in eaf1A cells than in pahIA cells.
. An undefined relationship between NuA4 and Pahl - Previous research found that NuA4
directly acetylated Pahl; however, the functional consequences remained unclear.!!? This
motivated my investigation to further define the role of acetylation on Pahl localization and
function. This is compounded by the fact that this recent study also showed that mice with
reduced Tip60 (the human homology of NuA4) activity (described in Section 1.5.4) have
impaired fat accumulation. This was proven to be a direct result of impaired acetylation of
lipin 1 (the human homolog of Pah1). Given these results, it was clear there is a functional
consequence of NuA4/Tip60-dependent acetylation of Pahl1/lipin 1. While this was
investigated in the context of lipid droplet and fatty acid accumulation, there was a need for
further investigation into the specific role of the NuA4-Pahl relationship in regulating

organelle morphology.
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1.9 Hypothesis:

This thesis explores the intricate relationship between NuA4 and lipid metabolism, focusing on
its impact on organelle morphology. I hypothesize that NuA4 regulates lipid metabolism through both
direct mechanisms, such as the acetylation of Pah1, and indirect pathways that remain undefined.
These regulatory roles influence nuclear shape, vacuolar structure, and broader organelle organization.
Understanding this relationship has the potential to inform clinically relevant insights into Tip60's role

in human diseases involving lipid dysregulation.

O
~..

Pah1

Aim 4:
Define the role of direct
acetylation of Pah1 by
NuA4 in mediating Pah1
localization and organelle
phenotypes.

Nuclear Morphology
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Manuscript #1 - Uncovering the role of the yeast lysine acetyltransferase NuA4 in

the regulation of nuclear shape and lipid metabolism

Sarah Jane Laframboise!?, Lauren Deneault!?, Alix Denoncourt®?, Michael
Downey**”, & Kristin Baetz">*"

"Department of Biochemistry, Microbiology and Immunology, Faculty of Medicine, University of
Ottawa

2Ottawa Institute of Systems Biology

3Department of Cellular and Molecular Medicine, Faculty of Medicine, University of Ottawa
“Department of Biological Sciences, Faculty of Science, University of Calgary

*Co-corresponding Author: Dr. Kristin Baetz, kristin.baetz@ucalgary.ca
X (Twitter): @DrKristinBaetz
LinkedIn: linkedin.com/in/kristin-baetz-3b45a134

*Co-corresponding Author: Dr. Michael Downey, mdowne2@uottawa.ca
X (Twitter): @downeyuottawa

2.1 Author contributions

This work was executed, analyzed, written and prepared for publication by S.J.L.. Each Figure was
produced by S.J.L.. L.D. contributed to cell counting in Figure 2.4 and 2.5. A.D. performed an
experiment during revisions that was not used in the final publication. S.J.L., M.D. and K.B performed
conceptualization, methodology, and review & editing of the final draft for publication. K.B. & M.D.
provided supervision, resources, project administration and funding acquisition.

2.2 Abstract

Here, we report a novel role for the yeast lysine acetyltransferase NuA4 in regulating phospholipid
availability for organelle morphology. Disruption of the NuA4 complex results in 70% of cells
displaying nuclear deformations and nearly 50% of cells exhibiting vacuolar fragmentation. Cells
deficient in NuA4 also show severe defects in the formation of nuclear-vacuole junctions (NVJ), as
well as a decrease in piecemeal microautophagy of the nucleus (PMN). To determine the cause of these
defects we focused on Pahl, an enzyme that converts phosphatidic acid into diacylglycerol, favouring
accumulation of lipid droplets over phospholipids that are used for membrane expansion. NuA4 subunit
Eafl was required for Pahl localization to the inner nuclear membrane and artificially tethering of Pah1

to the nuclear membrane rescued nuclear deformation and vacuole fragmentation defects, but not
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defects related to the formation of NVJs. Mutation of a NuA4-dependent acetylation site on Pahl also
resulted in aberrant Pah1 localization and defects in nuclear morphology and NVJ. Our work suggests a
critical role for NuA4 in organelle morphology that is partially mediated through the regulation of Pah1

subcellular localization.

Keywords: NuA4; acetylation; lipid metabolism; nuclear deformation; vacuole fragmentation

2.3 Introduction

One of the most common types of post translational modification (PTM) is acetylation, the reversible
addition of acetyl groups onto lysine residues. Our work focuses on the Saccharomyces cerevisiae
lysine acetyltransferase complex NuA4 - the yeast homolog of the mammalian Tip60 complex. NuA4
is comprised of 13 subunits, including the catalytic component, Esal, and the scaffolding unit,
Eaf1.70-7289.90264 Ega is homologous to human Tip60 and 12 of the additional subunits in the yeast
NuA4 complex have mammalian homologs found in the Tip60 complex, demonstrating conservation
between species.®” Since ESA] is an essential gene, the temperature sensitive mutant esa/*, which
inactivates the encoded subunit at high temperatures, is commonly used to investigate the role of
NuA4.708586 Alternatively, deletion of the non-essential EAF I results in dissociation of the NuA4
complex and reduction of Esal targeting. Therefore, eaf]A strains are useful models for investigating

the consequences of NuA4 dysfunction, 6265668991

NuA4 action has been linked to several pathways related to lipid regulation,56-21:64:63

growth
control,” and the stress response®® in yeast. Previous work in mice has identified an essential role for
Tip60 in regulating triacylglycerol (TAG) accumulation and lipid droplet size.!!? This role is believed
to be mediated by Tip60 acetylation of phospholipid phosphohydrolase, lipin 1, which results in
translocation of lipin 1 to the endoplasmic reticulum (ER). In yeast, mutants of NuA4 also display

decreased TAG accumulation and lipid droplets.®®!'? The yeast homolog of lipin 1, Pahl, is also an

important enzyme in the lipid synthesis pathway, as it converts the key metabolite phosphatidic acid
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(PA) into diacylglycerol (DAG), which is subsequently modified by the DAG acetyltransferase to
form TAG. TAG is then packaged and stored in lipid droplets. Alternatively, PA can be processed into
CDP-DAG, which is a precursor to many membrane phospholipids (Summarized in Fig.
2.1A).123:126.127.130 Tyyo NuA4-dependent acetylation sites have been identified on Pahl, and lysine to
arginine mutations at these two sites, in tandem, resulted in a reduction in lipid droplet formation.!!°
However, the individual contributions of each site, the functional consequences of this regulatory
circuit for Pah1 localization, and the downstream consequences for organelle homeostasis are not
clear.

Regulation of PA, and in particular the function of Pahl, is important to establish a balance
between the production of lipid droplets and membrane phospholipids. For example, in pah A cells
there is an increase in total phospholipids resulting in extensions of the nuclear membrane (known as
nuclear flares),'?>2*2 and a corresponding decrease in TAG accumulation.!#®26> This gross
dysregulation of underlying lipids causes additional defects in vacuole fusion,'*” autophagy'#®, and
cell wall integrity.'** Importantly, these phenotypes are rescued upon deletion of DGK1, which
encodes an enzyme functioning in opposition to Pahl, converting DAG into PA.!'#%150 Collectively,
the available data highlight the importance of PA and DAG levels in modulating the balance between
phospholipid production and lipid droplet formation.

In this study, we report that NuA4 mutants display abnormal organelle phenotypes such as
nuclear deformation and vacuolar fragmentation. Additionally, we identified defects in nuclear-
vacuole junction (NVJ) formation and piecemeal microautophagy of the nucleus (PMN), which
provides a secondary mechanism for nuclear deformation in NuA4 mutants. By targeting Pahl to the
nuclear membrane, we were able to rescue nuclear deformation and vacuole fragmentation defects in
eaflA cells, but not NVJ and PMN defects. Finally, we provide evidence that these phenotypes are

caused in part by misregulation of Pah1 subcellular localization mediated by acetylation at K496.

