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ABSTRACT

ANALYZING THE IN VIVO ROLES OF HISTONE ACETYLTRANSFERASES
GCNS AND ESA1 IN RSC RECRUITMENT AND REMODELING ACTIVITY
GENOME-WIDE IN SACCHAROMYCES CEREVISIAE

by

Emily R. Biernat

Adviser: Chhabi K. Govind, Ph.D.

Transcription is important for gene expression and is a tightly-controlled process
involving multiple mechanisms of regulation, including regulation by chromatin
structure. Chromatin consists of nucleosomes, which are comprised of DNA wrapped
around histone proteins. Chromatin remodelers such as the Remodels the Structure of
Chromatin (RSC) complex play important roles in controlling DNA accessibility to the
transcriptional machinery and organizing chromatin throughout the genome. Mutations in
yeast and mammalian RSC orthologs have been linked to dysregulated cell cycle
progression, chromosome segregation, stress response, and developmental processes.

In this study, we investigated the mechanisms by which RSC associates with
chromatin on a genome-wide scale and the impact of disrupted RSC-chromatin
interactions on transcription. Previous studies have suggested that nucleosome acetylation
via histone acetyltransferases (HATs) may facilitate RSC binding to chromatin. To
explore this, we examined the effects of removing HATs GenS and Esal on RSC
occupancy. Surprisingly, our results revealed distinct effects of HAT loss on RSC
occupancy at promoters and gene bodies. In promoters, the loss of HATs increased RSC

A\



association with promoter nucleosomes, particularly in promoters containing partially-
unwrapped fragile nucleosomes. Additionally, we found that HAT-mediated acetylation
is crucial for maintaining nucleosome depletion at promoters. Conversely, HAT loss
decreased RSC occupancy in gene bodies of highly transcribed genes. This reduction in
RSC binding was dependent on histone tails, as cells lacking these tails also showed a
significant loss of RSC binding to gene bodies.

High-resolution mapping and analyses demonstrated that RSC-bound
nucleosomes, particularly in gene bodies, were highly accessible. Consistent with these
findings, loss of HAT functions resulted in widespread transcriptional changes, impacting
both transcription initiation and elongation. This work provides valuable insights into
how HAT-mediated histone modifications regulate RSC association with chromatin and

the consequent impact on global transcription.
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CHAPTER ONE

INTRODUCTION

1.1 Overview of Transcription

Transcription is critical for gene expression and for the viability of all organisms.
It is the cellular process in which ribonucleic acid (RNA) molecules are synthesized from
deoxyribonucleic acid (DNA) templates via RNA polymerase (Clancy, 2008; Greber and
Nogales, 2019). Many of the RNA products can be translated into proteins needed for
cellular function, while many of the non-coding RNA products are used to facilitate
translation and protein production (Avcilar-Kucukgoze and Kashina, 2020; Hoagland et
al., 1958; Karakas and Ozpolat, 2021; Loveland et al., 2017; Ramakrishnan, 2002).
Transcription is tightly regulated to allow for accurate gene expression, which is critical
for the development of an organism and for the rapid and appropriate response to
environmental changes within or outside of the organism. Dysregulation of transcription
has been linked to many developmental diseases and other diseases, such as cancer,
highlighting the importance of understanding this fundamental process. (Bradner et al.,
2017; Cox and Goding, 1991; Izumi, 2016; Liao et al., 2018; Loveland et al., 2017; Mark
and Rape, 2021; Sun et al., 2023; Wu et al., 2020)

1.1.1 RNA Polymerase is Required for Transcription

RNA polymerase is an essential enzyme complex that reads the DNA template
and transcribes it into RNA (Greber and Nogales, 2019). Even though RNA polymerase
is present in all organisms and even in some viruses (Greber and Nogales, 2019), the

composition of RNA polymerase tends to increase in complexity as lifeforms become
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more complex. For instance, viral RNA polymerases typically consist of a single subunit,
whereas prokaryotic RNA polymerases generally are composed of 5 subunits (Minakhin
et al., 2001). These five core subunits are conserved in eukaryotic RNA polymerases,
which can harbor up to 12 additional subunits (Ehara et al., 2017). Additionally,
eukaryotic cells utilize three distinct polymerases that produce different RNA products
(Roeder and Rutter, 1969, 1970; Sklar et al., 1975). RNA polymerase I (Pol I)
synthesizes ribosomal RNA (rRNA) precursors, which are later processed into the
25S/288S, 18S, and 5.8S rRNA molecules, while RNA polymerase III (Pol III) is
responsible for synthesizing 5S rRNA, transfer RNAs (tRNAs) involved in translation,
and small non-coding RNAs (snRNAs) (Roeder and Rutter, 1970; Weinmann and
Roeder, 1974). RNA polymerase II (Pol II) produces the messenger RNAs (mRNAs) that
are later translated for protein synthesis and is the polymerase responsible for transcribing
the ~6000 protein-coding genes in Saccharomyces cerevisiae, commonly known as
budding yeast. These three eukaryotic polymerases are highly conserved from yeast to
humans and are essential for the viability of organisms.

Despite the variation in subunit composition, the basic process of RNA synthesis
is highly conserved in prokaryotes and eukaryotes. With the help of different factors,
RNA polymerase binds to the template DNA strand. Helicase activity by one of the
transcription factors melts 10-15 base pairs of DNA in an ATP-dependent manner to
form a transcription bubble, in which the template strand will be free to hybridize with
the complementary RNA strand that will be transcribed. The template strand is fed
through the polymerase's active site, and ribonucleotides (rNTPs) access the active site

via a separate channel. The rNTPs are incorporated into the RNA strand as the
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polymerase catalyzes the formation of phosphodiester bonds between the INTPs, where
the 3’ hydroxyl of the previously-added rNTP on the RNA strand undergoes nucleophilic
attack by the a-phosphate of the INTP to be added to the strand. The 3 and y phosphates
of the newly-added rNTP are released as pyrophosphate (PPi). The RNA polymerase then
repeats this process of INTP incorporation, synthesizing an RNA strand complementary
to the template strand in the 5° — 3’ direction until the RNA polymerase encounters

elements that cause it to disassociate from the template DNA, terminating transcription
(Cramer et al., 2001; Gnatt et al., 2001; Kaplan, 2013; Svetlov and Nudler, 2013).

1.1.2 General Structure of Fukaryotic Genes

The basic layout of transcribed genes in eukaryotes can be divided into three
regions, regardless of the RNA polymerase that transcribes them (Figure 1.1). The coding
sequence (CDS) or open reading frame (ORF) of a gene is the sequence that contains all
of the information required to synthesize the protein product and is part of the region
transcribed by RNA polymerase. Upstream of the 5° end of the coding sequence is the
transcription start site (TSS), where RNA polymerase begins synthesizing the RNA
strand. Approximately 35 bp upstream of the TSS lies the core promoter, which contains
the DNA elements necessary to recruit general transcription factors (GTFs) and RNA
polymerase to the gene to initiate transcription at a basal level. The terminator region is
located towards the end of the gene, downstream of the 3’ end of the CDS. It contains the
transcription termination site (TTS), where the RNA polymerase dissociates from the
DNA to end transcription. In addition to these three main areas of a gene, other genomic
features help regulate transcription or are important for processes downstream of

transcription. Upstream activating sequences (UAS; enhancers in higher eukaryotes)
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TSS TTS

Core

Promoter Coding Sequence (CDS) ]
UAS 5’- UTR 3' - UTR
\_'_J

Terminator
Region

Figure 1.1. Organization of a typical protein-coding gene. The core promoter of the
gene contains DNA elements that recruit transcription factors and RNA polymerase 11
(Pol IT) to the gene, which allows for the initiation of transcription. Proximal to the
promoter is the transcription start site (TSS), where transcription begins. Upstream of
the core promoter lies the upstream activating sequence (UAS), which contains DNA
elements that transcriptional activators and coactivators can recognize and bind to in
order to further enhance transcription. The Coding Sequence (CDS) is the sequence of
DNA that encodes for the protein. When the DNA from the CDS is transcribed into
mRNA, this region of the mRNA will be read by the ribosome and translated into
protein. In between the core promoter and the CDS is a stretch of DNA encoding for
the 5’°- untranslated region (UTR) that will be transcribed and processed to include the
5’- methyl guanylate cap, but does not encode for protein and is not translated.
Downstream of the CDS lies the terminator region that consists of the 3’ - UTR and
the transcription termination site (TTS). The 3’ - UTR also does not encode for protein
and includes the poly-A tail that is important for transcription termination.



are cis-acting elements in S. cerevisiae localized upstream of the core promoters of genes
(Butler and Kadonaga, 2002). Coactivators and other factors can bind to UASs to induce
gene transcription at a level higher than that of the promoter alone (Clancy, 2008; Hahn
and Young, 2011). Additionally, for protein-coding genes, there are untranslated regions
(UTRs) that flank the CDS of a gene. While these sequences, along with the CDS, are
transcribed to produce messenger RNA (mRNA), unlike the CDS of the mRNA, these
regions are not translated into protein but are instead post-transcriptionally processed
(Schuster and Hsieh, 2019). The 5° - UTR is capped with methyl guanylate and is
involved in translation initiation (Hinnebusch, 2014), whereas the 3’ - UTR includes the
poly-A tail (Tanguay and Gallie, 1996). Both UTRs are important for mRNA stability
(Leppek et al., 2018; Schuster and Hsieh, 2019; Tanguay and Gallie, 1996).

Even though this gene layout holds true for a majority of eukaryotic genes, it is
important to note that there are differences in the structures of genes transcribed by each
polymerase (Greber and Nogales, 2019). Indeed, there is even variation in structure
between protein-coding genes, and the majority of genes are unique in terms of structure.

1.2 The Stages of Pol II Transcription are Regulated by Cis- and Trans-Regulatory
Elements

The mechanisms by which Pol I, Pol II, and Pol III transcribe their respective genes are
distinct from one another (Arimbasseri et al., 2014; Paule and White, 2000). Nonetheless,
the process of transcription by these polymerases can be broken down into three basic
steps: initiation, elongation, and termination. Transcription initiation occurs when
transcription factors and RNA polymerase are recruited to the promoter to form the Pre-

Initiation Complex (PIC). During Pol II initiation, these recruited factors are called



general transcription factors (GTFs), but Pol I and Pol III utilize factors that are
structurally or functionally similar to GTFs (Vannini, 2013; Vannini and Cramer, 2012).
During the elongation phase, DNA in the coding sequence is unwound and RNA
polymerase synthesizes RNA complementary to the template DNA strand. Transcription
termination differs slightly between the three eukaryotic polymerases, but all involve a
termination site, dissociation of the polymerase, and release of the RNA transcripts.
Because the majority of S. cerevisiae’s genes (~6000 vs. 428 RNA genes) encode for
proteins and are transcribed by Pol II (Belda et al., 2019; Steinmetz et al., 2006), the
details of Pol II transcription and regulation of transcription will be discussed below.

1.2.1 Promoter DNA Sequences Regulate Transcription Initiation

The core promoters of Pol II-transcribed genes have been shown to contain up to
four characterized elements in yeast: the TATA-box, the TFIIB recognition element
(BRE), the initiator recognition element (Inr), and downstream core promoter element
(DPE) (Butler and Kadonaga, 2002; Roy and Singer, 2015; Weis and Reinberg, 1992).
These elements can appear in core promoters in varying combinations, but not one native
promoter contains all of them (Carninci et al., 2006; Sandelin et al., 2007). Historically,
yeast promoters have been assigned to one of two distinct classes based on the elements
present within the promoter, including the presence or absence of a consensus TATA
sequence (Huisinga and Pugh, 2004). Many Pol II promoters within S. cerevisiae lack a
TATA box. The TATA-box is the primary binding site for the TATA-binding protein
(TBP), a subunit of the transcription factor TFIID (Buratowski et al., 1989). Despite this,
TFIID can still be recruited to these promoters via the recognition of other elements and
factors interacting with those promoters (Cianfrocco et al., 2013; Patel et al., 2018; Pugh
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and Tjian, 1991) so that the recruitment of Pol II and other PIC components can still
occur. These genes are referred to as “TFIID-dominant” genes and are predominantly
housekeeping genes that are constitutively transcribed (Huisinga and Pugh, 2004). In
contrast, Pol II promoters containing more defined TATA-boxes are described as
“SAGA-dominant” genes, since these genes are more dependent on the SAGA
coactivator complex for initiation and show reduced levels of TFIID within their
promoters (Huisinga and Pugh, 2004). These genes are typically stress response genes
and their expression is highly regulated. Other researchers have attempted to classify
genes based on core promoter content and have found that other factors, such as the poly-
T content upstream of the transcription start site (TSS), can fine-tune promoter activity
(Lubliner et al., 2015). Overall, core promoter DNA elements impact the recruitment of
different factors to the promoter to regulate transcription initiation.

1.2.2 General Transcription Factors are Involved in Transcription Initiation

As stated above, transcription initiation of Pol II genes occurs when general
transcription factors (GTFs) bind to promoter DNA and interact with other GTFs to form
the Pre-Initiation complex (PIC) (Buratowski et al., 1989; Sainsbury et al., 2015). These
factors coordinate with each other in a step-wise fashion. Transcription initiation begins
when the TATA-binding protein (TBP) is recruited to the core promoter, either by itself
or as part of the TFIID complex (Cormack and Struhl, 1992). TFIID can also be recruited
to the core promoter via interaction with TFIIA (Lee et al., 2005; Verrijzer et al., 1995).
TBP binding bends the DNA at a 90° angle so that the minor groove is accessible to
TFIID binding (He et al., 2016), and the bound TFIID can then act as a platform for

TFIIB (Sainsbury et al., 2013). TBP can then bind to the C-terminus of TFIIB, and the N-
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terminus of TFIIB can interact with Pol II complexed with TFIIF. After TFIIF-Pol II
binds, TFIIE is recruited to the complex and recruits TFIIH (Li et al., 1994; Maxon et al.,
1994; Ohkuma et al., 1995). Once TFIIH binds, the PIC is fully assembled.

Up until the point of TFIIF-Pol II complex binding, the PIC is kept in a “closed
complex” configuration, where the DNA contained within the PIC is linear except for the
bend where it is bound by TBP (He et al., 2016). Structural studies of PIC have shown
that both TFIIB and TFIIF are critical for the transition of the PIC from the closed
complex to an “open complex,” where the DNA is separated into single strands at the
TSS and RNA synthesis can begin (Fishburn and Hahn, 2012; He et al., 2016; Treutlein
et al., 2012). TFIIE is also important in forming and stabilizing the initial transcription
bubble, along with TFIIB and TFIIF (Cabart and Luse, 2012; Grunberg et al., 2012). It is
important to note that, unlike Pol I and Pol III, Pol II requires ATP hydrolysis for the PIC
to transition from a closed to an open complex (Dvir et al., 1997b; Egly and Coin, 2011;
Kim et al., 2000; Rimel and Taatjes, 2018). TFIIH is a 10-subunit complex that contains
two ATP-dependent helicases (SsI2 and Rad3 in yeast), and the ATP hydrolysis activity
of Ssl2 is essential for promoter opening (Lin et al., 2005; Rimel and Taatjes, 2018).
After TFIIH binds, TFIIB, E, F, and H stabilize the PIC and facilitate the melting of DNA
surrounding the TSS (Fishburn and Hahn, 2012; Sainsbury et al., 2015). This induces a
conformational change in the complex and allows the template DNA to be properly
positioned in the active cleft of Pol II. At this stage, the PIC complex is now considered
to be an “open complex” (Conaway et al., 2000; Dvir, 2002; Dvir et al., 1997a; Dvir et
al., 1997b; Fishburn and Hahn, 2012; Grunberg et al., 2012; Sainsbury et al., 2013;
Spangler et al., 2001; Wang et al., 2003). The TFIIB core domain is now positioned
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differently than in closed complexes, and TFIIF is integral for this positioning (Fishburn
and Hahn, 2012; Treutlein et al., 2012; Vannini and Cramer, 2012). The B-reader loop of
TFIIB allows for the recognition of initiator sequences and the positioning of the TSS,
allowing RNA polymerase to begin RNA synthesis (Sainsbury et al., 2013).

In order for transcription elongation to occur, the initiated polymerase must be
released from the PIC and dissociate from the promoter. Termed promoter escape, this is
the rate-limiting step in elongation. TFIIB, TFIIF, and TFIIH (including its helicase
activity) are involved in promoter escape (Lin et al., 2005; Rimel and Taatjes, 2018; Yan
et al., 1999). When the RNA becomes longer than six nucleotides, the TFIIB B-reader
loop directs RNA to the exit tunnel of the PIC. When the synthesized RNA strand reaches
12-13 nucleotides in length, TFIIB is released from the transcription complex, which
facilitates the release of Pol II from the promoter to continue the elongation of the RNA
strand (Sainsbury et al., 2013). The helicase activity of TFIIH is also required for
promoter escape (Lin et al., 2005; Rimel and Taatjes, 2018), and TFIIF has been shown
to support TFIIH activity (Yan et al., 1999).

