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ABSTRACT
Jibo Zhang: Elucidating the Biological Functions of YEATS Domain Containing Proteins in
Metabolism Driven Transcriptional Regulation
(Under the direction of Brian D. Strahl)

DNA is the fundamental basis of our genetic information. Throughout evolution, cells have
adapted mechanisms that not only allow compaction of DNA into the nucleus, but also maintain
easy access to DNA for precise replication, transcription, and damage repair. DNA is wrapped
around histone octamers to form nucleosomes, and then a higher-order structure called
chromatin. It was revealed that chromatin has regulatory functions for transcription and other
biological processes due to its dynamic quality. In eukaryotic organisms, gene regulation is about
the balance between compacted DNA and gaining access for RNA polymerase and other
regulatory proteins. As the most basic unit of chromatin, a nucleosome has two copies of
canonical histones H2A, H2B, H3 and H4 with a segment of about 147 base pairs of DNA.
Canonical histones are only expressed in certain times of the cell cycle and they are incorporated
into the newly replicated genome. In contrast, histone variants are expressed throughout the cell
cycle and are deposited when canonical histones are removed. Histone variants, such as H2A.Z,
affect nucleosome properties with distinct modifiable amino acid sequences. Chromatin function
is influenced by histone post-translational modifications (PTMs), which can act in a sequential or
combinatorial fashion to influence downstream functions. It has been widely acknowledged that
histone PTMs such as histone acetylation, crotonylation, and methylation play crucial roles in
various biological processes including gene transcription, DNA repair, gene replication, and
apoptosis. Additionally, the precursors of histone acetylation and crotonylation, acetyl-CoA and

crotonyl-CoA, are regulated by cellular metabolism. This argues that the transcriptional regulatory



functions from both PTMs are influenced by cellular metabolism. In recent years, YEATS-domain
proteins have gained more appreciation due to their ability to bind both acetylation and
crotonylation. As acyllysine readers, YEATS domain proteins amplify the impact of histone
acylations on transcriptional regulation through communicating with various transcriptional
factors. In budding yeast, there are three YEATS domain proteins: Yaf9, Tafl4, and Sas5. Each
of them is involved in various essential processes and shows binding preference for specific
acylations. Previous work has demonstrated that the YEATS domain of Tafl4 binding to
crotonylated histone lysine down-regulates pro-growth gene expression during the low oxygen
consumption phase, suggesting that transcription is regulated by cellular metabolism through the
interactions between YEATS domain and acylation. The work in this dissertation focuses on
another YEATS domain protein, Yaf9, and discusses the role it plays in connecting gene

expression and cellular metabolism.
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CHAPTER 1 - INTRODUCTION

The curiosity to discover the origins of life has been the main force that drives scientists
to keep asking questions and exploring the marvelous diversity in the natural world. In 1865, the
birth of foundational genetic principles was accomplished by Gregor Mendel through his work on
plant hybridization (Mendel, 1901). Since then, science has bloomed to allow researchers to
gradually enhance our understanding about the truth of life and how life works at a molecular level
(De Castro, 2016). As the blueprint of all organisms on earth, deoxyribonucleic acid (DNA) was
discovered at the beginning of the 20" century and proven to be the ultimate biological material
that was responsible for retaining genomic information from generation to generation. According
to Watson and Crick’s findings in 1956, the structure of DNA was a spiral of two DNA strands that
wound around each other and each strand contains a long chain of monomer nucleotides (Watson
and Crick, 1956). Subsequently, in Watson’s best-selling book published in 1968, named “The
Double Helix”, he added that DNA replicated itself by separating into individual strands, each of
which became the template for a new double helix. These discoveries prompted more questions,
such as how are the instructions in DNA converted into functional products, in the form of
proteins? Francis Crick established the concept of the “central dogma” which revealed how a
functional protein is the product of ribonucleic acid (RNA) that is transcribed from DNA. In this
theory, he stated that portable RNA messages transcribed from DNA travel from the nucleus to
the ribosome where they are read to produce specific proteins (Crick, 1958). However, as the
nature of science has shown us, no mechanisms or theories are explained in a linear manner
without complications. The intricate logic behind life itself has led to numerous discoveries that
directly challenged the simplicity and accuracy of the initial central dogma concept (Gayon, 2016).

For example, neither Crick nor other scientists of the time considered the impacts proteins have



on DNA expression. There is no doubt that with more advanced techniques and strategies, more
details will be unearthed and supplemented into the completion of the “central dogma”.

In order to understand how DNA contributes to life, the first question that needs to be
answered is how cells store it. DNA represents a coded or indexed language that conveys all of
the genetic information need to go from a single fertilized cell to a complete adult. The length of
a DNA, if stretched from end-to-end, in one human cell nucleus is ~6 feet. Cells not only possess
mechanisms that allow compaction of DNA into an extremely small space that has the diameter
of 10 um, but they can also maintain easy access to specific locations of DNA for accurate
replication, transcription, and damage repair. These complicated processes must be
compartmentalized so that one process does not interfere with the other. DNA is wrapped around
a histone octamer to form a nucleosome, and then a higher-order structure called chromatin. Both
chromatin and nucleosome structures were initially considered as static entities of high intrinsic
stability within which DNA was sequestered (Thoma et al., 1979; Richmond et al., 1993).
However, just like the “central dogma” theory, chromatin is much more complex and dynamic. It
was revealed that chromatin provides regulatory flexibility for transcription and other biological
processes due to its dynamic quality (Wolffe and Guschin, 2000). The accessibility of chromatin
depends on 1) the degree of physical interaction between nuclear proteins and chromatin-bound
DNA; 2) the occupancy and organization of nucleosomes; 3) other transcription factors that
occlude access to DNA (Klemm et al., 2019). Chromatin and chromosomal structure have

become an extremely rich field for future investigation due to unlimited possibilities.

Nucleosomes and the Histone Code

Eukaryotic gene regulation can be viewed as the balance between compacted DNA in the
form of chromatin that does or does not grant access to RNA polymerase and other regulatory
proteins. Similar to chromatin, nucleosomes are highly dynamic. Nucleosomes are nucleoprotein

complexes that are involved in all genomic processes in eukaryotes (Lai and Pugh, 2017). As the



most basic unit of chromatin, a nucleosome is composed of two copies of histones H2A, H2B, H3
and H4 with a segment of 147 base pairs of DNA that wraps around the core histones (Luger et al.,
1997; Kornberg et al., 1999; Richmond and Davey, 2003). Four properties of nucleosomes make
their design perfect for genome regulation: 1) they can slide along DNA (Narlikar et al., 2013; Zhou
et al., 2016); 2) they can patrtially or fully disassemble (Rhee et al., 2014); 3) they are easily modified
with chemical groups (Strahl and Allis, 2000; Pokholok et al., 2005); 4) the histone components
within can be replaced with variant histones (Weber and Henikoff, 2014). Canonical histones
mentioned earlier are only expressed in the S phase of the cell cycle (Harris et al., 1991) and they
are incorporated into newly replicated genome. In contrast, histone variants are expressed
throughout the cell cycle and deposited only when canonical histones are evicted (Malik, Henikoff,
2003). Additionally, histone variants affect nucleosome properties with distinct modifiable amino
acid sequences, which subsequently regulate transcription programs (Weber and Henikoff, 2014).
Histone H2A variant H2A.Z, one of the most outstanding components of my thesis, will be heavily
mentioned in the later paragraphs.

All histones can be modified with chemical groups including acetylation, crotonylation,
ubiquitination, and phosphorylation (Rothbart and Strahl, 2014). The locations on histones that can
be modified include but are not limited to histone tails and histone folds (Cosgrove et al., 2004).
Essential cellular processes such as replication, transcription, and DNA repair are either promoted
or inhibited by these histone modifications (Strahl and Allis, 2000). In the early years, it was initially
thought that the purpose of the compact chromatin structure was to organize DNA into the nucleus
and exist as the obstacle to prevent DNA from unwarranted access. However, at the beginning of
the 1960s, Vincent Allfrey revealed how lysine acetylation neutralizes the positive charge of lysines
within the histone tails, which disrupts the interaction with negatively charged DNA that is associated
with the nucleosome (Allfrey et al., 1964). His findings opened the door for discussions on dynamic
functions of all histone modifications. Beginning in the 2000s, it was proposed that chemical groups

added onto histones, resulting in modifications that code essential functions. These modifications



could act in a sequential or combinatorial fashion to influence downstream functions, hence the
histone code theory (Strahl and Allis, 2000). Information carried by histone codes has to be received
by regulatory proteins, which begs the question, who reads the codes? In the late 1990s,
bromodomains were shown to interact with histone lysine acetylation in a context-specific fashion,
leading to more studies on how various protein motifs and domains receive information to regulate
biological events through reading histone codes (Winston and Allis, 1999). My dissertation will focus

on the YEATS domain, a newly discovered module that preferably binds to histone acylations.

Histone Lysine Acetylation

It is increasingly evident that histone post-translational modifications (PTMs) play a crucial
role in various biological processes including gene transcription, DNA repair, gene replication,
and apoptosis (Talbert and Henikoff, 2021; Strahl and Allis, 2000). In general, protein PTMs are
chemical modifications that change proteins’ properties such as localization pattern, stability, DNA
binding strength, and enzymatic activities (Verdin and Ott, 2015). Phosphorylation and acetylation
were the first two PTMs to be discovered (Fischer et al., 1959; Phillips, 1963). The former is the
most studied PTM due to its role in cell signaling pathways and other cellular processes. Even
though the importance of acetylation was hinted at when acetylation pioneer Vincent Allfrey
directly linked it to lowering chromatin’s ability to inhibit RNA synthesis in 1964 (Allfrey et al.,
1964), acetylation was slightly ignored and did not take the spotlight until the beginning of 2000.
Soon after the initial discovery, more information about acetylation was revealed including
identifying acetylation on not only histone lysines but also non-histone proteins and identifying
acetylase and deacetylase enzymes. In the late 1980s, efforts were made by multiple teams to
demonstrate that acetylated histones alter the accessibility of chromatin, which subsequently
affects gene transcription (Hebbes et al., 1988; Turner et al., 1992).

Researchers slowly realized the potential of acetylation, which led to the blooming of the

field. In the late 1990s, a human type A (transcription related) histone acetyltransferase (HAT-A)



was purified and proven to be the homolog of yeast Gen5 according to the cloning of its encoding
gene (Brownell et al., 1996). Meanwhile, the first histone deacetylase (HDAC1), identified as the
homolog of yeast Rpd3, was cloned and shown to exhibit HDAC activity (Taunton et al., 1996).
These two studies jumpstarted the era of acetylation and how it is coupled to gene transcription.
Rapidly thereafter, an enormous amount of information from this PTM were unearthed including
the identification of other transcription factors that bind to histone acetylation as well as the
discovery other histone acetylases and how these enzymes are found in large, multi-subunit
complexes such as is found with the SAGA complex (Marmorstein and Zhou, 2014; Grant et al.,
1997). In addition to histones, an increase in acetylation of transcriptional regulatory non-histone
proteins were found. Hence, the significance of acetylation progressively expanded. With the
previous discoveries of “writers” (HATs) and “erasers” (HDACs), the next puzzle piece was the
introduction of “readers” that can recognize histone acetylation. Bromodomains were the first
protein domain found to read histone acetyl-Lys (Dhalluin et al., 1999), followed by the recent
identification of YEATS domains (Li et al., 2014). Judging by the popularity of protein acetylation,
it won’t be surprising to discover more reader motifs in the near future. Meanwhile, all these
findings on protein acetylation have prompted the production and testing of inhibitor drugs. As the
first FDA-approved HDAC inhibitor, vorinistat was shown to induce in vitro tumor cell
differentiation (Richon et al., 1998). Additionally, many companies and academic laboratories are
working on developing chemical probes that disrupt the interaction between the bromodomain
and acetyl-Lys (Filippakopoulos et al., 2010). HAT inhibitors such as EP300 inhibitors are also
being developed (Bowers et al., 2010). Medically targeting acetylation related proteins indicates
possible clinical applications that go beyond just cancer.

In recent years, one proposal suggested that acetylation reflects and senses the changes
of cell environment. This has gained much attention. The precursor of acetylation, acetyl-CoA,
was discovered by three Nobel Prize winners; Lipmann, Bloch and Lyne (Bloch and Borek, 1946;

Lipmann and Kaplan, 1947; Lipmann, 1954), which essentially started the field of acetylation. In



budding yeast, the generation of acetyl-CoA is highly dependent on the cellular carbohydrate
enrichment (Suganuma and Workman, 2018). Abundant glucose induces the production of acetyl-
CoA in mitochondria, while fatty acids in peroxisomes are used as resources for acetyl-CoA under
starving conditions (Hiltunen et al., 2003). Acetyl-CoA functions as a metabolic signal by inducing
histone acetylation at active genes through acetyltransferases (Shen et al., 2015; Peleg et al.,
2016). Therefore, the reasoning behind protein acetylation being involved in connecting cell

metabolism and gene transcription is a brand-new territory.

Histone Lysine Crotonylation

The number of PTMs recognized to occur on histones was greatly expanded in 2011 using
advanced high-sensitivity mass spectrometry (Tan et al., 2011). Most of the newly discovered
PTMs are short-chain lysine acylations that can be classified into three categories: the polar acyl
group, the acidic acyl group, and the hydrophobic acyl group (Sabari et al., 2017). The initial work
published by Tan that identified histone crotonylation amongst other acylations also suggested
that crotonylation might be an indicator of gene expression due to the enrichment of crotonylated
histones in the promoter and enhancer regions of certain cell lines (Tan et al., 2011). Furthermore,
non-histone crotonylation was mostly found in nuclear proteins that are involved in various nuclei-
related cellular processes (Wei et al., 2017). In terms of length, crotonyl-lysine (Kcr) is a four-
carbon structure with a double bond between the two middle carbons, which results in a rigid
planar conformation (Sabari et al., 2017). Crotonyl-CoA is produced during the process of -
oxidation from long chain fatty acids (Sabari et al., 2017). Just like the other short chain acylations,
crotonylation is regulated by metabolites (Lu et al.,, 2018). Research has shown that adding
crotonic acid could drastically enhance the levels of histone lysine crotonylation due to the
increase of its precursor crotonyl-CoA (Sabari et al., 2015; Wei et al., 2017). These findings laid
the groundwork for future studies on how histone acylations receive environmental signals for the

purpose of gene regulation. This newly discovered PTM quickly took center-stage and became



heavily studied. Many recent studies have suggested that Kcr is involved in biological processes
such as DNA damage repair, spermatogenesis, HIV latency, carcinogenesis, stem cell
differentiation, and cardiovascular diseases (Tan et al., 2011; Sabari et al., 2015; Jiang et al.,
2018; Lv et al., 2021; Wan et al., 2019; Crespo et al., 2020; Tang et al., 2021). However, all these
new findings about Kcr's diverse involvements in diseases couldn’t hide the fact that the
underlying mechanism is still uncertain.

The level of Kcr is influenced by three factors: 1) intracellular crotonyl-CoA level; 2) the
ratio of crotonyl-CoA/acetyl-CoA; and 3) the balance between “writers” and “erasers” (Zhao et al.,
2018; Jiang et al., 2021). Even though crotonyl-specific “writer” proteins have yet to be identified,
three HAT families (CBP, MYST, and Gcn5-related N-acetyltransferases) have been reported as
histone crotonyltransferases (Sabari et al., 2017). As for crotonyl “erasers”, two out of the four
HDAC groups, HDAC | and HDAC IIl were demonstrated as the major histone decrotonylases
(Seto et al.,, 2014; Madsen and Olsen, 2012). To fulfill both physiological and pathological
functions, Kcr has to be recognized by specific “reader” proteins. Although all three groups of Kac
“readers” can recognize Kcr, the question remains whether these common “readers” possess the
same downstream impact. Unlike bromodomain-containing proteins that have much higher affinity
for Kac, recent work shows YEATS domains and double plant homeodomain finger (DPF)
proteins display higher binding preferences for histone Kcr over other acylations (Flynn et al.,
2015; Li et al., 2016; Xiong et al., 2016). Each of the two chapters included in this dissertation

focus on one “reader” from the YEATS-domain protein family: Taf14 and Yaf9.

YEATS-domain Proteins Recognize Both Acetylation and Crotonylation

In recent years, YEATS-domain proteins have gained more appreciation due to their role
in recognizing different degrees of histone acylation (Li et al., 2017; Schulze et al., 2009).
Conserved from yeast to human and indispensable for Kcr-mediated transcription, YEATS-

domain proteins (Yaf9, ENL, AF9, Tafl4, and Sas5) join bromodomain-containing proteins and



double PHD finger domain-containing proteins as the acyllysine readers that can read both
histone acetylation and crotonylation (Li et al., 2017; Andrews et al., 2016; Stratton and McKinsey,
2015; Dreveny et al.,, 2014). As mentioned above, YEATS domains generally show stronger
binding preferences for crotonylation than acetylation compared to bromodomains. Structurally,
the end-open feature of the YEATS domain aromatic pocket accommodates the longer and more
rigid Kcr better than the shorter and more flexible Kac. This explains the binding preference for
Kcr and why end-blocked bromodomain can tolerate Kac (Li et al., 2016; Zhang et al., 2016; Flynn
et al., 2015). It was demonstrated that the YEATS domains of Taf14 and human AF9 bind to Kcr
through a Tr-11-11 stacking mechanism (Andrews et al., 2016; Klein et al., 2018; Li et al., 2016).
This confirmation directly links Kcr to various essential biological processes including transcription
and nucleosome remodeling. The YEATS domain has been shown to be a potential therapeutic
target for acute leukemia (Erb et al., 2017). Its ability to differentiate short chain PTMs and perform
both roles of either gene activator or repressor accordingly has prompted interests for further
investigation. For example, Kcr-AF9 YEATS is found to regulate gene expression in the
inflammatory response (Li et al., 2016), and Kcr-Taf1l4 YEATS down-regulates pro-growth gene
expression during the low oxygen consumption phase (Gowans et al., 2019). Another compelling
aspect is that the members of the YEATS domain family have different acyl-binding preferences
(Andrews et al., 2016). For instance, as the three YEATS-domain-containing proteins in budding
yeast, Yaf9 and Sas5 prefer histone acetylation while Taf14 shows stronger affinity for histone
crotonylation (Figure 1.1) (Klein et al., 2018; Zhang et al., 2004; Sutton et al., 2003; Andrews et
al., 2016). As acyllysine readers, they convey the impact of histone acylations on transcriptional
regulation through recruiting and binding with various transcriptional factors (Schulze et al., 2009).
In the case of Kcr, the level change influenced by metabolism adds another layer of complexity
to the functions of readers. How cell metabolism regulates transcription though Kcr-YEATS

interactions remains elusive.