38



2.4 Materials and Methods
Cell Culture

A list of all strains used in this work can be found in Supplemental Table 2. This study uses the
BY4741 (S288C) yeast strain background. Strains were made through PCR-mediated
insertion/deletion?%® and confirmed through PCR. All strains were grown in either YPD media (1%
yeast extract, 2% peptone, 2% dextrose), SC media (6.7g/litre of YNB with ammonium sulfate,
lacking indicated amino acids) or NS media (1.7g/litre of YNB without ammonium sulfate). Yeast
were cultured in the indicated media at 30°C unless otherwise stated. Yeast were grown overnight
before being diluted to an OD600 of 0.1 in the morning and allowed to grow to mid-log phase (OD600
of 0.5-0.8) for experiments. For induction of PMN, cells were grown to mid-log phase, washed with
water, and resuspended in NS media to grow for four hours.
Serial Dilution Dot Assays
Cultures were grown to mid-log phase in YPD media and diluted to an OD600 of 1.0. They were then
further diluted into OD600’s of 0.1, 0.001, and 0.0001. 5 pL of each serial dilution was placed onto
YPD plates in descending order across each row. This was repeated three times for all query strains.
Representative images are shown.
Microscopy
Yeast cells were prepared by growing them to mid-log phase (OD600 0.5-0.8) in necessary media to
maintain plasmids. If CellTracker Blue CMAC (7-amino-4-chloromethylcoumarin) (Invitrogen
C2110) was used, it was added to cells in liquid media at a concentration of 10 mM for 15 mins. Cells
were spun down and the pellet resuspended in SC media for imaging.

All representative images were captured with Zeiss Axio-ObserverZ1-LSM 880-AiryScan
confocal microscope driven by the Zen Black 2.3 software. The Laser Scanning microscope is a Zeiss

LSMS880 confocal microscope, outfitted with a 63X/1.4 NA objective (in combination with Immersion
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oil 518F 37C). Images were captured using the Airyscan detector (sequential, unidirectional scanning,
Z-stack of 0.2 um slice thickness).
See below the relevant settings used to image each type of fluorophore:
e For Venus: Argon laser at 514 nm (2 %), with filter: BP 495-550 + LP 570, pixel dwell: 8.04
x107
e For GFP: Argon laser at 488nm (2 %), with filter: BP 495-550 + LP 570, pixel dwell: 8.04
x107
e For CellTracker Blue CMAC: Diode laser at 405-30nm (2.9 %), with filter: BP 420-480 +
LP605 + LP 570, pixel dwell: 8.04 x1077
e For RFP and mCherry: Diode laser 561nm (2 %), with filter: BP 495-550 + LP 570, pixel
dwell: 8.04 x1077
Raw images went through subsequent Airyscan processing before being used for the surface
rendering.

Fluorescence intensities of Venus fluorescence and PA/DAG mCherry biosensors were
measured using the “plot profile” plugin of Fiji to generate a profile of fluorescence intensity across
the cell (centred on the nucleus or punctate when relevant). This was repeated for the indicated “n”
replicates. All replicates were plotted on the graph with the mean of all lines plotted in black.

When indicated, images for quantification were done on Leica fluorescent microscope
(DMI16000; Leica Microsystems) equipped with a Hamamatsu camera, DG4 light source (Sutter
Instruments) and Volocity 4.3.2 software (Perkin Elmer), or on the Axio-Obsersever7 (Zeiss) driven
by Zen 3.2.

[lumination: HXP 120

Camera: sCMOS ORCA-Flash LT

Objective: 63x/NA 1.4
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Filters:
e GFP channel: Ex: BP 450/50, FT: 480, EM: BP 510/50, exposure time: 5 sec, Light
intensity
o CellTracker Blue CMAC: Ex: G365, FT: 395 nm, EM: BP 445/50, exposure time: 3 sec,
Light intensity
e Mecherry or RFP: Ex: BP 550/25, FT: 570, EM: BP 605/70, exposure time: 10 sec, Light
intensity
3D Images
Surface rendering was performed using Imaris 9.8 (Bitplane, Oxford Instruments), with the following
settings:
e Background subtraction- LS (Largest surface) set at: 0.2 um, without smoothing
e Objects smaller than 0.2 um were filtered out.
Western Blots
Yeast strains were grown overnight at 30°C in 25 mL of YPD media and diluted the next morning into
50 mL cultures at an OD600 of 0.2. Cells were harvested at mid-log phase and whole cell extracts
were collected. Cells were centrifuged at 4°C, washed with water, and centrifuged again to remove
any trace of culture media. Finally, pellets were flash frozen in liquid nitrogen and stored at -80°C.
Pellets were thawed on ice and 1x the pellet volume of lysis buffer (20 mM HEPES pH 7.4, 0.1%
Tween 20, 2 mM MgCl,, 300 mM NaCl, protease inhibitor [P-8215; Sigma]) was added. Equal
volume of glass beads (Fisher 35-5350) were added to the mixture, which was then lysed by bead
beating method 5 times for 1 minute with a 1 minute rest on ice in between. Whole cell extracts were
collected and quantified using Bradford assay.
A standard curve for each protein was performed to determine the optimal amount of protein to

be loaded on TGX quantitative gels for western blot. This was loaded onto a 10% Mini-PROTEAN
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TGX Precast Protein gels (Bio-Rad 4561033) and run in 1X SDS-PAGE running buffer at 120V for
about an hour and a half. Once completed, the gel was activated and visualized under UV. The gel
then was transferred onto nitrocellulose membrane (Bio-Rad 1620112) using the semi-dry transfer
method. Total protein was imaged under UV. Blocking was performed in 5% milk in TBS-T (tris-
buffered saline + 1% Tween 20) for 1 hour before incubation overnight with 1:1000 dilution of anti-
GFP primary antibody (Sigma-Aldrich 11874460000) or anti-mCherry (Abcam ab125096) in 5% milk
TBS-T. Blots were then washed 3 times in TBS-T for ten minutes each, incubated for 1 hour with
1:5000 dilution of anti-mouse secondary antibody in 5% milk TBS-T and washed again three

times. Blots were visualized with Clarity Western ECL (Bio-Rad 170-5061) and imaged with Bio-
Rad’s ChemiDoc system.

CRISPR-Cas9 Acetylation Mimics

Pah1 point mutations at Lysine 496 (K496) were created by CRISPR-Cas9. This protocol is adapted
from Dicarlo et al. 267 The Cas9 plasmid, p415-TEF1p-Cas9-CYC1t,%67 was transformed into Pah1-
3xGFP strains and maintained on SC-LEU media.

A PAM sequence, selected from a list from Dicarlo et al. 27 to target the surrounding area of
Pah1-K496, was cloned into the guide RNA plasmid, p426-SNR52p-Notl(gRNA)-SUP4t by PCR. The
resulting plasmid was treated with DPN1, transformed into DHS5a E.coli to amplify, and then
confirmed through sequencing at the TCAG facility at SickKids, Toronto. Double-stranded DNA
(dsDNA) that matched the cleaved area and contained the mutations at K496, as well as the NGG
PAM site, were created by annealing two single-stranded oligos at 100°C and then slowly decreasing
the temperature.