1.2.3 Coactivators Play a Role in PIC Formation

It has been shown that the binding of activators and co-activators such as
Mediator and SAGA to UASs signals the assembly of the PIC and enhances transcription
activation (Garcia-Molinero et al., 2018; Govind et al., 2005; Grunberg et al., 2016;
Larschan and Winston, 2001; Yarrington et al., 2020). Additionally, the core module of
SAGA is composed of TBP-associated factors (TAFs, also found in TFIID) and is
involved in PIC assembly by recruiting TBP to a subset of genes via the interaction of its
Spt3 and Spt8 subunits with TBP (Cheon et al., 2020; Sermwittayawong and Tan, 2006).
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Indeed, the process of transcription initiation, and transcription as a whole, is incredibly
complex, and researchers are still working to elucidate the precise mechanisms and
interactions of each factor involved.

1.2.4 Phosphorylation of the Pol II C-Terminal Domain is Required for Promoter
Escape and Elongation

Promoter escape and the transition from transcription initiation to elongation are
mediated by phosphorylation of the C-terminal domain (CTD) of Pol II. Pol II consists of
twelve subunits, including the largest subunit Rpb1 (Komarnitsky et al., 2000). Rpb1
possesses an unstructured CTD comprised of heptad repeats of the consensus sequence
Y1S2P3T4S5P6sS7. The number of heptad repeats contained within the CTD varies between
species, where the Pol II CTD of S. cerevisiae contains 26 repeats and the human Pol 11
CTD has 52 repeats (Buratowski, 2009; Egloff, 2012; Egloff and Murphy, 2008; Kim et
al., 2004). All CTD residues except the proline residues can be phosphorylated
(Buratowski, 2009; Kim et al., 2004; Komarnitsky et al., 2000).

Pol II is recruited to promoters in a hypophosphorylated state. After PIC
assembly, the Kin28 subunit of TFIIH phosphorylates Ser5 and Ser7 of the CTD before
the formation of the first phosphodiester bond in the RNA strand (Akhtar et al., 1996;
Bataille et al., 2012; Kanin et al., 2007; Smolle and Workman, 2013). The Ser5
phosphorylation allows Pol II to dissociate from the other transcription factors, escape the
promoter, and begin transcribing through the coding regions. Ser5 phosphorylation
(Ser5P) also facilitates the recruitment of cyclin-dependent kinases Burl/Bur2, which in
turn phosphorylate Ser2 of the CTD when Pol II is at the 5° ORF of the gene (Bataille et

al., 2012; Qiu et al., 2009). Additional Ser2P throughout the coding sequence is carried
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out by the kinase Ctk1 and is necessary for sustained Pol II elongation (Bataille et al.,
2012; Kim et al., 2010; Mayer et al., 2012; Mayer et al., 2010). Ser5P and Ser7P levels
peak at around the 5° end of the CDS and decrease towards the 3’ end of the gene, due to
dephosphorylation by Rtr1 and Ssu72 (Mosley et al., 2009; Werner-Allen et al., 2011),
while Ser2P levels are minimal at the 5’ and increase towards the 3’ end (Bataille et al.,
2012; Mayer et al., 2012; Mayer et al., 2010). Ser2P is regulated by phosphatase Fcp1,
which dephosphorylates Ser2P at the end of the gene and controls the rate at which Ser2P
accumulates throughout the gene (Bataille et al., 2012; Mayer et al., 2012; Mayer et al.,
2010). Additionally, Tyr1P has been shown to occur (Mayer et al., 2012), and its
dephosphorylation at the 3’ ends of genes by the CPF termination complex is needed to
recruit Pcf11 and Rtt103 for proper termination (Schreieck et al., 2014).

1.2.5 Multiple Trans-Acting Factors Regulate Transcription Elongation

Transcription elongation is a highly-regulated process controlled by multiple
factors, including general transcription factors TFIIF and TFIIS (Saunders et al., 2006).
In addition to promoter release, the phosphorylated Pol II CTD can act as a scaffold for
the recruitment of many different factors, such as the Elongator complex, Spt4/Spt5, and
Pafl, to fine-tune Pol II processivity (Jeronimo et al., 2013; Otero et al., 1999). The
Elongator complex was initially isolated as a part of an elongating Pol II complex and has
been shown to increase the catalytic rate of elongating Pol I (Luo et al., 2012; Otero et
al., 1999). Genetic screening studies revealed the interactions of Spt4/Spt5 with genes
involved in transcription elongation (Fish and Kane, 2002; Hartzog et al., 1998; Wada et
al., 1998), and Spt4/Spt5 has also been shown to affect Pol II processivity (Mason and
Struhl, 2005; Quan and Hartzog, 2010). Both the Elongation complex and Spt4/Spt5 are
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thought to facilitate elongation by reducing Pol II pausing or arrest in higher eukaryotic
organisms and possibly in S. cerevisiae, though polymerase pausing has not been
observed in the budding yeast (Bourgeois et al., 2002; Otero et al., 1999; Zhu et al.,
2007).

Pafl was identified as a Pol II-associated factor and was shown to facilitate
elongation in vitro and in in vivo reporter assays. It regulates elongation by mediating co-
transcriptional histone modifications of chromatin that Pol II encounters during
elongation to facilitate Pol II passage through the chromatin (Chu et al., 2007; Dover et
al., 2002; Krogan et al., 2003; Wood et al., 2003). Other factors such as the co-activator
SAGA also regulate the chromatin structure at a gene to control elongation. These factors
will be discussed in more detail in 1.3.5-1.3.9.

1.2.6 Factors that Regulate Transcription Termination

The RNA polymerase must dissociate from the template DNA after transcribing a
gene and release the RNA transcript to terminate the transcription process. While Pol I
and Pol III both recognize termination sites in the RNA and cleave the RNA to release
the transcript themselves (Braglia et al., 2005; Jeong et al., 1995), additional protein
factors are required for Pol II termination (Mischo and Proudfoot, 2013). Two major
complexes mediate mRNA transcript cleavage in S. cerevisiae. The cleavage factor 1
(CF1; composed of Rnal4, Rnal5, Pcfl1, Clpl, and Hrp1) and the cleavage and
polyadenylation (CPF) complexes bind to the poly(A) site in the pre-mRNA and pre-
mRNA cleavage is performed by the enzymatic activity of the CPF complex (Keller and
Minvielle-Sebastia, 1997). Termination of Pol II elongation is thought to be controlled by
the rate of elongation and the stability of the RNA/DNA hybrid within the complex
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(Mischo and Proudfoot, 2013). Elongation complexes tend to slow down when
encountering the poly-A signal on the mRNA due to the binding of factors to the Pol II
CTD that decrease the speed of elongating Pol II (Kim et al., 2004; Mayer et al., 2010).
The reduced elongation rate allows termination complexes to bind to the complex and act
on the nascent RNA. The stability of the RNA/DNA hybrid is thought to be regulated by
the binding of destabilizing factors. Ratl and Pcfl1 are being studied as destabilizing
factors, as mutations in these proteins cause termination defects, and Ratl and Pcfl1
homologs have been shown to destabilize RNA/DNA hybrids in other organisms
(Grzechnik et al., 2015; Mischo and Proudfoot, 2013). Sen1 is also a good candidate for
RNA/DNA hybrid destabilization, as Senl has been shown to restrict the occurrence of
RNA/DNA hybrids by preventing R-loop accumulation created by the hybrids (Mischo et
al., 2011). However, it has also been shown that, unlike CF1 and CPF, Ratl does not act
at all genes (Dhoondia et al., 2021), suggesting that other destabilizing factors have yet to
be identified.

1.3 Chromatin Structure Plays a Crucial Role in Regulating Transcription

1.3.1 Genomic DNA is Packaged into Chromatin

Eukaryotic DNA within the nucleus is packaged into chromatin. The fundamental
unit of chromatin is the nucleosome, which consists of ~147 bp DNA wrapped 1.67 times
around an octamer of histone proteins composed of two copies each of histone proteins
H3, H4, H2A, and H2B (Luger et al., 1997a; Luger et al., 1997b). Each histone protein
consists of a globular C-terminal body that interacts with other histone proteins and an N-
terminal tail that extends from the body (Li, 1975; Wolffe and Hayes, 1999). The only
exception is the H2A protein, which also has a relatively short C-terminal tail extending
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from the globular body. Histones H3 and H4 dimerize with each other, and two H3-H4
dimers interact to form the H3-H4 tetramer of the nucleosome. X-ray crystallography has
shown that the central 80 bp of nucleosomal DNA interacts with the H3-H4 tetramer.
H2A and H2B form heterodimers with each other, and two H2A-H2B dimers bind to
each side of the tetramer to form the disk-shaped body of the nucleosome from which the
N-terminal tails can extend from the nucleosome body and interact with other factors
(Eriksson et al., 2012). Nucleosomes are stabilized by linker histone H1 and are
organized into repeating units on genomic DNA, with stretches of linker DNA separating
the nucleosomes. This state of uncondensed chromatin has been observed as the 10 nm
“beads on a string” motif, named for its appearance observed under an electron
microscope under low salt conditions (Li, 1975). In-vitro studies suggested that
chromatin condensed into higher-order structures at physiological conditions, forming 30
nm chromatin fibers and even fully-condensed chromosomes (Finch and Klug, 1976). In
vivo studies, however, suggest that chromatin compaction results from the association of
multiple 10 nm fibers with each other rather than the formation of higher chromatin
structures (Fussner et al., 2012; Pepenella et al., 2014; Razin and Gavrilov, 2014). The
regulation of chromatin structure is highly dependent on the life cycle of the cell, as well
as the type and severity of stress that a cell is exposed to (Govind et al., 2005; Shi et al.,
2021; Udvardy and Schedl, 1984; Xu and Zhu, 2010).

1.3.2 General Organization of Nucleosomes within a Typical Gene

Chromatin contained within a chromosome can be classified into euchromatin and
heterochromatin (Tamaru, 2010). Heterochromatin consists of highly-condensed

chromatin, is gene-poor, and is largely transcriptionally silent. In contrast, euchromatin is
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less condensed, transcriptionally more active, and contains more genes than
heterochromatin. In vitro assays in which nucleosomes were reconstituted on defined
stretches of DNA, as well as in vivo assays involving digestion of chromatin using
micrococcal nuclease (MNase), have provided researchers valuable insights as to how
nucleosomes are positioned at a typical gene (Jiang and Pugh, 2009; Krietenstein et al.,
2016). At the promoter, there is a region that is generally depleted of nucleosomes termed
the nucleosome-depleted region (NDR) or nucleosome-free region (NFR) (Cui et al.,
2012; Jiang and Pugh, 2009; Krietenstein et al., 2016). Two well-positioned nucleosomes
flank either side of the NDR and are defined as the -1 and +1 nucleosomes. The -1
nucleosome is positioned immediately upstream of the NDR, while the +1 nucleosome is
located downstream of the NDR, where the transcription start site (TSS) resides just
inside the nucleosome border (Jiang and Pugh, 2009; Tsankov et al., 2010). Nucleosomes
downstream of the +1 nucleosome (+2, +3, +4, and so on) are located in the coding
region of the gene (Jiang and Pugh, 2009; Krietenstein et al., 2016). Nucleosomes more
proximal to the TSS are evenly spaced apart, with stretches of linker DNA of equal
length separating them (Krietenstein et al., 2016). Farther down the gene, away from the
TSS, the nucleosomes become less well-positioned, with the linker DNA between them
consisting of varying lengths.

1.3.3 Nucleosomes are Important Regulators of Transcription

Initially, it was thought chromatin had little effect on regulating transcription and
other DNA-dependent processes. However, both in vitro and in vivo studies have shown
that nucleosomes inhibit transcription (Knezetic et al., 1988; Lorch et al., 1987; Luse and
Jacob, 1987). At NDRs, the +1 nucleosome inhibits transcription initiation by occluding
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the TSS from Pol II (Jiang and Pugh, 2009; Oruba et al., 2020), and even though it has
been demonstrated in vitro that Pol II is capable of transcribing through an individual
nucleosome (Kireeva et al., 2002; Kulaeva et al., 2013), each nucleosome within the
coding sequence (CDS) of a gene can act as a physical barrier to transcribing polymerase
(Knezetic et al., 1988; Knezetic and Luse, 1986). Additionally, nucleosomes within the
promoter have been shown to block other transcription factors from binding to their
recognition sequences, inhibiting transcription initiation (Hieb et al., 2014). While the
impact of nucleosomes on transcription has been extensively studied, nucleosomes are
also inhibitory to other DNA-dependent processes. In particular, nucleosomes can also
act as barriers to the machinery involved in DNA replication, and many of the same
factors involved in regulating chromatin structure during transcription are also involved
in replication (Lai and Pugh, 2017).

1.3.4 Trans-Acting Factors Tightly Regulate the Dynamic Organization of Chromatin

Similar to the thought that nucleosomes played no role in transcription initiation,
researchers originally proposed that nucleosomes were static entities within the genome
whose positions remained largely unchanged during DNA-dependent processes. Current
studies have proven this notion as demonstrably false, as nucleosomes have to be evicted
from the DNA, moved along the DNA strand, or otherwise altered to facilitate PIC
assembly and Pol II traversal along the DNA (Clapier and Cairns, 2009; Clapier et al.,
2016). Additionally, nucleosomes must either be replaced or returned to their original
positions/composition to prevent cryptic transcription of naked DNA left after Pol 11
passage (Schwabish and Struhl, 2004).

The histone proteins within nucleosomes contain unstructured N-terminal tails
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(NTTs) that protrude from the globular body of the nucleosome (Eriksson et al., 2012).
The residues of these tails can be post-translationally modified (PTMs) to include many
different marks, including acetylation, methylation, ubiquitination, phosphorylation, and
sumoylation (Figure 1.2) (Andrews et al., 2016; Bannister and Kouzarides, 2011; Jaiswal
et al., 2017; Jiang and Pugh, 2009; Li et al., 2007; Robzyk et al., 2000; Ryu et al., 2020;
Slaughter et al., 2021; Strahl and Allis, 2000). Three types of factors are involved in the
post-translational-modifications of histone proteins: writers, readers, and erasers (Xu et
al., 2017). Writers add these PTMs to residues within the histone proteins. Histone
acetyltransferases and histone methyltransferases are some of the most well-studied
writers, and they add marks of active or repressive transcription to histone residues
(Andrews et al., 2016; Briggs et al., 2001; Fuchs et al., 2009; Keogh et al., 2005;
Marmorstein, 2001). Readers such as chromatin remodelers can recognize these
modifications. They also function as effector proteins, where they act on the nucleosome
accordingly to alter its histone composition, slide the nucleosome on the DNA or remove
it completely (Carey et al., 2006; Lai and Pugh, 2017; Prajapati et al., 2020). Erasers can
remove the marks to change the factors that interact with the nucleosome or return the
nucleosome to its original composition or position (Xu et al., 2017). Histone
deacetylases, histone demethylases, and phosphatases are erasers that remove histone
acetylation, methylation, and phosphorylation, respectively (Rando and Winston, 2012;
Tu et al., 2007). The dynamic organization of the chromatin structure by these factors has
led to the proposal of a “histone code,” which postulates that histone modifications act as
a “code” and are deciphered by various factors to regulate chromatin structure (Jenuwein

and Allis, 2001; Strahl and Allis, 2000). Several of the major readers, writers, and erasers
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will be discussed in detail in sections 1.3.5-1.3.9.

1.3.5 Histone Methyltransferases Regulate Transcription by Methylating Histone Tails

Lysine and arginine residues within histone tails can be methylated in vivo
(Jaiswal et al., 2017). Histone methyltransferases (HMTs) catalyze the transfer of up to
three methyl groups to specific lysine and arginine residues on histone N-terminal tails
(NTTs). In eukaryotes, the location of the methylation and the number of methyl groups
added can indicate whether the modification marks transcriptionally active or repressive
chromatin. However, the indication is not as strong as the presence of acetylation. This is
because methylation was shown to be important in recruiting various factors to the
modified nucleosome, including those involved in either active or repressive transcription
(Fuchs et al., 2009).

Setl, Set2, and Dotl are the three known HMTs in S. cerevisiae. Setl is the
catalytic subunit of the COMplex of Proteins Associated with Set] (COMPASS) and is
responsible for the mono-, di-, and tri-methylation of the 4" lysine residue of the histone
H3 tail (H3K4; mono-, di-, and tri-methylation labeled as H3K4mel, H3K4me2, and
H3K4me3, respectively) (Briggs et al., 2001; Miller et al., 2001). H3K4me3 levels peak
near the 5° end of the ORF, while H3K4me?2 and H3K4mel are found further
downstream of the ORF, towards the 3’ end of transcribed genes (Liu et al., 2005). In
yeast, H3K4 methylation, especially trimethylation, can be a mark of active transcription,
though in some cases, H3K4 methylation is found in repressed genes (Ramakrishnan et
al., 2016). Setl recruitment requires the activity of several factors, including Pafl and
Burl, as well as several modifications such as Rad6/Brel-mediated H2B123
ubiquitination and phosphorylated Ser2 of the Pol II CTD (Dover et al., 2002; Krogan et
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al., 2003; Laribee et al., 2005; Rando and Winston, 2012; Sun and Allis, 2002; Wood et
al., 2003).