NuA4 and SWR1-C Complexes

Yaf9 is found in two major catalytic conserved complexes acting on chromatin: 1) the NuA4
acetyltransferase acetylates H4, H2A and its variant H2A.Z. and 2) the SWR1-C chromatin
remodeling complex that deposits H2A.Z into chromatin (Kobor et al., 2004; Mizuguchi et al.,
2004; Klein et al., 2018; Zhang et al., 2004). The collaboration between NuA4 and SWR1-C can
be summarized as SWR1-C uses the energy produced by ATP hydrolysis to alter the nucleosome
structure by exchanging H2A for H2A.Z first, then NuA4 acetylates the N-terminal tails of H2A.Z
as well as histone H4 (Kobor et al., 2004; Krogan et al., 2004; Mizuguchi et al., 2004; Keogh et
al., 2006). Yeast NuA4 is a large acetyltransferase complex that is composed of 13 subunits
(Wang et al., 2018). In addition to acetylating histones in a gene-specific fashion, NuA4 also has
two independent sub-complex forms: the TINTIN complex composed of Eaf3, Eaf5, and Eaf7;
and the piccolo form consisting of Yng2, Eaf6, Esal, and Epll that acetylates global histones
(Auger et al., 2008; Boudreault et al., 2003; Rossetto et al., 2014; Cheng and Co6té, 2014; Friis et
al., 2009). Among the 13 subunits, Eafl is the only exclusive member of NuA4 that is essential
for the complex integrity and serves as a platform that coordinates all four functional modules:
TINTIN, picocolo-NuA4, Tral, and the Arp4/Actl/Swc4/Yaf9 module (Auger et al., 2008; Mitchell
et al., 2008). Tral is shown to be a scaffold for the SAGA and SLIK/SALSA complexes while
Arp4/Actl/Swcd/Yaf9 module is shared with SWR1-C remodeling complex (Grant et al., 1998; Lu
et al., 2009). The module formed by four common subunits has been theorized to play crucial
roles in anchoring and regulating the activities of the two chromatin-modifying complexes (Lu, et
al., 2009). The NuA4 cryo-EM structure has shown the scaffold protein Eafl has a HSA domain
from amino acid 347 to 418 that binds to Arp4 and Actl (Wang et al., 2018). Mutating hydrophobic
residues within the Eafl HSA domain disrupts interaction with the SWR1-C module, suggesting
that NuA4 is recruited onto the SWR1-C module through essential Arp4/Actl-Eafl binding (Wang
et al., 2018). Within the SWR1-C module, Yaf9 and Swc4 interact with each other though their C-

termini (Bittner et al., 2004; Szerlong et al., 2008; Wu et al., 2009). Arp4 is required for Yaf9 and



Swc4 association with SWR1-C and its own recruitment depends on the interaction with Actl
(Szerlong et al., 2008; Wu et al., 2009). Hence the general order is the Eafl HSA domain recruits
Actl and Arp4, which binds to the Yaf9-Swc4 dimer. The four members intertwine with each other
and are important for the anchoring of NuA4 and SWR1-C complexes.

As the SWR1-C complex deposits H2A.Z, this section will discuss how H2A.Z functions.
The H2A.Z variant was initially identified in the early 1980s in mouse L1210 cells (West and
Bonner, 1980). Since its discovery, scientists have extensively explored its functions in chromatin
and in signaling pathways (Giaimo et al., 2019). H2A.Z has been linked to great humber of
biological processes. Examples include transcriptional memory, anti-silencing at chromatin
boundaries, DNA repair, and both transcriptional activation and repression (Zovkic et al., 2014;
Narkaj et al., 2018; Babiarz et al., 2006; Zhou et al., 2010; Nishibuchi et al., 2014; Vardabasso et
al., 2015; Gowans et al., 2019). How this histone variant functions in a wide range of activities still
awaits to be answered. Like all the other canonical histones, H2A.Z can be modified with PTMs.
Research has shown that the transcription regulatory functions of H2A.Z, repressive or promotive,
can be enhanced by certain PTMs (Giaimo et al., 2018; Gallant-Behm et al., 2012). For instance,
H2A.Z can be acetylated by NuA4 to become H2A.Zac, which is associated with gene activation
(Valdés-Mora et al., 2012). Since both acetylation and crotonylation levels are influenced by
metabolites, it is reasonable to propose that H2A.Z deposition and its impacts on downstream
transcription could be indirectly manipulated by cell metabolism. H2A.Z is frequently found in
enhancer regions and transcriptional start sites of both active and inactive genes (Raisner et al.,
2005). Most research suggested a positive correlation between H2A.Z deposition and gene
expression. However, opposite viewpoints exist, which is supported by the antagonistic
relationship found between H2A.Z and RNA polymerase Il (RNAPII) (Li et al., 2005).

The main function of the 14-subunit complex SWR1-C appears to be depositing H2A.Z
into promoters and transcriptional start sites of genes and at DNA double-stranded breaks (Lu, et

al., 2009), hinting at the potential importance of H2A.Z in transcription and DNA repair. The
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discovery of SWR1-C is an outstanding step forward to learning more details of the dual role of
H2A.Z in gene regulation. The energy demanding process to deposit H2A.Z involves partial
unwrapping of the DNA from the nucleosome (Willhoft et al., 2018). As a member of the SWR1-
C complex, Swrl is a catalytic chaperone that delivers the H2A.Z-H2B dimer to nucleosomes by
a precise mechanism: one H2A.Z-H2B dimer is deposited to form a heterotypic H2A-H2A.Z
nucleosome, then a second H2A.Z-H2B is deposited to form a homotypic H2A.Z-H2A.Z
nucleosome (Hong et al., 2014; Willhoft et al., 2018). Even though H2A.Z deposition is performed
by SWR1-C, NuA4 is required to stimulate the process (Auger et al., 2008; Keogh et al., 2006).
The catalytic subunit of NuA4, Esal, not only promotes SWR1-C recruitment by acetylating H4
and H2A tails within the nucleosome, but also acetylates newly deposited H2A.Z (Altaf et al.,
2010; Ranjan et al., 2013). Acetylated nucleosome H4 and H2A are recognized by a SWR1-C
component, Bdfl, via its bromodomain (Altaf et al., 2010). In summary, the possible order of the
events is: SWR1-C module Arp4/Actl/Yaf9/Swc4d binds to chromatin which recruits scaffold
protein Eafl through its HSA domain; subsequently, the interaction between Eafl and Arp4-Actl
recruits the rest of the NuA4 complex; Esal of NuA4 acetylates H4 and H2A in the nucleosome;
the acetyl-reading Bdfl recognizes acetylated H4 and H2A, and recruits SWR1-C onto the
nucleosome; SWR1-C substitutes H2A-H2B for H2A.Z-H2B, depositing H2A.Z into the

nucleosome.

Yeast Metabolic Cycle

Yeast has certainly left its mark on the history of biology. In the early 1990s, Edward
Buchner used yeast to demonstrate enzymatic activities outside of a living cell, which practically
started the field of metabolic pathway study (Bohley and Frohlich, 1997). Not only was the yeast
genome the first eukaryotic genome to be fully sequenced, but the ease with which scientists can
manipulate its genes for mutation or deletion also quickly established yeast as a premier model
organism to study transcription and protein functions (Goffeau et al., 1996). To yeast workers, the
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most common assay to show growth phenotypes is to perform the yeast growth assay on Yeast
extract Peptone Dextrose agar plates (YPD). It is a rather easy experiment with decisive
interpretation of outcomes. However, the growth phenotypes presented by the assay only answer
limited types of questions such as whether a certain mutation prevents or affects the growth of
yeast on various agent-added plates. The yeast metabolic cycle (YMC) is a phenomenon that
ensures the full usage of energy and efficiency of compartmentalized biological activities (Figure
1.2). Ever since | learned about using a chemostat to observe the YMC, | realized the YMC is a
much stronger type of phenotypical evidence that not only shows the impact of gene and protein
mutations, but also is a dynamic tool to observe the acute impact that chemicals have on yeast
growth. Additionally, the chemostat allows users to collect yeast timepoint samples while the YMC
is progressing. This feature substantially increases the possibilities of downstream experiments
including Western Blotting, RNA-sequencing, ChIP-gPCR, and chromatin association assay.
YMC is a powerful system to connect transcriptional changes and environmental influences
(Klevecz et al., 2004; Tu et al., 2005; Tu and McKnight, 2007; Mellor, 2016). The chemostat allows
users to observe visual evidence of the YMC by controlling the growth condition to mimic the wild
living environment of yeast, which has direct ties with circadian rhythms (Tu and McKnight, 2006).
Yeast cells metabolically synchronize together and go though cycles of a high-oxygen
consumption (HOC) phase and a low-oxygen consumption (LOC) phase under glucose-limiting
media (Tu and McKnight, 2007; Mellor, 2016). These nutrient-limiting conditions enforced by the
chemostat can also be altered and observed directly on the control screen. Yeast cells cycle
through the HOC phase have a hallmark of a high level of acetyl-CoA which is often related to
high-energy production. The energy produced in the HOC phase is to support high-energy
demanding processes such as pro-growth activities and ribosome synthesis (Tu et al., 2007). On
the other hand, yeast cells oscillate through the LOC phase show a high level of crotonyl-CoA
which is a product of B-oxidation and the precursor for histone crotonylation (Hiltunen et al., 2003;

Mellor, 2016; Gowans et al., 2019). During this phase, cells utilize previously produced energy
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and perform activities such as DNA replication and repair, and cell division (Tu et al., 2007). The
HOC and LOC phases can be subdivided into additional subphases based on gene expression
and GO ontology profiles (oxidative phase (OX), reductive building (RB) phase, and reductive
charging (RC) phase (Tu et al. 2005; Mellor, 2016). Therefore, the chemostat livestreams the

breathing cycles of yeast which is represented in the form of the YMC.

Concluding Remarks and Contributions of This Work

It has been highly speculated that the cellular metabolic environment influences
transcription so that biological processes can be compartmentalized for better efficiency.
However, the connection between cellular metabolism and transcription remains mysterious.
Previously, we learned that Tafl4 links yeast metabolic state to gene expression through the
interaction between its YEATS domain and Kcr. Even though histone acetylation is associated
with the HOC phase of the YMC, histone crotonylation occurs in the LOC phase, and, by the
action of Tafl4, is responsible for the repression of pro-growth genes as cells transition from the
HOC into the LOC stages (Gowans et al., 2019). The work inspired us to focus on dissecting the
role of another YEATS domain-containing protein, Yaf9, and how it conveys information from
metabolites to transcription. My thesis project started with the intention to compare Yaf9’s role in
metabolic-driven transcription with Taf14’s mechanism. However, we gradually realized that Yaf9
not only operates in a completely different style than Tafl4, but there is also more information
about the YMC that needs to be addressed. With a weaker association for histone crotonylation
than that of Tafl4, the YEATS domain of Yaf9 shows binding for both Kac and Kcr. Since the
cellular level of acetyl-CoA is three folds higher than crotonyl-CoA (Sabari et al., 2015), this
became our first clue that Yaf9'’s role in metabolic-driven transcription regulation is different than
the one of H3K9cr-preferring Tafl4. Additionally, we know that the two proteins are involved in

different machineries, as Yaf9 is shared by only two major complexes (SWR1-C and NuA4) (Lu,
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et al., 2009). This makes Yaf9 an easier candidate to study the YEATS domain than Tafl4, which

is shared by eight complexes.
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Figure Legends
Figure 1.1: YEATS Domain Containing Proteins in Yeast

In budding yeast, there are three YEATS-domain containing proteins: Tafl4, Sas5, and Yaf9.

Figure 1.2 Yeast Metabolic Cycle (YMC)

Metabolically synchronized yeast cells go through cycles of a high-oxygen consumption (HOC)

phase and a low-oxygen consumption (LOC) phase under nutrient-limiting media.
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Figures

Figure 1.1: YEATS Domain Containing Proteins in Yeast
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Figure 1.2 Yeast Metabolic Cycle (YMC)
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CHAPTER 2 — RECOGNITION OF HISTONE CROTONYLATION BY TAF14 LINKS
METABOLIC STATE TO GENE EXPRESSION

Summary

Metabolic signaling to chromatin often underlies how adaptive transcriptional responses
are controlled. While intermediary metabolites serve as co-factors for histone-modifying enzymes
during metabolic flux, how these resulting modifications contribute to transcriptional responses is
poorly understood. Here, we utilize the highly synchronized yeast metabolic cycle (YMC) and find
that fatty acid (-oxidation genes are periodically expressed coincident with a [(-oxidation
byproduct, namely histone crotonylation. Specifically, we found that H3K9 crotonylation peaks
when H3K9 acetylation declines and energy resources become limited. During this metabolic
state, pro-growth gene expression is dampened; however, mutation of the YEATS domain of
Tafl4, a prominent H3K9 crotonylation reader, results in de-repression of these genes.
Conversely, exogenous addition of crotonic acid results in increased histone crotonylation,
constitutive repression of pro-growth genes, and disrupted YMC oscillations. Together, our
findings expose an unexpected link between metabolic flux and transcription, and demonstrate
that histone crotonylation and Tafl4 participate in the repression of energy-demanding gene

expression.

Introduction

To ensure efficient growth and survival, cells must sense diverse and dynamic nutrient
environments and rapidly reprogram their metabolic output accordingly. One way this can be
achieved is through the synchronization of gene expression with the metabolic environment.

Chromatin modifications provide an ideal mechanism to link the metabolic status of the cell to
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transcriptional output, as these changes are rapid, reversible and are reliant upon metabolic
intermediates as cofactors for the modification (Gut and Verdin, 2013). Understanding the
relationship between environment, chromatin and gene expression provides insights into general
principles of metabolic homeostasis as well as being relevant for a number of disease states
where energy metabolism is a major contributing factor, including cancer and diabetes (Gut and
Verdin, 2013).

The yeast metabolic cycle (YMC) offers a powerful system for studying the relationships
between metabolic flux, chromatin modifications, and transcriptional output (Klevecz et al., 2004;
Tu et al., 2005). Similar relationships between energy metabolism and gene expression
regulation have been observed during circadian rhythms in mammals (Mellor, 2016; Tu and
McKnight, 2006). The YMC occurs in glucose-limited conditions and, therefore, likely simulates
low-carbon environments encountered in the wild. A primary characteristic of the YMC is
respiration cycles, as yeast rapidly synchronize their metabolic states and oscillate from periods
of low oxygen consumption (LOC) to high oxygen consumption (HOC). These phases are
accompanied by coordinated changes in gene expression, with over half of all transcripts
displaying periodic expression (Kuang et al., 2014), as well as fluctuations in metabolic
intermediates (Tu et al., 2007) and histone post-translational modifications (PTMs) (Cai et al.,
2011). For example, the HOC phase is characterized by increased histone lysine acetylation and
expression of pro-growth genes, including ribosomal subunits and those involved in translation.
This temporal regulation coordinates energy production, such as acetyl-CoA, with energy-
demanding processes, such as ribosome biogenesis. Disruption of a number of metabolic
regulators disturbs YMC profiles and causes a disconnect between metabolism and gene
expression. These regulators include chromatin remodelers, transcription factors and TORC1
signaling components (Cai et al., 2011; Gowans et al., 2018; Kuang et al., 2017).

Recent advancements in mass spectrometry have identified a number of novel histone

PTMs, greatly expanding the potential complexity of the histone code (Strahl and Allis, 2000; Tan
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et al.,, 2011; Zhao and Garcia, 2015). Many of these are short-chain lysine acylations with
differences in the length of carbon chain or degree of saturation. The precursor metabolites of
these acylations are often generated in alternate energy metabolism pathways during low glucose
conditions (Sabari et al., 2017; Suganuma and Workman, 2018). For example, crotonyl-CoA, the
precursor for histone lysine crotonylation is produced via the fatty acid oxidation pathway. In
yeast, unlike mammals, this occurs in the peroxisome where fatty acids are taken up and
processed through a series of reactions to generate acetyl-CoA and a fatty acid of carbon chain
length n-2, which can then itself be processed (Hiltunen et al., 2003). During this process, acyl-
CoAs are produced as an intermediate and could act as donors for acylation reactions (Simithy
et al.,, 2017). Specifically, the donor crotonyl-CoA, a trans-2-enoyl-CoA, is generated as an
intermediate during B-oxidation of butyric or crotonic acid as well as during the processing of
longer fatty acid chains.

Histone crotonylation has become intensively studied over the last several years, owing
to the fact that this chromatin mark is found on a number of lysine residues across core and linker
histones and is associated with regions of active chromatin, including enhancers and
transcriptional start sites (Sabari et al., 2015; Tan et al., 2011). Furthermore, histone crotonylation
was demonstrated to promote transcription similar to acetylation in an in vitro transcription assay
and following crotonic acid addition in cells, suggesting an activating role in gene expression (Li
et al.,, 2016; Sabari et al., 2015). Although the “writers” of histone crotonylation are still being
elucidated, a variety of lysine acetyltransferases have been shown to possess histone crotonyl-
transferase activity (Sabari et al., 2015; Simithy et al., 2017). Evidence also indicates that non-
enzymatic mechanisms for histone acylation can occur (Simithy et al., 2017). In contrast, removal
of histone acylation is known to be facilitated by a number of deacetylases in yeast and by Sirt3
in mammalian cells (Andrews et al., 2016; Bao et al., 2014). Thus, the balance between histone
acetylation and crotonylation may be determined by the relative intracellular pools of the acyl-

CoAs.
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Recent reports show that YEATS domain-containing proteins (Yaf9, ENL, AF9, Tafl4,
Sasb) are prominent readers of histone acylations and are found in a number of chromatin and
transcriptional regulators from yeast to humans (Andrews et al., 2016; Li et al., 2016; 2014; Shanle
et al., 2015; Zhao et al., 2016). While significant progress has been made in understanding their
acyl-binding preferences, our understanding of how histone acylation and its readers contribute
to chromatin biology is poorly understood.

In this report, we utilized the YMC to investigate the role of histone crotonylation in
metabolic stability and its relationship with histone acetylation. We show that both histone
crotonylation and acetylation dynamically fluctuate across the YMC yet have distinct peaks at
different points in the metabolic cycle. Genetic and chemical maodification of crotonylation patterns
alters the periodicity of the YMC and disrupts the expression and timing of metabolic genes.
Mechanistically, we found that the ability of Tafl4 to read H3K9 crotonylation was required for
proper YMC progression and for the periodic repression of growth genes as cells transition to the
LOC phase. Together, our data demonstrate a key role for Tafl4 and histone crotonylation in

linking metabolic state to key gene expression programs.

Results
Histone Crotonylation is Dynamically Regulated Across the YMC and Regulates
Metabolic Cycling

While histone acetylation has been intensely studied, our understanding of how other
forms of histone acylation contribute to chromatin biology remains obscure. In S. cerevisiae, the
peroxisomal fatty acid oxidation pathway produces long and medium acyl-CoA forms, such as
crotonyl-CoA, during periods of limited energy availability and low oxygen consumption (Hiltunen
et al., 2003) (Figure 2.1A). In contrast, acetyl-CoA, the cofactor for histone acetylation, is largely

generated during high energy availability and utilized during oxygen consumption (Cai et al.,
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2011). Thus, the molecular pathways and cellular circumstances that result in the deposition of
histone acetylation and crotonylation are predicted to be different.

To explore the role of histone crotonylation in the regulation of gene expression and
metabolic stability, we employed a well-established continuous culture system wherein yeast cells
become synchronized at the metabolic level and cycle through periods of high oxygen and low
oxygen consumption (HOC and LOC, respectively) when grown under limited glucose conditions
(Klevecz et al., 2004; Tu et al., 2005). Consistent with previous studies (Cai et al., 2011), H3K9
acetylation is dynamic across the YMC and peaks during the HOC phase, when levels of acetyl-
CoA are abundant (Figure 2.1B). Strikingly, we found that H3K9 crotonylation is also dynamic
across the YMC but peaks during the HOC to LOC transition when 3-oxidation occurs. In addition,
the H3K9 crotonylation signal peaks as the H3K9 acetylation signal decreases during the return
to the LOC phase, demonstrating that these histone modifications are temporally segregated
within the YMC. Notably, and in comparison, only relatively low levels of H3K9 crotonylation were
observed in asynchronous yeast cultures grown in nutrient-rich YPD media (Figure 2.2A),
demonstrating the utility of the YMC to investigate crotonylation function. Importantly, our H3K9
acetyl- and crotonyl-specific antibodies were validated by peptide dot blot assays and showed no
cross reactivity, although some butyrylation reactivity was noted for the anti-crotonyl antibodies
(Figure 2.1B). Additionally, the presence of H3K9cr in these YMC samples were verified by mass
spectrometric analysis of isolated histones (data not shown).