The guide RNA plasmid and the dsDNA were transformed into the strains and selected for on

SC-LEU-URA. Positive colonies were collected for genomic DNA extraction. A PCR product was
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generated from the mutation area and sent for sequencing at the TCAG Facility at SickKids, Toronto
to confirm the mutation site.

Mutagenesis of BiFC Pahl-VC plasmid

Pah1-K496Q-VC, Pah1-K496R-VC, Pah1-K801Q-VC and Pah1-K801R-VC plasmids were generated
via Mutagenesis service from Genscript USA Inc.

Gibson Assembly

Mlp1-VC and Nup2-VC plasmids were assembled via Gibson assembly service provided by the
University of Ottawa’s Genome Editing and Molecular biology (GEM) Facility following
standardized protocols.

Statistical Analysis

GraphPad Prism was used to perform all statistical analyses. A 2-way ANOVA was used to compare
all data with more than two groups. The means of individual pairs were compared by Tukey’s multiple

comparison test. P values are indicated in Figure legends.

2.5 Results

NuA4 mutants exhibit nuclear deformation and vacuole fragmentation

We were motivated to determine if NuA4 mutants display nuclear deformations, as a previous high-
content microscopy screen determined that eaf7A cells expressing a GFP-tagged nucleoplasmic
protein, Acs2-GFP, indicated abnormal nuclear morphology.%® Nuclear deformations, or an expansion
of the nuclear membrane,??* can be observed using a nucleoplasmic fluorescence marker, such as
Acs2-GFP, that is not bound to chromatin. We continued to use Acs2-GFP, in combination with
nuclear membrane marker Nup49-RFP, to assess nuclear morphology in wildtype (WT), pahIA, and
NuA4 mutant cells. We also monitored vacuole morphology using CellTracker Blue CMAC (7-

amino-4-chloromethylcoumarin), which stains the vacuole lumen. As expected, nuclear deformations
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were detected in 7.1% of WT cells (Fig. 2.1B and C, Supplemental Video 2.1) and 26.5% of pahiA
cells (Fig. 2.1C).!2>148 In NuA4 mutants, nuclear deformations were detected in 69.8% of eafIA cells
(Fig. 2.1 B and C, Supplemental Video 2.2 and 2.3) and in 32.4% of esa/-L254P mutants, which are
temperature sensitive (Supplemental Fig. 2.1A and B).®® These nuclear deformations were seen in all
stages of the cell cycle, and exhibited a vastly different profile than those seen in mitotic arrest
induced by nocodozole treatment (Supplemental Fig. 2.2). We were surprised that eaf/A cells had
rates of nuclear deformations substantially higher than pah A cells, which suggests that NuA4 may
impact nuclear morphology through both Pah1-dependent and Pahl-independent pathways. Even
more surprising was the observation that deletion of PAH1 partially rescued nuclear deformation
phenotypes of eaflA cells (Fig. 2.1C). This observation suggests that in NuA4 mutants, Pah1 in part
promotes nuclear deformations, even though it normally functions to prevent them.

Given their important role in the production of phospholipids (outlined in Fig. 2.1A), we
asked if deleting DGK and INOI, or introduction of a temperature sensitive mutation of the essential
gene CDS1, cdsI-ts*®%, could rescue nuclear deformation of eafIA cells in a manner similar to how
these mutations rescue phenotypes associated with deletion of PAH . 132148265 While the single
mutants maintained WT levels of nuclear deformations, double deletions with eaf1A partially rescued
the increase in nuclear deformations seen in eafIA single mutant cells (Fig. 2.1C). This result suggests
that increased nuclear deformations in eafIA cells are caused in part by a flux into membrane
phospholipid synthesis.

Next, we examined the consequences of lipid dysregulation at the level of vacuolar
morphology. Cells were considered to have fragmented vacuoles if they contained five or more
vacuolar lobes, with CMAC being used to stain the vacuolar lumen. With this classification, 48.5% of
eaflA cells (Fig. 2.1B and D) and 32.4% of esal-L254P" cells shifted to a non-permissive
temperature (Supplemental Fig. 2.1A and C) had fragmented vacuoles, compared to only 4.8% of
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WT cells (Fig. 2.1B and D). This defect was significantly greater than the 9.1% observed in a pahlA
strain. Unlike nuclear deformations, the phospholipid membrane enzyme mutants tested (pah /A,
dgklIA, inolA and cdsI-ts) were unable to rescue vacuole fragmentation in eafIA cells (Fig. 2.1D).
Interestingly, a previous study showed that the deletion of DGK/ was also unable to rescue the
vacuolar defects seen in pahlA.'** Together our work indicates that eafIA and esal-L254P* cells have
nuclear deformations stemming from dysregulation of phospholipid synthesis, while vacuole

fragmentation defects are most likely caused by a disruption of an alternative pathway.
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Figure 2.1 — Deletion of EAFI results in nuclear deformation and vacuole fragmentation.

A) Simplified diagram of yeast lipid synthesis showing the diversion of phosphatidic acid (PA) into two main
pathways; one producing lipid droplets, and the other producing membrane phospholipids (PS,
phosphatidylserine. PE, phosphatidylethanolamine. PC, phosphatidylcholine. PI, phosphatidylinositol). DAG,
diacylglycerol. TAG, triacylglycerol. CDP-DAG, cytidine diphosphate diacylglycerol. G-6-P, glucose-6-
phosphate. (B) Representative images showing nuclear deformation and vacuole fragmentation in WT and
eafiA cells expressing ACS2-GFP, NUP49-RFP (YKB 4972 and YKB 4863) and stained with CMAC. 3D
reconstruction of cells was done using Imaris software. Scale bar = 5 pm. Images presented are representative
of three biological replicates. (C) Proportion of total cells with deformed nuclei was quantified through visual
analysis of cells. This was repeated for three biological replicates, counting at least 100 cells for each. (D)
Proportion of total cells with fragmented vacuoles (i.e. having 5 or more vacuolar lobes), was quantified by
visually counting the number of vacuoles per cell. Grey dots represent three biological replicates of at least 100
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cells for each. Horizontal bars represent the mean. For C and D, an ANOVA analysis was performed using
Tukey's multiple comparison test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns = not significant,
p>0.05. Relevant statistical significance bars are shown, additional comparisons can be found in Supplemental
Table 2.1.

Loss of Pahl at the inner nuclear membrane in eaf1A cells

We next sought to understand how NuA4, which is largely nuclear,?*® could be impacting Pahl
activity and nuclear morphology. Active Pahl is localized to both the inner and outer nuclear
membrane (INM and ONM) where it converts PA into DAG.'®” DAG is subsequently further
metabolized into TAG and packaged into lipid droplets.!?®27° To investigate Pahl localization inside
the nucleus, we sought to determine if disruption of NuA4 impacted the subcellular localization of
Pah1 to the INM using a BiFluorescent Complementation (BiFC) assay. This same assay had
previously been used to detect Pahl localization to the INM.!%” Pahl was expressed from a plasmid as
a fusion with half of the Venus fluorescent protein (indicated as VC), while the INM protein Nup60 or
nucleoplasmic protein Pus1 was expressed from a second plasmid as a fusion with the other half of
Venus (indicated as VN) (Fig. 2.2A). If the two proteins interact, the full Venus protein is brought
together and can be visualized via fluorescence microscopy. In both WT and eafIA cells expressing
Pah1-VC and Pus1-VN constructs, a Venus signal was detected indicating a pool of Pah1-VC within
the nucleoplasm (Fig. 2.2B). In WT cells expressing Pah1-VC and Nup60-VN a signal was detected
on the INM. In eafIA cells, however, the interaction between Pah1-VC and Nup60-VN at the INM is
lost, despite appropriate expression of Pah1-VC (Supplemental Fig. 2.3). Further, deletion of EAF']
did not abolish Nup2-VC or Mlp1-VC interaction with Nup60-VN at the INM, suggesting that
disruption of NuA4 is not causing gross mislocalization of INM proteins (Supplemental Fig. 2.4).
Together, our BiFC work indicates that Eafl is required for INM localization of Pah1-VC.