Set2 catalyzes the mono-, di- and trimethylation of H3K36 (Strahl et al., 2002). In
contrast to H3K4me3, H3K36me3 levels peak at the 3’ end transcribed ORFs and are
minimal at the 5° end (Krogan et al., 2003; Liu et al., 2005). Set2 recruitment is less
complex than Setl recruitment and is mediated by the phosphorylation of Ser2 of the Pol
IT CTD (Kizer et al., 2005; Xiao et al., 2003). Even though H3K36 di- and trimethylation
are found on transcriptionally-active genes, it has repressive functions. Consistent with
this, Set2 deletion results in increased histone acetylation and cryptic transcription within
ORFs (Carrozza et al., 2005; Govind et al., 2010; Joshi and Struhl, 2005; Kim and
Buratowski, 2007).

Dotl catalyzes H3K79 methylation, which is found throughout the coding regions of
genes (Rando and Winston, 2012). However, H3K79 methylation does not correlate with
active transcription and has been associated with transcriptional silencing of telomeres
(Takahashi et al., 2011). Like Setl, Dotl recruitment requires H2B123 ubiquitination,
Radé6, Pafl, and Brel (Briggs et al., 2001; Rando and Winston, 2012; Sun and Allis,
2002; Wood et al., 2003).

1.3.6 Histone Acetyltransferases Acetylate Histone Tails to Activate Transcription

Histone acetylation is generally considered a strong marker for active
transcription. Histone acetyltransferases (HATs) utilize acetyl CoA to catalyze the
transfer of the acetyl group to lysine residues present in both histone NTTs and in the
core body of histones (Marmorstein, 2001; Shahbazian and Grunstein, 2007). Histone

acetylation of NTTs is thought to promote transcription in two major ways. The first way
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involves the intrinsic charge of the acetylated residues. Lysine and arginine possess a
positive charge and are thought to interact with the negatively-charged nucleosomal DNA
to create a more compact, less accessible nucleosome. When these residues are
acetylated, the positive charges are neutralized, allowing the NTTs to interact less with
nucleosomal DNA (Berndsen and Denu, 2008; Lee and Workman, 2007). This results in
a more accessible nucleosome, where the NTTs are free to interact with and be modified
by other factors. The second way histone acetylation can promote transcription is by the
recruitment of other factors such as chromatin remodelers that can alter chromatin
structure and promote transcription (Carey et al., 2006; Hassan et al., 2007; Lai and Pugh,
2017; Spain et al., 2014).

Histone acetyltransferases can be divided into two major families based on the
sequence similarities between the family members (Berndsen and Denu, 2008;
Marmorstein, 2001). The GNAT (GcenS-related-N-acetyltransferase) family is a
functionally-diverse family that shares limited sequence homology in their conserved
HAT domains, termed motifs A, B, C, D, and generally contain an acetylation-binding
bromodomain in addition to their HAT domain (Berndsen and Denu, 2008; Neuwald and
Landsman, 1997; Roth et al., 2001). This family includes GenS, Elp3, Hpa2, and Hatl in
yeast (Marmorstein, 2001; Neuwald and Landsman, 1997). The MYST (MOZ-
Ybf3/Sas3-Sas2-Tip60) family is composed of Sas2, Sas3, and Esal in yeast, and its
members are characterized by the presence of a methylation-binding chromodomain and
a Zinc finger domain (Marmorstein, 2001). Several MY ST members, including Esal,
contain motif A in their HAT domains (Marmorstein, 2001). Both GNAT mad MYST
family members have been shown to regulate transcription. For instance, Elp3 is part of
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the Elongator complex, and the Elongation complex has been shown to possess HAT
activity important for the removal of histones in front of the elongation polymerase
(Dauden et al., 2017; Winkler et al., 2002). Gen5 and Esal have also been shown to be
important for transcription and will be discussed below.

S. cerevisiae also contains two other HATs that are not easily classified into either
HAT family. Rtt109 is a fungal-specific HAT that has been shown to acetylate H3K56 in
a manner that is stimulated by the histone chaperone Asfl (Lercher et al., 2018), and is
also found at transcriptionally active genes (Schneider et al., 2006). H3K56 acetylation is
important for DNA replication and surviving replication stress (Voichek et al., 2016).
The Tafl subunit of TFIID also shows HAT activity in vitro, but in-vivo studies have
suggested that this activity is relatively minor (Durant and Pugh, 2006; Hilton et al.,
2005).

General Control Non-repressible 5 (GenS) is a member of the GNAT family of
HATs and is the major H3 HAT in S. cerevisiae (Carre et al., 2005; Haque et al., 2021). It
can associate with TAFs and other factors to become part of the Spt-Ada-Gcen5
acetyltransferase (SAGA) and Ada2/Gen5/Ada3 (ADA) complexes, which influence the
specific lysine residues that GenS will acetylate (Carre et al., 2005; Cheon et al., 2020;
Eberharter et al., 1999; Haque et al., 2021; Marmorstein, 2001). For instance,
recombinant GenS has been shown to preferentially acetylate H3K 14, but will also
acetylate H4K8 and H4K 16. However, GenS that is present within the SAGA complex
will acetylate lysine residues at positions 9, 14, 18, and 23 of histone H3, as well as
residues on H2B (Cheon et al., 2020; Marmorstein, 2001). Likewise, GenS present within

the Ada complex will acetylate the same residues as Gen5/SAGA, except for H3K9
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(Eberharter et al., 1999). In addition to histone acetylation, Gen5 has been shown to
acetylate other proteins such as the Rsc4 subunit of the chromatin remodeler RSC and
contains a bromodomain, indicating that acetylation may play a role in recruiting Gen5
(Marmorstein, 2001; VanDemark et al., 2007).

GcenS plays a major role in transcription regulation. It has been found in the
promoters and CDSs of many genes (Govind et al., 2007; Pascual-Garcia et al.; Robert et
al., 2004) and has been shown to aid in the recruitment of TBP, Pol II, and other co-
activators (Geng and Laurent, 2004; Qiu et al., 2004; Robert et al., 2004), possibly by
being complexed with the multi-subunit, multi-functional SAGA co-activator complex.
The 19-subunit SAGA complex has been extensively studied and is a major player in
transcription (Chen and Pugh, 2021; Cheon et al., 2020; Huisinga and Pugh, 2004). It
regulates transcription elongation in the GALI gene by H3 acetylation to promote histone
eviction, recruits TBP and other co-activators to promoters via interactions with its
subunits such as Tral, and is involved in recruiting Ctk1 to promote elongation via the
deubiquitination of H2B by its subunit Ubp8 (Cheung and Diaz-Santin, 2019; Govind et
al., 2007; Wyce et al., 2007). GenS can also be part of the ADA complex, which is
smaller compared to SAGA and lacks several activities that SAGA possesses, such as the
deubiquitination of other proteins (Cheon et al., 2020; Eberharter et al., 1999). It is
composed of 6 subunits, 4 of which are also found in SAGA, in addition to two subunits
(Achl and Ach2) that SAGA does not possess. Following the differences in structure, the
ADA complex has distinct protein interactions from SAGA. For instance, SAGA can
interact with S. cerevisiae transcription activators Gen4, Hap4, and Gal4 via the Tral
subunit (Cheon et al., 2020; Cheung and Diaz-Santin, 2019; Natarajan et al., 1998).
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However, the ADA complex cannot interact with Gen4 (Eberharter et al., 1999).

Esal (Essential Sas2-related Acetyltransferase 1) is a member of the MYST
family and is the only essential HAT to be discovered in S. cerevisiae (Smith et al., 1998;
Wang et al., 2018). While related MYST family member Sas2 (something about
silencing 2) can acetylate H4K 16, Esal is the only HAT with H4 as their primary target,
as Sas2 is unable to acetylate nucleosomal histones (Rando and Winston, 2012; Sutton et
al., 2003). In addition to H4, Esal can acetylate H2A and the histone variant H2A.Z
(Cheung and Diaz-Santin, 2019; Marmorstein, 2001; Noguchi et al., 2019). Like other
MYST family members, Esal contains a chromodomain that can recognize histone
methylation, though the exact residue is unknown (Kim and Buratowski, 2009). Esal is
generally found as the catalytic subunit to the 13-subunits Nucleosomal Acetylation of
H4 (NuA4) complex, though it can also exist in the smaller Piccolo subcomplex of NuA4
(Chittuluru et al., 2011; Wang et al., 2018). When Esal is present in the full NuA4
complex, it has a strong preference for acetylating H4, specifically residues at positions 5,
8, 12, and 16 (Marmorstein, 2001). Additionally, the Eaf3 and Yng2 subunits in the
NuA4 complex can recognize H3K36 methylation and K3K4 methylation, respectively
(Kim and Buratowski, 2009). Thus, H3 methylation may serve as a possible mechanism
for NuA4 recruitment. The Piccolo subcomplex is the HAT module of NuA4, which
contains additional modules and has been shown to make direct contact with the
nucleosome (Chittuluru et al., 2011). NuA4 is critical for transcription. Like SAGA,
NuA4 has also been shown to promote transcription elongation in GAL1, as it is required
for H4 acetylation and nucleosome eviction (Ginsburg et al., 2009; Govind et al., 2007).
Additionally, the TINTIN module of NuA4 interacts with phosphorylated Pol II and is
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important for elongation (Ginsburg et al., 2009; Wang et al., 2018). NuA4 also contains a
Tral complex that is important in recruiting NuA4 to promotors and for NuA4 interaction
with other transcriptional activators (Cheung and Diaz-Santin, 2019; Ginsburg et al.,
2009; Wang et al., 2018). NuA4 has also been implicated in DNA replication and repair,
as cells containing mutations in Esal or Eafl (NuA4 subunit) are susceptible to DNA
damaging agents, and Esal is required for repairing double-stranded breaks in DNA via
the homologous recombination and non-homologous end-joining pathways (Cheung and
Diaz-Santin, 2019; Noguchi et al., 2019). Furthermore, Eafl interacts with the Swil-Swi3
replication fork protection complex in the fission yeast Schizosaccharomyces pombe and
is thought to repair broken DNA replication forks (Noguchi et al., 2019).

Both Gen5 and Esal have been shown to recruit chromatin remodelers such as
SWI/SNF and RSC to both the promoters and coding sequences of genes (Ginsburg et al.,
2009; Qiu et al., 2016; Spain et al., 2014; Zheng et al., 2023). These chromatin
remodelers profoundly impact chromatin structure and can position or evict nucleosomes
to allow for PIC assembly and Pol II transcription. These complexes will be discussed in
more detail in 1.3.9, but nevertheless, highlight the importance of acetylation and HAT
complexes in fine-tuning transcription.

1.3.7 Histone Deacetylases Remove Acetylation to Control Transcription

Histone acetylation is a mark of active transcription whose presence facilitates
transcription, and the regulation of acetylation marks on genic nucleosomes is critical for
fine-tuning transcription and gene expression. For instance, during elongation, HATs are
thought to acetylate nucleosomes in front of Pol II and these nucleosomes are then
remodeled to facilitate Pol II passage (Govind et al., 2010; Spain and Govind, 2011).
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However, once Pol II has passed, if the acetylation is not removed, these nucleosomes
could still be recognized by remodelers and other bromodomain-containing factors,
resulting in the nucleosomes not being returned to their original position/conformation.
This would lead to increased levels of transcription and cryptic transcription at exposed
sites that resemble alternate TSSs (Carrozza et al., 2005; Kim et al., 2012; Lickwar et al.,
2009). Histone deacetylases (HDACs) remove acetylation and have two major roles in
transcription: they remove acetylation marks at promoters to promote gene repression,
and they deacetylate ORF nucleosomes that elongating Pol II has cleared, returning the
nucleosome to its pre-transcribed state (Rando and Winston, 2012). There are ten known
HDAC complexes present in S. cerevisiae that are divided into three major classes. Class
I HDAC:Ss include Rpd3, Hos1, and Hos2; Class II contains Hdal and Hos3; and Class III
consists of Sir2 and its homolog (Yang and Gregoire, 2005). Since Class I and Il HDACs
lack DNA binding activity, they depend on histone modifications and interactions with
other factors for their recruitment/activity (Yang and Gregoire, 2005). For instance, both
Rpd3 and Hos2 are recruited coding regions by the phosphorylated Pol II CTD, and both
require histone methylation for activity (Carrozza et al., 2005; Drouin et al., 2010;
Govind et al., 2010; Joshi and Struhl, 2005; Kim and Buratowski, 2009). However, Rpd3
requires H3K36 methylation (Carrozza et al., 2005; Joshi and Struhl, 2005; Keogh et al.,
2005), while Hos2 recognizes H3K4 methylation to deacetylate H3 and H4 residues (Kim
and Buratowski, 2009; Rando and Winston, 2012). Loss of both Rpd3 and Hos2 in cells
led to reduced histone occupancies in the coding region of ARG, suggesting that the
hyperacetylated histones remaining after HDAC loss are either efficiently recognized and

removed by bromodomain-containing remodelers or are inefficiently reassembled after
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Pol II passage (Govind et al., 2010). This, combined with the finding that loss of HDACs
results in cryptic transcription, highlights the strict mechanisms that regulate histone
acetylation and how acetylation can regulate transcription.

1.3.8 Histone Chaperones Regulate Chromatin Structure During and After
Transcription

The complex interplay between HATs, HDACs, HMTs, chromatin remodelers
(see 1.3.9), and other factors allow nucleosomes to be positioned for PIC assembly and
Pol II elongation regulation. During Pol II passage, nucleosomes can be evicted entirely
from the DNA or have dimers ejected to yield subnucleosomal particles (Cairns, 2007,
Carey et al., 2006; Kulaeva et al., 2013). These nucleosomes and histone proteins must be
replaced to restore the chromatin architecture to the state before transcription (Kaplan et
al., 2003; Schwabish and Struhl, 2004). Histone chaperones can interact with histones
and chromatin to facilitate histone eviction, deposition, and exchange (Eitoku et al.,
2008). Asfl, Napl, FACT, and Spt6 are all histone chaperones found in S. cerevisiae and
are conserved in higher eukaryotes. Histone chaperones can be found at promoters and
coding regions of a gene, and some have been shown to interact with Pol II, chromatin
modifiers, and remodelers (Avvakumov et al., 2011). Asfl binds both to promoters and
CDSs of genes (Schwabish and Struhl, 2004). It is required for promoter nucleosome
eviction during gene activation and is involved in H3 disassembly in CDSs of a large
subset of genes (Adkins et al., 2004; Korber et al., 2006; Schwabish and Struhl, 2004). In
contrast, Nap1 favors nucleosome assembly by disfavoring the excessive binding of
H2A-H2B to DNA (Andrews et al., 2010). It also associates with the chromatin

remodeler RSC, where RSC transfers histone octamers to Napl in a histone tail-
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dependent manner (Lorch et al., 2023). The FACT complex consists of two subunits,
Spt16 and Pob3 in yeast, and has important roles in both transcription initiation and
elongation, as FACT depletion leads to reduced Pol II levels genome-wide
(Belotserkovskaya et al., 2003; Pathak et al., 2018). Interestingly, the H3 tail contributes
to FACT recruitment to CDSs in a GenS-dependent manner (Pathak et al., 2018). While
the majority of recent studies have characterized the ability of FACT to reassemble
histones in the CDSs during transcription, earlier findings have suggested that FACT
might play a role in histone disassembly during transcription initiation via the eviction of
H2A-H2B (Belotserkovskaya et al., 2003). Spt6 is recruited to CDSs via the
phosphorylated Pol II CTD in a Burl-, Ctk1-, Hos2-, and Rpd3-dependent manner
(Burugula et al., 2014). It facilitates histone assembly in the wake of transcribing Pol II to
promote transcription and prevents cryptic transcription (Cheung et al., 2008; Ivanovska
etal., 2011; Kaplan et al., 2003; Pathak et al., 2018; Perales et al., 2013).