The transcription of key enzymes involved in fatty acid oxidation and acyl-CoA metabolism
correlate well with the distribution of H3K9 crotonylation observed in our western blot data (Figure
2.1C). In budding yeast, Acs2 is required for the generation of nuclear pools of acetyl-CoA for
histone acetylation (Falcén et al., 2010; Takahashi et al., 2006) and as expected, we see an
increase in ACS2 transcript levels as histone acetylation levels peak (Figure 2.1C). An increase
in the levels of ACS1 transcript coincide with an increase in histone crotonylation arguing that it

may have a role in generating the nuclear pool of crotonyl-CoA for histone crotonylation. ACS1 is
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the homolog of mammalian ACSS2, which is critical for generation of histone crotonylation in
human cells upon addition of exogenous crotonate (Sabari et al., 2015). Deletion of ACS1 has
been shown to completely abrogate metabolic cycling arguing for a critical role for histone
crotonylation in the YMC (Cai et al., 2011).

The temporal expression of fatty acid oxidation genes, previously reported in high
temporal resolution RNA-seq experiments (Kuang et al., 2014), peaks during the HOC to LOC
transition (Figure 2.1C, which are equivalent to time points 6-9 and 16-19 in Figure 2.1B). Of the
fatty acid oxidation genes upregulated during the LOC phase, POX1 and ECI1 are essential to
the generation of crotonyl-CoA: POX1 converts acyl-CoAs to trans-2-enoyl-CoA as the first step
of the B-oxidation pathway, and ECI1 is part of the auxiliary oxidation pathway involved in
processing unsaturated fatty acids (Figure 2.1A) (Hiltunen et al., 2003). Strikingly, deletion of
either POX1 or ECI1 resulted in severe defects to the timing of the YMC, with cycles becoming
progressively faster and dampened (Figure 2.1D). Notably, these mutants did not display growth
defects on either dextrose- or glycerol-containing medium, indicating that the altered YMC
patterns are not a consequence of overall fithess defects but likely due to an inability to correctly
regulate and synchronize metabolic states in the chemostat (Figure 2.1E). Significantly, levels of
H3K9 crotonylation were also greatly diminished in these mutants (Figure 2.1F), suggesting the
inability to generate sufficient crotonyl-CoA. Unlike H3K9 crotonylation, the levels of H3K9
acetylation were high throughout the mutant cycles, comparable to a wild-type sample at the peak
of acetylation. We also examined the YMC profiles of other mutants in this pathway and found
that deletion of FOX2 (converts trans-2-enoyl-CoA to 3-ketoacyl-CoA) or POT1 (converts 3-
ketoacyl-CoA to acetyl-CoA and an acyl-CoA containing n-2 carbons) also exhibits disrupted YMC
and reduced H3K9 crotonylation (Figure 2.2C and 2.2D). Together, these data demonstrate an
important role for fatty acid oxidation in the YMC, and further, suggests the intriguing possibility
that H3K9 crotonylation, which is produced via fatty acid oxidation, may have an important role in

regulating the YMC.

23



Histone Crotonylation and Acetylation are Associated with Highly Expressed Metabolic
Genes

The genomic locations of H3K9 crotonylation have not been previously mapped in any
organism. Given the significance of Pox1 and Ecl1 for the timely progression of the YMC and for
H3K9 crotonylation levels, we next sought to determine where this mark resides across the
genome at the peak of H3K9 crotonylation (i.e., during the HOC to LOC transition at time points
3 and 4) (Figure 2.3A). For comparison and as a control, we also performed H3K9 acetylation
ChlIP-seq at these same two time points. We found that both H3K9 acetylation and crotonylation
are enriched at transcriptional start sites (TSSs) and termination sites (TTSs) of RNA polymerase
II (RNAPII)-regulated genes genome-wide (Figure 2.3B). The location of H3K9 crotonylation at
TSSs is consistent with our previous findings that show H3K9 crotonylation is deposited, in part,
by Genb and removed by transcription-linked histone deacetylases similar to H3K9 acetylation
(Andrews et al., 2016).

When analyzed individually, there was a positive association of H3K9 acetylation and
crotonylation with YMC gene expression during the HOC to LOC transition (Figure 2.3C).
Specifically, the highest quartiles of gene expression at timepoints 3 and 4 also displayed the
highest occupancy of histone acetylation and crotonylation. Furthermore, changes in gene
expression correlate with H3K9 maodification levels at the TSSs, while modification at the TTSs
were predominantly static, suggesting both modifications are linked to the regulation of gene
expression.

Further analysis of our ChlP-seq data set showed that H3K9 crotonylation and acetylation
occupy many of the same TSSs during the peak of crotonylation (r = 0.88 at timepoint 3),
implicating a possible cooperative relationship between these two acylations. To further examine
this relationship, we examined the relative ratio of H3K9 crotonylation to H3K9 acetylation at TSSs
during time points 3 and 4 (Figure 2.1B) when both acylations can be detected. This analysis

found that genes periodically expressed during the HOC phase (i.e., time points 1 and 2, Figure
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2.3A) were among those with the highest H3K9 crotonylation/acetylation ratios during the
transition to LOC (timepoints 3 and 4, Figure 2.3A and 2.3D). These included genes that function
in ribosome biogenesis and translation (Figures 2.3E and 2.3F), which are pro-growth genes with
the highest amplitude of periodic gene expression in the YMC (Tu et al., 2005). These genes
have a burst of expression during the HOC that is accompanied with increased H3K9 acetylation
and energy production, followed by active repression and H3K9 acetylation loss during the LOC
phase when oxygen is no longer consumed (Cai et al., 2011). As such, the high H3K9
crotonylation to acetylation ratios seen on these genes in this study likely represent a combination
of decreasing levels H3K9 acetylation concomitate with increasing levels of H3K9 crotonylation.
Collectively, these results demonstrate that H3K9 crotonylation, like H3K9 acetylation, is
associated with periodic expression of YMC genes. The high H3K9 crotonylation to acetylation
ratios on these genes during the transition from HOC to LOC further implicate a role for these two

marks in the precise regulation of energy-demanding, highly expressed HOC genes.

The YEATS Domain of Tafl4 is Required for Proper YMC Progression and for the Precise
Control of Metabolic Gene Transcription

Given that H3K9 crotonylation is associated with periodic gene expression, we next sought
to determine how this mark might function in the YMC. Previous work by our group and others
has shown that the YEATS domain of Tafl4 is a prominent reader of acylated H3K9 (Andrews et
al., 2016; Shanle et al., 2015) with a notable preference for H3K9 crotonylation (Andrews et al.,
2016). Consistent with past observations, we confirmed these results quantitatively using
isothermal titration calorimetry (ITC), which showed that the YEATS domain of Taf14 has strong
preference for H3K9 crotonylation over other acyl-H3K9 forms (Kq of 70 uM versus 171 puM for
Kcr versus Kac (Figure 2.4A). These values agree with previously reported ITC values (Li et al.,

2016). Interestingly, like bromodomains, the Taf14 YEATS domain binds more tightly to a peptide
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that is poly-crotonylated or poly-acetylated compared to singly acylated peptides, however the
mechanism by which poly-acylation leads to higher affinity binding remains unclear (Figure 2.4A).

To determine if Tafl4 reading of H3K9 crotonylation might impact YMC function, we
engineered a genomic point mutation (W81A) in the Tafl4 YEATS domain (tafldwsia) that
abolishes its binding to all forms of acylated histones (Shanle et al., 2015). In vivo Tafl4 is a
member of multiple chromatin-modifying complexes and the general transcription apparatus
(Schulze et al., 2009) and is known to occupy gene promoters marked with H3K9 and H3K14
acetylation (Liu et al., 2005). ChIP-gPCR analysis revealed that the tafl4wsia mutant resulted in
abrogated binding of Taf14 to the promoters of several cycling genes, indicating an important as
well as an undocumented role for H3K9 acylation in the recruitment of Taf14 to genes (Figure
2.4B). ChlP-seq analysis confirmed the enrichment of Tafl4 proximal to transcriptional start sites,
and to a lesser extent, transcriptional stop sites (Figure 2.4C). Conversely, tafl14wsia ChIP did not
produce sufficient material for sequencing (data not shown), confirming its reduced ability to
localize to chromatin.

Consistent with our past report (Andrews et al., 2016), complete deletion of TAF14
resulted in a slow growth phenotype on glucose-containing (YPD) medium whereas the YEATS
domain pocket mutant that disrupts acyl-H3K9 binding did not (Figure 2.4A). Interestingly, growth
of the taf14A strain on non-fermentable glycerol-containing media (YPG) was comparable to the
wild-type strain, suggesting that the slow growth phenotype observed in deletions of TAF14 are
due to disrupted glycolysis rather than oxidative phosphorylation.

Strikingly, a complete loss of Tafl4 resulted in a dramatically altered YMC profile, with
cycles oscillating rapidly through LOC phases when genes associated with glycolysis peak (Tu et
al., 2005) (Figure 2.4B). Importantly, the Taf14 YEATS domain mutant also altered the timing
and amplitude of the YMC, with cycles occurring slightly slower than that found with our wild-type

strain. We also confirmed that the tafl4wsia strain did not substantially alter H3K9 crotonylation
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levels in cycling strains (Figure 2.4C). Thus, the ability of Tafl4 to read H3K9 acylation is
important for proper regulation of the YMC.

To identify how YMC gene expression would be altered in the absence of Taf14 reading
of H3K9 acylation, we performed RNA-seq analysis in wild-type and tafl4wsia cells across two
consecutive YMC cycles (Figure 2.6A). Principal component analysis (PCA) of this experiment
revealed that both wild-type and tafl4wsia Samples are generally arranged in a circle, reflecting
the cyclical nature of the YMC (Figure 2.6B). Timepoints 1 and 2, which represent the peak of
H3K9 acetylation, are clustered close together, indicating a high degree of similarity between the
wild-type and tafl4wsia mutant. However, timepoints 3 and 4, which represent the peak of H3K9
crotonylation during the transition to the LOC quiescent phase (see Figure 2.1B), are farther apart,
indicative of transcriptional profiles that have more differences between the wild-type and
tafl4wsi1a mutant at these times points.

Consistent with the PCA analysis, there were more significantly differentially expressed
(SDE) genes, with higher magnitude and significance of difference, during the histone
crotonylation peak (timepoints 3 and 4) compared with the histone acetylation peak (timepoints 1
and 2) in the tafl4ws1a mutant (Figure 2.6C). More than twice as many up-regulated SDE genes
(n=595) compared to down-regulated genes (n=266) were identified in the tafl4wsia at the peak
of histone crotonylation. Unexpectedly, these up-regulated genes were significantly enriched in
pro-growth pathways, such as ribosome biogenesis and translation (Figure 2.6D). As previously
mentioned, pro-growth genes are normally highly expressed during the HOC phase when H3K9
crotonylation levels are low and are repressed in the LOC phase when H3K9 crotonylation levels
increase (Figure 2.3D-F). In the taf14ws1a mutant, these genes are still repressed, albeit to a lesser
degree during the HOC to LOC transition (Figure 2.6E and Figure 2.7). Conversely, down-
regulated genes in the tafl4wsia mutant exhibit broad expression defects throughout the YMC,
suggesting these genes may be less related to the direct function of histone crotonylation (Figure

2.6E).
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The data above suggests the possibility that Tafl4 association with H3K9 crotonylation
directly represses HOC genes; however, loss of Taf14-H3K9 acyl reading might also alter the
expression of ‘master’ metabolic transcriptional regulators that influence the expression of these
genes. A variety of transcription factors are known to coordinate the expression of numerous
metabolic genes in phase with the YMC (Kuang et al., 2017; Rao and Pellegrini, 2011). We,
therefore, examined the expression of 41 master transcription factors and the expression of their
target genes in the tafl4wsia mutant. Of these, Dot6/Tod6-regulated gene expression in the
mutant compared to wildtype cells showed a notable increase (Figure 2.7B). In metabolically
asynchronous cultures, Dot6/Tod6 are transcriptional repressors of ribosome biogenesis, and are
inactivated by TORC1 and PKA-dependent signaling (Huber et al., 2011; Lippman and Broach,
2009). At timepoints when ribosomal gene expression is increased in the tafl4wsia mutant, Tod6
expression is elevated while Dot6 is reduced (Figure 2.7C). However, the functional output of
these transcription factors in the YMC is not clear, as both TORC1-signaling and Dot6/Tod6
expression are normally elevated during the peak of ribosomal gene expression (Gowans et al.,
2018). Thus, it is likely that a combination of repressors and activators are responsible for the
tight transcriptional regulation of ribosome biogenesis, the coordination of which is disrupted in
the tafl4wsia mutant.

Nevertheless, taken together, these findings demonstrate that disrupting the association
of Tafl4 with H3K9 acylation primarily impacts HOC gene expression patterns during the
transition to LOC. They further provide evidence that Taf14-H3K9 crotonylation interaction is
important for the proper repression of HOC genes in the LOC phase when oxygen consumption

and energy production are depleted (and when H3K9 crotonylation levels are high).
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Elevated Histone Crotonylation Alters the YMC and Reduces Pro-Growth Gene
Expression

To further investigate the influence of histone crotonylation on YMC gene expression, we
manipulated the levels of H3K9 crotonylation by adding a gradual increase of crotonic acid to the
YMC medium, which becomes metabolized into crotonyl-CoA and used for histone crotonylation
(Li etal., 2016; Sabari et al., 2015). Increasing crotonic acid levels resulted in a dramatic decrease
in the periodic length of the YMC (Figure 2.8A). Conversely, equal molar addition of sodium
acetate produced a more gradual decrease in the YMC period. Addition of crotonic acid
persistently increased crotonylation on several H3 and H4 lysines, including H3K9, while
acetylation levels fluctuated at a reduced amplitude, perhaps as a consequence of altered cycles
(Figure 2.8B and Figure 2.9A). Interestingly, addition of crotonic acid to poxl4 mutants also
increases H3K9 crotonylation (Figure 2.9B and C), suggesting that crotonyl-CoA can be produced
by short chain fatty acyl-CoA synthetase conversion of excess crotonic acid.

gPCR analysis of transcript levels demonstrated that ribosomal gene expression was
dramatically down-regulated following addition of crotonic acid that was concomitant with
increased histone crotonylation (Figure 2.8C). Conversely, non-cycling genes that were not
differentially expressed in the tafl4wsia mutant were not significantly changed by the addition of
crotonic acid (Figure 2.8C). Accordingly, these ribosomal genes have higher histone crotonylation
to acetylation ratio during the HOC to LOC transition, compared to genes with peak expression in
the LOC phase and non-cycling genes (Figure 2.8D). These results provide further support for
the idea that increased crotonylation on genes expressed during the HOC phase reduces
expression.

In addition to the influence of Tafl4 binding to H3K9 acylations, another way histone
crotonylation could reduce expression of HOC genes is through the repulsion of bromodomain-
containing transcriptional activators, which have been shown to not tolerate longer acyl lysine

forms (Andrews et al., 2016; Li et al., 2016). To examine this possibility, we performed ChIP-
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gPCR assays for several bromodomain-containing transcriptional regulators including Bdf1/2 and
Snf2 in the YMC before and after crotonic acid addition (Figure 2.10). Surprisingly, we observed
increased abundance of these transcription factors on several HOC- and LOC-regulated genes
following the addition of crotonic acid. The reasons for this are currently unknown, however it
does demonstrate that histone crotonylation does not simply rely on inhibition of bromodomain
factor binding to facilitate its transcriptional changes.

Collectively, these data show that disruption of the normal levels of histone crotonylation
results in altered metabolic synchronization and the expression of ribosomal genes. Taken
together with all of our findings, they suggest an unexpected role for Tafl4 association with H3K9

crotonylation in regulating the timely repression of energy-consuming gene expression.

Discussion

Our results demonstrate that the metabolic state of the cell is connected to histone
crotonylation and transcriptional regulation. Specifically, we show that histone crotonylation: 1) is
dynamically regulated across the YMC; 2) displays a temporally distinct pattern from acetylation;
3) is sensitive to disruption of the fatty acid oxidation pathway; 4) contributes to transcription in a
Tafl4 YEATS domain-dependent manner; and 5) is linked to the timely control of energy
demanding gene expression. These studies also show that short-chain acylations, such as
crotonylation, are functionally distinct from acetylation and contributes to the transition from high
energy metabolic status (i.e. HOC) to low energy status (i.e. LOC).

Our results show that increased H3K9 crotonylation functions to dampen the expression
of pro-growth genes that are normally turned off during the HOC to LOC transition when cellular
energy becomes depleted (Figure 2.11). This is consistent with the idea that metabolic changes
lead to the generation of new metabolites that then contribute to the regulation of transcription

programs required for cell growth and survival in diverse nutrient conditions (Gut and Verdin,
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2013). In the case of H3K9 crotonylation, its distinct role in regulating gene expression is evident

by its post-acetylation increase during the HOC to LOC phase transition.

Tafl4-mediated Repression of Genes with H3K9 Crotonylation

A major surprise of our studies is the unexpected role of H3K9 crotonylation and Tafl14 in
gene repression rather than activation, which was our initial expectation based on previous
publications (Li et al., 2016; Sabari et al., 2015). While the YEATS domain of Taf14 binds H3K9
crotonylation, this domain is capable of also recognizing H3K9 acetylation, albeit to a lesser
degree (Andrews et al., 2016). Taf14 is also a component of several transcriptional complexes,
including chromatin remodelers, NuA4 acetyltransferase, and the Pol Il pre-initiation (PIC)
complex (Schulze et al., 2009). It would be reasonable to think that Taf14 might then function in
the YMC through reading both acetylation and crotonylation. However, our findings point to the
idea that Tafl4 preferentially functions through H3K9 crotonylation, as the greatest number of
differentially expressed genes observed in the tafl4wsia mutant occurred precisely during the
peak of H3K9 crotonylation rather than the peak of H3K9 acetylation.

The idea that Taf14 functions primarily through H3K9 crotonylation is also supported by a
recent study that found Tafl4-regulated genes can be properly regulated by a form of Taf14 only
capable of binding H3K9 crotonylation (Klein et al., 2018). This leads to an important question:
how could the binding of crotonylation over acetylation be so profoundly different? Although the
answer to this question is currently unknown, we speculate that the unique structural change
found in the Tafl4 YEATS domain when bound to H3K9 crotonylation (a n-n-n stacking
mechanism involving aromatic residues in the YEATS domain (Andrews et al., 2016) may result
in either recruitment of Taf14 directly to one or more of its complexes that are already bound on
chromatin to block transcriptional initiation or that recognition of H3K9 crotonylation by Tafl4
allosterically inhibits some aspect of the PIC or initiation/re-initiation. In support of the idea that

Tafl4 may be a transient member of repressive transcriptional complexes, a recent mass
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spectrometry analysis of active RNAPII transcription complexes that bind to yeast promoters
found that Taf14 was absent from these RNAPII and TFIID-containing complexes (Joo et al.,
2017). Thus, future biochemical and structural studies will be required to determine the distinct

mechanisms that regulate Taf14 recruitment and function.

Fatty Acid Metabolism Attenuates Energy-consuming Transcription in the YMC

The precise regulation of transcriptional processes in the YMC optimizes energy
production and consumption with cell growth and division (Wang et al., 2015). During the HOC
phase, energy production in the form ATP and acetyl-coenzyme A (CoA) are increased (Cai et
al., 2011; Machné and Murray, 2012), concomitant with energy-consuming pro-growth programs.
For example, translation is a pro-growth process important for creating components of new cells
completing cell division, yet it also necessitates tremendous energy expenditure. Gene
expression programs related to translation and ribosome biogenesis often exhibit more than 40-
fold increase in expression in the HOC phase compared to the LOC phase. Ribosome biogenesis
alone involves nearly 10% of the genome, and has been proposed to account for approximately
60% of total S. cerevisiae transcription (Warner, 1999). Thus, pro-growth transcriptional
programs, such as ribosome biogenesis, must be tightly regulated to ensure energy efficiency in
the cell.