If Pah1 localization to the INM is decreased in eafIA cells, we predicted we may also see changes in

PA and DAG at this location. To test this hypothesis, we next assessed the levels of INM PA and
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DAG using the previously validated plasmid-encoded biosensors NLS-Opil-Q2-mCherry (NLS-PA),
and 2XNLS-Cla+Clb mCherry (NLS-DAG).2"! Despite the fact that the expression of both biosensors
was reduced in eafIA cells (Supplemental Fig. 2.5), we were able to make important conclusions
about INM PA and DAG pools.?’! In both WT and eafIA cells, the NLS-PA biosensor displayed
diffuse nucleoplasmic signal (Fig. 2.2C). This is consistent with previous results from Romanauska et
al.'®” showing that under WT conditions PA is present at lower levels at the INM in comparison to the
PA-rich plasma membrane. Only with specific dysregulation of the lipid metabolism pathways, such
as that seen in a cds/-ts mutant or oleic acid treatment, were they able to detect NLS-PA biosensor
enrichment at the INM.!¢7 PA that accumulates may be quickly shuttled into phospholipid synthesis.
In contrast, the NLS-DAG biosensor detected DAG at the INM in both WT and eafIA cells (Fig.
2.2C). Further, we did not observe nucleoplasmic accumulation of the DAG biosensor, which would
be expected in cases of decreased DAG at the INM.'®” This suggests that some Pahl remains active
despite its reduction at the INM of eaf7A cells as measured by BiFC. Alternatively, eaf1A cells could

be compensating for decreased Pahl activity by altering other lipid metabolism pathways.
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Figure 2.2 — Loss of Pah1 at the INM upon deletion of E4AF1, with no change in nuclear Phosphatidic
Acid (PA) and INM Diacylglycerol (DAG).

(A) Schematic diagram for a BiFluorescent Complementation Assay (BiFC) shows the interaction between two
protein fragments, each encoding half of the Venus fluorescent protein. Upon interaction, they form the whole
Venus that can be visualized using a fluorescence microscope. (B) Pahl INM localization is dependent on
EAFI1. BiFC experiment with WT or eafIA cells expressing Pah1-VC and Nup60-VN (YKB 4977 and YKB
4978) or Pus1-VN (YKB 4975 and YKB 4976) was assessed. Scale bar = 5 pm. (C) Live imaging of WT and
eafIA cells expressing genomically integrated 4ASC2-GFP and the plasmid-based NLS-Q2-mCherry biosensor
(YKB 5182 and YKB 5183) (top panel) or NLS-DAG-mCherry biosensor (YKB 5184 and YKB 5185) (bottom
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panel) and stained with CMAC to mark the vacuoles. Scale bar = 5 pm. Images presented are representative of
three biological replicates. Line graphs for (B) and (C) were generated by measuring the fluorescence intensity
value of pixels across the nucleus of the cell, using Plot Profile in ImageJ Software. Red/black lines indicate the
average for the indicated number of cells, and the grey lines show each cell profile. n = the number of randomly
selected cells. FU = Fluorescence Units.

* Indicates that that y-axis has been cropped to facilitate comparison of strains.

Artificially targeting Pahl to the nuclear membrane rescues eaf1A nuclear deformations and
vacuole fragmentation

If nuclear deformations or vacuole fragmentation defects displayed in eafIA cells are due to decreased
localization of Pahl to the nuclear membrane, we predicted that artificially targeting Pah1 to the
nuclear membranes may rescue these defects. To explore this possibility, we took advantage of the
fact that Pah1 localization is primarily modulated through phosphorylation via protein kinases such as
Pho85-Pho80, Cdc28-cyclin B and PKA. 2154156 However, Pahl is only dephosphorylated by one
phosphatase complex known as Nem1-Spo7. As illustrated in Fig. 2.3A, top panel, Nem1-Spo7
dephosphorylation of Pahl is required for Pahl association with PA on the nuclear membrane where it
converts it to DAG.!23:15L16L166 [Jnder normal conditions, Pahl remains inactive in the cytoplasm and
is only active when dephosphorylated and bound to the nuclear membrane. !4

We used a previously established approach that exploits this regulatory system to modulate the
subcellular localization of Pah1.!>! Pah1-7A-GFP, wherein 7 phosphorylated serine residues are
replaced with alanine, artificially binds to the nuclear membrane.!*! Conversely, Pah1-7A-AH3A-GFP
contains an additional mutation in Pah1’s alpha helix, rendering it unable to bind at this location (Fig.
2.3A bottom panel).'>! Therefore, these constructs allow for examination of two distinct scenarios
where Pahl is either active and bound to the nuclear membrane (Pah1-7A-GFP), or a control scenario
where this tethering does not occur (Pah1-7A-AH3A-GFP). WT and eafIA cells expressing the Nab2-
NLS-mCherry construct (nucleoplasm marker) were transformed with plasmids expressing either
Pah1-7A-GFP or Pah1-7A-AH3A-GFP and stained with CMAC to mark the vacuole. Consistent with

previous literature, both Pah1-7A-GFP and Pah1-7A-AH3A-GFP showed a low level of disperse
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cytosolic signal in both WT and eafIA cells (Supplemental Fig. 2.6A).!2%15! Wild-type PAH1 is still
present in these cells and all Pah1-GFP fusions were expressed in WT and eaf/A cells (Supplemental
Fig. 2.6B). WT cells expressing Pah1-7A-GFP or Pah1-7A-AH3A-GFP had low levels of nuclear
deformations (Fig. 2.3B and C) and fragmented vacuoles (Fig. 2.3B and D). In eaf/A cells, tethering
of Pahl to the nuclear membrane with Pah1-7A-GFP resulted in a greatly reduced nuclear
deformations and fragmented vacuoles compared to eafIA cells expressing the Pah1-7A-AH3A-GFP
control (Fig. 2.3B, C and D). These results suggest that the changes in subcellular localization of
Pahl observed in eaf1A mutants have important consequences for membrane homeostasis.

Defect in the formation of the Nuclear-Vacuole Junction (NVJ) and Piecemeal Microautophagy of
the Nucleus (PMN) in an eafIA

If unregulated nuclear membrane growth was the only reason for nuclear deformations in eafIA cells,
we would anticipate pahIA and eafIA cells to have similar levels of these structures. In contrast,
eafIA cells had higher levels of deformations than pahlA cells. Moreover, deletion of PAH! in eaf1A
cells partially suppressed the phenotype (Fig. 2.1). As defects in piecemeal microautophagy of the
nucleus (PMN) also contribute to nuclear deformation,?** we next sought to determine if NuA4 also
impacts this pathway.

PMN, sometimes referred to as nucleophagy, selectively degrades and recycles portions of the
nucleus into the vacuole under carbon or nitrogen limiting conditions.??®27? The first step of PMN is
the formation of the nuclear vacuole junction (NVJ), which occurs via an interaction between the
vacuolar protein Vac8 and the nuclear protein Nvjl (Fig. 2.4A).22%-255:273:274 Pah1 localizes to the NVJ

and participates in lipid remodelling required for PMN.!2¢
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Figure 2.3 — Targeting Pah1 to the nuclear membrane with Pah1-7A-GFP rescues nuclear deformation
and vacuole fusion defects.