1.3.9 Chromatin Remodelers Regulate Chromatin Organization and Transcription

Chromatin writers and erasers coordinate with each other to tightly regulate the
marks that are present on histone residues. Still, they are generally not the factors that
directly move nucleosomes or alter the composition of histone proteins within the
nucleosome. Chromatin readers/effectors are the factors that recognize the marks on
histones and physically act on the nucleosome. One such type of effector protein is
chromatin remodelers, which utilize ATP hydrolysis to modify histone-DNA interactions
(Prajapati et al., 2020; Tyagi et al., 2016). There are four families of chromatin
remodelers: ISWI, CHD, INO80, and SWI/SNF. These complexes vary in composition,
with some consisting of only a single catalytic subunit while others contain up to 17
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subunits and several distinct modules (Prajapati et al., 2020). All remodelers contain a
catalytic subunit containing an ATPase domain, where the DExx and HELICc loops of
the ATPase domain are involved in DNA binding and ATP hydrolysis (Langst and
Manelyte, 2015; Prajapati et al., 2020). In addition to the ATPase domain, the catalytic
subunit of each family differs in the distinct domains that flank the ATPase domain
(Langst and Manelyte, 2015). As such, it is expected that each family recognizes different
nucleosomes and acts on their targets in a distinct manner.

Members of the Imitation SWltch (ISWI) family of remodelers contain HAND,
SANT, and SLIDE domains, in addition to their ATPase domains within their catalytic
subunits (Clapier et al., 2017; Langst and Manelyte, 2015). HAND, SANT, and SLIDE
domains have been shown to recognize nucleosome and inter-nucleosomal DNA (Clapier
et al., 2017). There are two members of the ISWI family in S. cerevisiae. Isw1 can exist
as two complexes termed ISW1a and ISW1b and contain 2 (Isw1 and loc3) and 3 (Isw1,
Ioc2, and Ioc4) subunits, respectively, whereas the ISW2 complex contains 4 subunits
(Isw2, Itcl, DIs1, and Dpb4) (Prajapati et al., 2020). In vivo, ISWI members have been
shown to regulate nucleosome spacing within coding sequences with respect to the +1
nucleosome, though ISW1 makes a stronger contribution to this than ISW2 (Ocampo et
al., 2016). Surprisingly, the loss of these factors results in minor effects on gene
expression, though the loss of ISW1 has been implicated in premature transcription
termination by Pol II (Ocampo et al., 2019; Prajapati et al., 2020). Additionally, ISW1 is
involved in the repression of certain stress response genes during normal growth
(Lindstrom et al., 2006), and ISW2 suppresses cryptic transcription (Whitehouse et al.,
2007).
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The Chromodomain-Helicase-DNA-binding (CHD) family members each contain
a pair of N-terminal chromodomains along with their ATPase domain in their catalytic
subunits, one of which has been implicated in recognizing H3K4 methylation (Langst and
Manelyte, 2015; Pray-Grant et al., 2005). However, studies of yeast Chd1 have not been
able to demonstrate this (Okuda et al., 2007; Sims et al., 2005). There is only one
member of the CHD family in budding yeast, a single-subunit protein termed Chdl
(Prajapati et al., 2020). Chdl1 is also involved in nucleosome spacing, where it may
coordinate with ISW1 to fine-tune this spacing (Ocampo et al., 2016). It has also been
suggested that ISW1 and Chd1 may prevent or resolve the formation of closely-packed
di-nucleosome structures (Ocampo et al., 2019). Chd1 also plays a role in transcription,
where it has been shown that Chdl1 associates with Pol II elongation factors and that
Chd1 suppresses cryptic transcription (Simic et al., 2003; Smolle et al., 2012).

There are two members of the INOsitol-requiring 80 (INO80) family in yeast:
INOS8OC and Swrl. Both members possess an N-terminal HSA domain that can interact
with actin-related proteins, as well as contain a long insertion in between the DExx and
HELICc domains of their ATPase domains (Langst and Manelyte, 2015; Prajapati et al.,
2020). Compared to the previously-discussed families, these complexes are large, where
INOS8OC is comprised of 14 subunits and Swrl is composed of 17 subunits (Prajapati et
al., 2020). Swrl can catalyze the exchange of a canonical H2A-H2B dimer with the
histone variant H2A.Z-H2B dimer (Lin et al., 2017). The +1 nucleosome is enriched for
H2A.Z, and +1 nucleosomes that contain H2A.Z are preferentially evicted from
promoters during gene activation, compared to +1 nucleosomes that contain H2A
(Santisteban et al., 2000; Zhang et al., 2005). Even though Swrl contains an ATPase
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domain similar to the INO80 complex (INOSOC), Swrl cannot mobilize nucleosomes in
the same manner as INOSOC (Lin et al., 2017). Swrl has also been implicated in
maintaining genome stability during DNA replication (Srivatsan et al., 2018).

The INO80 complex has been associated with a wide array of activities that
regulate chromatin organization on a gene, including nucleosome sliding, maintenance of
the NDR, and nucleosome editing (Prajapati et al., 2020; Qiu et al., 2020). INO8SOC is
important for the positioning of the -1 and +1 nucleosomes to maintain the NDR, where it
has been shown in vivo that cells lacking the INO80C catalytic subunit displayed +1
nucleosomes that were shifted downstream compared to nucleosomes in wild-type cells
(Qiu et al., 2020). Additionally, loss of INO8OC results in the shifting of nucleosomes
located downstream of the +1 nucleosome towards the TSS, shortening the spacing in
between nucleosomes (Udugama et al., 2011; van Bakel et al., 2013; Yen et al., 2012). It
has been found that INOSOC is required for nucleosome eviction at protomers of genes
induced by the transcriptional activator Gen4 and that this eviction can occur
independently of its role in H2A.Z editing (Qiu et al., 2020). Unsurprisingly, given that
cells lacking INO80C show defects in histone eviction, TBP is also reduced in INOSOC-
deficient cells, highlighting the role that INO80C plays in organizing promoter structure
to facilitate PIC assembly (Qiu et al., 2020). Interestingly, INO80C has also been shown
to restore promoter nucleosomes in osmotic stress response genes following the rapid
eviction of those nucleosomes in response to stress (Klopf et al., 2017), in contrast to its
role at other genes in promoting histone eviction. INO80C has also been implicated in
nucleosome editing, where it catalyzes the replacement of a histone variant H2A.Z-H2B
dimer with a canonical H2A-H2B dimer (Brahma et al., 2017; Clapier et al., 2017;
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Papamichos-Chronakis et al., 2011). It has been proposed that +1 nucleosomes
containing H2A.Z are inherently susceptible to eviction and that the removal of the
H2A.Z-H2B dimer by INOSOC renders the partially-disassembled nucleosome even more
susceptible to eviction (Lai and Pugh, 2017; Yen et al., 2013). However, other evidence
exists that conflicts with this hypothesis, including the finding that H2A.Z occupancies
did not change at promoters when the /NO80 gene was either deleted or the INOSOC
protein was depleted (Jeronimo et al., 2015; Tramantano et al., 2016; Wang et al., 2016).
RSC and SWI/SNF are part of the SWltching/Sucrose Non-Fermenting
(SWI/SNF) family of remodelers in S. cerevisiae. Members of this family contain an N-
terminal HSA domain and a C-terminal bromodomain in addition to their ATPase domain
within their catalytic subunits (Langst and Manelyte, 2015; Prajapati et al., 2020). These
protein complexes are also large, with the SWI/SNF complex containing 11 subunits and
the RSC complex containing 17 subunits (Langst and Manelyte, 2015; Prajapati et al.,
2020). Both remodeling complexes are composed of 3 modules: the ATPase module
containing the catalytic subunit (Sth1 in RSC or Snf2 in SWI/SNF), and ARP module
containing actin-related proteins (consists of Arp7, Arp9, and Rtt102 in both complexes),
and a body module (composed of various proteins that are distinct to each complex) (He
etal., 2021; Ye et al., 2019). RSC and SWI/SNF have semi-redundant functions. In-vitro
studies have shown that the ATPase of both RSC and SWI/SNF utilize ATP hydrolysis to
translocate DNA in order to slide and evict nucleosomes (Clapier et al., 2017; Harada et
al., 2016; Lorch and Kornberg, 2017; Saha et al., 2002). Additionally, both have been
shown to convert canonical nucleosomes into alternative conformation states, where the
conformations differ depending on the remodeler (Shukla et al., 2019; Shukla et al.,
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2010). Both interact with the -1 and +1 nucleosomes to maintain the NDR, where they
coordinate with other chromatin remodelers to properly position the -1 and +1
nucleosome (Ganguli et al., 2014; Rawal et al., 2018). When RSC or SWI/SNF have been
depleted in vivo, the -1 and +1 nucleosomes encroach into the NDR, resulting in
narrower NDRs than in wild-type cells (Ganguli et al., 2014; Klein-Brill et al., 2019;
Kubik et al., 2018; Rawal et al., 2018). This is opposite to what was seen in cells lacking
INOS8OC, indicating that the interplay between RSC and SWI/SNF with INOSOC is a
major contributor to +1 nucleosome positioning and NDR width (Qiu et al., 2020; Rawal
et al., 2022; Udugama et al., 2011; van Bakel et al., 2013; Yen et al., 2012). However,
RSC has been shown to maintain NDRs and regulate transcription at a global level,
whereas SWI/SNF has a more modest effect and is found in highly-expressed genes
(Rawal et al., 2018; Rawal et al., 2022). Additionally, RSC is essential in S. cerevisiae
while SWI/SNF is not (Cairns et al., 1996; Ganguli et al., 2014), indicating that RSC
performs critical roles that SWI/SNF is unable to recapitulate.

RSC and SWI/SNF complexes are highly conserved from yeast to humans and are
linked to various developmental disorders including neurodevelopmental and autism
spectrum-like disorders, as well as cancers (Bogershausen and Wollnik, 2018; Kadoch et
al., 2013). Genetic screening has revealed that over 20% of human tumors contained
mutations in the genes encoding for mammalian SWI/SNF complexes, making SWI/SNF
the most frequently mutated chromatin-related cancer genes (Kadoch et al., 2013). These
findings underline the importance of understanding the roles that SWI/SNF remodelers,
specifically RSC, play in cellular processes such as transcription, as well as elucidating

the impact on these processes when RSC function is impaired (Rawal et al., 2022).
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1.4 RSC is an Essential Remodeler Critical for Chromatin Structure and Transcription

1.4.1 Overview of the RSC Complex

The Remodels the Structure of Chromatin (RSC) complex is a 1.1 mega-Dalton
complex composed of 17 subunits and is the only essential chromatin remodeler in S.
cerevisiae (Cairns et al., 1996; Cairns et al., 1999). It was originally identified in early
biochemical studies based on the homology of its subunits to the closely-related
SWI/SNF complex (Cairns et al., 1996; Cairns et al., 1999). Four components of the
SWI/SNF complex, including the SWI/SNF catalytic subunit, were found to have
essential homologs, and these members were further characterized and found to be
members of the distinct RSC complex (Cairns et al., 1996; Laurent et al., 1992). In vitro,
RSC has been shown to slide and evict nucleosomes reconstituted on a DNA template
(Clapier et al., 2017; Harada et al., 2016; Lorch and Kornberg, 2017). RSC is important
for several DNA-dependent processes, including cell cycle progression and transcription
(Munoz et al., 2022; Munoz et al., 2019; Ocampo et al., 2019; Qiu et al., 2020; Van de
Vosse et al., 2013). RSC has been shown to regulate the transcription of various Pol II
and Pol III transcribed genes (Ng et al., 2002; Parnell et al., 2008; Qiu et al., 2020), and
mutations in RSC result in transcriptional defects of genes involved in mitochondrial
function, cell wall synthesis, metabolism, and stress response (Imamura et al., 2015;
Wilson et al., 2006). In humans and other mammals, mutations within the BAF and
PBAF complexes (mammalian RSC orthologs) are strongly correlated with such as
cancer, where it is thought that the misregulation of chromatin structure due to the loss of
RSC function results in aberrant gene expression, as well as defects in chromosome
segregation and repair of DNA damage (Bohm et al., 2021; Kadoch et al., 2013; Munoz
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et al., 2022; Pulice and Kadoch, 2016; Wagner et al., 2020).

1.4.2 RSC is a Large Complex that Contains Multiple Essential Subunits

RSC is a multi-subunit complex organized into three core modules: the ATPase
module, the Actin-Related Protein (ARP) module, and the body module (Patel et al.,
2019; Ye et al., 2019). The ATPase module consists of the catalytic subunit Sth1, which
is responsible for translocating nucleosomal DNA in an ATP-dependent manner (Clapier
et al., 2016). It is an essential subunit homologous to the SWI/SNF catalytic subunit Snf2
and contains a helicase-SANT-associated (HSA) domain, a SnAC domain that interacts
with the nucleosome, and a C-terminal bromodomain in addition to its ATPase domain
(Cairns et al., 1996; Cairns et al., 1999; Langst and Manelyte, 2015; Wagner et al., 2020).
The ARP module contains the HSA domain of Sth1, Rtt102, and actin-related proteins
Arp7 and Arp9. The Arp subunits interact with the HSA domain of Sth1 via Rtt102 to
regulate ATPase activity (Szerlong et al., 2008; Wagner et al., 2020). The body module
consists of Sth1, Rsc7, two copies of Rsc8, Rsc9, Rsc58, Rsc6, Rsc4, Rsc3, Rsc30,
Rsc14, Htl1, and either Rscl or Rsc2 (Patel et al., 2019; Ye et al., 2019). Rscl and Rsc2
are structurally similar and have semi-redundant functions, as loss of both subunits is
lethal, but cells survive when only one of these subunits is lost (Cairns et al., 1999).
These subunits contain tandem bromodomains and are mutually exclusive members of
the complex, resulting in two RSC complex variants within S. cerevisiae (Cairns et al.,
1999). The C-terminal tail of Sfh1 was found to contact the nucleosome opposite of the
Sth1 SnAC domain (Wagner et al., 2020). Rsc8 is a structural protein that contains DNA-
(SWIRM and zinc finger) and protein-binding (SANT) domains (Wagner et al., 2020). It
interacts with Sfh1 and Sth1 to form the core complex that is sufficient for remodeling

35



activity (Phelan et al., 1999). Rsc4 contains tandem bromodomains and is important for
the interactions between RSC and histone proteins, as well as with RNA polymerase
(Kasten et al., 2004; Soutourina et al., 2006; VanDemark et al., 2007; Wagner et al.,
2020). Rsc58 stabilizes the body module and also contains a bromodomain that attaches
to the top of the module (Wagner et al., 2020). Rsc3 and Rsc30 contain DNA-binding
domains and form a heterodimer important for efficient recruitment, though each subunit
may have distinct roles (Wagner et al., 2020). Rsc3 is essential and is important for
establishing NDRs and suppressing cryptic transcription from target promoters (Badis et
al., 2008; van Bakel et al., 2013). Additionally, the zinc-binding domain has DNA
binding capabilities and is thought to aid in recruiting RSC to chromatin (Angus-Hill et
al., 2001; Badis et al., 2008). Rsc30 is not essential; however, it is important in RSC
recruitment to double-stranded breaks to repair DNA damage (Shim et al., 2005). Rsc7
and Rsc14 stabilize Rsc3 association with the complex, with Rsc7 providing additional
structural integrity to the complex (Wilson et al., 2006) and Htl1 being important for
Rsc8 association with the complex (Florio et al., 2007; Wang and Cheng, 2012).

1.4.3 RSC is Important for Cell Cycle Progression

Sth1, Sth1, Rsc3/30, Rsc4, Rsc8, Rsc58, Rsc9, Rsc6, and Htll are all important
for mitotic cell cycle progression (Angus-Hill et al., 2001; Campsteijn et al., 2007; Cao et
al., 1997; Hsu et al., 2003; Romeo et al., 2002). Sth1 and Sth1 mutations are shown to
cause cell cycle arrest at the G2/M checkpoint (Cao et al., 1997), most likely due to
defects in chromatin remodeling around centromeres resulting in impaired kinetochore
function (Tsuchiya et al., 1998). G2/M arrest is thought to be mediated by the DNA

damage or spindle checkpoint pathways (Straight and Murray, 1997; Weinert and
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Hartwell, 1988). Sth1, Rsc3, and Rsc7 are important for the spindle checkpoint pathway
(Angus-Hill et al., 2001; Wilson et al., 2006). Depletion of Rsc8, Rsc9, Rsc58, and Rsc6
also induced cell cycle arrest at the G2/M checkpoint, with the loss of Rsc58 and Rsc8
also resulting in G1/S arrest (Campsteijn et al., 2007). RSC has also been implicated in
quiescence exit to promote re-entry into the cell cycle (Cucinotta et al., 2021) and
regulates cohesion loading to regulate sister chromatid cohesion (Munoz et al., 2022;
Munoz et al., 2019). Overall, these findings provide insight into the role of RSC in
regulating multiple stages of cell cycle progression.