Our data demonstrate that peroxisomal fatty acid p-oxidation and histone crotonylation
increase during the HOC to LOC transition, concomitant with reduction of ATP and acetyl-CoA
levels and decreased expression of ribosome biogenesis genes (Cai et al., 2011; Machné and
Murray, 2012). Thus, the metabolites of fatty acid f-oxidation, an alternative energy source, can
communicate with the transcriptional machinery to signal the depletion of available energy and
enact co-coordinated transcriptional responses. Consistent with this idea, as cells prepare to
transition from LOC back to HOC, histone crotonylation levels are removed both in wild type

(Figure 2.1B) and the tafl4wsia mutant unable to recognize H3K9 crotonylation (Figure 2.4C).
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Although it is currently unknown which deacetylases participate in H3K9 crotonylation removal in
the YMC, our previous studies suggest the involvement of Rpd3 given its deletion results in
increased H3K9 crotonylation (Andrews et al., 2016).

It should be noted that another cellular pathway for unsaturated crotonyl-CoA production
is the conversion of saturated butyryl-CoA. However, the dramatic reduction of periodic histone
crotonylation in the YMC upon deletion of B-oxidation pathway components suggests that p-
oxidation is the primary metabolic pathway that coordinates the transition from HOC to LOC
phases (Figures 2.1F and 2.2C).

Additionally, our results highlight the benefits of utilizing a synchronized system, as we
were unable to detect significant levels of histone crotonylation in asynchronous cultures grown
in rich media. Recent work has also characterized other histone modifications derived from short-
chain fatty acids, namely histone propionylation (Kebede et al., 2017) and butyrylation (Goudarzi
et al., 2016), as enriched at the TSS of highly expressed genes. It would, therefore, be interesting

to examine temporal changes in these modifications across the YMC.

Broader Implications in Fatty Acid Metabolism

The role of fatty acid metabolism in metabolic stability and transcriptional responses has
been somewhat understudied. A currently outstanding question is the nuclear accumulation of
intermediary metabolites of fatty acid metabolism, such as crotonyl-CoA. Our preliminary analysis
was unable to detect specific peroxisomal proteins, such as Pox1, in the nucleus (data not shown).
However, we were able to detect nuclear Acsl (data not shown), the yeast homologue of
mammalian ACSS2 that metabolizes exogenous crotonate (Sabari et al., 2015). Nevertheless,
much research is still needed to decipher the connection between histone acylation and diverse
metabolic pathways.

Importantly, recent research demonstrates that fatty acid metabolism is critical for human

health and may contribute to disease when disrupted (Koh et al., 2016). For example, short-chain
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fatty acid metabolism occurs in gut microbiota and influences epigenetic profiles in multiple
tissues (Donohoe et al., 2011; Krautkramer et al., 2016), including histone crotonylation in the
colon that is dynamically regulated by the cell cycle (Fellows et al., 2018). Disruptions in fatty acid
metabolism have also been linked to cancer progression (Nath and Chan, 2016). This suggests
that fluctuations in histone crotonylation that are linked to metabolic state are likely a normal
function of cell physiology and may contribute to disease when disrupted. We predict that the

findings we have made in this report will be found to be conserved in other biological contexts.

Materials and Methods
Yeast Strains and Metabolic Cycling

Saccharomyces cerevisiae strains were constructed in the CEN.PK background using
standard genetic techniques (Key Resources Table), and were negative for the petite phenotype
caused by mitochondrial dysfunction, as assessed by the ability to grow on glycerol-containing
media. The taf14W81A strain was generated scarlessly using the delitto perfetto system and
verified by Sanger sequencing (Stuckey and Storici, 2013). Metabolic cycling conditions were
performed as described previously (Burnetti et al., 2016; Tu et al., 2005), except starter cultures
were grown in glycerol-containing media. Dissolved oxygen percentage shown in YMC plots is
relative to starting culture conditions (~100%). Continuous respiration cycles occur following
addition of glucose to starved cells. For each experiment, the time (in hours) relative to the start
of the experiment is shown. Crotonic acid (TCI C0416) and sodium acetate (EMD SX02651) were
prepared in water and added at the concentrations indicated in figures. Growth assays were
performed by plating serial dilutions (1:10) of indicated strains on YP media containing either 2%
glucose (YPD) or 3% glycerol (YPG) and grown at 30°C.
Western Blotting

Cultures were collected from the YMC, fixed in 20% trichloroacetic acid and snap-frozen

in liquid nitrogen. Protein was extracted as described in (Kushnirov, 2000). Standard conditions
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were used for SDS-PAGE and Western blotting. Antibodies used in this study were: anti-H3K9
crotonylation (PTM Biolabs PTM-516), anti-H3K4 crotonylation (PTM Biolabs PTM 527), anti-
H3K9 acetylation (Millipore 07-352, Millipore 06-942), anti-H3 (Millipore 05-928, Epicypher 13-
0001), anti-HA (Bethyl A190-108A and Abcam Ab9110), anti-G6PDH (Sigma A9521-1VL), and
anti-Bdf1/2 (Govin lab).

Dot Blotting

Different concentrations of biotinylated histone peptides (0.05-5 ug) were spotted onto a
nitrocellulose membrane then probed with the anti-H3K9ac (Millipore, 06—-942) at 1:5,000 or
H3K9cr (PTM Biolabs, PTM-516; Revmab Biosciences, 31-1225-00) at 1:500 in a 5% nonfat milk
solution and detected with an HRP-conjugated anti-rabbit by enhanced chemiluminescence
(ECL).

Isothermal Titration Calorimetry (ITC)

Purified wild-type Tafl4 (residues 1-132) and a series of 20-mer histone H3 peptides
containing different acyl modifications (H3K9-acetyl, -propionyl, -butyryl, -crotonyl, or H3 peptides
acetylated or crotonylated at K9, K14, and K18) were extensively dialyzed into a buffer containing
50mM HEPES pH 7.5, 200mM NaCl, and 1mM tris(2-carboxyethyl)phosphine (TCEP). ITC
experimenters were carried out at 10 °C using a MicroCal AutolTC-200 microcalorimeter. After
an initial delay of 120s, H3 peptide (2 mM) was titrated into Taf14 (70 or 100 uM) over the course
of 20 injections using 2 uL per injection. Reference power was set to 8 pcal/s and the stirring
speed was 1000 RPM. Control heat of dilution experiments were performed by titrating each H3
peptide (2 mM) into a cell containing buffer only. Each peptide showed negligible heat of mixing
(data not shown) therefore each sample titration into Tafl4 was not corrected for the minimal
background heat. Analysis of data was performed using MicroCal ITC-200 Origin software using

a 1:1 binding model. The Kd represents the average of two experiments * the standard deviation.
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RNA-Seq Analysis

RNA was prepared from samples (approximately 5 ODs) using the MasterPure™ Yeast
RNA Purification Kit (Epicentre, MPY03100). The sequencing libraries were prepared from 1 ug
of RNA/sample using the NEB Ultra Directional kit (E7420) with the mRNA isolation module
(E7490) and adaptor sets 1/2 (E7355/E7500). Libraries were normalized using the NEB Library
Quant Kit for lllumina (E7630). The quality of the pooled library was checked using the Agilent
Bioanalyser 2100 HS DNA assay. The library was sequenced on an lllumina HiSeq 2000
Sequencer (50 bp reads). Minimum of 9 million reads per time-point were aligned using Burrows-
Wheeler Aligner (bwa) and analysed using the DESeq2 package (Love et al., 2014). Samples
were analysed in duplicate and replicates were combined for final analysis. PCA plots (log-
transformed data) and significantly differentially expressed (SDE) genes (adjusted p-value < 0.05
and log2 fold change > 0.6) were generated using the DESeq2 package (Love et al., 2014).
Functional annotation analysis was performed on SDE genes using DAVID with default
parameters (Huang et al., 2009a; 2009b). Genes expressed in the wild-type YMC were previously
identified as “periodic” or “non-periodic” using a periodicity algorithm on RNA-seq compiled at
high resolution across the YMC (Kuang et al., 2014).
Chromatin Immunoprecipitation (ChlIP)

Antibodies used for ChIP were: anti-H3K9 crotonylation (PTM Biolabs PTM516), anti-
H3K9 acetylation (Millipore 06-942), anti-H3 (Millipore 05-928), anti-HA (Bethyl A190-108A and
Abcam Ab9110), anti-Bdf1/2 (Govin lab), and anti-Taf14 (Reese lab). Chemostat samples (15 ml
of saturated culture) were collected, fixed in 1% formaldehyde for 15 minutes and quenched in
125 mM glycine for 10 minutes. Cells were washed twice in TBS (300 mM NacCl, 40 mM Tris pH
7.5) and snap frozen. Pellets were resuspended in 1 ml of FA buffer (50 mM HEPES pH 7.5, 140
mM NacCl, 1% Triton X-100, 1 mM EDTA, 0.1% Sodium deoxycholate, Roche complete protease
inhibitor cocktail (11697498001), split into two 500 pl aliquots and lysed by beat beating for 10

min at 4 °‘C. Aliquot volumes were adjusted to 1 ml with FA buffer and sonicated (30 seconds on,
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30 seconds off) for 25 minutes. Samples were pelleted and the supernatants (whole cell lysate)
pooled. Lysates (adjusted to 2 mg/ml protein for histones or 5 mg/ml for TAF14, using FA buffer)
were precleared using Dynabeads Protein A (10001D, 50 pl beads per 500 pl lysate, 1 hour at 4
°‘C) and 50 pl was saved as input. Antibody was added (2 ul for histones) and samples rotated
overnight at 4 °C. Dynabeads were washed three times in FA buffer + 0.5% BSA, with the third
wash lasting minimum of two hours to preblock beads. Beads were then added (50 ul per 500 ul
sample) and samples incubated for 2 hours at 4°C. Beads were washed as: FA buffer, FA buffer
containing 500 mM NacCl, LiCl (10 mM Tris-HCI pH 8.0, 250 mM LiCl, 0.5% NP-40, 0.5% sodium
deoxycholate, 1 mM EDTA), 1 ml TE pH 8.0. Beads were resuspended in 100 pl of elution buffer
(1% SDS, 0.1 M NaHCO3) and DNA was eluted by incubation at 65°C for 15 min. Supernatant
was collected and the elution step repeated to yield 200 pl of eluate. Crosslinks were reversed by
adding 10 pl of NaCl (5 M) to the eluate and incubating at 65°C overnight. Input samples (50 pl)
were treated with 150 pl of elution buffer and 10 pl of NaCl alongside the IP samples. Samples
were treated with RNase A (10 pg, 60 min at 37°C) and proteinase K (20 pg, 60 min at 42 °C).
DNA was purified using the Zymo ChIP DNA Clean & Concentrator (D5205) and eluted in 30 pl
of buffer.
ChIP-Seq

Libraries were prepared from 0.5 ng of eluted DNA using the NEBNext Ultra || DNA Library
Prep Kit for lllumina (E7645) and adaptor sets 1/2 (E7355/E7500). The quality of the pooled library
was checked using the Agilent Bioanalyser 2100 HS DNA assay. The library was sequenced on
an lllumina HiSeq 2000 (101 bp reads). Alignments were performed using Burrows-Wheeler
Aligner (bwa) with a minimum of 8 million unique reads obtained per sample. Peaks were called
using a custom pipeline to generate uniformly processed reads (Beckwith et al., 2018) and the
H3K9 acetylation and crotonylation normalized to H3. Fold change signal over H3 was processed

using Deeptools2 computeMatrix function (Ramirez et al., 2016). To generate counts around the
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TSS or TTS using the reference-point setting, +/- 200 bp was used for histone marks. To generate
profiles across the gene body, the scale-regions setting was used.
RNA Extraction and gPCR

Chemostat samples were collected, pelleted and snap frozen. Pellets were washed in
water and resuspended in 400 ul TES buffer (10 mM Tris HCI pH 7.5, 10 mM EDTA, 0.5% SDS).
An equal volume of acid phenol added and samples were vortexed for 30 seconds. Samples were
then incubated at 65C for 45 minutes with occasional vortexing before being chilled on ice for 5
minutes. Samples were centrifuged (5 min, 4C, 12K RPM) and the upper phase transferred to a
fresh tube. Phenol extractions were repeated twice. RNA was precipitated by adding 0.1 volumes
of sodium acetate (5M, pH 5.3) and 2.5 volumes of ice-cold ethanol (100%) followed by incubation
at -80C for 30 minutes. Samples were centrifuged (5 min, 4C, 12K RPM) and the pellet washed
with 70% ice-cold ethanol. Pellets were resuspended in water and the concentration determined.
RNA (10 mg) was treated with RQ1 DNase (Promega Corporation Cat# M6101) at 37C for 60
minutes. RNA was purified using RNeasy Mini kit (RNeasy Minikit, Qiagen, Cat# 74104). cDNA
was prepared using iScript cDNA synthesis kit (Thermofisher Scientific, 18080051). gPCR was
performed using the SYBR green kit (PowerUp SYBRTM Green Mastermix, Biorad, Cat# 170
8880) and the primers in Key Resources Table. Signals were normalized to Actin.
RNA-seq Library Preparation and Sequencing

Yeast strains were grown to saturation in YPD before being diluted to an ODsgo of 0.2 and
grown to an ODggo of ~1 at 30°C. Cells were isolated, washed with water, and resuspended in SD
media (Cheung et al., 2008). Ten ODs of cells were collected at each time point and RNA was
isolated by acid phenol (Ambion/Thermo Fisher Scientific) extraction. Five yg RNA was treated
with DNase (Promega) and purified (RNeasy column, QIAGEN). Two and a half pg of the purified
RNA was processed with yeast-specific rRNA depletion beads (lllumina). Strand-specific bar-

coded sequencing libraries were then prepared (TruSeq Stranded Total RNA Library Preparation
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Kit, lllumina). Libraries were pooled and sequenced across two lanes (Hi-Seq 4000, Illumina).

Data are representative of three independent biological replicates.
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Tables

Table 2.1: List of Yeast Strains, Genotypes, and Primers

Name Genotype Reference
CEN.PK122-a MATa MAL2-8c SUC2 (Shi et al., 2010)
CEN.PK113-7D | MATa MAL2-8c SUC2 (Tu et al., 2005)
tafl4wsia CEN.PK122-a This study
taf14A (YJB003) | CEN.PK122-a taf14::KanMX This study
eci1A (YJB031) | CEN.PK 113-7D ecil::HygMX This study
pox1A (YJB030) | CEN.PK 113-7D pox1::HygMX This study

CEN.PK 113-7D fox2::NatMX [pFA6a-
YATO001 NATMX4] This study

CEN.PK 113-7D potl::NatMX [pFA6a-
YATO003 NATMX4] This study

Table 2.2: List of Primers

Name Primer 1 Primer 2
CLN3 GTGGCTGAGAGTTGAAGTTAGT | CTCAGCGATCAGCGAATACA
MRPL10 CGTGGTTTGAAGGTGGTCAA GGGACCAGTTACCAGACCAA
MRPL40 GCGTAAAGGGTCAACCAGAC CTCACTACGGAATCGACCCA
RPS23B TCTCACGCCAAGGGTATTGT AAACCGGCTAGCAAGACTTC
RPL33B GCAGTGACGCTCTGTTGCA GCCTGGAGACCGCTTCTCTT
RPS30A CATCCTTGCTGATACGCCAA TAAGCACGACCCTTAGGCTT
BSD2 GCAGGTTCATCTACTGATGGC CCCTTCTACGCCAGTTTGTG
CWC27 TGGGCTAAAGAATGCCCTGA TCCCATCCCAAGAGTCCATC
GPI13 CAACAGGGTCCTTACCGACT TGGAACAGAGCCATCCATGT
PRE5 TGGCTCCAGATGCTAGAGTT TCAACAAACCAACACCGTAGG
SWP1 TTTCATGCCGAGCCAAAGAG ACACCGGTCGGGATGTTATT
YRB2 TGCTGTCAGAGGCTGGTAAA TTGACGACGGAAAGACCGTA
ACT1 TTCTGGTATGTGTAAAGCCGG CCATACCGACCATGATACCTTG
POX1 setl CCTCTGAGAGACCCTTCGAC TGACGGTGACTGAACCATCT
POX1 set2 CCTCTGAGAGACCCTTCGAC TGACGGTGACTGAACCATCT
POX1 set3 CCAGCTTGAAAGCCACCAAT ACCCAGTCGTCATAGCCTTT
POX1 set4 CGTGTACGCCAGATTGATCG ATCAATACCGTCACGACCCA
ACS1 AGCCTCCGATGCCATTATTC CTTAGAATAGCCGCCCAGTTTAT
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Figure Legends

Figure 2.1. Histone Crotonylation is Regulated by Fatty Acid Metabolism and is Dynamic
Across the YMC.

(A) Fatty acid B-oxidation pathways for generating acyl-CoA are shown. Example substrates and
products of crotonyl-CoA generation are highlighted in purple.

(B) Western blots showing changes in histone H3K9 crotonylation (cr) and acetylation (ac) across
two consecutive YMCs. Histone H3 was used as a loading control. Oxygen consumption is
inversely correlated with dissolved oxygen (dO2). Peak acetylation and crotonylation are
highlighted in green and purple, respectively.

(C) Heatmap showing expression of genes involved in fatty acid oxidation across the YMC. Bars
above illustrate changes in crotonylation, acetylation and oxygen consumption. Gene expression
data taken from Kuang et al 2014.

(D) Mutants of fatty acid metabolism have disrupted YMCs. Oxygen consumption is inversely
correlated with dissolved oxygen (dO2).

(E) Serial dilutions of wild-type (wt) and indicated mutant strains grown on media containing either
dextrose (YPD) or glycerol (YPG).

(F) Westerns of pox71A (left) and eci1A (right) YMC samples using the indicated antibodies (cr is
crotonylated; ac is acetylated). Wildtype YMC samples from both high (H) and low (L)

crotonylation timepoints are included as a comparison on right of blots.

Figure 2.2. Fatty Acid Metabolism Regulates Histone Crotonylation

(A) Western analysis of histone H3K9 crotonylation (cr) in asynchronous (asyn.) and YMC
timepoints with High and Low histone crotonylation. Histone H3 was used as a loading control.
Intervening lanes on western have been cropped and marked with solid line.

(B) Dot blot of antibody specificity. Different concentrations of the indicated peptides were spotted

onto a nitrocellulose membrane and detected with the indicated antibodies.
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(C) Mutants of fatty acid metabolism have disrupted YMCs. Oxygen consumption is inversely
correlated with dissolved oxygen (dO2).

(D) Westerns of fox2A (top) and pot1A (bottom) YMC samples using the indicated antibodies (cr
is crotonylated; ac is acetylated). Wildtype YMC samples from both high (H) and low (L)

crotonylation timepoints are included as a comparison on right of blots.

Figure 2.3. Histone Crotonylation and Acetylation Vary Across the YMC

(A) H3K9 crotonylation and acetylation ChIP (triangles) and RNA-seq (circles) timepoints are
indicated on the YMC trace and the peak of crotonylation (as determined by western blot, Figure
2.3B) is highlighted in pink.

(B) H3K9 crotonylation (cr) and acetylation (ac) ChlIP signals at timepoints 3 and 4 are shown at
+/- 200 bp around transcription start site (TSS) or the transcriptional termination site (TTS) of n =
6008 genes. H3K9cr or H3K9ac ChlP signal is normalized by total H3 ChlIP.