(A) Graphic depicting the interaction of Pah1-7A and Pah1-7A-AH3A with the nucleus/nuclear ER (NER). (B)
Merged Z-stack images showing WT and eafi4 Pah1-7A-GFP (YKB 5198 and YKB 5199) as well as WT and
eaflA Pah1-7A-AH3A-GFP (YKB 5200 and YKB 5201), with Nab2-NLS mCherry to visualize the nucleus,
and the vacuole stained with CMAC. Scale bar = 5 um. Images presented are representative of three biological
replicates. (C) Proportion of cells with deformed nuclei. Cells were quantified by observing a nuclear extension
versus a round nuclei. (D) Proportion of cells with fragmented (5 or more) vacuoles. Cells were quantified by
visually counting the number of vacuoles per cell. For C and D, an ANOVA analysis was performed using
Tukey's multiple comparison test. Cells were counted by investigating the full Z-stack of cells. Grey dots
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represent three biological replicates of at least 100 cells for each. Horizontal bars represent the mean. *p<0.05,

**p<0.01, ***p<0.001, ****p<0.0001, ns = not significant, p>0.05.
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Figure 2.4 — Deletion of EAFI results in a decrease in nuclear vacuole junction (NVJ) formation.
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(A) Graphic depicting the proteins and complex lipid metabolism that occurs at the NVJ. (B) Nitrogen
starvation-induced NVJs are reduced in eafIA cells. WT and eafIA cells expressing genomically integrated
NVJI-RFP (YKB 5123 and YKB 5134) were grown to log phase in YPD at 30°C prior to shifting into nitrogen
starvation (NS) media for four hours and staining with CMAC to visualize vacuoles. Images presented are
representative of three biological replicates of at least 200 cells counted for each. Scale bar =5 um. (C)
Proportion of cells with an NVJ, counted visually by assessing the presence or absence of Nvj1-RFP punctae
within the cell. (D) The length of the NVJ was measured using a line tool on ImagelJ. 20 cells were measured
for each strain and performed in triplicate. For both C and D, ANOVA analysis was performed using Tukey's
multiple comparison test. Grey and purple dots represent three biological replicates. Horizontal bars represent
the mean. ****p<(0.0001, ns = not significant, p>0.05. Relevant statistical significance bars are shown,
additional comparisons can be found in Supplemental Table 2.1.

First, we used Nvj1-RFP to visualize the formation of NVJ punctae localized between the
nucleus (Acs2-GFP) and vacuole (CMAC) following nitrogen starvation. We found that eaf7A cells
had a significant defect in the formation of the NVJ and a decrease in the size of those NVJs that did
form (Fig. 2.4B, C and D). Next, we measured PMN using Nab2-NLS-mCherry to mark the nucleus
of the cell, and carefully dissected the Z-stack to measure the number of NLS-Nab2-mCherry PMN
blebs within the CMAC-labelled vacuole.?”> We identified 37.5% of WT cells with a PMN bleb fully
engulfed in the vacuole after four hours of nitrogen starvation (Fig. 2.5A and B, Supplemental Video
2.4). In contrast, only 7.6% of eafIA cells had PMN blebs within the vacuole (Fig. 2.5B).
Interestingly, in eaf! A mutants, there were several instances where Nab2-NLS-mCherry extended in
nuclear extensions around the vacuole (Fig. 2.5A, Middle Panel), or was squeezed between vacuolar
lobes (Fig. 2.5A, Bottom Panel). However, 3D reconstruction of these cells confirmed that these
extensions of the nucleus did not enter the vacuole itself (Supplemental Video 2.5 and 2.6).

In a complementary approach, we used a GFP-Rosella construct fused to the nuclear
localization signal of Nab35.27¢ Under nutrient replete conditions, the GFP-Rosella-Nab35 fusion
protein localizes to the nucleus where both GFP and Rosella can be visualized. After 24 hrs of
nitrogen starvation, the GFP-Rosella-Nab35 proteins are engulfed in PMN blebs. Once in the vacuole,
the GFP is digested leaving only the Rosella signal visible within the vacuole lumen.?’® Following

nitrogen starvation, the WT strain expressing GFP-Rosella-NAB35 showed GFP and Rosella signal in
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the nucleus, and Rosella signal in the vacuole (Fig. 2.5C), indicating successful induction of PMN.
However, in eaf]A cells GFP and Rosella signal only co-localized in the nucleus, with no detection of
Rosella in the vacuoles (Fig. 2.5C). Therefore, disruption of the NuA4 complex results in defects in
PMN. Interestingly, unlike the nuclear deformations and vacuole fragmentation phenotypes (Fig. 2.3),
PMN defects observed in eaflA were not rescued by artificial tethering of Pahl to the nuclear
membrane (Supplemental Fig. 2.7). Moreover, EAF1 was not required for interaction of Pahl with
Nvjl and Vac8, as measured using a BiFC assay (Supplemental Fig. 2.8). Therefore, despite having
NVIJ and PMN defects, NuA4 disruption does not impact the localization of Pah1 to the NVJ. Thus,

NuA4’s impact on these processes appears to be independent of Pahl.
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Figure 2.5 — Deletion of EAFI results in decreased piecemeal microautophagy of the nucleus (PMN).

(A) WT and eafIA cells (YKB 5186 and YKB 5187) with Nab2-NLS-mCherry to visualize the nucleus and
CMAC staining the vacuole. Cells were grown to log phase in nutrient-rich media and then transferred into
nitrogen starvation media. Merged Z-stack images show the formation of PMN structures, indicated by a white
arrow, following four hours of nitrogen starvation. 3D projection of Z-stacks using Imaris software shows PMN
blebs entering the vacuole in WT cells. In eafiA cells with nuclear extensions wrapping around or between
vacuolar lobes were detected. Scale bar =5 um. Arrows indicate presence of a PMN bleb entering the vacuole.
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(B) Cells were grown in either YPD or switched to nitrogen starvation (NS) media for four hours. The
proportion of cells with PMN were carefully counted by investigating the full Z-stack of cells. If there was a
clear bleb of Nab2-NLS mCherry that entered the vacuole, a cell was counted as having PMN. Under nitrogen
starvation, eaf1A cells have a significant reduction in PMN compared to WT. ANOVA analysis was performed
using Tukey's multiple comparison test. Grey and purple dots represent three biological replicates, counting at
least 200 cells for each. Horizontal bars represent the mean. Relevant statistical significance bars are shown,
additional comparisons can be found in Supplemental Table 2.1. ****p<0.0001, ns = not significant, p>0.05.
(C) WT and eafIA cells expressing a GFP-Rosella construct fused to the nuclear localization signal from Nab35
(YKB 5188 and YKB 5189), were grown to mid-log phase and switched to nitrogen starvation media for 24
hours prior to imaging. Arrows highlight Rosella signal in the vacuole, indicating active PMN. Scale bar =5
pm.