1.4.4 RSC is Critical for Transcription Regulation

Genome-wide studies show that RSC is important for regulating the transcription
of both Pol II and Pol III genes (Ng et al., 2002; Parnell et al., 2008; Rawal et al., 2018).
RSC binds to and positions the -1 and +1 nucleosomes at the majority of genes and is
involved in the positioning of these nucleosomes to maintain NDR width (Ganguli et al.,
2014; Krietenstein et al., 2016; Rawal et al., 2018; Yen et al., 2012). Depletion of Rsc8 or
Sth1 results in the shift of +1 nucleosomes into the NDRs genome-wide, forming NDRs
that are narrower than their wild-type counterparts (Kubik et al., 2018; Ocampo et al.,
2019; Rawal et al., 2018; Yen et al., 2012). This NDR shift was associated with reduced
PIC assembly and transcription (Kubik et al., 2018; Rawal et al., 2018). Mutations in
RSC also corresponded to reduced Pol II and TBP levels at the promoter of the Gen4
target gene ARG, which is induced by the transcriptional activator Gen4 during amino
acid starvation (Govind et al., 2005). RSC was also shown to promote rapid transcription
upon quiescence exit, as RSC depletion resulted in a global decrease in Pol II loading at

promoters and Pol I accumulation at TSSs (Cucinotta et al., 2021). Furthermore,
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evidence suggests that RSC cooperates with other chromatin remodelers to regulate NDR
width at promoters. For instance, it was found that RSC cooperates with SWI/SNF to
evict promoter nucleosomes at a subset of highly transcribed genes (Rawal et al., 2018)
and that RSC and INOS80 act more broadly to position promoter nucleosomes at a
majority of genes (Qiu et al., 2020; Rawal et al., 2022). These findings highlight the role
RSC plays in regulating transcription initiation, though the exact mechanisms of these
processes are not well understood.

Recent evidence has implicated RSC in regulating transcription elongation. In
vitro, RSC promoted Pol II elongation through a nucleosomal template (Carey et al.,
2006). SWI/SNF, CHDI1, and ISW1 also stimulated elongation at far lower levels than
RSC, establishing RSC as the predominant remodeler during elongation. In addition to its
cooperation with histone chaperone Nap1 in nucleosome eviction (Lorch et al., 2023),
RSC was shown to coordinate with Nap1 in vitro to facilitate Pol II progression and to
maintain nucleosome density in the wake of transcribing Pol II (Kuryan et al., 2012). In
vivo, RSC has also been shown to localize to the transcribed coding sequences of Gen4-
activated genes in a SAGA- and NuA4-dependent manner, which led to reduced histone
occupancies across transcribed regions (Spain et al., 2014). RSC is also shown to be co-
transcriptionally recruited to coding regions of osmotic stress genes (Mas et al., 2009).
Cells deficient for both RSC and SWI/SNF displayed reduced Pol II occupancies at Gen4
targets under amino acid starvation conditions (Rawal et al., 2018; Spain et al., 2014).
Furthermore, depleting Rsc8 altered the Pol II distribution along coding regions (Ocampo
et al., 2019). Taken together, these results suggest that RSC promotes elongation, where
it might remodel nucleosomes immediately downstream of transcribing Pol II.
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1.4.5 RSC is thought to Interact with a Largely-Uncharacterized Complex within NDRs

Recent genome-wide studies using micrococcal nuclease (MNase) to digest
chromatin before sequencing have uncovered the existence of a previously
uncharacterized complex in the NDRs of ~1/3 of Pol II-transcribed genes (Kubik et al.,
2015). The signals for these complexes are detectable within NDRs when low amounts of
MNase are used to digest chromatin but are undetectable when higher MNase amounts
are used (Brahma and Henikoff, 2019; Kubik et al., 2015; Xi et al., 2011). Due to the
inherent susceptibility of the complexes to MNase, these complexes were termed “fragile
nucleosomes.” The exact characteristics of these complexes are unclear, other than they
are bound by RSC (Brahma and Henikoff, 2019), are found in genes that generally have
wide NDRs, and may be composed of 6 or 8 histone proteins (Klein et al., 2023). Studies
have purported to detect these nucleosomes both in S. cerevisiae and in mammalian cells,
where they are also present at sites specific to the transcription factor CTCF and interact
with mammalian IWSI (Brahma and Henikoff, 2019; Klein et al., 2023). However, the
nature and existence of these complexes are highly controversial, as some studies could
not detect the presence of histones at fragile nucleosome sites (Chereji et al., 2017). An
alternative explanation has been proposed that the signals at these NDRs originated from
a non-histone complex binding and stabilizing NDRs. Indeed, this is observed for tRNA
(Pol III) genes, which are characterized by a wide NDR occupied by a stable complex of
transcription factors (Nagarajavel et al., 2013). It could be that the fragile nucleosome
signal detected at fragile nucleosome NDRs could be due to the binding of Pol II
transcription factor or other general regulatory factors (Abfl, Rebl, Rapl; GRFs), which
bind to specific sequences within the promoter to regulate transcription. However, further
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research has shown that upon depleting these GRFs and other transcription factors, the
signal detected at NDRs did not change, or if it did, it was more likely due to the result of
NDR shrinkage, as GRFs have also been shown to help maintain NDR width (Kubik et
al., 2017). Nevertheless, the presence of RSC at these sites indicates a possible role for
RSC in interacting with these complexes, and further investigation is needed.

1.4.6 RSC is Recruited to Chromatin by Multiple Mechanisms

There is a body of evidence to suggest that multiple different mechanisms are
used to recruit RSC to its target nucleosomes. For instance, it has been shown that
transcription factors can interact with RSC to recruit it to promoter regions. RSC is
known to be recruited to the ARG promoter by interacting with the transcriptional
activator Gen4 (Swanson et al., 2003), and histone chaperone Rtt106 also recruits RSC to
the promoters of HIR-dependent histone genes (Ferreira et al., 2011). It was also
speculated that RSC could interact with GRFs to target promoters, but more recent
evidence suggests that RSC and GRFs are recruited independently to promoters but may
coordinate with each other to position the +1 nucleosome (Kubik et al., 2018). There is
also evidence that RSC can be targeted to coding sequences by ORF-specific factors.
RSC is shown to be recruited to osmotic stress response genes by interacting with the
MAP kinase and elongation factor Hogl (Mas et al., 2009). RSC may also be recruited to
its target genes by interacting with Pol II, as the Rsc4 subunit physically interacts with
Rpb3, a conserved subunit shared by the three eukaryotic RNA polymerase (Soutourina
et al., 2006; Spain et al., 2014). Furthermore, a small portion of the cellular pool of RSC
has been shown to interact with the hypophosphorylated Pol II CTD (Soutourina et al.,
2006). This specific interaction could allow RSC to be recruited directly to coding
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regions in a way that is not dependent on other coactivators and factors. However, it is
unclear if this is the predominant way RSC is recruited to coding regions.

In addition to the different factors that may recruit RSC to target genes, multiple
subunits within the RSC complex itself facilitate RSC recruitment to nucleosomes. For
instance, the zinc cluster DNA binding domains of Rsc3/Rsc30 have been implicated in
binding to CGCG motifs located in promoter regions (Badis et al., 2008; Wagner et al.,
2020). Rscl and Rsc2 possess A-T hook motifs that could stabilize RSC-DNA
interactions through their non-specific DNA binding activity (Cairns et al., 1999). Rsc8
may bind to DNA via its SWIRM DNA binding domain, and the SANT domain might
allow it to interact with histones and other proteins to be recruited to nucleosomes
(Wagner et al., 2020). Furthermore, poly(A) regions are thought to enhance RSC activity,
with the poly(A) orientation and position to both GC-rich motifs and GRF binding sites
influencing RSC activity (Kubik et al., 2018). However, it is still unclear if the poly(A)
sites recruit RSC directly and if any specific domains in RSC recognize this motif.

One type of domain of particular interest is the RSC bromodomains. There are
eight bromodomains present in 5 RSC subunits (2 in Rsc1, 2 in Rsc2, 2 in Rsc4, 1 in
Rsc58, and one in Sth1), meaning that there are six bromodomains present in any RSC
complex (Patel et al., 2019; Wagner et al., 2020). In vitro experiments have shown that
bromodomains have been shown to bind to acetylated lysine residues (Dhalluin et al.,
1999; Zeng and Zhou, 2002), RSC binds to acetylated nucleosomes, and that the presence
of HATs SAGA and NuA4 enhance RSC binding (Chatterjee et al., 2011; Hassan et al.,
2001). Interestingly, the second of the Rsc4 tandem bromodomains binds preferentially to
H3K14 (Kasten et al., 2004; VanDemark et al., 2007; Wagner et al., 2020), a known
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substrate of the SAGA HAT subunit GenS. Additionally, RSC has been shown to
physically interact with both Gen5 and Esal, the catalytic subunits of SAGA and NuA4,
respectively (Kasten et al., 2004; Mitchell et al., 2013; VanDemark et al., 2007). In-vivo
experiments have shown that RSC binds to coding sequences of transcribed genes in a
manner that is dependent on SAGA and NuA4 (Spain et al., 2014; Zheng et al., 2023).
Despite these insights into to possible roles of histone acetylation and HATSs in recruiting
RSC, the exact mechanisms behind these interactions, such as the individual
bromodomains involved in recognizing acetylated nucleosomes, are not completely
understood.

1.5 Significance and Specific Aims

The regulation of transcription is vital to the growth and overall health of all
organisms, as dysregulation has been linked to the development of various diseases
including developmental disorders and cancer. Transcription is tightly regulated by
multiple factors, including those that regulate chromatin structure. The Remodels the
Structure of Chromatin (RSC) complex is the only essential chromatin remodeler in
Saccharomyces cerevisiae and is important for regulating chromatin structure at a
majority of genes. It is highly conserved in eukaryotes, and mutations in human RSC
orthologs have been associated with multiple diseases, including autism spectrum
disorder and various cancers. At the cellular level, misregulation of chromatin structure
leads to the aberrant expression of genes involved in cell cycle progression, chromosome
segregation, and responses to DNA damage and other forms of stress. X-ray
crystallography, cryo-EM imaging, and in vitro and in vivo experiments have provided

insights into the overall structure of RSC, its activity, and how it is possibly recruited to
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chromatin. Despite these insights, the exact mechanisms by which RSC is recruited to
chromatin in vivo and how exactly RSC remodels nucleosomes within the cell are not
completely clear. The overall goal of this work focuses on how histone acetyltransferases
(HATS) possibly coordinate with RSC to regulate chromatin structure in the budding
yeast S. cerevisiae. S. cerevisiae has been used extensively as a model organism for
decades, as it is a relatively simple eukaryotic organism that can be used to generate
mutant strains quickly. Additionally, the mechanisms involved in regulating chromatin
structure and transcription are highly conserved from yeast to mammals, allowing
researchers to use findings uncovered in yeast as a blueprint to discover novel
mechanisms in mammalian cells. The specific aims of this project were to: 1) determine
the roles of RSC in remodeling nucleosomes in promoters and at coding sequences, ii)
determine the effects of histone acetyltransferases and histone acetylation on RSC
recruitment, and iii) determine the roles of HATs and RSC on transcription in vivo.
Through the experiments outlined in this proposal, this project shows that HATs,
especially Esal, modulate RSC association with promoter nucleosomes; that RSC-bound
nucleosomes are more accessible than canonical nucleosomes, indicating that these
nucleosomes are being remodeled; that genes thought to contain fragile nucleosomes
show stronger effects when RSC or HATs are lost than genes without fragile
nucleosomes; and that the loss of HATs or RSC correlates with defects in PIC assembly
and transcription. This information will provide a greater understanding as to how RSC
coordinates with HATs to regulate chromatin structure and transcription at a genome-
wide scale, shows possible RSC remodeling for the first time in vivo, and provides new

insights into the possible interactions between RSC and HATSs with fragile nucleosomes.
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CHAPTER TWO

MATERIALS AND METHODS

2.1 Yeast Strain Construction

All Saccharomyces cerevisiae strains used in this study are listed in Appendix A.
Sth1-myc tagged strains were generated as described previously (Longtine et al., 1998).
Briefly, the plasmids pFA6a-13Myc-His3MX6 or pFA6a-13Myc-TRP1 were used as a
template to PCR amplify the 13xMyc region using primers containing sequences
homologous to the regions flanking the stop codon of STHI. The amplified DNA was
used for transformation, and colonies were selected for on synthetic complete plates
deficient for histidine (SC/His") or tryptophan (SC/Trp~). Successful integration and
expression of the tagged Sth1 protein were determined by Western Blot using a primary
antibody specific to the myc tag. Mutants lacking the Sth1 bromodomain (sth!ABrD)
were generated and screened for as described above, with the exception that the forward
primer used was homologous to the sequence upstream of the region encoding
bromodomain of STHI, generating a myc-tagged Sth1 protein that also lacked its
bromodomain. The primers and plasmids used for PCR of all myc-tagged Sthl strains are
listed in more detail in Tables 2 and 3 of Appendix B. Y4810 (Sthi-AID) and Y4855
(sth1-KR) were kindly provided by Dr. Frank Uhlmann of the Francis Crick Institute in
London and are described in (Munoz et al., 2019).

2.2 Growth, Crosslinking, and Harvesting of Cell Cultures

Cells were grown in YPD at 30°C to an absorbance Agoo of 0.7-0.8 before being

crosslinked and harvested. Strains containing the temperature-sensitive £SA1 (L254P)
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allele were grown to an Aeoo of 0.6 before being heat-shocked at 37°C for 1 hour to
inactivate Esal before crosslinking and harvesting. Y4810 and Y4855 were grown in
Synthetic Complete media deficient for methionine (SC/Met-) to an Agoo of 0.7 before
being treated with methionine and 3-indole acetic acid (3-IAA, auxin) to repress
transcription of the endogenous Sth1 copy and to deplete any endogenous Sth1 present
due to leaky expression via auxin-induced degradation as described previously (Haruki et
al., 2008; Morawska and Ulrich, 2013; Munoz et al., 2019; Nishimura et al., 2009).
Briefly, methionine and 3-IAA were added to final concentrations of 250 uM and 500
uM, respectively, and cultures were incubated at 30°C for 1 hour before crosslinking and
harvesting. Spike-in was performed by growing Schizosaccharomyces pombe cells to an
Asoo of 10, then adding enough S. pombe to the S. cerevisiae cultures so that the final Aeoo
of S. pombe added would be 10% of the Asoo of S. cerevisiae. Spike-in was performed
after cell growth but prior to crosslinking and harvesting. Crosslinking was performed as
described previously: crosslinking solution (50 mM HEPES-KOH [pH 7.5], 1 mM
EDTA, 100 mM NaCl, 11% formaldehyde) was added to cultures to a final concentration
of 1% formaldehyde and the cultures were swirled to mix. Cultures were then incubated
at room temperature with intermittent shaking, and glycine solution was added to a final
concentration of 350 mM to quench the crosslinking. Cells were then collected via
centrifugation at 4000 rpm at 4°C for 5 mins, then washed twice with chilled 1X Tris-
Buffered Saline solution before being stored at -70°C until ready for sonication or MNase

digestion.
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2.3 Sonication of Crosslinked Chromatin

Crosslinked cell pellets consisting of ~100 ml of crosslinked cell cultures were
thawed on ice and resuspended in 500 ul of FA lysis buffer (50 mM HEPES-KOH [pH
7.5], 1 mM EDTA, 140 mM NaCl, 1% Triton X-100, 0.1% sodium deoxycholate)
containing protease inhibitors (Pepstatin, Leupeptin, and PMSF, added to final
concentrations of 0.729 mM, 1 pg/m, and 100 mM, respectively). 500 ul of acid-washed
glass beads were added to the resuspended cells and cells were disrupted for 45 mins in a
4°C cold room. The cell extracts were then collected by centrifugation at 1000 rpm at
4°C for 2 mins, then glass beads were washed with 500 pl FA lysis buffer, and the
washes were pooled with the collected cell extracts. The pooled extracts were centrifuged
at 4000 rpm at 4\C for 5 mins to collect the chromatin pellet. The pooled extracts were
then sonicated at 4°C using a Branson Sonifier set at 60% Duty Cycle and an Output
Control of 2 to shear the chromatin into smaller fragments. The chromatin was sonicated
for twelve one-minute cycles, where each cycle consisted of active sonication on ice for
30 seconds, followed by a 30-second rest period to prevent DNA degradation due to
friction-generated heat buildup. The chromatin was centrifuged at 15,000 rpm at 4\C for
30 mins, and the supernatant containing sheared chromatin was collected. 100 ul of
chromatin combined with 150 ul of Elution Buffer II (10 mM Tris-HCI pH 8.0, 1 mM
EDTA, 0.67% SDS) to generate an input for sonicated chromatin, which can be used to
check the extent of DNA shearing and to normalize sequencing data. Proteinase K
(Ambion, catalog # AM2546) was added to a final concentration of 0.4 mg/ml and the

inputs were incubated at 65°C overnight to reverse the formaldehyde crosslinks and
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degrade any remaining protein. Input DNA was then purified and collected as described
in 2.6. Sonicated chromatin was stored at 70°C until ready for chromatin
immunoprecipitation. Sonicated chromatin samples were prepared in replicates (either
duplicates or triplicates for each strain and treatment.