(C) At timepoints 3 and 4, mean H3K9 crotonylation (cr) and acetylation (ac) ChIP signals are
shown for each quartile of gene expression (FPKM, Fragments Per Kilobase of transcript per
Million mapped reads) and shown as different colored lines. H3K9cr or H3K9ac ChIP signal is
normalized by total H3 ChIP. Transcription start site is TSS, transcriptional termination site is TTS.
(D) Mean H3K9 crotonylation (cr) to acetylation (ac) ChIP ratios at timepoints 3 and 4 on high
oxygen consumption (HOC) or low oxygen consumption (LOC) genes in the YMC. Genes that do
not have periodic expression in the YMC are labelled as non-YMC. H3K9cr or H3K9ac ChlP signal
is normalized by total H3 ChIP. Transcription start site is TSS, transcriptional termination site is
TTS.

(E) DAVID functional enrichment analysis of genes in the top and bottom quartiles of H3K9
crotonylation (cr) to acetylation (ac) ChIP ratios at +/- 200 bp around transcription start site at

timepoint 3. Enrichment is shown as -log10 p-value.
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(F) Heatmaps of genes shown in (E). n= number of genes in each heatmap. YMC oxygen
consumption, H3K9 crotonylation and acetylation patterns are illustrated on top of heatmaps from

data in Figure 2.1B.

Figure 2.4. Loss of Acylated Histone Binding by Taf14 Disrupts the YMC

(A) Growth tests of wild-type (wt) and indicated mutant strains grown on media containing either
dextrose (YPD) or glycerol (YPG).

(B) YMC profiles for wild-type, taf14A and tafl4wsia point mutant.

(C) Westerns of tafl4wsia YMC samples using the indicated antibodies (cr is crotonylated; ac is
acetylated). Wildtype YMC samples from both high (H) and low (L) crotonylation or acetylation

timepoints are included as a comparison on right of blots. Histone H3 is used as a loading control.

Figure 2.5. Taf14 Prefers H3K9 Crotonylation and is Recruited to Genes in a YEATS
Domain-Dependent Manner

(A) Representative isothermal titration calorimetry (ITC) fitting curves comparing the binding of
the Tafl4 YEATS domain to acylated peptides. Histone H3 peptides containing residues 1-20
baring an acetyl (ac), propionyl (pr), butyryl (bu), or crotonyl (cr) modification at lysine 9 (H3K9)
or at lysines 9, 14, and 18 (H3K9,14,18) were titrated into the cell containing the Tafl4 YEATS
domain. The indicated Kd represents the average of two independent ITC experiments +

the standard deviation.

(B) ChIP gPCR analysis of wild-type Tafl4 and tafl4W81A at several representative loci.
Standard deviation of technical replicates is shown. The oxygen traces of the time points
examined are shown on top.

(C) Tafl4-ChiIP seq signal (normalized to total H3 ChIP-seq) shown at +/- 200 bp around
transcription start site (TSS) or the transcriptional termination site (TTS) of n = 6008 genes.

Timepoints are shown in Figure 2.2A.
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Figure 2.6 RNA-seq Analysis of the taf14W81A Mutant YMC

(A) Samples were collected at the indicated timepoints for RNA-seq analysis. Peak crotonylation,
as shown in Figure 2.1B, is highlighted in pink.

(B) Principal component (PC) analysis of RNA-seq samples. Biological replicates are shown for
each timepoint and separated by strain.

(C) Volcano plots displaying the differences in gene expression between wild-type and tafl4wsia.
log?2 fold expression change (x-axis) and significance (-log10 p-value, y-axis) are shown for down-
regulated (red) and up-regulated (blue) genes in tafl4wsia. Unchanged genes are shown in black.
(D) DAVID functional annotation enrichment analysis of significantly differentially expressed
(SDE) genes at timepoint 3. Enrichment is shown as -log10 p-value.

(E) RNA levels (log2 FPKM) of the genes differentially expressed at timepoint 3 across the YMC.

Figure 2.7. Disruption of Taf14 Binding to Histone Crotonylation Alters YMC Gene
Expression

(A) RNA levels (log2 FPKM) shown for indicated periodic genes across the wild-type or
taf14W81A mutant YMC as heatmaps scaled by row (left) or mean expression line graphs (right).
LOC is low oxygen consumption, HOC is high oxygen consumption N = 1502 HOC genes, 930
HOC to LOC genes, 1381 LOC genes, 2195 non-cycling genes.

(B) Box plots of taf14W81A /wild-type RNA-seq from timepoints 3 and 4, described in Figure 2.2.
Shown are genes regulated by the indicated transcription factors, as determined in (Kuang et al,
2017). Control are genes not regulated by indicated transcription factors (n= 356 ).

(C) Volcano plots displaying the differences in transcription factor expression between wild-type
and taf14W81A. log2 fold expression change (x-axis) and significance (-log10 p-value, y-axis) are
shown for down-regulated (red) and up-regulated (blue) genes in taf14W81A. Unchanged genes

are shown in gray.
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Figure 2.8. Increased Histone Crotonylation Alters YMC and Reduces Ribosomal Gene
Expression

(A) Wild-type YMC profiles with crotonic acid (left) or sodium acetate (right) supplemented media
(1 mM). Coloured lines indicate concentration in the culture based on dilution rate. A rolling
average of the cycle lengths is shown below.

(B) Western analysis of wild-type YMC samples before (left) and after (right) crotonic acid addition
probed with the indicated antibodies (cr is crotonylated; ac is acetylated). Histone H3 is used as
a loading control.

(C) RT-PCR gPCR analysis of wild-type YMC samples before (left) and after (right) crotonic acid
addition using primers targeting the indicated gene. HOC is high oxygen consumption. LOC is
low oxygen consumption. Standard deviation is shown of technical replicates.

(D) H3K9 crotonylation (cr) and acetylation (ac) ChlIP signals at timepoints 3 and 4 are shown at
+/- 200 bp around transcription start site (TSS) or the transcriptional termination site (TTS) of n =

6008 genes. H3K9cr or H3K9ac ChIP signal is normalized by total H3 ChIP.

Figure 2.9. Exogenous Addition of Crotonic Acid Increases Histone Crotonylation

(A) Western analysis of wild-type YMC samples before (left) and after (right) crotonic acid (1 mM)
addition probed with the indicated antibodies (cr is crotonylated; ac is acetylated).

(B) & (C) Western analysis of wild-type and pox1A asynchronous cultures supplemented with
crotonic acid at the indicated concentrations (B) or for the indicated times (C) addition probed with
the indicated antibodies (cr is crotonylated; ac is acetylated). Samples collected from the peak of

crotonylation during the wild-type YMC are included as a comparison.
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Figure 2.10. Exogenous Addition of Crotonic Acid Alters Binding of Bromodomain
Factors

(A) Top, YMC traces with indicated samples before and after crotonic acid addition. Bottom,
western of Bdf1/2 and glucose-6-phosphate dehydrogenase, G6PDH.

(B) ChIP gPCR analysis of Bdf1/2 at indicated promoters during the YMC before and after crotonic
acid addition. Standard deviation of technical replicates is shown.

(C) Top, YMC traces with indicated samples before and after crotonic acid addition. Bottom,
western of HA-Snf2 and glucose-6-phosphate dehydrogenase, G6PDH. Itis currently unclear why
Snf2 protein levels are decreased following crotonic acid addition.

(D) ChIP gPCR analysis of HA-Snf2 at indicated promoters during the YMC before and after

crotonic acid addition. Standard deviation of technical replicates is shown.

Figure 2.11. Model for Taf14 and Histone Crotonylation Regulation of Metabolic Gene
Expression

During HOC in the YMC, an abundance of ATP and acetyl-CoA production and consumption
occurs along with elevated histone acetylation. Expression of pro-growth genes is facilitated by
transcriptional activators containing bromo-domains (BD) that bind acetylated histones. As cells
transition from HOC to LOC, fatty acid p-oxidation is activated and histone crotonylation is
increased. The YEATS domain of TAF14 binds crotonylated H3K9 to reduce gene expression as
energy sources are depleted. During this transition, cell division also occurs. As cells return to
the “quiescent-like” LOC phase, reductive metabolism occurs as crotonylation is removed to

further repress pro-growth gene expression.
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Figures

Figure 2.1: Histone crotonylation is Regulated by Fatty Acid Metabolism and is Dynamic

Across the YMC
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Figure 2.2: Fatty Acid Metabolism Regulates Histone Crotonylation
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Figure 2.3:
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Figure 2.4: Loss of Acylated Histone Binding by Taf14 Disrupts the YMC
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Figure 2.5: Taf14 Prefers H3K9 Crotonylation and is Recruited to Genes in a YEATS

Domain-Dependent Manner
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Figure 2.6: RNA-seq Analysis of the taf14W81A Mutant YMC
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Figure 2.7: Disruption of Taf14 Binding to Histone Crotonylation Alters YMC Gene

Expression
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Figure 2.8: Increased Histone Crotonylation Alters YMC and Reduces Ribosomal Gene

Expression
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Figure 2.9: Exogenous Addition of Crotonic Acid Increases Histone Crotonylation
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Figure 2.10: Exogenous Addition of Crotonic Acid Alters Binding of Bromodomain
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Figure 2.11: Model for Taf14 and Histone Crotonylation Regulation of Metabolic Gene

Expression
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CHAPTER 3 — RECOGNITION OF ACETYLATED HISTONE BY YAF9 REGULATES
METABOLIC CYCLING OF TRANSCRIPTION INITIATION AND CHROMATIN
REGULATORY FACTORS

Summary

How transcription programs rapidly adjust to changing metabolic and cellular cues remains
poorly defined. Here, we reveal a function for the Yaf9 component of the SWR1-C and NuA4
chromatin regulatory complexes in maintaining timely transcription of metabolic genes across the
yeast metabolic cycle (YMC). By reading histone acetylation during the oxidative and respiratory
phase of the YMC, Yaf9 recruits SWR1-C and NuA4 complexes to deposit H2A.Z and acetylate
H4, respectively. Increased H2A.Z and H4 acetylation during the oxidative phase promotes
transcriptional initiation and chromatin machinery occupancy while reduces RNA polymerase |l
levels — a pattern reversed during transition from oxidative to reductive metabolism. Prevention
of Yaf9-H3 acetyl reading disrupted this pattern of transcriptional and chromatin regulator
recruitment and impaired timely transcription of metabolic genes. These findings reveal that,
during the YMC, Yaf9 establishes chromatin and transcription initiation factor signatures that

specify unique transcriptional mechanisms in distinct metabolic states.

Introduction

Histone post-translational modifications (PTMs) and histone variants have crucial
functions in DNA-templated processes, such as gene transcription, DNA repair and DNA
replication (Talbert and Henikoff, 2021; Strahl and Allis, 2000). In large part, distinct epigenetic
landscapes are established and maintained by enzymes and/or protein complexes that install,

remove, and/or read histone PTMs and histone variants (Henikoff and Smith, 2015, Gardner et
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al., 2011). It is not well understood how these chromatin landscapes contribute to the chromatin-
based events they regulate.

Although chromatin landscape regulatory mechanisms are yet to be fully explained, recent
advances have greatly expanded our understanding of the range of histone modifications and the
types of protein domains that read them (Li et al., 2017; Rothbart and Strahl, 2014). For example,
the YEATS domain is a newly recognized reader module that associates with histone lysine
acetylation and other forms of acylation (e.g., lysine crotonylation) (Li et al., 2017; Zhao et al.,
2017; Andrews et al., 2016). Some YEATS domain-containing proteins prefer to bind to histone
crotonylation (e.g., Taf14 in yeast and AF9, ENL and YEATS2 in humans), whereas other YEATS
proteins such as that found in GAS41 do not greatly distinguish lysine acetylation from
crotonylation (Li et al., 2016; Zhao et al., 2016; Zhang et al., 2016; Andrews et al., 2016).

Long-standing evidence points to a positive function for histone acetylation in promoting
gene activity (Allfrey et al., 1964; Verdin and Ott, 2015; Barnes et al., 2019); however, the function
of histone crotonylation is less well established. Studies with mammalian cells show how p300-
mediated crotonylation at H3K18 functions to recruit the AF9 YEATS domain in the super
elongation complex to potentiate gene transcription (Sabari et al., 2015). Conversely, studies with
budding yeast show that Taf14 binding of histone crotonylation at H3K9 is associated with the
timely repression of pro-growth genes during a low energy and reductive metabolic period in
which R-oxidation and longer acyl-CoAs such as crotonyl-CoA are produced (Gowans et al.,
2019). These examples highlight the diverse ways histone crotonylation can function, which is
likely context- and YEATS domain-dependent.

Yaf9, the founding member of the YEATS domain family (i.e., Yaf9, ENL, AF9, Tafl4, and
Sasb), is associated within two major catalytically conserved complexes that act on chromatin,
namely, the NuA4 acetyltransferase, that targets histones H4, H2A and H2A.Z, and the SWR1-C
ATP-dependent chromatin remodeling complex that deposits H2A.Z at gene promoters (Kobor et

al., 2004; Mizuguchi et al., 2004; Klein et al., 2018; Zhang et al., 2004) (Figure 3.1A). Yaf9 is
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important to the function of both complexes and contributes to the transcriptional regulation and
DNA repair activities of NuA4 and SWR1-C (Gerhold et al., 2015; Schulze et al., 2010). The
function of the YEATS domain in Yaf9 is less understood, but studies show that it can interact
with H3K9ac and H3K27ac and contribute to the H2A.Z deposition function of SWR1-C (Wang et
al., 2009; Klein et al., 2018). It is not known whether the YEATS domain of Yaf9 also interacts
with histone crotonylation and how exactly this domain regulates the activities of NuA4 and
SWR1-C.

The yeast metabolic cycle (YMC) is a powerful system to examine how metabolic changes
signal to chromatin and lead to transcriptional changes (Klevecz et al., 2004; Tu et al., 2005; Tu
and McKnight, 2007; Mellor, 2016). Under continuous and glucose-limiting growth conditions,
yeast becomes metabolically synchronized and oscillates through cycles of oxidative metabolism
(i.e., respiration) known as the high-oxygen consumption (HOC) phase followed by periods of
reductive metabolism known as the low-oxygen consumption (LOC) phase (Tu and McKnight,
2007; Mellor, 2016). This system closely resembles the nutrient-limiting conditions found in the
wild and has direct ties with the circadian rhythm, which itself is underpinned by metabolic
processes (Tu and McKnight, 2006). A key feature of cells that oscillate through the HOC phase
is high-energy and acetyl-CoA production that fuel the high energy needs of, e.g., ribosome and
nucleic acid biosynthesis, pro-growth activities that are initiated with available glucose (Tu et al.,
2007). Conversely, the LOC phase is associated with cessation of oxygen consumption and is a
period marked by cell division, stress response, 3-oxidation, and autophagy (Tu et al., 2007). The
HOC and LOC phases can be further subdivided into additional subphases based on gene
expression and GO ontology profiles (oxidative phase (OX), reductive building (RB) phase, and
reductive charging (RC) phase (Tu et al. 2005; Mellor, 2016). Significantly, the LOC phase of the
YMC is the period in which long-chain fatty acids are metabolized into additional acyl-CoA that
include crotonyl-CoA that provide the co-factor for histone crotonylation (Hiltunen et al., 2003;

Mellor, 2016; Gowans et al., 2019). We showed that, although histone acetylation is associated
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with the HOC phase of the YMC, histone crotonylation occurs in the LOC phase, and, by the
action of Taf14, is responsible for the repression of pro-growth genes as cells transition from the
HOC into the LOC stages (Gowans et al., 2019). Although we also found that the YEATS domain
of Tafl4 mediates the timely repression of pro-growth genes, we did not know whether other
YEATS domain-containing proteins in yeast also contribute to metabolic gene regulation.

In this report, we describe an important function of Yaf9 in metabolic gene regulation and
control of the YMC. We show that Yaf9 is essential for the formation of YMC, and loss of its H3
acetyl-interaction results in defects in the timing of the YMC and proper expression of metabolic
genes. Mechanistically, we found that the YEATS domain of Yaf9 contributes to the recruitment
of its associated complexes, SWR1-C and NuA4, to enable the deposition of H2A.Z and H4
acetylation during the oxidative phase of the YMC. Recruitment of SWR1-C and NuA4 to genes
occurred globally with additional transcriptional initiation and chromatin factors, and this signature
was associated with relatively low Pol Il levels. Surprisingly, the loss of histone acetylation
normally observed during transition into the LOC phase was further associated with globally low
levels of SWR1-C and NuA4 and other initiation machinery but high levels of Pol I, a pattern that
was largely the reverse of the HOC pattern. We posit that, during metabolic cycling, different
energy requirements and nutrient availabilities fuel distinct patterns of chromatin and
transcriptional initiation machinery that regulate distinct gene types needed for discrete metabolic

states (e.g., HOC vs. LOC).

Results
Yaf9 and its YEATS Domain are Crucial for Proper Progression of the Yeast Metabolic
Cycle

Yaf9 is a component of the NuA4 and SWR1-C chromatin regulatory complexes that install
H2A and H4 N-terminal tail acetylation and incorporate H2A.Z, respectively (Figures 3.1A). Yaf9

contains an evolutionarily conserved YEATS domain, and, although studies illustrate the ability of
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the Yaf9 YEATS domain to bind to histone acetylation, less is known about binding of the YEATS
domain to other forms of histone acylation (Figure 3.1B). To further interrogate the histone binding
preferences of Yaf9, we purified a GST fusion of full-length Yaf9 (GST-Yaf9) and performed a
series of solution-based peptide pull-down assays with histone H3 peptides that contained distinct
forms of H3K9 or H3K27 acylation. In agreement with previous findings, the YEATS domain of
Yaf9 showed robust interaction with H3 peptides that were acetylated at either H3K9 (H3K9ac)
or H3K27 (H3K27ac) (Figure 3.1C) (Klein et al., 2018). Intriguingly, the Yaf9 YEATS domain also
interacted with crotonylated H3K9 (H3K9cr), albeit with efficiencies less than binding to H3K9ac.
Other forms of histone acylation at H3K9 and H3K27 (i.e., propionylation (pr), butyrylation (bu)
and [B-hydroxyisobutyrylation (B-hydro)) were tolerated less compared with acetylation or
crotonylation. These data reveal that Yaf9 can recognize several major forms of histone acylation
that normally partition to distinct phases of the yeast metabolic cycle (YMC) (Gowans et al., 2019).

Studies of the function of a related YEATS-containing protein, Tafl4, revealed a critical
function for the YEATS domain in metabolic gene regulation and timely progression of the YMC.
To assess a possible contribution of Yaf9 and its YEATS domain to metabolic gene regulation
and the YMC, we generated yeast strains in the prototrophic CEN.PK background that were either
deleted of YAF9 (yaf94) or had a mutation in its YEATS domain that abolished all histone acyl-
lysine binding (yaf9wsoea) (Klein et al., 2018). First, we confirmed that the strains grew on a glycerol-
containing medium (YPG plates), which verified that the strains had intact mitochondria for proper
metabolic cycling (Figure 3.1D). We also examined the yaf9A and yaf9wsea mutant strains for
additional growth phenotypes. As shown in Figure 3.1D, the yaf9A and yaf9wssa Strains showed
similar growth rates on yeast extract-peptone-dextrose (YPD) medium at 30°C; only yaf9A cells
showed slight temperature sensitivity at 37°C on YPD plates. We next examined the yaf9A and
yaf9wsga mutant strains for growth on media containing a variety of genotoxic agents that report
on defects in DNA replication (hydroxyurea (HU)), DNA damage repair (phleomycin and

methanesulfonate (MMS)), nutrient signaling (caffeine), and transcription (6-azauracil). These
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experiments revealed that the complete absence of Yaf9 caused mild to severe growth defects
on all the genotoxic agents tested. However, unlike complete absence of Yaf9, mutations in its
YEATS domain that blocked histone interaction caused growth phenotypes only on media
containing DNA damaging agents (Figure 3.1D). These studies reinforced the important function
of Yaf9 in many DNA-templated processes. The results also revealed a significant function for the
Yaf9 YEATS domain in DNA repair.