Pahl-K496 impacts Pahl localization to the INM

Pah1 is primarily localized to the cytosol, where it remains inactive, with a small proportion that is
localized to the nuclear membrane and NVJ where it performs its catalytic function,!26:130.15L161 The
balance of Pahl localization is directly linked to its functional activity. As our work suggests NuA4
regulates the localization of Pahl to the nuclear membrane, we next explored if this effect is mediated
by Pahl acetylation. Previous work has detected NuA4-dependent acetylation of Pah1 at K496 and
K801. K496 was shown to be conserved amongst mammals and yeast, while tandem mutation of
K496 and K801 to arginine resulted in decreased lipid droplet formation.!!” To investigate the
functions of these two sites individually, we started by employing a modified BiFC assay. Lysine sites
mutated to glutamine (Q) were used as an acetylation mimic. Lysine to arginine (R) mutations where
used to prevent acetylation.?’”” We constructed a series of four point mutants in the Pah1-VC bait
protein (Pah1-K496Q-VC, Pah1-K496R-VC, Pah1-K801Q-VC and Pah1-K801R-VC), and confirmed
their expression via western blot (Supplemental Fig. 2.3). We then assessed whether those mutations
impacted Pah1-VC’s interaction with Pus1-VN (nucleoplasm marker) or Nup60-VN (INM marker).
While Pah1-K801Q-VC and Pah1-K801R-VC interacted with both markers, we were unable to detect
interactions between Pah1-K496Q-VC or Pah1-K496R-VC with either Pus1-VN or Nup60-VN (Fig.

2.6). This suggests that Pah1-K496 may impact its subcellular localization to the nucleus and the INM.
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Figure 2.6 — Mutations at Pah1-K496 result in a loss of Pah1-VC interaction with Pus1-VN and Nup60-VN.
BiFC interaction between Pah1-K496Q-VC, Pah1-K496R-VC, Pah1-K801Q-VC, and Pah1-K801R-VC with
both Nup60-VN (on left) and Pus1-VN (on right) (YKB 5206 — YKB 5213) were visualized using fluorescence
microscopy. Scale bar = 5 pm. Line graphs were generated by measuring the fluorescence intensity value of
pixels across the nucleus of the cell using Plot Profile in ImageJ Software. The grey lines show individual cell
profiles and the red line indicate the average across all measured cells. n = the number of randomly selected
cells. FU = Fluorescence Units. * Indicates that that y-axis has been cropped for easy comparison of strains.

To further investigate Pah1-K496 as a potential site involved in the subcellular nuclear
localization of Pahl, we introduced mutations in genomically integrated PAH-3xGFP using
CRISPR-Cas9.%%7 As expected, in WT cells Pah1-3xGFP showed cytosolic localization (Fig. 2.7A).!%!
In eaf1A cells, Pah1-3xGFP localized to small punctate dots in a small percentage of cells but
otherwise showed cytosolic localization. However, Pah1-K496R-3xGFP and Pah1-K496Q-3xGFP in
both WT and eaf1A were mislocalized, possibly to the plasma membrane/ER (Fig. 2.7A). We also
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performed a western blot to confirm the protein levels of Pah1-3xGFP and were surprised to see a
high level of degradation of Pah1-3xGFP in eafIA as well as isoforms with higher apparent molecular
weight (Supplemental Fig. 2.9). Given the high levels of phosphorylation of Pah1 by multiple protein
kinases (outlined in Fig. 2.3A), it is possible that the loss of NuA4 is causing Pahl to be
hyperphosphorylated and sent to proteasomal degradation. Additionally, in growth assays, pahI-
K4960 cells had a significant growth defect compared to the moderate growth defects observed for
eafl A and pahl-K496R cells (Fig. 2.7B).

A YPD B 25°C

Pah1-3xGFP CMAC Merge DIC

WT

eaf1A

K496Q

K496R

Figure 2.7 - Pah1-K496 confers changes in Pah1 localization.

(A) Single sliced Z-stack images showing Pah1-3xGFP localization, and vacuoles labelled with CMAC in the
WT PAHI-3xGFP (YKB 4993), eafIA PAHI-3xGFP (YKB 4994), PAH1-K496(0-3XGFP (YKB 5130) and
PAHI-K496R-3XGFP (YKB 5131) strains. Scale bar = 5 um. (B) Dot assays showing growth of WT PAH1I-
3xGFP (YKB 4993), eafiA PAHI-3xGFP (YKB 4994), PAH1-K496Q-3XGFP (YKB 5130) and PAHI-K496R-
3XGFP (YKB 5131) after a period of 48 hours at 25°C.
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Figure 2. 8 - Pah1-K496 mutation results in increased nuclear deformation, vacuole fragmentation and
defects in piecemeal microautophagy of the nucleus.

(A) Proportion of WT (YKB 5190), eafIA (YKB 5191), PAH1-K496Q (YKB 5192), and PAHI-K496R (YKB
5193) cells expressing Pah1-3xGFP and Nab2-NLS-mCherry were accessed for nuclear deformation. (B)
Proportion of cells with fragmented (5 or more) vacuoles quantified by visually counting the number of
vacuoles per cell. (C) Proportion of cells with PMN blebs. Cells were grown in either YPD or switched to
nitrogen starvation (NS) media for four hours. If there was a clear bleb of Nab2-NLS mCherry that entered the
vacuole, a cell was counted as having PMN. For A, B and C, an ANOVA analysis was performed using Tukey's
multiple comparison test. Cells were counted by investigating the full Z-stack of cells. Grey and purple dots
represent three biological replicates of at least 100 cells for each. Horizontal bars represent the mean.
**p<0.01, ¥**p<0.001, ****p<0.0001, ns = not significant, p>0.05. Relevant statistical significance bars are
shown, additional comparisons can be found in Supplemental Table 2.1.

We hypothesized that if NuA4 was mediating its effects through acetylation of Pah1-K496,
nuclear deformations, vacuole fragmentation and PMN defects detected in eafIA cells would be
recapitulated in pahl-K496R cells. Interestingly, both pahl-K496Q and pahil-K496R cells had high
levels of nuclear deformations and defects in PMN, similar to eaf7A cells (Fig. 2.8A and C). For

vacuole fragmentation, pahl-K496R cells had fragmentation levels similar to that of eaf/A cells, while
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pahl-K496Q cells had levels closer to that of WT cells (Fig. 2.8B). Our results suggest that mutations

at K496 lead to phenotypes generally similar to that of eafIA.

2.6 Discussion

The functional consequences of Pah1 acetylation and the role of NuA4 in regulating phospholipid
availability for membranes has remained unclear. In this study we identify changes in organelle
morphology upon deletion of EAF I, the scaffolding subunit of the NuA4 complex, including nuclear
deformation and vacuole fragmentation (Fig. 2.1). We further identified significant defects in NVJ
formation and function of PMN in eaf7A cells (Fig. 2.4 and 5). Importantly, all nuclear deformation
and vacuole fragmentation phenotypes are recapitulated by Pah1 mutation at lysine residue K496 (Fig.
2.8), a known site of NuA4-acetylation. Together, our data suggest that Pahl K496 directs multiple
aspects of Pahl function to coordinate organelle membrane homeostasis.