2.4 Digestion of Crosslinked Chromatin using Micrococcal Nuclease (MNase)

Crosslinked cell pellets consisting of ~100 ml of crosslinked cell cultures were
thawed on ice and resuspended in 500 pl of FA lysis buffer (50 mM HEPES-KOH [pH
7.5], 1 mM EDTA, 140 mM NaCl, 1% Triton X-100, 0.1% sodium deoxycholate)
containing protease inhibitors (Pepstatin, Leupeptin and PMSF, added to final
concentrations of 0.729 mM, 1 pg/m, and 100 mM, respectively). 500 ul of acid-washed
glass beads were added to the resuspended cells and cells were disrupted for 45 mins in a
4°C cold room. The cell extracts were then collected by centrifugation at 1000 rpm at
4°C for 2 mins, then glass beads were washed with 500 pl FA lysis buffer, and the
washes were pooled with the collected cell extracts. The pooled extracts were then
centrifuged at 4000 rpm at 4°C for 5 mins to collect the pellet containing the chromatin.
The pellet was then washed once with FA lysis buffer and once with NP-S buffer (0.5
mM spermidine, 0.075% IGEPAL, 50 mM NaCl, 10 mM Tris-HCI [pH 7.5], 5 mM
MgCl>, 1 mM CaCl) before being resuspended in 300 ul NP-S buffer containing 1 mM
of B-mercaptoethanol. 15 kU of micrococcal nuclease (MNase; Worthington
Biochemical, catalog # L.S004798) was added to the resuspended chromatin and the
chromatin was incubated at 30°C for 4 mins on a thermomixer set to 1100 rpm to

facilitate even distribution of MNase within the samples. The digestion was quenched by

47



adding EDTA to a final concentration of 15.7 mM and incubating the samples on ice for
10 mins. The samples were then centrifuged at 15,000 rpm at 4°C for 10 mins and the
supernatant containing the digested chromatin was collected. The pellet was then washed
with 300 pl NP-S buffer containing 0.2 mM SDS to collect any remaining digested
chromatin and centrifuged at 15,000 rpm for 10 mins at 4°C. The supernatant was then
collected and pooled with the previously-collected digested chromatin. 100 ul of
chromatin was combined with 150 pl of NP-S buffer, 2 ul of 0.5M EDTA, 4 ul of IM
Tris-HCI pH 8.0, 10 pl of 10% SDS to create inputs to be used to determine the extent of
MNase digestion and for data normalization. Proteinase K (Ambion, catalog # AM2546)
was added to a final concentration of 0.37 mg/ml and the inputs were incubated at 65°C
overnight to reverse the formaldehyde crosslinks and degrade any remaining proteins.
The input DNA was then purified and quantified to determine the extent of MNase
digestion (see 2.6) before being stored at -70°C. The MNase-digested chromatin was
stored at -70°C until ready to proceed with chromatin immunoprecipitation. MNase-
digested chromatin samples were prepared in replicates (either duplicates or triplicates
for each strain and treatment.

2.5 Chromatin Immunoprecipitation (ChIP) of Sonicated and MNase-Digested Chromatin

Chromatin immunoprecipitation was performed using a slightly modified protocol
(Govind et al., 2012). Dynabeads were washed twice with PBS containing 5 mg/ml BSA,
resuspended in 150 ul PBS/BSA, and conjugated with the appropriate antibody for three
hours at 4°C on a nutator. 60 ul of anti-mouse Dynabeads (Thermofisher Scientific,

catalog # 11-041) and 3.5 pl of anti-myc antibody (Roche, catalog # 11667203001) per
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ChIP were used for myc ChIPs, 50 ul of anti-mouse Dynabeads and 3 pl of anti-Rpb3
antibody (Neoclone, catalog # W0012) per ChIP were used for Rpb3 (Pol II) ChIPs, 40 pl
of anti-rabbit Dynabeads (Thermofisher Scientific, catalog # 11-204-D) and 2 ul of anti-
H3 antibody (Abcam, catalog # ab1791) per ChIP were used for H3 ChIPs, and 40 pl of
anti-rabbit Dynabeads and 0.5 pl anti-TBP antibodies (gift from Dr. Joseph Reese, Penn
State University) were used per ChIP for TBP ChIPs. After antibody conjugation, the
beads were washed twice with PBS/BSA. 60 pl of PBS/BSA and 40 pul of FA lysis buffer
were added to the beads and either sonicated or MNase chromatin was added to the
beads. For H3 ChIPs, 100 ul of chromatin per ChIP was used, 110 pl of chromatin per
ChIP was used for Rpb3 ChIPs, and 130 pl of chromatin per ChIP was used for TBP or
myc ChIPs. The antibody-conjugated Dynabeads were then resuspended in the chromatin
solution using a pipette and the conjugated beads were incubated with the chromatin on a
nutator at 4°C for either 3.5 hours for H3 or Rpb3 ChIPs or overnight for TBP and myc
ChIPs. After incubation, beads were washed once with PBS/BSA, then twice (once for
H3 and Rpb3 ChIPs) with the following buffers: FA lysis buffer, Wash Buffer II (50mM
HEPES-KOH, 500 mM NaCl, 1 mM EDTA, 0.1% sodium deoxycholate, 1% Triton-X
100), and Wash Buffer III (10mM Tris-HCI [pHS8.0], 250 mM LiCl, ImM EDTA, 0.5%
sodium deoxycholate, 0.5% NP-40 substitute). Beads were then washed once with
Ultrapure Water before being resuspended in 100 pl of Elution Buffer I (50mM Tris-HCI,
10mM EDTA, 1% SDS) and incubated at 65°C for 15 mins. The eluate was collected and
the beads were resuspended in 150 pl of Elution Buffer II (10mM Tris-HCI, 1mM

EDTA, 0.67% SDS) before being incubated at 65°C for 10 mins to elute any remaining
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chromatin. The ChIP eluates were combined and then incubated at 65°C for at least 4
hours (overnight for H3 and Rpb3 ChIPs, 4 hours for TBP and myc) to reverse the
formaldehyde crosslinks. Proteinase K (Ambion, catalog # AM2546) was added to a final
concentration of 0.4 mg/ml and the eluates were further incubated at 65°C for 2 hours to
degrade any remaining protein. ChIP DNA was then purified as described in 2.6, and the
purified DNA was stored at -70°C until ready for library preparation. ChIPs were
prepared in replicates for each strain/treatment using one replicate of sonicated or
MNase-digested chromatin per ChIP.

2.6 DNA Purification and Quantification of Input or ChIP DNA

After the crosslinks were reversed and Proteinase K digestion was complete,
KOACc was added to the input or ChIP DNA to a final concentration of 143 mM before
DNA was extracted using an equal volume of chloroform: isoamyl alcohol and the
aqueous phase containing the DNA was collected. The DNA for each input or ChIP was
re-extracted by adding 100 ul Ultrapure water to the chloroform. The aqueous phase was
collected and combined with the previously extracted aqueous phase. The DNA was
extracted once more using an equal volume of chloroform: isoamyl alcohol and the
aqueous phase was collected. Glycogen and molecular grade ethanol were added to final
concentrations of 52 pg/ml and 70%, respectively, before the purified input or ChIP DNA
was stored at -70°C overnight to precipitate the DNA. Inputs and ChIPs were then
centrifuged at 15,000 rpm at 4°C for 30 mins to pellet the precipitated DNA, and the
pellets were washed once with 70% ethanol before being centrifuged on a vacufuge

warmed to room temperature for 4 to 7 mins with the vacuum applied to dry the pellets.
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DNA pellets were then resuspended in 1X TE/RNase A (To make 10X TE stock:
combine 5 ml of IM Tris-HCI pH 8.0, 1 ml of 0.5M EDTA pH 8.0, and 44 ml diHO.
Dilute to 1X and add RNase A [Fisher Scientific, catalog # 12091-021] to a final
concentration of 200 pg/ml before use) and incubated at 37°C for 1 hour to degrade RNA
and resuspend DNA. Purified input DNA was then run on a 2% agarose gel to determine
the extent of DNA digestion or shearing. Sonicated chromatin samples that had average
fragment sizes were 300-400 bp in length were used for chromatin immunoprecipitation
and library preparation, while MNase-digested chromatin samples that showed
approximately 80% DNA fragments corresponding to ~150 bp were used for ChIP and
library preparation. Inputs and ChIP DNA to be used for library preparation were purified
using AMPure XP beads (Beckman Coulter, catalog # A63881) to remove the salt the
input or ChIP DNA was precipitated in, where the volume of beads added was 0.9X of
the input or ChIP volume to prevent size selection of the fragments during bead cleanup.
Input or ChIP DNA was then eluted in 50 pl of 0.1X TE and the yield of DNA was
determined using the Qubit 3 fluorometer.

2.7 Library Preparation of Purified Input or ChIP DNA

Library preparation was performed using the NEBNext Ultra I DNA Library Kit
(New England Biolabs, catalog # E7645S) and a protocol modified from the
manufacturer’s instructions for the kit. Briefly, 100 ng of input DNA or 1-10 ng of ChIP
DNA resuspended in 50 ul 0.1X TE was thawed on ice and then combined with 7 ul of
End Prep Buffer and 3 pl End Prep enzyme before being incubated on the thermocycler
according to the manufacturer’s instructions to clean up the ends of the DNA fragments

for adapter ligation. 1 ul of diluted NEXTFlex DNA barcode (PerkinElmer, catalog #
51



514104, diluted to 0.24 uM using Ultrapure water) was then added to each prepped input
or ChIP and the volume was made up to 62.5 pl using Ultrapure water. 30 ul of Ligation
Master Mix and 1 pl of Ligation Enhancer were then added to the end-prepped DNA, and
the samples were incubated at 20°C for 15 mins to ligate the DNA barcodes to the end-
prepped DNA. Bead cleanup of the adapter-ligated DNA was then performed using
AMPure XP beads (Beckman Coulter, catalog # A63881), where the volume of beads
added was 0.9X that of the input or ChIP volume to prevent size selection of the
fragments during bead cleanup. The DNA was then eluted in 22.5 ul 0.1X TE, and 2.5 ul
of universal primers and 25 pl Q5 master mix were added to the DNA. The libraries were
amplified according to the manufacturer's instructions, where the ChIP libraries were
amplified for 9-15 cycles and the input libraries were amplified for 9-10 cycles. The
amplified libraries underwent one more round of bead cleanup without size selection
using AMPure XP beads before being eluted in 0.1X TE and loaded onto a 2% E-Gel EX
(Thermofisher Scientific, catalog # G401002) and run according to the E-Gel
manufacturer’s instructions. Gel pieces containing the DNA for the ChIP and input
libraries were then excised, and the library DNA was extracted from the gel using the
Qiaex II Gel Extraction Kit (Qiagen, catalog # 20051) according to the manufacturer’s
instructions. Gel slices containing fragments ranging from ~100 bp to 600 bp were
excised for libraries from sonicated chromatin. In contrast, gel slices containing fragment
sizes ranging from ~100-450 bp were excised for MNase-digested chromatin-containing
libraries. DNA yield for the libraries was obtained using the Qubit 3 fluorometer, and the

libraries were sequenced on the [llumina HiSeq platform in paired-end mode at
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GENEWIZ in South Plainfield, NJ, USA. One library was prepared for each ChIP or
input replicate for each strain.

2.8 Analysis of Sequencing Data

Sequences were trimmed to remove adapters using the Cutadapt package
(parameter: -m 20) and were aligned to the S. cerevisiae genome (SacCer3) using
Bowtie2 (parameters: -X 1000 —very-sensitive —no- mix —no-unal). Samtools was used to
sort, index, and remove PCR duplicates from the resulting bam files. The data
downloaded from the previous studies (Klein-Brill et al., 2019; Kubik et al., 2018;
Ocampo et al., 2019; Petrenko et al., 2019) were similarly processed and analyzed as
described below. The bam files were then analyzed using BamR
(https://github.com/rchereji/bamR) to generate heatmaps and data files. The reads for
each chromosome were set to 1 during normalization, and the data values of the
replicates for each strain/treatment were averaged before generating heatmaps, metagene
profiles, boxplots, and Venn diagrams. The 2 D-occupancy heatmaps were generated
using the plot2DO.R and the fragments were aligned to their 5° ends. Transcription start
sites were taken from a previous study (Xu et al., 2009). The single-end reads TBP and
Pol II (Kubik et al.2018; Petrenko et al.2019) were normalized (106 reads) and analyzed
using HOMER (v4.11, 10-24-2019). TBP occupancies were calculated from +/- 200 bp
of the TSS, and Pol II occupancies were calculated from —100/+1000 bp from the TSS.
For strains in which endogenous Sth1 was depleted using auxin (Y4810 and Y4855), the
Pol II ChIP-seq data was normalized using S. pombe spike-in reads to visualize the
differences in Pol II occupancies better. The spike-in factor was calculated by dividing

the average of S. pombe reads for all the samples by the average S. pombe reads for the
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replicate samples. Metagene profiles and scatterplots were generated in JMP
(https://www.jmp.com/en_us/software/predictive-analytics-software.html). Boxplots
were generated using the BoxplotR website (http://shiny.chemgrid.org/boxplotr/). Venn

diagrams were made using the Biovenn website (http://www.biovenn.nl/).
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CHAPTER THREE

RSC REMODELS NUCLEOSOMES IN TRANSCRIBED CODING SEQUENCES

3.1 Introduction

It is important to know how RSC functions to regulate chromatin and
transcription. The key mechanistic insights into RSC recruitment and activity have been
provided through biochemical experiments. For instance, in-vitro studies have shown that
RSC can slide, evict, and remodel nucleosomes into alternate conformations to allow for
PIC assembly and Pol II elongation (Clapier et al., 2017; Harada et al., 2016; Lorch and
Kornberg, 2017; Saha et al., 2002; Shukla et al., 2019; Shukla et al., 2010). These studies
use reconstituted nucleosomes assembled on DNA sequences containing strong
nucleosomal positioning elements. However, these DNA sequences do not represent the
heterogeneity of the sequences found in an organism’s genome, and these reconstituted
nucleosomes are often missing the epigenetic marks present on nucleosomes in vivo. As
such, RSC remodeling activity and the mechanisms that regulate it might be slightly
different in vivo than what has been observed so far in vitro. Unfortunately, it is very
difficult to visualize remodeling activities in vivo. An ex vivo system was developed to
study RSC remodeling in which nucleosomes were isolated from cells via MNase
digestion before being purified and subjected to RSC remodeling in vitro in the presence
of histone chaperone Nap1l, where the resulting naked DNA (remodeling product) was
then sequenced and quantified (Cakiroglu et al., 2019). This system has advantages over
in vitro remodeling assays using reconstituted nucleosomes in that the purified

nucleosomes still retain most, if not all, of the epigenetic marks present on them when
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they were still inside the cell. However, it is still limited in that it cannot test for any other
physiological players within the cell that could interact with RSC and modulate its
remodeling activities in vivo.

Conventional in vivo methods are primarily utilized to map nucleosomes and
other factors, such as RSC, to the genome. One such method, MNase-seq, exploits the
endo- and exo- nuclease properties of micrococcal nuclease (MNase) to digest the linker
DNA in between nucleosomes (Prajapati et al., 2020). DNA that is wrapped around the
nucleosome is more resistant to digestion by MNase and can be isolated and sequenced to
produce high-resolution mapping of nucleosomes across the genome. Additionally,
antibodies specific to transcription factors, coactivators, and chromatin modifiers can be
used during chromatin immunoprecipitation (ChIP) (Govind et al., 2012) to isolate
factors bound to chromatin from the digested chromatin and map them to the genome. In
this work, MNase digestion was coupled to ChIP (MNase-seq) to map RSC and other
factors at nucleosomal resolution and to determine RSC-bound nucleosome accessibility
genome-wide. For this chapter, to gain more insights into how RSC is recruited to the
genome and its activity in vivo, MNase-seq and MNase ChIP-seq were performed using
wild-type cells and in cells deficient for RSC. This chapter focuses primarily on where
RSC localizes at a genome-wide level and provides a possible method of studying RSC
remodeling in vivo and investigating how RSC localization correlates with transcription.