The phenotypic assays described above, and previous studies of Yaf9, were performed in
nutrient-rich conditions that can hide important functions for proteins and domains, such as the
YEATS domain, that contribute to metabolic gene regulation. To assess a function of Yaf9 and its
YEATS domain in metabolic-associated events, we used a continuous culture system wherein
yeast cells were synchronized at the metabolic level and cycled through periods of high-oxygen
consumption (HOC) and low-oxygen consumption (LOC) when grown under limiting glucose
concentration (Klevecz et al., 2004; Tu et al., 2005). As shown in Figure 3.1E, the wild-type
CEN.PK cells exhibited a typical metabolic cycle with an average cycle time of ~4 hours. In stark
contrast, the yaf9A strain failed to cycle under the same conditions, which indicated an essential
requirement for Yaf9 in proper progression of the YMC (Figure 3.1F). Intriguingly, the histone-
binding mutation of Yaf9 (yaf9wssa) resulted in an altered metabolic cycle that was approximately
30 min longer than the matched wild-type strain (Figures 3.1G and 3.1H). These findings indicated
an important function for Yaf9 and histone acylation binding in metabolic cycling in a nutrient-

limited environment.

H2A.Z and H4 Acetylation Oscillate Across the YMC, and Their Levels are Regulated by
Yaf9-H3 Acyl Reading

Because of the altered YMC timing observed for the yaf9wsea mutant strain, we next asked
whether the prevention of Yaf9 association with histone acylation might affect the downstream

activities of NuA4 and Swrl that incorporate H4 N-terminal tail acetylation (H4ac) and/or H2A.Z,
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respectively. We collected wild-type or yaf9wssa mutant cells at multiple time points across the
YMC (Figure 3.2A) and interrogated them for global levels of H4ac, H2A.Z, and other histone
PTMs known to be regulated across the YMC (e.g., H3K9cr and H4K16ac). Samples were
matched carefully so that all comparisons between the wild-type and yaf9wsoa Strains were
performed at identical locations during their HOC and LOC phases (depicted as time points 1-9).
As shown in Figure 3.2B, the general levels of core histones (H2A, H3, H4) and a control cytosolic
protein, glucose-6-phosphate dehydrogenase (G6PDH), did not change across the YMC in either
the wild-type or yaf9wsea mutant cells. As expected, the occurrence of H3K9ac, H4K16ac and
H4ac was highest in the HOC phase (timepoints 2-5) and decreased during the LOC phase of the
YMC when H3K9cr levels peak (timepoint 6-9) in wild-type cells. Surprisingly, we also observed
that the global incorporation of H2A.Z also cycled across the YMC, with highest levels occurring
during the HOC phase. We note that H2A.Z metabolic cycling and genome-wide global shifts in
a histone variant such as H2A.Z have not been reported; however, such increases of H2A.Z at
the HOC phase would be consistent with the observation of high levels of histone acetylation
during the HOC phase that could recruit and/or stimulate Swrl to increase H2A.Z deposition
(Kobor et al., 2004; Zhang et al., 2004). Finally, analysis of the histone and histone PTM patterns
from yaf9wsoa cells revealed that they were largely the same as observed in wild-type cells, albeit
the levels of H4ac and H2A.Z appeared to be reduced.

Because of the apparent overall reduction of H4ac and H2A.Z levels in yaf9wsoa cells, we
next performed a side-by-side immunoblot comparison of the wild-type and yaf9wsea Strains at
three time points that represented the peaks of the HOC or LOC phases (Figure 3.2C). As shown
in Figure 3.2D, and further quantified in Figures 3.2E and 3.2F, the global levels of H2A.Z and
H4ac were significantly reduced in the yaf9wsea Strain, whereas other histones and RNA
polymerase Il (Pol Il) levels were unaffected. These findings demonstrated that Yaf9-H3 acyl
reading was important for proper deposition of H2A.Z and H4ac across the YMC, which implied

an important function for the Yaf9 YEATS domain in NuA4 and Swrl activity.
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The YEATS Domain of Yaf9 is Required for Precise Metabolic Gene Transcription

Because the Yaf9 YEATS domain was required for proper YMC timing and for the
maintenance of H2A.Z and H4 acetylation levels in chromatin, we next asked how the absence
of Yaf9-H3 acyl reading affected metabolic and global gene transcription. We performed RNA-
seq for our wild-type and yaf9wssa cells across three consecutive YMC cycles (Figures 3.4A and
3.4B). Five time points within each cycle were collected and selected to represent the transition
into the HOC phase (time points 1 and 2), the transition into the LOC phase (time points 3 and 4),
and transition into the quiescent-like LOC phase (time point 5). Principal component analysis
(PCA) of the results showed close correlation between the triplicates across all time points except
for a possible outlier in time point 4 (Figure 3.4C). The PCA plot also revealed strong similarity
between the wild-type and yaf9wsea Samples at time points 1, 2, and 5. However, time points 3
(transition into the LOC) showed a more distanced relationship between the wild-type and
yaf9wsea mutant, which suggested that greater differences in transcriptional regulation occur at
time points 3 and 4.

Further examination of the RNA-seq data from the list of significantly differentially
expressed (SDE) genes revealed that time point 3 (LOC phase) had the greatest changes in gene
expression between the wild-type and yaf9wsea mutant cells, with twice as many downregulated
genes (n = 1505) and upregulated genes (n = 1467) in the yaf9wsea mutant as compared with
other time points (Figure 3.4D and 3.4F). Among the top SDE genes in time point 3, we observed
upregulation of genes that are involved in oxidative and pro-growth pathways, including ribosome
and macromolecule biosynthesis, and downregulation of genes that are involved in reductive
pathways, such as oxidation-reduction process and oxidoreductase activity (Figure 3.4E). These
findings suggested that, in the yaf9wssa mutant, pro-growth/HOC-regulated genes were not
properly downregulated during the transition into LOC phase and that the normal expression of

LOC genes was attenuated during this phase.
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To further understand how the yaf9wssa mutation affected HOC and LOC gene expression,
we selected from the RNA-seq data a subset of genes found to be dysregulated in time point 3
and measured their expression across the YMC by quantitative reverse transcriptase (RT)-qPCR.
As shown in Figure 3.5A, two representative HOC phase genes, CLN3 and RPL18B, showed
partially reduced transcription in the yaf9wsea mutant compared with wild-type at time points 1 and
2. Consistent with the RNA-seq data of these genes, the mRNA levels of CLN3 and RPL18B
observed at time point 2 largely persisted into the LOC phase (time point 3) instead of being
downregulated as occurs in wild-type cells (Figure 3.5A). In contrast to the HOC genes, a LOC
gene, MRPL10, showed decreased transcription in the yaf9wsga mutant compared with wild-type
cells at most time points across the YMC, and, notably, MRPL10 was less expressed in the LOC
phase consistent with the RNA-seq data (Figures 3.4 and 3.5B). The findings that HOC genes
maintained expression in the LOC phase and that LOC genes were not properly expressed were
recapitulated for additional HOC genes (RPS5, RPL4B, RPL8B), and LOC genes (PYCL1, SSC1,
TDH2) that were measured by RNA-seq (Figure 3.6). Finally, several non-cycling genes identified
from our RNA-seq data were largely unaffected throughout the YMC in yafOwsea mutant cells
(Figure 3.6).

The results of RNA-seq and RT-gPCR analyses prompted us to determine whether the
transcription defects of a subset of metabolic genes in the yaf9wssa mutant occurred more broadly
for other metabolically-regulated and noncycling genes. Out of 4121 genes that showed
measurable signals, we performed an unsupervised hierarchical clustering that resulted in four
clusters based on their transcription profiles across the five time points (Figures 3.5C and 3.5D).
Cluster 1 genes (n=82) were exclusively HOC-regulated (96%), whereas clusters 3 (n=833) and
4 (n=104) were almost exclusively LOC-regulated genes (85% and 90%, respectively). The
largest group, cluster 2, contained a mixture of HOC-regulated genes (n=1086, 35% of this
cluster), LOC genes (n=910, 29% of this cluster), and the rest (n=1030) non-metabolically

regulated genes (Table S1). Consistent with our RT-gPCR analyses, HOC-regulated genes in
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clusters 1 and 2 showed persistent transcription at time point 3 in the yaf9wsea cells. In contrast,
all the LOC-regulated genes in clusters 3 and 4 exhibited decreased transcription during the LOC
phase, which was more pronounced at time point 3 and consistent with our box plot analyses
(Figures 3.4D and 3.5C). The line plots in Figure 3.4D show the average mRNA signals in wild-
type or yaf9wssa mutant cells for each cluster across the YMC. These findings revealed two
important observations about how absence of Yaf9-H3 acyl reading affects metabolic gene
expression. First, the normal restriction of pro-growth gene expression to the HOC phase was
partially lost because HOC genes maintained their expression in the LOC phase. Second, the

normal induction of genes in the LOC phase was attenuated.

Yaf9-H3 Acyl Reading is Required for Proper Deposition of H2A.Z and H4 Acetylation at
Genes

To further understand how Yaf9-H3 acyl reading contributes to gene transcription, we
preformed chromatin immunoprecipitation (ChlP) assays coupled with quantitative PCR (ChIP-
gPCR) on a subset of genes to determine whether the absence of Yaf9-H3 acyl reading affected
the occupancies of H2A.Z and/or H4 acetylation. Time points from the YMC used for the ChlP-
gPCR assays were the same as those used in the foregoing RNA-seq experiments (Figures 3.4A
and 3.4B). For this analysis, we selected RPL4B as a representative HOC gene, SSC1 as a
representative LOC gene, and FBA1 as a control non-cycling gene whose transcription level was
largely unaffected in the yaf9wsea mutant (Figure 3.7 and 3.8) H2A.Z and H4ac occupancy levels
were examined at the -1 nucleosome, +1 nucleosome, and 3’ end of these genes (+1 nucleosome
results shown in Figure 3.7B; the full data set is presented in Figure 3.8). In agreement with the
global changes observed with H2A.Z and H4ac in bulk chromatin (Figure 3.11A), the levels of
H2A.Z and H4ac at all genes examined also cycled across the YMC in wild-type cells with levels

being highest during the HOC phase (Figure 3.7B). In contrast to wild-type cells, the occupancies
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of H2A.Z and H4ac decreased significantly in the yaf9wsea mutant at all time points examined
(Figures 3.7B and 3.8).

We next measured the occupancy of Pol Il at the same genes described above to
determine the effect of Yaf9-H3 acyl reading on Pol Il occupancy levels. Strikingly, Pol Il
occupancy oscillated across the YMC at all genes examined in wild-type cells, with Pol Il levels
being lowest at the HOC phase and highest at the LOC phase (Figures 3.7C, 3.9 and 3.10). To
our knowledge, it has not been reported that Pol Il levels are influenced by metabolic state and
are anticorrelated with H2A.Z and histone acetylation levels over the YMC, although our findings
are consistent with reports of antagonism between H2A.Z and Pol Il during transcription (Ranjan
et al, 2020; Weber et al., 2014; Tramantano et al., 2016)). These findings also agree with other
work showing that the nucleosome free regions of genes are in competition between Swrl and
initiation factors for transcription (Ranjan et al., 2013; Yen et al., 2013). Pol Il occupancy in the
yaf9wsea mutant had a cycling pattern similar to Pol Il in wild-type cells, albeit with reduced levels

at the non-cycling FBA1 gene during the peak of Pol Il levels in the LOC phase.

Histone-binding by Yaf9 is Required for SWR1-C and NuA4 Chromatin Recruitment

The totality of transcription and global H2A.Z/H4ac defects observed in the yaf9wsga strain
prompted us to ask how Yaf9 H3-acyl binding contributes to the chromatin-based functions
defective in yaf9wssa. We reasoned that Yaf9 H3-acyl binding was either required for proper
recruitment of the SWR1C and NuA4 complexes to chromatin or that these complexes were
already on chromatin and that Yaf9 H3-acyl binding stimulates their enzymatic activities. To test
these possibilities, we performed chromatin association assays across three YMC time points that
covered the HOC and LOC phases (time point tp1 = LOC, tp2 = HOC, and tp3 = LOC; the same
time points shown in Figure 3.2). Consistent with the immunoblotting analyses of whole cell
lysates (Figure 3.2D), the chromatin levels of H2A.Z and H4ac were significantly reduced at all

times points in the yaf9wsoea Strain compared with wild-type (Figure 3.11A). However, the soluble
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fraction (nucleoplasm and cytoplasm) did not contain any detectable H2A.Z or H4ac (Figure
3.11A). As controls, we probed for H2A and H3 to monitor the chromatin fraction and G6PDH to
monitor the soluble fraction. In all time points, and between strains, the levels of histones and
G6PDH were unchanged (Figure 3.11B). Intriguingly, the chromatin-bound form of Yaf9 was
largely absent in the Yaf9 H3 acyl-blocking mutant and relocated to the soluble fraction (Figure
3.11A). Thus, H3-acyl binding function of Yaf9 is critical for its recruitment to chromatin.

Because Yaf9's association with chromatin was dependent on its H3-acyl reading activity,
we next asked whether absence of Yaf9 H3 acyl-reading also influences the chromatin-
association of the SWR1 and/or NuA4 complexes that contain Yaf9. Using antibodies that
specifically target members of the SWR1 and NuA4 complexes (Swrl and Eafl, respectively)
(Wu, et al., 2009; Auger, et al., 2008), we examined the levels of these complexes in our chromatin
association assays as described in Figure 3.11A. Strikingly, although the total amounts of Swrl
and Eafl did not differ significantly across the three YMC time points, their chromatin levels did
differ. Specifically, Eafl and Swrl chromatin levels were highest in the HOC phase, tp2, and
lowest in the LOC phases, tpl and tp3 (Figure 3.11C). These association patterns also followed
the cyclic patterns observed with histone acetylation across the YMC (Figures 3.2C). In contrast
to the wild-type situation, the chromatin levels of Swrl and Eafl in the in yaf9wssa Samples were
greatly reduced at all time points; instead, they had quantitatively relocated to the soluble fractions
(Figure 3.11C). Additionally, the total amount of Eafl in yafOwsea Samples was lower compared
with wild-type, which explained the lower levels of Eafl in the chromatin and soluble fractions of
yaf9wsea. Figure 3.11E shows the quantified chromatin levels of Yaf9, Eafl and Swrl from these
experiments.

Our study of the function of Yaf9’s YEATS domain also revealed a surprising observation.
Although the Yaf9 YEATS domain was critical to the recruitment of SWR1C and NuA4 under
nutrient-limiting conditions, the yaf9wssa mutant, in addition to the complete absence of Yaf9, had

no impact on H2A.Z or H4ac levels in the prototrophic strain grown in nutrient-rich (YPD)
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conditions (Figures 3.2A and 3.2B). Thus, under optimal growth conditions, Yaf9 was dispensable
for the functions of SWR1-C and NuA4; its function was revealed only under more naturally
occurring and nutrient-limiting growth conditions, as occurs in the wild.

The requirement of Yaf9’s H3 acyl-reading activity for the global recruitment of NuA4 and
SWR1-C to chromatin prompted us assess whether other aspects of the transcriptional apparatus
were affected during YMC growth of the Yaf9 YEATS domain mutant. To test this possibility, we
measured the levels of representative transcription initiation factors including proteins in the TFIID
and SAGA complex (Taf3, Taf4, Taf12) and BET family members (Bdf1/Bdf2) that occur in TFIID
and in SWR1-C (Figures 3.11C and 3.11D). Intriguingly, all the aforementioned initiation factors
were localized to chromatin across all of the time points in the YMC, with their associations being
highest in the HOC phase (i.e., time point 2). We also attempted to examine Pol Il levels in these
assays; however, the chromatin association assay resulted in an unexpected loss of Pol Il protein
compared to trichloroacetic acid extraction assay during sample processing that precluded its
global examination (Figure 3.12). In contrast to the wild-type situation, the absence of Yaf9’s H3
acyl-interaction resulted in a global decrease in all of the initiation factors tested. The decrease
was most notable for Brd1/Brd2 (see Figure 3.11E for quantification of chromatin levels for several
of these initiation factors).

Taken together, these findings emphasize the critical function of Yaf9 and its histone
reading activity in the timely recruitment and stability of transcription initiation factors and
chromatin modifiers on genes during the YMC. During oxidative metabolism in which glucose
levels are high, Yaf9 and its H3 reading contribute to the timely recruitment of the SWR1-C and
NuA4 complexes that then establish a chromatin H2A.Z and histone acetylation signature — a

signature that then reinforces further recruitment of bromodomain-containing initiation machinery.
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Discussion

The YEATS domain has become recognized as a critical regulator of metabolic- and
chromatin-based gene transcription events (Schulze et al., 2009; Li et al., 2017; Gowans et al.,
2019). Intriguingly, although some YEATS domains prefer histone crotonylation (e.g., Tafl14),
others, such as the YEATS domain of Yaf9, bind histone acetylation and crotonylation equally
(Figure 3.1C). This expanded acyl selectivity may explain why, unlike Tafl4, Yaf9 appears to
function largely during the respiration (HOC) phase when acetyl-CoA and histone acetylation
levels are highest. We also found that, during respiration, Yaf9-H3 acetyl reading mediates
recruitment of its associated complexes (SWR1-C and NuA4) to install H2A.Z and H4 acetylation.
The high levels of histone acetylation in the HOC phase likely act to further recruit transcriptional
initiation and chromatin machinery to genes by the acetylation-driven recruitment of
bromodomain-containing factors (e.g., SAGA/TFIID/Bdf1/Bdf2 and likely RSC). Coincident with
this acetylation-dependent chromatin signature, Pol Il levels were anticorrelated and decreased
at genes — a finding that agreed with other reports of an antagonistic relationship between Pol Il
and H2A.Z, and other chromatin regulators, that compete with Pol Il for binding to the nucleosome

free regions of genes (Yen et al., 2013; Ranjan et al, 2020; Weber et al., 2014; Tramantano et al.,

2016). As yeast cycle out of the HOC phase and into the LOC phase, the pattern of chromatin
and initiation factor recruitment is reversed, with Pol Il levels becoming higher at genes. Thus, our
study unveils an intriguing metabolic cycling of both histone PTMs and factors to genes that is

dependent on the functions of Yafo.

Different Chromatin and Transcription Factor States for Different Metabolic Situations
The distinct chromatin and factor recruitment states that exist at different phases of the

YMC is an intriguing finding of this study. Other investigators have reported the cyclic nature of

histone acetylation across the YMC on genes and globally on chromatin (Cai et al., 2011; Mellor,

2016); however, our findings extend those observations to the recruitment of transcription and
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chromatin machinery that also associate with acetylated histones. Thus, our findings show that
distinct chromatin states are established at distinct metabolic states. A puzzling question then is
why Pol Il occupancy is low during the oxidative phase at a time when histone acetylation and
factor recruitment is high, and why is low Pol Il occupancy reversed in the reductive phase of the
metabolic cycle? Perhaps one explanation for this phenomenon is that the high levels of pre-
initiation machinery increased on chromatin during the oxidative phase facilitates rapid re-initiation
of Pol Il to help achieve the high levels of transcription needed for transcription of ribosomal genes
and other pro-growth genes. However, this explanation might be considered at odds with finding
of low Pol Il levels during this phase (compared with that observed during the reductive phase;
see Figures 3.7C and 3.8D). The reduced occupancy of Pol Il in the oxidative phase is likely a
consequence of having high levels of H2A.Z, which has been shown to antagonizes Pol Il
(Tramantano et al., 2016; Ranjan et al., 2020). We speculate that lower levels of Pol Il occupancy
coupled with high levels of H2A.Z provides a controlled step of pausing during each round of
transcription to ensure that the polymerase has successfully initiated and entered productive
elongation. Additionally, the high H2A.Z levels may ensure proper directionality and/or prevention
of inappropriate antisense transcription (Gu et al., 2015; Bagchi et al., 2020). Conversely, and
during the LOC phase when histone acetylation on chromatin and initiation factors and H2A.Z
levels are reduced, high Pol Il levels at this time may enable genes to overcome the lack of
abundant pre-initiation machinery that is less abundant due to less histone acetylation. Thus, the
cell appears to have evolved ways to overcome major differences that exist with chromatin under
vastly different metabolic and cellular conditions to achieve precise and productive transcription
(Figure 3.13). Further work is be needed to determine whether this model is correct.