Pah1 is typically inactive in the cytoplasm but is activated by dephosphorylation by Nem1-
Spo7, allowing it to localize to the nucleus to perform its function (Summarized in Fig.
2.3A).123:124.166 Uging a BiFC assay, we were able to visualize a subpopulation of Pahl in the
nucleoplasm, but not the INM, upon deletion of EAF'] (Fig. 2.2B). Recent work from our lab showed
that there are no changes in global levels of PA in NuA4 mutants.’! In agreement with this, we did not
detect PA accumulation at the INM of eafIA cells (Fig. 2.2C). Thus, we suggest that transient PA that
accumulates due to mislocalization of Pahl is quickly converted to phospholipids that can drive
membrane expansions associated with nuclear deformations. Since DAG is the substrate for Pahl, we
were surprised to detect this lipid species at the INM. It is possible that DAG synthesis is maintained
in part via a subpool of Pahl that localizes to the INM but is not detectable by our BiFC assay.
Alternatively, DAG accumulation could be explained by activation of compensatory mechanisms in

eaflA cells.
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While we have shown that nuclear deformations in eafIA are partially caused by an influx of
PA driving the production of membrane phospholipids, there remains a portion of nuclear
deformations that were not rescued by decreasing membrane phospholipid synthesis via mutation of
DGK1, INOI or CDS1 (Fig. 2.1C). Therefore, we explored alternative pathways that regulate nuclear
shape. We focused on the NVJ,22%25? an important membrane contact site between the nucleus and the
vacuole that promotes a selective autophagy process, PMN, and digests excess nuclear membrane that
could be contributing to deformations.??%2°0278 Interestingly, we found that upon deletion of EAF1
there are severe defects in the formation of the NVJ (Fig. 2.4B and C) and subsequent PMN (Fig.
2.5). It is tempting to think that the level of vacuole fragmentation seen in our NuA4 mutants (Fig.
2.1B and D, Supplemental Fig. 2.1) could be the cause of NVJ dysfunction. However, previous work
from Krick et al. *° showed that PMN can still occur in vacuoles lacking fusion machinery. Further,
eaf1A cells have large, fused vacuoles upon nitrogen starvation (Fig. 2.4B), indicating that they retain
the machinery for vacuole fusion. NVJ and PMN defects are also not due to defects in localization of
Pahl adjacent to the NVJ,!26 as our BiFC studies indicate that Pahl interaction with Nvjl and Vac8
are not disrupted in eaf7A cells (Supplemental Fig. 2.8). One possibility is that NuA4 may be
involved in regulating the core autophagy machinery involved in PMN. For example, NuA4 is a
known regulator of Atg3 through direct acetylation at 3 different sites.!%!% Conversely, NuA4 could
impact the stability and/or formation of the NV itself, as NuA4 has been shown to interact with Vac8
through Eaf1.2”®

Finally, cells lacking EAF'I also have vacuolar fragmentation defects (Fig. 2.1B and D) that
are rescued by artificial recruitment of Pahl to the nuclear membrane (Fig. 2.3B and D). This rescue
was surprising given that pah /A cells do not have increased vacuolar fragmentation. It is possible that

forced localization of Pahl to the nuclear membrane initiates a nuclear-vacuole feedback response that
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is not active under physiological conditions. This result highlights unknown complexities in nuclear-
vacuole communication.

Since previous studies identified two potential NuA4 acetylation sites on Pahl, K496 and
K801, we sought to determine if these sites influence Pahl subcellular location. Mutation of K496, but
not K801, to either Q or R prevented Pah1-VC localization to the nucleus and INM (Fig. 2.6),
redistributed Pah1-3xGFP to organelle membranes (Fig. 2.7A), and decreased PMN (Fig. 2.8C).
While both Pah1-K496R and Pah1-K496Q displayed increased nuclear deformation and vacuole
fragmentation, the defects displayed by the K496Q mutant were significantly lower than the K496R
mutant (Fig. 2.8A and B). Since both mutants showed similar phenotypes, we cannot discount that
these mutations are not affecting Pahl functions beyond acetylation. Alternatively, we suggest that
dynamic acetylation and deacetylation is critical to maintain Pah1 localization and other functions
related to lipid metabolism and organelle membrane homeostasis. As such, dynamic regulation of

Pah1 by lysine deacetylases should be an active area of future investigation.
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Chapter 3

General Discussion

3.1 Overview of Thesis Work

Over the past few decades, our understanding of the functions of NuA4 and Tip60 has
significantly expanded. It is now widely accepted that lysine acetyltransferases play a vital role in
acetylating proteins, with targets ranging vastly in function. This thesis specifically adds novel intel
into the relationship between NuA4 and the regulation of phospholipid metabolism in Saccharomyces
cerevisiae. The primary manuscript in Chapter 2 of this thesis identifies novel phenotypes in a NuA4
mutant, offering a deeper understanding of the role of lysine acetylation in modulating lipid
metabolism within organelle membranes. This work dissects the regulatory pathways influenced by
NuA4, highlighting both Pah1-dependent and independent mechanisms.

The first aim of this work was to characterize nuclear deformations and vacuolar defects seen
in NuA4 mutants. Using a variety of imaging techniques, we were able to determine that the nuclear
deformations were, in fact, abnormalities in the nuclear membrane that were much more severe than
those seen upon deletion of other lipid metabolism genes. This included the deletion of PAH 1, which
is well characterized for its unchecked phospholipid synthesis. Further, deletions of EAF/, in tandem
with these other lipid metabolism genes, could only rescue some of the nuclear and vacuolar defects.
This signifies that there is likely a Pah1-dependent and independent mechanism involved.

To further investigate Pah1, I used previously established BiFC assays and fluorescent
biosensors to assess the location and function of Pahl in eaf7A cells. This showed very clearly that
Pah1 was mislocalized in eafIA cells and was not found at the INM. Interestingly, artificially targeting
Pah1 to the nuclear membrane with Pah1-7A-GFP (and its counterpart as a control Pah1-7A-AH3A-

GFP) was able to rescue some of the nuclear deformations and vacuolar fragmentation seen in eafIA
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cells. Both of these results highlight the important role of Pahl localization and its corresponding
function at the nuclear membrane. In eaf7A cells, this localization was essential to rescue defects in
nuclear and vacuole morphology.

To investigate the Pah1-independent mechanisms for eaf7A phenotypes, I explored the role of
the NVJ and the function of the PMN as regulators of excess nuclear membrane. Using fluorescence
microscopy, I determined that when induced with nitrogen starvation, eafIA cells had significant
defects in the ability to form NVJs compared to WT cells. When the NVJ did form in eaf7A cells, they
were significantly smaller than WT NVJs. This corresponded with a similar defect in the functioning
of PMN, which was assessed using two fluorescence microscopy techniques. The consequence of
these defects is highly important for eaf1A cells since they have an abundance of nuclear membrane
phospholipids. If it is unable to recycle and digest the excess membrane, it can build up and cause
further deformations of the nuclear membrane.

Since the functional consequences of NuA4-dependent acetylation on Pah1 remained
uncharacterized, we finally sought to determine the role of this acetylation in the context of this work.
I began by generating a series of mutations at the two known acetylation sites on Pah1l within my
previously used BiFC system. This allowed me to specifically assess changes in localization to the
INM and the nucleoplasm as a result of these mutations. This showed that mutations at K496 on Pahl
impacted its location to the nucleus entirely. Therefore, I generated integrated CRISPR-Cas9
acetylation mutations of Pah1 at K496. Interestingly, there were changes in Pahl localization in both
Q and R mutations at this site, in comparison to WT cells, while K496Q exhibited a distinct growth
defect. Further, mutations at K496 also exhibited increases in nuclear deformation, vacuolar

fragmentation and defects in PMN, similar to that seen in eaf7A cells.
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3.2 Implications for NuA4/Tip60 research and human disease

The relationship described in this work between NuA4 and Pah1 builds on findings directly
from a mice-Tip60 model, as described by Li ez al. ''°. Both NuA4 and Pahl are highly conserved in

higher eukaryotes and have been active areas of research.

3.2.1 Lipid Dysregulation and Human Disease

Given the vital role of NuA4 and Tip60 in the regulation of the balance between lipid droplet
formation and phospholipid synthesis, this study is highly relevant to lipid storage more broadly. This
could be extended to diseases such as diabetes and lipodystrophy. Understanding the role of
Tip60/NuA4 in these pathways could open up new treatment options for diseases associated with the

accumulation of fatty acids.