3.2 RSC Localizes to the Coding Sequences of Highly-Transcribed Genes

RSC has been shown to play important roles in maintaining NDR regions at
promoters and has also been implicated in facilitating transcription elongation (Badis et
al., 2008; Brahma and Henikoff, 2019; Ganguli et al., 2014; Klein-Brill et al., 2019;
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Kubik et al., 2015; Rawal et al., 2018; Spain et al., 2014). In agreement with this,
multiple studies have shown that RSC localizes to the coding sequences (CDSs) of
transcribed genes (Ganguli et al., 2014; Spain et al., 2014). Considering that RSC has
been shown to slide, evict, or otherwise remodel nucleosomes in vitro, this work sought
to provide insight into the role RSC might play in remodeling nucleosomes within CDSs
in vivo. To this end, MNase digestion was performed on chromatin harvested from S.
cerevisiae cells to digest the linker DNA in between nucleosomes, and the resulting
digested chromatin was used to perform chromatin immunoprecipitation (ChIP) using an
antibody specific to myc. The S. cerevisiae strain used in this work expressed Sth1
protein fused with a myc tag (Sth1-myc). Since Sth1 is the catalytic subunit of RSC, the
myc ChIP would isolate any RSC-bound nucleosomes from the chromatin, and the DNA
purified from the RSC-bound nucleosomes could then be sequenced to determine where
RSC localized on the genome (Ramachandran et al., 2017). In agreement with previous
studies (Ganguli et al., 2014; Spain et al., 2014), RSC localized to the coding regions of
transcribed genes. Figures 3.1-3.3 depict genome browser snapshots of six genes showing
high RSC occupancies in their CDSs. The red peaks indicating RSC enrichment were
found largely at regions encoding introns or exons, denoted by thin blue lines (introns) or
thick blue boxes (exons) located at the bottom of the snapshot. In addition to RSC ChIP,
Rpb3 (Pol II) ChIP was also performed using the same MNase-digested chromatin, and
the resulting DNA was sequenced to determine the levels of Pol II genome-wide. Pol 11
enrichment is generally regarded as a good indicator for transcription, and since Pol II is
also enriched in the coding sequences of these genes as indicated by the green peaks,
these snapshots suggest that these genes are also transcribed. DNA was also isolated from
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Figure 3.1. RSC localizes to the coding sequences (CDSs) of ribosomal protein genes
(RPGs). (A-B) Genome browser snapshots of RPGs YHR021C, YJL191W, YJL189W,
and YJL189W. These genes have RSC enriched in their CDSs. Nucleosomes (Nuc,
black), RSC MNase ChIP-seq (red), Rpb3 MNase ChIP-seq (green), and Rpb3 ChIP-
seq data from sonicated chromatin (blue) are shown. Arrows denote the 5’— 3’
direction of the gene.
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Figure 3.2. RSC localizes to the coding sequences (CDSs) of genes involved in
metabolism and translation. (A-B) Genome browser snapshots of YKL060 (involved
in glucose metabolism), and TBR118W (encodes for translation elongation factor EF-
1 alpha). These genes have RSC enriched in their CDSs. Nucleosomes (Nuc, black),
RSC MNase ChIP-seq (red), Rpb3 MNase ChIP-seq (green), and Rpb3 ChIP-seq data
from sonicated chromatin (blue) are shown. Arrows denote the 5’— 3’ direction of the

gene.
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Figure 3.3. RSC localizes to the coding sequences (CDSs) of genes encoding
ribosomes and mitochondrial proteins. (A-B) Genome browser snapshots of
YNL178W (ribosomal protein) and YLR355C (maintains mitochondrial DNA). These
genes have RSC enriched in their CDSs. Nucleosomes (Nuc, black), RSC MNase
ChIP-seq (red), Rpb3 MNase ChIP-seq (green), and Rpb3 ChIP-seq data from
sonicated chromatin (blue) are shown. Arrows denote the 5’— 3’ direction of the gene.
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the MNase-digested chromatin and subjected to sequencing to determine where
nucleosomes localized on the genome. RSC was enriched in areas where nucleosomes
were also enriched, indicating that RSC was indeed bound to nucleosomes and not to
naked DNA.

While the gene snapshots yielded interesting observations regarding RSC
localization, these snapshots only represent a very small subset of the ~6000 protein-
coding genes present in S. cerevisiae. To determine where RSC localizes to genes at a
genome-wide level, heatmaps depicting RSC occupancies at all genes (n=5700), genes
with high levels of Pol II (Pol II-T10; n=576), genes with low levels of Pol II (Pol II-
B10; n=576), and genes with high levels of RSC in the promoter regions (-1 Nuc-T10)
were generated using the RSC MNase ChlIP-seq data (Figure 3.4 top panels). Genes were
sorted by decreasing average Pol II levels within their CDSs and were centered at the
transcription start site (TSS). The list to sort the genes was determined by separate Pol 11
ChIP-seq data that was also used to determine the 10% of genes with the highest Pol 11
levels (highly-transcribed genes, Pol II-T10) and the 10% of genes with the lowest Pol 11
levels (lowly transcribed genes, Pol II-B10). To determine the genes with high levels of
RSC in their promoter regions, genes with divergent promoters were removed from the
data set containing all genes, and the 576 genes with the greatest RSC occupancies at the
-1 nucleosome (-1 _Nuc) location were selected. The top 10% of Pol II-occupied genes
showed high levels of RSC in their CDSs, as demonstrated by the red shading after the
TSS at the top of the heatmap for all genes and in the heatmap of the Pol II-T10 genes.
Genes containing high levels of RSC in the promoter regions also showed RSC

enrichment in their CDSs, though not to the same extent as that observed for Pol I1I-T10
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Figure 3.4. RSC is enriched in the CDSs of Pol II-containing genes. Heatmaps
showing RSC (top panels) and nucleosome (bottom panels) occupancies for all genes
(n=5700), Pol II-B10 genes (n=576), Pol II-T10 genes (n=576), and -1 Nuc-T10
genes (n=576). Pol II-B10 and Pol II-T10 genes were selected by taking the 10% of
genes with the lowest and highest average Pol II levels, respectively, from Rpb3 ChIP-
seq data. -1 Nuc-T10 were selected by removing genes from divergent promoters and
selecting the top 10% genes with the highest RSC levels at the -1 nucleosome position.
Genes were sorted by decreasing average Pol II levels in their CDSs and are centered
at the transcription start site (TSS).
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genes. In contrast, genes with low Pol II levels showed modest RSC levels in the CDSs,
shown by the light blue shading after the TSS.

To show that RSC is indeed enriched at CDS nucleosomes and that this
enrichment was not simply due to an increased presence of nucleosomes in the CDSs of
transcribed and -1 _Nic-T10 genes, heatmaps were generated depicting the nucleosome
occupancies at all genes, Pol II-B10 genes, Pol II-T10 genes, and -1 Nuc-T10 genes
(Figure 3.4 bottom panels). Despite the RSC enrichment at CDSs of Pol II-T10 and -

1 Nuc-T10 genes, nucleosome occupancies for these genes were slightly lower for these
genes compared to the CDSs of Pol II-B10 genes, suggesting that RSC is enriched in
CDSs of transcribed genes. Indeed, the metagene profile showing normalized RSC
occupancies for Pol II-B10 genes, Pol II-T10 genes, -1 Nuc T10 genes, and the 10%
genes containing the highest RSC levels (RSC-T10) showed that genes containing high
levels of RSC were significantly enriched for RSC in the CDSs (see orange trace, Figure
3.5A, left profile). Interestingly, RSC levels were similar in the RSC-T10 genes
compared to those in the Pol II-T10 genes, indicating that RSC presence in CDSs
correlates with transcription. -1 Nuc-T10 genes showed higher levels of RSC in their
CDSs compared to Pol II-B10 genes, but the enrichment was not as great as in Pol II-B10
or RSC-T10 genes. In contrast, the nucleosome occupancies for -1 Nuc-T10, RSC-T10,
and Pol II-T10 genes are all slightly lower than Pol II-B10 occupancies in CDSs (Figure
3.5A, right panel, compare orange and red traces to black trace after the TSS). Ribosomal
Protein genes (RPGs) also contained high RSC and Pol II levels in their CDSs (Figure
3.5B). RPGs are highly expressed and undergo high levels of transcription (Petibon et al.,
2021), supporting the idea that RSC enrichment in CDSs is linked to transcription.
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Figure 3.5. RSC is enriched in the CDSs of highly-transcribed genes, including RPGs.
A) Metagene profiles showing the normalized occupancies for RSC (left profile) and
nucleosomes (right profile) for Pol II-B10, Pol II-T10, -1 _Nuc-T10, and RSC-T10
genes. RSC-T10 genes were found by selecting the 10% genes with the highest RSC
levels. RSC occupancies were normalized to nucleosome occupancies before the ratio
was plotted. B) Metagene profile depicting the nucleosome, Rpb3 and RSC
occupancies at ribosomal protein genes (RPGs). The RSC and Rpb3 occupancies were
normalized to nucleosome occupancies before the ratios were plotted. All profiles are
centered at the TSS.
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Collectively, the data suggest that RSC localizes to CDSs of highly transcribed
genes and that this recruitment is likely linked to transcription, as previous studies have
shown that RSC was enriched in the CDSs of Gen4 targets (Rawal et al., 2018; Spain et
al., 2014). Gen4 is a transcription factor that is translationally activated upon amino acid
starvation conditions and induces transcription of its targets, specifically amino acid
biosynthesis genes. In these studies, when amino acid starvation conditions were induced,
RSC was only enriched at Gen4 targets in WT cells. This was not seen in cells lacking
Gcend, even when the cells were subjected to amino acid starvation, supporting the idea
that RSC is enriched in CDSs at transcriptionally active genes.

3.3 RSC is Enriched at the Promoters of many Genes, including Transcribed Genes

Several studies have shown that RSC is enriched at the promoters and upstream
regulatory regions of many genes (Badis et al., 2008; Brahma and Henikoff, 2019; Kubik
et al., 2018; Spain et al., 2014; Yen et al., 2012). Considering that RSC has been shown
to position the -1 and +1 nucleosomes to maintain nucleosome-depleted regions (NDRs)
(Rawal et al., 2018) and that RSC slides and evicts nucleosomes in vitro (Carey et al.,
2006), it is possible that RSC might play a role in transcription initiation by unwrapping
the TSS from the +1 nucleosome to facilitate PIC assembly (Kubik et al., 2018). To begin
to address the role of RSC in transcription initiation, the RSC MNase ChIP-seq data were
analyzed to identify genes where RSC localized to the promoters of transcribed genes.
Despite having RSC enriched within their CDSs, the RSC-T10 and Pol II-T10 genes
showed very little enrichment within their promoter regions (Figures 3.5 left profile,
compare the red and orange traces with the black trace in the region upstream of the

TSS). This was surprising, given that RSC is thought to promote transcription initiation
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and that a high level of Pol II present in CDSs is generally seen as an indicator of active
transcription. However, MNase has been shown to preferentially digest DNA within
NDRs (Chereji et al., 2019), so it is possible that the RSC-protected regions within the
NDRs might have been lost during MNase digestion. To try to address this possibility,
genes that harbored RSC at the -1 nucleosome position (-1 _Nuc) were identified to see if
the association of RSC with this promoter nucleosome correlated with transcription.
Genes that contained divergent promoters were excluded due to the difficulty in
identifying the -1 nucleosome for each gene that utilizes the promoter, and the top 10% of
genes with the highest RSC occupancies at the -1 nucleosome (-1 _Nuc-T10, n=576) were
used for analysis. RSC was enriched upstream of the TSS for the -1 Nuc-T10 genes,
showing that RSC binds to the promoter regions of these genes (Figures 3.4 and 3.5,
compare blue trace in 3.5 before and after TSS). The enrichment also extended further
upstream of the -1 nucleosome, beyond the NDRs of these genes (Figure 3.4, -1 Nuc-
T10 top panel). The genes with the highest levels of Pol II within this subset of genes also
showed RSC enrichment in their CDSs, indicating that these genes might also be
transcribed. To see if RSC enrichment in promoters was linked to transcription,
scatterplots were generated showing the correlations of Pol II occupancies to normalized
RSC occupancies at either -1 or +1 nucleosome positions for all genes or at genes with
non-divergent promoters. Whereas RSC occupancies at -1 nucleosome positions
correlated weakly with Pol II, RSC occupancies at +1 nucleosome positions correlated
strongly with Pol II (Figure 3.6, compare R-squared values of -1 Nuc to those of +1 Nuc).
Altogether, the data suggest that RSC recruitment to the +1 nucleosome is tightly linked

to Pol II levels and transcription at a genome-wide level.
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Figure 3.6. RSC enrichment at the +1 nucleosome correlates with Pol II occupancies.
Scatterplots showing the correlations between normalized Pol II ChIP-seq reads with
the normalized RSC MNase ChIP-seq reads at -1 and +1 nucleosome positions for all
genes (N=5400) and for the subset of genes that do not contain divergent promoters
(N=2527).
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3.4 Nucleosomes in Transcribed Coding Sequences are Sensitive to Digestion by
Micrococcal Nuclease (MNase)

In-vitro studies have shown that RSC can slide, evict, and remodel nucleosomes
into alternate conformations to allow for PIC assembly and to facilitate Pol II passage
(Clapier et al., 2017; Harada et al., 2016; Lorch and Kornberg, 2017; Saha et al., 2002;
Shukla et al., 2019; Shukla et al., 2010). However, these methods have limitations in
predicting the exact mechanisms of RSC remodeling in vivo, as these assays are often
missing other factors found inside the cell that may modulate RSC activity. Additionally,
many of these techniques use reconstituted nucleosomes which lack many of the
modifications observed on nucleosomes in vivo. However, it is challenging to study RSC
activity in vivo, as each nucleosome within the cell is unique in terms of the DNA
sequences it binds to and the combination of modifications it possesses. RSC, in turn,
may interact with each nucleosome in a slightly different fashion compared to other
nucleosomes, and this may affect how RSC remodels each nucleosome (sliding vs
gjecting, etc.). In addition, RSC has been shown to interact with many different factors
inside the cell that may further modulate RSC recruitment and activity (Ferreira et al.,
2011; Kubik et al., 2018; Swanson et al., 2003), making it extremely difficult to measure
RSC activity in an in vivo setting directly.

Despite this, current nucleosome mapping techniques might provide insights into
RSC remodeling in vivo. MNase-seq and MNase ChIP-seq exploit the aggressive
nuclease properties of MNase to digest the linker DNA between nucleosomes. Because
nucleosomal DNA is resistant to MNase digestion, these MNase-protected DNA

fragments (MPDFs) can be isolated and sequenced to determine the occupancies and
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positioning of nucleosomes and factor-bound nucleosomes (Ramachandran et al., 2017).
Since nucleosomes wrap 147 bp of DNA (Henikoff et al., 2011; Ramachandran et al.,
2017; Ramachandran and Henikoff, 2016), canonical nucleosomes should yield MPDFs
~150 bp in size after MNase digestion. However, if the DNA is unwrapped or if
H2A/H2B dimers are ejected from the nucleosome by factors such as remodelers
(Brahma and Henikoff, 2019; Ramachandran et al., 2017), the DNA of that nucleosome
should be more accessible to MNase, generating MPDFs that are shorter than 147 bp
(Figure 3.7A).

To determine the accessibility of nucleosomes at a genome-wide level, MNase
digestion was performed using wild-type cells and the isolated DNA was subjected to
deep sequencing, where 20-30 million reads were generated per sample. The reads
(henceforth fragments) were then aligned to the genome to determine each fragment's
location, and the fragments' sizes were then analyzed. The fragment sizes for each wild-
type replicate were nearly identical to each other, indicating that the extent of digestion
did not vary between the replicates. Most of the fragment sizes for the digested chromatin
were between 100 bp to 200 bp, with the peak centered at around 150 bp, consistent with
the length of DNA wrapped around a canonical nucleosome (Figure 3.7B). The metagene
profiles showing the nucleosome dyad densities also matched each other (Figure 3.7C).
Each peak on the density profile represents the average location of the center of each
nucleosome, and the large trough directly upstream of the TSS represents the NDR. The
peaks immediately upstream and downstream of the NDR represent the -1 and +1
nucleosomes, respectively, and the peaks downstream of the +1 nucleosome peak

represent the +2 nucleosome, +3 nucleosome, and so forth. The profiles in Figure 3.8,
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Figure 3.7. Chromatin replicates digested with MNase show similar digestion patterns.
A) Schematic showing the potential generation of MNase-protected DNA fragments
(MPDFs) from nucleosomes. MNase digestion of canonical nucleosomes generally
yields fragments ~130-160 bp in length, while accessible nucleosomes that may have
been remodeled might yield MPDFs shorter than 130 bp. B-C) Profiles showing
fragment length distribution (B) and nucleosome dyad densities (C) of MNase-
digested chromatin produced from two biological replicates (Rep-1 and Rep-2). Dyad
density profiles are centered at the TSS.
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as well as all other profiles in this work depicting nucleosome occupancies, show a
similar pattern in terms of nucleosome positioning, even if the height of each peak is
different in each profile. Therefore, for all profiles depicting nucleosome occupancies or
MPDFs in this work, the valley that is observed upstream of the TSS henceforth
represents the NDR, the peaks flanking the NDR represent the -1 and +1 nucleosomes,
and peaks downstream of the +1 nucleosome peak represent the +2, +3, +4 and further
downstream nucleosomes located in the coding sequences.