Although our studies suggest that Yaf9 functions primarily during the HOC phase, we note
that absence of Yaf9 H3 acetyl-reading still affects recruitment of SWR1-C and NuA4 (and other
initiation and chromatin factors) in the LOC phase, albeit normally the levels recruited during this

phase are much lower compared to the oxidative phase. We speculate that the ability of Yaf9 to
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equally bind H3 acetylation and crotonylation implies that Yaf9’s YEATS domain still facilitates
some recruitment of SWR1-C and NuA4 during the LOC phase because of the lower levels of
histone crotonylation that exist during this period.

Finally, the chromatin and transcription signatures described above that change across
the YMC appear to occur globally for all genes transcribed in their respective YMC phases. This
condition raises the question as to how cells fine-tune and regulate the transcription of genes in
a cyclic manner if the chromatin and transcription signatures described herein also occur on
actively transcribed non-cycling genes? We suggest that the chromatin and transcription initiation
signatures that are found at distinct YMC phases occur broadly at genes, but do not take into
account the actions of additional transcription factors that also contribute to metabolic gene
transcription at each phase (both positive and negative regulation). Itis likely that the transcription
factors deployed at each distinct phase to activate or repress transcription do so in the context of

the distinct chromatin contexts that occur in the HOC and LOC phases.

Detailing Yaf9’s Function: Context Matters

Unexpectedly, we found that the necessity of Yaf9 was bypassed when yeast was grown
in nutrient-rich conditions (i.e., YPD) (Figure 3.3). A complete absence of Yaf9 did not have any
effect on histone H4 acetylation level nor H2A.Z incorporation during batch growth in YPD (Figure
3.3A). Also, Yaf9 with the H3 acyl-blocking mutation was still associated with chromatin in YPD
conditions. However, in nutrient-limiting conditions, akin to what is observed in the wild, Yaf9 and
its histone reading were critical for the activity of NuA4 and SWR1-C complexes required to
maintain the normal high levels of chromatin and transcriptional initiation machinery at genes
(Figure 3.3B). We surmise that, in a natural setting, Yaf9 provides a key function in facilitating
SWR1-C and NuA4 recruitment that could not be achieved without it. In this regard, more nutrient-
limiting conditions are like an “all hands-on deck” situation to ensure the timely and appropriate

recruitment of needed chromatin and initiation machinery to chromatin. If this correct, it then also
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raises an intriguing question: How many other ancillary members of chromatin and transcription
complexes have not been fully identified because most studies with yeast were performed in
optional growth conditions? Our study makes this point for one member of one complex, but it is
important to consider growth conditions and cellular contexts when examining the function of other
members of chromatin and transcription machinery.

In conclusion, we have revealed an important function of Yaf9 in maintenance of proper
regulation of transcription across the YMC. This function is elicited by the ability of Yaf9 to read
histone acetylation and facilitate the recruitment of its associated complexes that establish a
chromatin and transcription initiation signature at genes required for timely transcription. Our
findings also reveal that distinct mechanisms likely have evolved to regulate transcription during
different nutrient and energy states, as shown by the absence of this chromatin and transcription
initiation factor signature during times of low histone acetylation and low cellular energy. Because
metabolic pathways are often highjacked in cancer, it will be intriguing to determine whether the

activities we have observed are conserved and dysregulated in cancer.

Materials and Methods
Yeast Strains and Metabolic Cycling

Saccharomyces cerevisiae strains generated for this study were created in the CEN.PK
background. These and other strains used are listed in Table S1. CEN.PK were verified to have
mitochondria as indicated by the ability to grow on glycerol-containing media. The yaf9wsga strain
was constructed using the delitto perfetto system (Klein et al., 2018). Yeast metabolic cycling
conditions were applied as described with minor adjustments (Gowans et al., 2019). Dissolved
oxygen percent in media shown in YMC plots is relative to starting culture conditions (~100%).
Continuous respiration cycles occur following addition of 0.15% glucose to starved cells. For
each experiment, the time (in minutes) is shown relative to the start of the experiment is shown.

Spotting assays were performed by plating serial dilutions (1:5) of indicated strains on YP media
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containing either 2% glucose (YPD), 3% glycerol (YPG), 80 pg/ml 6-azauracil on synthetic
complete minus uracil plates (SC-Ura), 100 mM caffeine, 50 mM methanemethyl sulfonate, or 25
mM phleomycin and grown at 30°C or 37°C.
Immunoblotting

Cultures were collected from the YMC and immediately snap-frozen in liquid nitrogen.
Samples for immunoblotting were fixed in 20% trichloroacetic acid after thawing and washing
once in water. Protocol of Kushnirov (2000) was used to extract protein from samples. Standard
conditions were used for SDS-PAGE and immunoblotting. Antibodies used in this study were the
following: anti-H2A.Z (1:10000, Active Motif 39647), anti-H3K9 acetylation (1:2000, Millipore 06-
942), anti-H3K9 crotonylation (1:500, PTM Biolabs PTM 527), anti-H4K16 acetylation (1:2000,
Millipore 07-329), anti-pan H4 acetylation (1:1000, Active Motif 39925), anti-H2A (1:10000, Active
Motif 39235), anti-H3 (1:5000, Epicypher 13-0001), anti-H4 (1:1000, RevMAb 31-1089-00), anti-
G6PDH (1:10000, Sigma A9521-1VL), anti-polymerase Il (1:1000, Millipore 05-623), anti-Yaf9
(1:5000, Pocono rabbit farm), anti-Eafl (1:1000, C6té lab), anti-Swrl (1:500, Wu lab), anti-Taf4
(1:1000, Weil lab), anti-Taf12 (1:1000, Hahn lab) and anti-Taf14 (1:5000, Reese lab).
RNA-Seq Analysis

RNA was prepared from samples (approximately 10 ODs) using the RNA extraction
method. The sequencing libraries were from (Gowans et al., 2019) and the sequencing was
performed by Novogene. Triplicates of samples were combined for final analysis. Principal
component analysis plots (log-transformed data) and significantly differentially expressed (SDE)
genes (adjusted p-value < 0.05 and log2 fold change > 0.6) were generated using the DESeq2
package (Gowans et al., 2019). Gene ontology (GO) term analysis was performed for SDE genes
with default parameters to identify enriched genes. The numbers of genes with large and
statistically significant fold changes were presented in volcano plots. Line graphs were generated
from the four hierarchical cluster lists provided by the analysis from the Novogene company.

Heatmaps of the four clusters were generated by Prism.
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RNA extraction and gPCR

Yeast samples were collected and snap frozen as described with minor modifications
(Gowans et al., 2019). Pellets were washed in water and resuspended in 400 pl TES buffer (10
mM Tris HCI pH 7.5, 10 mM EDTA, 0.5% SDS). An equal volume of acid phenol was added, and
samples were vortexed for 30 seconds. Samples were then incubated at 65°C for 45 minutes with
occasional vortexing before being chilled on ice for 1 minute. Samples were centrifuged (5 min,
4°C, 12K RPM) and the upper phase was transferred to a fresh tube. Phenol extractions were
repeated twice. RNA was precipitated by adding 0.1 volume of sodium acetate (5 M, pH 5.3) and
2.5 volumes of ice-cold ethanol (100%) followed by incubation at -80°C for 1 hour. Samples were
centrifuged (5 min, 4°C, 12K RPM), and pellets were washed with 70% ice-cold ethanol. Pellets
were resuspended in water, and the concentrations were measured. RNA (10 mg) was treated
with RQ1 DNase (Promega Corporation Cat# M6101) at 37°C for 60 minutes. RNA was purified
using RNeasy Mini kit (RNeasy Minikit, Qiagen, Cat# 74104). cDNA was prepared using iScript
cDNA synthesis kit (Thermofisher Scientific, 18080051). gPCR was performed using the SYBR
green kit (PowerUp SYBR™ Green Mastermix, Biorad, Cat# 170 8880), and the primers are listed
in Key Resources Table. Actin was used as the standard for signal normalization.

Chromatin Immunoprecipitation (ChlIP)

Antibodies used for ChIP were the following: anti-H2A.Z (Active Motif 39647), anti-H3K9
acetylation (Millipore 06-942), anti-polymerase Il (Millipore 05-623) and anti-Yaf9 (Pocono rabbit
farm). Chemostat samples (40 ml of saturated culture) were collected, fixed in 1% formaldehyde
for 15 minutes, and quenched in 125 mM glycine for 10 minutes. Cells were washed twice in TBS
(300 mM NaCl, 40 mM Tris pH 7.5) and snap frozen. Pellets were resuspended in 500 ul of FA
buffer (50 mM HEPES pH 7.5, 140 mM NaCl, 1% Triton X-100, 1 mM EDTA, 0.1% Sodium
deoxycholate, Roche complete protease inhibitor cocktail) and lysed by bead beating for 15
minutes at 4°C. Aliquot volumes were adjusted to 1 ml with FA buffer and sonicated (30 seconds

on, 30 seconds off) for 25 minutes. Samples were pelleted (20 min, 4°C, 13K RPM) and the
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supernatants (whole cell lysate) pooled. Lysates (adjusted to 2 mg/ml protein for both histones
marks, Yaf9, and Pol II, using FA buffer) were precleared using Dynabeads Protein A (10001D,
50 ul beads per 500 ul lysate, 1 hour at 4°C), and 50 pl was saved as input. Antibody was added
and samples rotated overnight at 4°C. Dynabeads were washed three times in FA buffer + 0.5%
BSA, with the third wash rotated overnight at 4°C to pre-block beads (50 pl per 500 pul sample).
Beads were then resuspended in 200 pl FA buffer and added to lysate samples incubated for 2
hours at 4°C. Beads added to lysates were washed as follows: FA buffer, FA buffer containing
500 mM NacCl, LiCl (10 mM Tris-HCI pH 8.0, 250 mM LiCl, 0.5% NP-40, 0.5% sodium
deoxycholate, 1 mM EDTA), 1 ml TE pH 8.0. Beads were resuspended in 100 pl of elution buffer
(1% SDS, 0.1 M NaHCO3) and DNA was eluted by shaking at 65°C for 15 minutes. Supernatant
was collected and the elution step repeated to yield 200 pl of eluate. Crosslinks were reversed by
adding 10 pl of NaCl (5 M) to the eluate and incubating at 65°C overnight with shaking. Elution
buffer (150 pl) was added to input samples (50 pl) and 10 pl of NaCl alongside the IP samples.
Samples were treated with RNase A (10 pg, 60 min at 37°C) and then proteinase K (20 ug, 60
min at 42°C). DNA was purified using the ChIP DNA Clean & Concentrator (Genesee/zymo
research, 11-379C/D5205) and eluted in 60 ul of elution buffer.
Chromatin Association Assay

Chemostat samples were collected and pelleted. Pellets were washed in water and chilled
SB buffer (1M sorbitol, 20 mM Tris HCI pH 7.4). Pellets were collected (5 min, 4°C, 3K RPM) and
resuspended in 1.5 ml PSB buffer (20 mM Tris HCL pH 7.4, 2 mM EDTA, 100 mM NacCl, 10 mM
B-ME) for 10 minutes with rotation at ambient temperature. Pellets were collected (5 min, RT, 9K
RPM) and washed in 1.5 ml SB buffer (5 min, RT, 9K RPM), then resuspended in 1 ml SB buffer
with zymolyase (10 mg/ml in SB). Samples were incubated at room temperature for 1 hour. SB
buffer (600 ul) was added to stop the reaction. Spheroplasts were collected (5 min, 4°C, 2K RPM)
and washed twice in 1 ml LB buffer (0.4 M sorbitol, 150 mM potassium acetate, 2 mM magnesium
acetate, 20 mM PIPES, pH 6.8) with 1 mM PMSF and a protease inhibitor cocktail tablet (Roche,
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Cat# 11836170001). Spheroplasts were resuspended in 250 ul LB buffer with 1 mM PMSF, 1
protease inhibitor cocktail and 1% Triton-X, and incubated on ice with occasional mixing for 10
minutes. Samples (125 ul) were transferred to tubes labeled total fraction; the other 125 ul of
sample was transferred to tubes labeled chromatin fraction. Lysates in the chromatin fraction
tubes were centrifuged 15 min, 4°C, 5K RPM, and supernatants were transferred to tubes labeled
soluble fraction. Pellets in the chromatin fraction tubes were washed three times in 1 ml LB buffer
with 1 mM PMSF, 1 protease inhibitor cocktail and 1% Triton-X. Pellets were collected after
washes (5 min, 4°C, 5K RPM) and supernatants were aspirated. Chromatin fraction sample

pellets were resuspended in 125 ul LB buffer.
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Tables

Table 3.1: Strains Used in This Study. Related to STAR Methods

Name Genotype Reference
CEN.PK122-a | MATa MAL2-8c SUC2 (Pinel et al., 2011)
yaf9WB89A CEN.PK122-a (Klein et al., 2018)
yaf9A CEN.PK122-a yaf9::KanMX This study
htz.1A This study
W303-1B MATa ade2-1 canl1-100 his3-11,15 leu2- (Wallis et al., 1989)

3,112 trpl-1 ura3-1
esalE338Q W303-1B esal::K.LURA3 (Decker et al., 2008)

Table 3.2: Primers Used for RT-gPCR and ChIP-gPCR.

Related to STAR Methods

Name Genotype Reference
CLN3 GTGGCTGAGAGTTGAAGTTAGT | CTCAGCGATCAGCGAATACA
RPL18B TCACACTTCCAAGCAACACA GCACGCAACGATACTAAGACTG
MRPL10 ACTAGCGTAGCTGGTAACGA GACCACGCCCTGATGTCTTA
ACT1 TTCTGGTATGTGTAAAGCCGG CCATACCGACCATGATACCTTG
RPL4B -1 GCTAAGAACTGCACTGAAGGC TGTGGACGGGACATTATTATTGG
nucleosome
RPL4B +1 TCCCGTCCACAAGTTACTGT GTACCACCACCACCAACTCT
nucleosome
RPL4B 3’ CCTCCAAGGTCGGTTACACT CAAAGACCTTGGCGTAAGGG
SSC1 -1 GCTTACGGTGCGGTGTATAA GTCACTCTGGCAAAGGTTGG
nucleosome
SSC1 +1 GTCTAGCTCTTTCCGTATTGCC | TGGGTTCACTACGGCTTGAC
nucleosome
SSC1 3 TACAAGGTGGCGAAGAGGTT GCATTGTTGCCGTTGTTGTT
FBA1 -1 GCTTCAATTACGCCCTCACA CGCAAGGAAGAACAATAACTGAA
nucleosome
FBAl +1 TCTTAAAGAGAAAGACCGGTGT | AGAGATACCCTTACCAGCGA
nucleosome
FBA1 3’ TGGTTCCGGTTCTACTGTCC ACCTTCTGGGTTACCGACTG
TDH2 +1 TGCAAAGAAAGAACGTCGAAGT | TGGCGATCTTGTGACCATCA
nucleosome
PYC1 +1 GTCGCAAAGAAAATTCGCCG GTCAATGGCCAAATAAGCGC
nucleosome
HOM®6 +1 ACTAAAGTTGTTAATGTTGCCGT | GTCCTTGGAGATTAAAGAACGCT
nucleosome
TPI1 +1 GAACTTTCTTTGTCGGTGGTAAC | AAGTAGGTAGCTGGAGGACA
nucleosome
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Table 3.3: Distribution of Genes in the 4 Hierarchical Clusters Based on Their

Transcription Profiles Across the 5 Time Points

cluster 1 cluster 2 cluster 3 cluster 4 total/category
total
(82) (3102) (833) (104) genes (100%)
HOC
( 15%‘?';'33 79 (96%) 1086 (35%) 5 (0.6%) 0 (0%) 1170 0.779480346
LOC genes 0
(2309) 0 (0%) 910 (29 %) 704 (85%) 94 (90%) 1708 0.739714162
non-cycling
genes 2(2.4%) 1030 (33%) 109 (13%) 8 (7.6%) 1149 0.523701003
(2194)
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Figure Legends

Figure 3.1: Yaf9 and its YEATS Domain are Crucial for Proper YMC Progression

(A) Schematic representations of the Yaf9-containing SWR1-C and NuA4 complexes. (B)
Schematic representation of Yaf9. (C) Pull-down assays using histone H3 peptides and purified
GST-tagged Yaf9 with the indicated acylated or un-acylated peptides (residues 1-15 and 15-34
of the H3 tail). Bar graph underneath represents the quantitation of the pull-downs in which Yaf9
binding to H3K9ac or H3K27ac was normalized to 1.0 for comparison to other acylation
interactions. Standard deviation of independent triplicates is shown. (D) Growth of serially diluted
wild-type, yaf9wsea and yaf9A strains on media containing various genotoxic agents or glycerol.
(E) YMC profile for wild-type under 0.15% glucose. (F) YMC profile for yaf9wsea under 0.15%
glucose. (G) YMC profile for yaf94 under 0.15% glucose. (H) Overlapped YMC profile of wild-type
(black line) and yaf9wssa (blue line). The yaf9wsea Strain shows an average elongated YMC of 30

minutes per cycle.

Figure 3.2: H2A.Z and H4 Acetylation Oscillate Across the YMC and Their Levels are
Regulated by Yaf9-H3 Acyl Reading

(A) Nine YMC samples from wild-type and yaf9wssa Strains were collected to cover one complete
YMC cycle. The collecting times are indicated on the YMC profiles. A segment of a complete YMC
experiment of each strain is shown to demonstrate the collection strategy and the distance
between samples. (B) Immunoblots of wild-type and yaf9wsea YMC whole cell lysates with the
indicated antibodies (ac is acetylation; cr is crotonylation). Histones H2A, H3, H4 and G6PDH are
loading controls. (C) Overlapped wild-type (black line) and yaf9wssa (blue line) YMC profiles show
the collection strategy for comparing three distinct time points between the strains. Time points
(tp) 1 and 3 represent LOC phase samples, whereas tp2 represents the HOC phase. (D)
Immunoblots of wild-type and yaf9wssa YMC whole cell lysates to compare the time points

collected in (C). Corresponding time point samples of each strain were loaded next to each other.
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Histones H2A and H3 are loading controls. The blots presented are one of three independent
experiments. (E) Bar graph showing quantification of H2A.Z levels compared with H2A control
within the same time point of both strains. Error bars show standard deviation of three
independent experiments (P < 0.005). (F) Bar graph showing quantification of H4ac levels
compared with H2A control within the same time points for both strains. Error bars show standard

deviation of three independent experiments (P < 0.005).