This is highly relevant to research on:
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3.2.1.1 NuA4, Tip60 and Diabetes

Tip60 has been highly investigated for its role in diabetes.?8%-2%2 Primarily, NuA4/Tip60 is a
positive regulator of insulin secretion.?®3 Additionally, research in Appendix B shows the role of
NuA4 in directly regulating glucose and glycogen. It has also been found that Esal acetylates and
positively regulates the phosphoenolpyruvate carboxykinase, Pck1.%* These results were conserved in
humans.®* It is clear that Tip60/NuA4 have a conserved and important role in diabetes through

regulation of gluconeogenesis.

3.2.1.2 NuA4, Tip60 and Lipid Droplets

Previous work in our lab showed that upon deletion of EAF 1, cells exhibited a reduction in the
lipid droplet content, measuring fluorescent intensity per area.® However, further investigation found
that the number of foci (representing a lipid droplet) per cell was actually increased in eaf7A cells
(unpublished data). More investigation is needed into the role of Tip60/NuA4 in lipid droplet
formation, given its diverse role in human health. For example, lipid droplets play a role in the

following diseases:

e Lipodystrophy — This rare disease is hallmarked by a loss of fat in regions of the
body.!8? While there are several underlying causes, they centralize on the regulation of

phosphatidic acid, lipid droplet biogenesis and the formation of adipose tissues.?3*

e Neurodegeneration — Lipid droplets were originally observed in Alzheimer’s disease
patients.?®> There are now several genetic markers associated with lipid droplet
biogenesis that are classified as risk factors for Alzheimer’s disease,?®® most notably the

APOE4 allele.??7

e Cardiovascular disease — Lipid droplets in the heart are of clinical significance as they

occur in cardiomyocytes and macrophage foam cells.?®® Generally, TAG and lipid
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droplets play a cardioprotective role in cardiomyocytes. However, the turnover rate is
highly clinically relevant, as accumulation can lead to diseases such as diabetes, heart
failure and cardiomyopathy.28-2% In macrophage foam cells, the accumulation of

cholesterol-rich lipid droplets is the primary feature of atherosclerosis.?*°

e Cancer — Several types of cancers exhibit an accumulation of lipid droplets.?*!

Functionally, they provide lipids for membrane formation in proliferating cancer cells
and can act in cell signalling, promoting communication between tumours and their
environment.?’! Additionally, lipid droplets can protect against hypoxia and radiation

therapy by combatting ROS damage.?*?

3.2.1.3 NuA4, Tip60 and Nuclear Shape

This work provides valuable insights into regulating nuclear shape, size and structure. As
previously outlined in Section 1.6.1, the exact mechanisms regulating nuclear shape and size are
poorly understood. In this work, we have seen a complex and multi-faceted cause for nuclear
deformations that extends our understanding of the role of lipid metabolism in perpetuating nuclear
shape. At its core, nuclear deformations in NuA4 mutants are caused by several different mechanisms,
some of which are directly related to lipid metabolism through Pah1 and some not. This opens up our
understanding of this complex regulatory system and brings to light the connectedness of lipid
metabolism with the cell cycle and autophagy processes.

When extended to a human context, defects in the nuclei seen in yeast are more complex to
understand. Since cell division and the regulatory mechanisms behind cell shape are quite different, it
can be easy to assume that there are no translatable findings. However, yeast can provide us with an
uninhibited ability to access nuclear shape and size in the absence of a regulatory system. Since the
underlying lipid metabolism functioning is relatively conserved, this could help to understand cases in

mammalian cells where nuclear structure goes awry. In fact, altered nuclear size and shape are
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considered to be primary indicators of disease states and cancers.””> Further investigation into the root

cause of nuclear dysregulation in NuA4 could help understand this dynamic regulation and its drivers.

3.2.1.4 NuA4, Tip60 and Cancer

Tip60 has been highly studied for its role in human cancers, most notably in lung, colon,
prostate and breast cancer.!%2°+2°¢ Since Tip60 plays such an important role in cell cycle progression,
DNA repair, transcription and gene expression, a lack of Tip60 can both promote and suppress the
development of cancers. Therefore, Tip60 is a common target for investigation into potential cancer
therapies.?”” For example, 1,2-bis(isothiazol-5-yl) disulfane (NU9056) was found to inactivate Tip60,
decrease its corresponding acetylation of histone and non-histone targets, and inhibit the progression
of prostate cancer cell lines.!® However, the opposite is seen in breast cancer, where Tip60 protects the
cells from double-stranded breaks.?*> Here, Tip60 activators are investigated for clinical treatment in
an effort to re-introduce Tip60 to the nucleus.?”

Studies in yeast have significantly increased our understanding of the role of Tip60 in human
cancers. For example, work investigating NuA4 in yeast helped to understand its transcriptional
regulation of the proto-oncogene MYC, which is commonly over-expressed in cancer cell lines.?®
Further, yeast has been fundamental in understanding Tip60/NuA4’s role in DNA breaks and
repair.2?3% This work is directly applicable to human cancer models and has grown our

understanding of the role of Tip60 in these processes.
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3.3 Future Investigation and Additional Roles for NuA4 in Lipid Metabolism

What else could be causing nuclear

deformations in NuA4 mutants?
‘ NuA4 Complex

/ Autophagy

Atg3/17/18

- Have negative genetic
interaction with ESA1

« Deletion exhibit “irregularly
shaped nucleus often with
projecting ‘arms’ or ‘horns’
upon nitrogen starvation

N AGEME

Trafficking
Negative ?enetic interaction
ESA

i Arl1, Sys1, Ric1, Ypt8,
production of PMN structures Erv1 4’ COQS’ Vp352

Fatty Acid
Metabolism

« Decreased activity in a
NuA4 mutant

« Deletion results in nuclear
envelope defects

Located at NVJ and
contributes VLCFAs to the

« contribute to a “mulit-flared”
phenotypes in spo7A

Future investigation surrounding this work should investigate the role of NuA4 more broadly
in the context of nuclear flares, vacuole fusion, and formation of the NVJ. Given that our results
indicate that NuA4’s regulation of Pah1 does not solely account for the phenotypes seen in this body
of work, understanding these phenotypes both holistically and independently will help shed light on
the role of NuA4 in lipid metabolism. In particular, here are potential pathways to investigate further
understand the specific phenotypes displayed in this thesis, including additional targets of NuA4-

acetylation that may be involved:

3.3.1 NuA4 and Fatty Acid Metabolism, Accl

Recent work in the Baetz lab has characterized defects in the activity of Accl in NuA4
mutants, accompanied by increased Acetyl-CoA levels.”! Specifically, Accl commits fatty acid

metabolism towards VLCFAs.!7 Deletions of ACC/ result in alterations of the nuclear envelope,
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directly due to aberrant VLCFA synthesis.??? This becomes further relevant to this body of work upon
examination of the NVJ and the role of VLFCAs at this contact site. As explained in Section 1.7.2,
Tsc13 is a fatty acid elongase highly enriched at the NVJ.?*" It is specifically targeted to the NVJ to
contribute VLCFASs to producing PMN structures.?*® Interestingly, 7SC13 also has a negative genetic
interaction with ESA1.'3! Given these overlaps, future research should investigate the presence of
VLCFAs at the NVJ in NuA4 mutants and the role of Accl and Tsc13 in mediating these lipid
populations as it relates to the formation of the NVJ and function of PMN.

It is possible that NuA4’s role in regulating Accl may contribute to a percentage of nuclear
deformations (and potentially other organelle dysregulation phenotypes). A comprehensive analysis of
the levels of nuc