Figure 3.3: Yaf9 Necessity Can be Bypassed Under Optimal Growth Conditions

(A) Western analysis of H2A.Z, H4ac and Yaf9 in wild-type, yafOW89A, yafoA, htz.1A (H2A.Z
delete) and esalE338Q (Esal catalytic-dead) strains in YPD. G6PGH and H3 and H2A were
used as loading controls. (B) Wild-type, yaf9W89A and yaf9A YMC samples, as well as samples
in batch YPD media, were subjected to chromatin association assays described for Figure 3.11.
The time points of the YMC samples were collected as described in Figure 3.2C. H2A and H3
were used as controls for chromatin fractions, G6PDH was used as a control for soluble fractions.

Total fractions were used as loading controls

Figure 3.4:The YEATS Domain of Yaf9 is Required for Precise Metabolic Gene
Transcription

(A-B) YMC traces corresponding to samples collected from wild-type and yaf9wsoa Strains for
RNA-Seq analysis. Biological triplicates of each YMC sample were collected from three
consecutive cycles. Time-point 3, which showed the greatest defect in gene expression from the
analyses, is highlighted in green background on both YMC traces. (C) Principal component
analysis of RNA-seq samples. Biological triplicates are shown for each time point. Each time point
is indicated by one color. Wild-type samples are represented by circles and yaf9wsea Samples are
represented by triangles. (D) Box plot of log2 fold change of SDE genes showing highest polar

distribution on time point 3. Time-point 3 is highlighted in green background. (E) DAVID functional
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annotation enrichment analysis of SDE genes at time-point 3. Enrichment is shown as -log10 p
value. (F) Volcano plots showing differences in gene expression between wild-type and yaf9wsoa.
Log2 fold expression change (x axis) and -log10 p value significance (y axis) displays upregulated
(red) sand downregulated (blue) genes in yaf9wssa. Unchanged genes are represented in black.

Time-point 3 is highlighted in green background.

Figure 3.5: Individual RT-qPCR Experiments Coincide with the RNA-seq Data

(A-B) Transcription patterns of two HOC genes and one LOC gene across YMC are plotted using
RNA-seq data for wild-type and yaf9wsea. RT-gPCR analysis of the same genes in wild-type and
yaf9wsen YMC samples performed with targeted primers. RT-gPCR transcription patterns are
plotted to compare with the RNA-seq graphs. SD shows technical triplicates. Actin was used as
the standard for signal normalization. HOC, high oxygen consumption LOC, low oxygen
consumption. (C) Unsupervised Hierarchical cluster analysis of RNA-seq gene transcription
(n=4121) based on log2(fpkm+1) showing four clusters. The clusters are shown in separate
heatmaps. Bars above heatmaps show metabolic phase and time points collected in the phase.
(D) Line plots showing the transcription trends of four gene clusters from hierarchical-clustering.
There are 4121 SDE genes, and the number of genes in each cluster is indicated. Wild-type
transcription trends are represented by red solid lines, and yaf9wsoa transcription trends are
represented by blue solid lines. The transcription trends represented by the solid lines are the
median centroids of each cluster. The transcription range of clustered genes is represented by

shaded area (red for wild-type and blue for yaf9wsos).

Figure 3.6: The YEATS Domain of Yaf9 is Required for Precise Metabolic Gene
Transcription
Transcription patterns of selected 3 HOC genes and 3 LOC genes across YMC are plotted using

RNA-seq data for wild-type and yaf9W89A. 3 non-cycling genes were plotted as controls.
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Figure 3.7: Yaf9 H3-acyl Reading is Required for Proper Deposition of H2A.Z and H4
Acetylation at Genes

Schematic representation of the locations of -1 nucleosome, +1 nucleosome and 3’ primers on
RPL4B, SSC1 and FBALl genes. Each gene was selected to represent its metabolic gene
category. (B-D) ChIP-gPCR analysis of H2A.Z, H4ac and Pol Il occupancy on all three loci of
selected genes. Standard deviation of technical triplicates is shown. YMC sample collection

strategy is consistent with Figures 3.4A and 3.4B.

Figure 3.8: H2A.Z, H4ac and Pol Il Occupancy Levels were Examined at the -1 Nucleosome,
+1 Nucleosome and 3’ End of Various of Genes

Schematic representation of the locations of -1 nucleosome, +1 nucleosome and 3’ primers on
RPL4B, SSC1 and FBALl genes. Each gene was selected to represent its metabolic gene
category. (B-D) ChIP-gPCR analysis of H2A.Z, H4ac and Pol Il occupancy on all three loci of
selected genes. Standard deviation of technical triplicates is shown. YMC sample collection

strategy is consistent with Figures 3.4A and 3.4B.

Figure 3.9: Yaf9-H3 Acyl Reading is Required for Proper Deposition of H2A.Z, H4
Acetylation and Pol Il at LOC Genes

(A) Schematic representation of the locations of +1 nucleosome primers on two selected LOC
genes TDH2 and PYCL1. (B) ChIP-gPCR analysis of H2A.Z, H4ac and Pol Il occupancy on +1
nucleosome loci of selected LOC genes. Standard deviation of technical triplicates is shown. The
Pol Il ChIP-gPCR was performed with a rabbit primary antibody gifted from Dr. David Gross. YMC

sample collection strategy is consistent with Figures 3.4A and 3.4B.
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Figure 3.10: Yaf9-H3 Acyl Reading is Required for Proper Deposition of H2A.Z, H4
Acetylation and Pol Il at Non-cycling Genes

(A) Schematic representation of the locations of +1 nucleosome primers on two selected non-
cycling genes HOM6 and TPI1. (B) ChIP-gPCR analysis of H2A.Z, H4ac and Pol Il occupancy on
+1 nucleosome loci of selected non-cycling genes. Standard deviation of technical triplicates is
shown. The Pol Il ChlP-gPCR was performed with a rabbit primary antibody gifted from Dr. David

Gross. YMC sample collection strategy is consistent with Figures 3.4A and 3.4B.

Figure 3.11: Histone-binding by Yaf9 is Required for SWR1-C and NuA4 Chromatin
Recruitment

(A-D) Immunoblots of chromatin and soluble fractions from chromatin association assays. Total
fractions are used as inputs. Levels of chromatin bound Yaf9, H2A.Z, H4ac, Eafl, Swrl, Taf3,
Taf4, Tafl2, and Tafl4 in wild-type and yaf9wsea YMC samples are shown in the chromatin
fraction blots. Histones H2A, H3 and G6PDH are loading controls. YMC sample collection strategy
of the three time points is consistent with Figure 3.2C. (E) Bar graphs showing quantitation of
chromatin bound Yaf9, H2A.Z, H4ac, Eafl, Swrl, and Tafl2 levels compared with their
corresponding total fraction counterparts. Wild-type normalized chromatin-bound protein levels
are indicated by red lines, and yaf9wsea normalized chromatin-bound protein levels are indicated

by blue lines. Error bars show standard deviation of three independent experiments (P < 0.005).

Figure 3.12: The Chromatin Association Assay Reduces Ability to Detect Chromatin-
Associated Factors

Samples collected from batch YPD media and wild-type YMC samples were subjected to TCA
protein extract. Another group of wild-type YMC samples were subjected to chromatin association
assays. The 3 time points of the YMC samples were collected as described in Figure 3.2C. The

levels of Yaf9, Pol Il, Bdf1/Bdf2, Taf12 and Rpb3 in the total fractions were then compared to the
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protein samples from the TCA experiments through western analysis. Histone H2A and G6PDH

were used as controls.

Figure 3.13: Model for Yaf9-H3 Acyl-binding Regulation of Precise Timing and Level of
Metabolic Gene Transcription

These studies define a function for Yaf9 and its YEATS domain in chromatin and metabolic gene
regulation. During respiration and oxidative metabolism, in which levels of acetyl-CoA and histone
acetylation are high (the high oxygen consumption phase; HOC), we found that Yaf9, by its
reading of H3 acetylation, was required for the timely recruitment of SWR1-C and NuA4 that
increase H4 acetylation and H2A.Z deposition. This phase is associated with high levels of histone
acetylation-driven recruitment of bromodomain factors that include Brd1l/Brd2 and other
chromatin and pre-initiation machinery (e.g., TFIID). But this phase also results in reduced Pol Il
levels at genes. In contrast to the HOC phase, and as cells metabolically cycle into the reductive
and low oxygen consumption phase (LOC), the production of acyl-CoAs is increased (e.g., histone
crotonylation (cr)), and overall histone acetylation levels are dramatically reduced. Absence of
histone acetylation results in reduced recruitment of Yaf9 and its associated complexes but allows
for increased occupancy of Pol Il at genes compared with occupancy in the HOC phase. The
function of anti-corelated levels of Pol Il and H2A.Z/H4ac across the YMC is not yet understood.
Altogether, these findings reveal an unexpected cycling of chromatin and transcriptional initiation
machinery at distinct metabolic states that likely underpins how cells precisely regulate

transcription programs during nutrient flux.
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Figures

Figure 3.1: Yaf9 and its YEATS Domain are Crucial for Proper YMC Progression
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Figure 3.2: H2A.Z and H4 Acetylation Oscillate Across the YMC and Their Levels are

Regulated by Yaf9-H3 Acyl Reading
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Figure 3.3: Yaf9 Necessity Can be Bypassed Under Optimal Growth Conditions
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Figure 3.4: The YEATS Domain
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Figure 3.5: Individual RT-gPCR Experiments Coincide with the RNA-seq Data
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Figure 3.6: The YEATS Domain of Yaf9 is Required for Precise Metabolic Gene

Transcription
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Figure 3.7: Yaf9 H3-acyl Reading is Required for Proper Deposition of H2A.Z and H4

Acetylation at Genes
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Figure 3.8: H2A.Z, H4ac and Pol

Il Occupancy Levels were Examined at the -1

Nucleosome, +1 Nucleosome and 3’ End of Various of Genes
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Figure 3.9: Yaf9-H3 Acyl Reading is Required for Proper Deposition

of H2A.Z, H4
Acetylation and Pol Il at LOC Genes
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Figure 3.10: Yaf9-H3 Acyl Reading is Required for Proper Deposition of H2A.Z, H4

Acetylation and Pol Il at Non-cycling Genes
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Figure 3.11: Histone-binding by Yaf9 is Required for SWR1-C and NuA4 Chromatin

Recruitment
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Figure 3.12: The Chromatin Association Assay Reduces Ability to Detect Chromatin-

Associated Factors
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Figure 3.13: Model for Yaf9-H3 Acyl-binding Regulation of Precise Timing and Level of

Metabolic Gene Transcription
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CHAPTER 4 — CONCLUSIONS AND FINAL THOUGHTS

Phenotypical evidence provided by the yeast growth assay has the limitation that the
authentic functions and interactions of a protein could be bypassed by optimal growth conditions.
This means the acyl-lysine binding inhibited yaf9wsoea Strain might show stronger growth defects if
plated on nutrient-limiting plates containing genotoxic agents. The chemostat is the best
equipment to simulate wild yeast living environment. The synchronized YMC traces forced by the
nutrient-limiting conditions suggest that losing Yaf9 H3-acyl reading function disrupts proper YMC
progression. Combining with the surprising result of failed YMC in yaf9A, the phenotype of a 30
minutes YMC elongation in the pocket mutant strain highlights the importance of the H3-acyl
binding on yeast YMC progression under natural living habitat.

By utilizing the chemostat, we were able to discover the cycling patterns of H4ac, H2A.Z,
Pol Il and other transcription factors (Bdf1/2, TFIID and SAGA members) in synchronized yeast
cells. Other than Pal Il, the chromatin-bound levels of the rest share an identical cycling pattern,
as they gradually increase during the HOC phase until reaching the peak at the end of the HOC
phase, then decrease during the LOC phase. As a result, the transcription of genes involved in
high oxygen demanding processes is induced. This demonstrates that the high cellular acetyl-
CoA level from glycolysis limits the transcription timeframe for necessary and effective expression
of HOC genes. In stark contrast, the chromatin bound Pol Il levels were found to be cyclic as well,
but in an opposite manner. As shown in the ChIP data, chromatin-bound Pol Il reaches the peak
level during LOC phase, which coincides with the cycling pattern of cellular crotonyl-CoA level.
This suggests that the high cellular crotonyl-CoA from beta-oxidation pathways signals the end of
HOC phase and the beginning of induced transcription of genes involved in reductive processes.

Therefore, my work reveals a new regulatory system in yeast that compartmentalizes the
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transcription of metabolic-driven genes according to metabolic state. Yaf9's role in this regulatory
system is discovered from the delayed HOC gene transcription and decreased LOC gene
transcription in yaf9wsga strain. Our evidence shows that the YEATS domain pocket mutant,
unable to bind acylation, causes Yaf9 to relocate into the soluble fraction, resulting in
unsuccessful recruitment of NuA4 and SWR1-C complexes. Less chromatin bound NuA4 and
SWR1-C complexes lead to decreased H4ac and H2A.Z levels, which subsequently affects the
recruitment of transcription factors (Bdf1/2, TFIID and SAGA members). This series of events
argues that Yaf9 is the conductor of the regulatory system through its H3-acyl binding ability. As
our model illustrates, under nutrient-limiting conditions, Yaf9 predominantly binds to increased
H3K9ac in the HOC phase. NuA4 and SWR1-C are recruited by Yaf9, resulting in increased
chromatin-bound H4ac, H2A.Z and transcription factors. Due to the antagonist relation between
Pol Il and H2A.Z, less Pol Il is recruited. However, the amount of chromatin bound Pol Il is enough
to ensure HOC gene up-regulation. On the other hand, Yaf9 isn’t able to securely bind with
H3K9cr in the LOC phase. NuA4 and SWR1-C complexes are released from chromatin, resulting
in decreased chromatin bound H4ac, H2A.Z and transcription factors. In the end, H3K9cr
becomes the factor that promotes the release of chromatin bound H2A.Z, and thereby
collaborates with high level Pol Il to overcome the lack of transcription factors to ensure LOC gene
up-regulation. We propose that in wild-living yeast, Ya9 operates as a regulator to manage the
transcription of HOC and LOC genes, accordingly, reinforcing the important role of Yaf9 H3-acyl

binding in connecting cell metabolic state and gene transcription.

During the journey of studying Yaf9'’s role in metabolic-driven transcription, we discovered
a surprising characteristic of Yaf9, that is, the necessity of Yaf9 could be bypassed if yeast is
provided with optimal nutrient condition. The first piece of data supporting this theory was the
chromatin bound Yaf9 level compared between batch culture samples and YMC samples. We
found that all Yaf9 binds to chromatin in batch culture samples, while Yaf9 relocates into the

soluble fraction in YMC samples. This could be caused by limited acetyl-CoA in the YMC samples
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due to low glucose, but also suggests that wild yeast requires the proper amount of chromatin
bound Yaf9 to sense the equilibrium between histone acetylation and crotonylation. Optimal
nutrient condition provides constant high level of H3K9ac which prevents Yaf9 from leaving
chromatin and releasing NuA4 and SWR1-C. Therefore, nutrient-limiting conditions require Yaf9
to fulfill both roles of the 2-way regulatory system. Another set of evidence is comparing the global
H4ac and H2A.Z levels between batch culture samples of yaf9A strain and YMC samples of
yafOwsea Strain. Deleting Yaf9 does not affect the global levels of H4ac and H2A.Z in yeast living
in optimal nutrient condition. However, under nutrient-limiting conditions, yaf9wsga causes
significant decrease of global H4ac and H2A.Z levels. This suggests that Yaf9’s regulation on the
downstream products of NuA4 and SWR1-C complexes can be bypassed with optimal nutrient
condition. Together, our data demonstrate that the transcriptional regulatory functions of Yaf9 are
reveled under naturally occurring conditions, highlighting the importance of utilizing nutrient-
limiting conditions simulated by the chemostat to study the authentic functions and interactions of

protein subjects.

In summary, my work uncovers three major findings: 1) Yaf9 H3-acyl reading is essential
for proper YMC progression. 2) The 2-way regulatory system conducted by Yaf9, including the
recruitment of NuA4, SWR1-C and transcription factors (Bdf1/2, TFIID and SAGA) in HOC phase
and the substitution of Pol Il in LOC phase, is how metabolic state influences gene transcription.
3) yeast metabolism and the proteins involved in metabolic pathways need to be studied in
nutrient-limiting conditions simulated with a chemostat to avoid information bypasses from optimal

nutrient environment.

102



Final Thoughts

The project on the ability of Yaf9 to read acylations connects yeast metabolic state to gene
transcription was started two years ago. With the work coming full circle, there still are questions
left unanswered due to limited time. This is my opportunity to raise some of the questions and
propose feasible solutions for future students to continue the work.

First of all, it is important to utilize the Yarf9A strain to further specify the threshold of the
glucose concentration of the chemostat nutrient-limiting media. All the YMC experiments
mentioned in my work were performed within 0.1-0.2% glucose concentration. Under such
condition, we learned that Yaf9A strain fails to perform YMC. But an important observation is that
the YMC oscillation reappears after increasing the glucose input flow rate, suggesting that higher
glucose concentration could rescue the phenotype caused by deleting Yaf9. Since the functions
of Yaf9 only become essential under nutrient-limiting condition but could be bypassed in optimal
nutrient media. One possible explanation is that the low glucose concentration applied in the YMC
experiments had reached a threshold that made the deletion of Yaf9 intolerable. Increasing the
glucose concentration above the threshold could overcome the loss of Yaf9 functions. Therefore,
Yaf9A strain is the suitable tool to identify the glucose threshold that defines the importance of
Yaf9 functions. The reappearing of Yaf9A YMC also provides chances to collect yeast samples
for downstream experiments that were applied in previous chapters. It would be informative to
observe the cycling patterns of histone acylations and H2A.Z in Yaf9A YMC samples.

Second, even though we concluded that Yaf9 is essential for the proper recruitment of
NuA4 and SWR1-C complexes, the necessity of YEATS domain in bringing in all the subunits
remains a mystery. We learned that the shared anchoring module of NuA4 and SWR1-C consists
of Arp4/Actl/Yaf9/Swc4. Yaf9 and Swc4 interact with each other though their C-termini and form
a dimer. The rest of the module binds to the dimer which starts the recruitments of the complexes.
It would be interesting to add the Yaf9 YEATS domain onto Swc4 and determine if the partial

dimerization is still efficient enough to recruit Arp4 and Actl, and subsequently NuA4 and SWR1-
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C complexes. As a comparison to the complete deletion of Yaf9, whether the YEATS-Swc4 strain
can establish stable YMC oscillation under low glucose concentration is a subject that can help
us to understand the role of the YEATS domain in maintaining proper YMC when the nutrient
threshold is surpassed. Another idea to further study the specificity of Yaf9’s YEATS domain is to
switch the domain with Taf14’s YEATS domain. Since Taf14 is shown to preferably bind Kcr while
Yaf9 has higher affinity for Kac, switching their YEATS domains will reverse the binding
preference. The model we built in Chapter 3 could be challenged if Yaf9 does not leave chromatin
during the LOC phase due to its binding to Kcr. A possible outcome is that the transcription of
HOC genes during the oxidative phase does not drastically change. Because the 3-fold higher
level of acetyl-CoA than crotonyl-CoA in the cytoplasm bypasses the Kcr preference of mutated
Yaf9. However, the transcription of LOC genes could be negatively influenced. Unable to leave
chromatin, Kcr-bound Yaf9 keeps both NuA4 and SWR1-C complexes who subsequently
maintain high levels of H4ac and H2A.Z. The antagonistic relation between H2A.Z and Pol Il
prevents the later from binding to chromatin, which leads to down-regulated LOC gene
transcription. On the other hand, Tafl4-Kcr induced HOC gene down-regulation during the
reductive phase is likely disrupted if the YEATS domain binds to Kac with a higher affinity. It will
also be interesting to observe the YMC of the YEATS domain-switched strains. These hypotheses

aim to discover more details of YEATS domain proteins.
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