To determine whether nucleosomes at different locations differed in accessibility,
the abundance of shorter MPDFs was determined genome-wide by analyzing the
MNase-seq data for all genes according to different MPDF lengths. Even though
canonical nucleosomes should be largely resistant to MNase digestion and yield
fragments ~150 bp in length (Figure 3.7A), there is the possibility that MNase might have
been able to access the DNA at the entry and exit points of some of these nucleosomes,
yielding MPDFs slightly shorter than 150 bp. Alternately, it is possible that small regions
of linker DNA remained undigested on some of the nucleosomes, yielding MDPFs
slightly longer than 150 bp. As such, MDPFs ~130-160 bp were considered to have
originated from canonical nucleosomes, while MPDFs shorter than 130 bp were
considered to be derived from more accessible nucleosomes.

A smaller enrichment for MPDFs shorter than those of canonical nucleosomes
(~130-160 bp) was evident for all nucleosomes (Figure 3.8 A, compare black trace to
colored traces), where enrichment for MPDFs shorter than 120 bp was highest at the -1
and -2 nucleosome positions. The shorter MDPFs at these positions might reflect the

chromatin remodeling in the promoter-proximal regions upstream of NDRs that ensues
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during transcription. The -1 and +1 nucleosomes are also enriched in the histone variant
H2A.Z. Since H2A.Z-containing nucleosomes are inherently less stable than canonical
nucleosomes (Weber et al., 2014), the enrichment of shorter MPDFs might be partly due
to the presence of H2A.Z. Shorter MPDFs were also enriched at positions downstream of
the +1 nucleosome position, indicating that nucleosomes within coding sequences are
accessible to MNase digestion.

Since shorter MPDFs were enriched in CDSs and that nucleosomes in CDSs of
highly transcribed genes might be remodeled to facilitate Pol II elongation during
transcription, it is possible that the CDSs of highly transcribed genes might display a
greater abundance of shorter MPDFs than non-transcribed genes. To test this, MPDF
fragment lengths were analyzed for the subsets of genes containing the highest levels of
Pol II (top 10% Pol II-occupied genes, T10, N = 576) or the lowest levels of Pol 11
(bottom 10% Pol II-occupied genes, B10, N = 576) (Figure 3.8B). MPDFs greater than
130 bp, representing canonical nucleosome MPDFs, were compared to fragments shorter
than 130 bp for each subset of genes. B10 genes displayed higher levels of canonical
nucleosome MPDFs than T10 genes (Figure 3.8B, compare dark red and dark blue traces)
and showed a greater enrichment of MPDFs > 130 bp than shorter fragments at
nucleosome positions downstream of the +1 nucleosome position (compare light and dark
blue traces). In contrast, T10 genes showed a higher enrichment of shorter fragments than
canonical nucleosome fragments at both promoters and CDSs. The greater proportion of
shorter MPDFs in T10 genes suggests that nucleosomes in highly transcribed genes might
be more susceptible to MNase digestion than lowly transcribed genes (B10), indicating

that nucleosomes in CDSs of transcribed genes are more accessible than non-transcribed
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genes.

3.5 RSC-bound Nucleosomes are Susceptible to MNase Digestion

Considering that nucleosomes in promoters and coding sequences both showed
the presence of MPDFs shorter than those of canonical nucleosomes and that remodeled
nucleosomes should be more susceptible to MNase digestion (Ramachandran et al.,
2017), it is possible that these accessible nucleosomes are bound and remodeled by RSC.
To determine if RSC-bound nucleosomes are more accessible than other nucleosomes,
RSC ChIP-seq was performed using MNase-digested chromatin, and the resulting reads
were then aligned to the genome, where the fragment sizes were then analyzed. Because a
greater fraction of shorter MPDFs were enriched for nucleosomes in transcribed CDSs
versus lowly transcribed CDSs (Figure 3.8B), and RSC preferentially binds to CDSs of
genes containing high levels of Pol II (Figures 3.4 and 3.5), fragment length analysis was
conducted for the 10% genes with the highest levels of Pol II (Pol II-T10) and the 10%
genes with the lowest levels of Pol II (Pol I1-B10). At Pol II-B10 genes, both RSC-bound
nucleosomes and total nucleosomes (all nucleosomes including RSC-bound
nucleosomes) had fragments sizes ranging from ~75 bp to 200 bp in length, with a peak
centered at 150 bp in length, indicating that the majority of fragments were the size of
canonical nucleosomes (Figure 3.9A). However, there were a proportion of fragment
sizes below 150 bp in length before the signal dropped off at around 75 bp for both RSC-
bound nucleosomes and total nucleosomes. There were slightly more fragments with
sizes ranging from ~75 — 120 bp in length for RSC-bound nucleosomes compared to total
nucleosomes (compare orange trace with blue trace). In contrast, RSC-bound

nucleosomes at Pol II-T10 genes showed a broader range of fragment lengths than total
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Figure 3.8. Nucleosomes in CDSs are susceptible to MNase digestion. A) Metagene
profile showing the MPDF lengths for all genes. Fragment lengths were grouped into
categories based on size. The first group has MPDFs ranging from those of canonical
nucleosomes (130-160 bp), the second group contains fragments from 110-120 bp in
length, the third group from 100-110 bp, the fourth group 90-100 bp, and the last
group containing fragments shorter than 90 bp. B) Metagene profile depicting the
average occupancies of MPDFs for the top 10% (T10) and bottom 10% (B10) of Pol
II-occupied genes. MPDFs for both gene subsets were divided into two categories
based on fragment sizes, where one category consists of fragments > 130 bp (dark
traces), and the other category contains fragments < 130 bp (light traces). Profiles are
centered around the TSS for each figure.
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Figure 3.9. RSC associates with full-length and shorter MPDFs. A-B) Metagene
profiles depicting the relative coverage of MPDF lengths of RSC-bound nucleosomes
and total nucleosomes for the Pol II-B10 (A) and Pol II-T10 (B) genes. C) Metagene
profiles showing the average occupancies of MPDFs for the Pol I1-B10 (left panel)
and Pol II-T10 (right panel) genes. MPDFs for both gene subsets were divided into
two categories based on fragment sizes, where one category consists of fragments >
130 bp (dark traces), and the other category contains fragments < 130 bp (light traces).
Profiles are centered around the TSS for each figure. Nuc, nucleosome; Pol 1I-B10,
10% genes with the lowest Pol II occupancies; Pol II-T10, 10% genes with the highest
Pol II occupancies.
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nucleosomes, where the smallest fragments for RSC-bound nucleosomes were ~50 bp in
size compared to ~75 bp for total nucleosomes (Figure 3.9B, compare blue and orange
traces). Additionally, there was a substantial proportion of fragments shorter than 150 bp
for RSC-bound nucleosomes, much higher than the proportion of shorter fragments
observed for total nucleosomes (see double-ended arrow for comparison). This difference
in the abundance of shorter fragments between RSC-bound nucleosomes and total
nucleosomes is greater in the Pol II-T10 genes than in Pol I[I-B10 genes (compare traces
in Figure 3.9B to those in 3.9A). Overall, these data suggest that RSC-bound
nucleosomes, especially RSC-bound nucleosomes in Pol II-occupied genes, are more
susceptible to MNase digestion than the general nucleosome population.

Since RSC binds to the CDSs of transcribed genes, we wondered if the shorter
MPDFs associated with RSC-bound nucleosomes were found in the CDSs of Pol 1I-
occupied genes. To this end, the RSC MNase ChIP-seq and MNase-seq data were
analyzed according to MPDF lengths for Pol II-T10 and Pol II-B10 genes (Figure 3.9C).
MPDF profiles were plotted for both RSC-bound nucleosomes and total nucleosomes,
and the MPDF lengths were separated into two categories for each data set: fragment
sizes >130 bp (dark traces) and sizes < 130 bp (lighter traces). At Pol II-B10 genes, the
level of reads was slightly higher for total nucleosomes than RSC-bound nucleosomes for
both MPDFs > 130 bp and < 130 bp (compare black/grey and red/orange traces in the left
panel). The proportion of fragments > 130 bp for RSC-bound nucleosomes is also larger
than that of shorter fragments, indicating limited enrichment for shorter MPDFs for RSC-
bound nucleosomes at lowly transcribed genes (compare red with orange traces). In
contrast, the level of RSC-bound MPDFs at Pol II-T10 genes is higher than in total
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nucleosomes, especially in the regions downstream of the TSS, providing further
evidence that RSC associates with nucleosomes in transcribed CDSs (compare traces in
the righthand panel). Furthermore, the proportion of MPDFs < 130 bp was substantially
higher than MPDFs > 130 bp for RSC-bound nucleosomes, particularly in the CDSs of
Pol-T10 genes (compare red trace to orange trace in the righthand panel). While there
were also slightly more reads for MPDFs < 130 bp than those > 130 bp for total
nucleosomes, this increase was not nearly as pronounced as that seen for RSC-bound
nucleosomes. The positioning of RSC-bound nucleosomes also seemed to be more
diffuse at Pol II-T10 genes than total nucleosomes, suggesting that RSC-bound
nucleosomes could be more dynamically positioned compared to canonical nucleosomes,
especially those at highly transcribed genes.

The higher proportion of shorter MPDFs in RSC-bound nucleosomes suggests
that the higher levels of RSC and attendant remodeling might make these nucleosomes
more susceptible to MNase digestion. To provide more clarity as to the distribution of
fragments sizes in RSC-bound nucleosomes versus total nucleosomes, 2-Dimensional (2-
D) occupancy analysis of fragment length distributions was performed for RSC-bound
nucleosomes and total nucleosomes at Pol II-T10 genes, Pol II-B10 genes, and RPGs
(Figure 3.10 A-B). These analyses generated heatmaps displaying fragment size densities
in relation to the location on a typical gene, where the y-axis represents the length of the
fragment and the x-axis shows the location of the fragment relative to the TSS. For total
nucleosomes, the sizes of the MPDFs at all gene sets were slightly longer than 150 bp, as
indicated by the red and yellow hues concentrated at a line towards the top of the
heatmaps (Figure 3.10A). The red is most intense at the Pol II-B10 genes. In contrast, the
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red signal in Pol II-T10 and RPGs becomes fainter and transitions to more orange/yellow,
especially after the TSS, indicating an inherently lower nucleosome level at highly
transcribed genes than in lowly transcribed genes. Despite this difference in nucleosome
densities, the 2D fragment size distribution profiles look similar for all three gene sets,
indicating that nucleosomes at these gene sets show similar susceptibility to MNase
digestion.

At Pol II-B10 genes, the 2D fragment distribution profile for RSC-bound
nucleosomes appears similar to the profiles for total nucleosomes, though the nucleosome
density is less than the total nucleosome profiles (Figures 3.10A and B, compare yellow
hues of Pol II-B10 profile in 3.10B to redder hues in profiles of 3.10A). In stark contrast,
the Pol II-T10 profile shows a much more varied distribution of fragment sizes than
nucleosome profiles or the Pol II-B10 RSC-bound profile, especially after the TSS, in
which a substantial proportion of fragments were below 150 bp (Figure 3.10B). This
variation in fragment sizes observed after the TSS is even more pronounced for RSC-
bound nucleosomes in RPGs, where a larger percentage of fragments are shorter than 100
bp. There is a significant fraction of fragments in the RSC-bound nucleosome Pol I1I-T10
and RPG profiles that are longer than 150 bp. This could indicate the protective
properties provided by the formation of the RSC-nucleosome complex (Shukla et al.,
2010), where bound RSC could physically shield the DNA of some nucleosomes from
MNase digestion. The shorter fragments, in turn, could represent partially-unwrapped
nucleosomes or hexasomes (Brahma and Henikoff, 2019). Indeed, the fragment length
analyses conducted for RSC-bound nucleosomes and total nucleosomes at these gene sets
reveal that the profiles for RSC-bound nucleosomes, especially the profiles for Pol II-T10
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Figure 3.10. RSC MDPFs are more heterogenous in CDSs of transcribed genes. A-B)
Heatmaps depicting the 2-D occupancies of MPDFs from nucleosomes (A) and RSC-
bound nucleosomes (B) at Pol II-B10 genes, Pol II-T10 genes, and at RPGs. Heatmaps
are centered at the TSS, and the fragment lengths are shown on the y-axis. C)
Metagene profiles depicting the relative coverage of MPDF lengths of total
nucleosomes and RSC-bound nucleosomes for Pol II-B10 genes, Pol II-T10 genes,
and RPGs. Pol 1I-B10, 10% genes with the lowest Pol II occupancies; Pol II-T10, 10%
genes with the highest Pol II occupancies; RPG, Ribosomal Protein Genes.
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genes and RPGs, are broader than the profiles for total nucleosomes (Figure 3.10C,
compare profiles in the lefthand panel to those in the righthand panel). The broad profiles
of the Pol II-T10 genes and the RPGs are relatively smooth compared to the discrete-
sized fragments observed when MNase is over-digested (Chereji et al., 2018) and fit with
the observed remodeling activity of RSC, which gradually exposes nucleosomal DNA
through its translocase activity (Clapier et al., 2016). Over-digestion by MNase occurs
when either an excessive amount of MNase is used or the digestion is allowed to proceed
for too long, allowing the MNase to begin unwrapping and digesting nucleosomal DNA.
Because the fragment length profiles do not match the profiles observed from over-
digested chromatin, this suggests that RSC-bound nucleosomes are truly more accessible
than canonical nucleosomes rather than simply being an artifact caused by over-digestion.

Since the fragment size profiles for total nucleosomes are similar for lowly
transcribed genes and highly transcribed genes (Figures 3.10A and 3.10C, lefthand
panel), the differences in the RSC-bound nucleosome profiles (Figures 3.10B and 3.10C,
righthand panel) suggest that unwrapped nucleosomes might only represent a small
fraction of the total nucleosomes present within CDSs, even in transcribed genes.
Altogether, these data show that RSC-bound nucleosomes, especially those in transcribed
regions, are more susceptible to MNase digestion than canonical nucleosomes.

3.6 Pol 1l also Interacts with MNase-Susceptible Nucleosomes in vivo

Earlier studies have shown that Pol II tends to localize extremely close to
nucleosomes in coding sequences (Churchman and Weissman, 2011) and has been shown
to interact with nucleosomes (Koerber et al., 2009). Considering that RSC-bound

nucleosomes in CDSs of transcribed genes display heterogenous fragment sizes and that
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the presence of RSC enhanced transcription through acetylated chromatin templates in
vitro (Carey et al., 2006), Pol II-bound nucleosomes might also display heterogenous
fragment lengths. To determine the MPDF lengths of Pol II-bound nucleosomes, Rpb3
ChIP-seq was performed using MNase-digested chromatin. Rpb3 is one of the core
subunits of Pol II (Cramer, 2002), so using an antibody specific to this subunit should
isolate any RSC-bound nucleosomes in formaldehyde-crosslinked chromatin. The
resulting DNA isolated after ChIP was then sequenced, and the reads were then aligned
to the genome and subjected to fragment size analysis. In accordance with previous
studies, Pol II largely localized to the CDSs of genes with high levels of Pol II,
represented by the red hues located after the TSS in the region towards the top of the
heatmap (Figure 3.11A). To ensure that nucleosomal-length fragments were associated
with Pol II, Rpb3 MNase ChIP-seq signals were analyzed for fragment sizes between
130-160 bp, as these fragments are unlikely to be generated by MNase protection from
the elongating Pol II itself. Since Pol II can interact with naked DNA, the Rpb3 ChIP-seq
occupancies were compared to Rpb3 ChIP-seq reads from sonicated chromatin (Figure
3.11B). Sonication utilizes ultrasonic waves to shear the linker DNA between chromatin,
yielding fragment sizes between 200-400 bp long. While the mapping resolution of
sonicated ChIP-seq data is lower than that of MNase ChIP-seq data, it does not suffer
from the sequence bias produced from MNase (Lee and Keung, 2018), making ChIP-seq
data a useful tool to confirm the observations from MNase ChIP-seq data. The Pol II
MNase ChIP-seq occupancies correlated with the Pol IT ChIP-seq occupancies from
sonicated chromatin (Figure 3.11B, R? = 0.7116). Since there was a strong Rpb3 signal
for 130-160 bp MPDFs in the MNase ChIP-seq data, this suggests that Pol II interacts
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Figure 3.11. Pol II interacts with nucleosomes genome-wide. A) Heatmap depicting
Pol IT occupancies generated from Rpb3 MNase ChIP-seq data. Genes are sorted by
decreasing Pol II occupancies determined from Rpb3 ChIP-seq from sonicated
chromatin and are centered at the TSS. B) Scatterplot showing the correlation between
normalized Rpb3 ChIP-seq occupancies from MNase and sonicated chromatin.
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with nucleosomes in CDSs as opposed to naked DNA, in agreement with previous studies
(Bondarenko et al., 2006; Ujvari et al., 2008) (Kireeva et al., 2002) (Kulaeva et al., 2013).
To determine the fragment size distribution of Pol II-bound nucleosomes, 2-D
occupancy profiles depicting the fragment length distribution densities for Pol II-bound
nucleosomes were generated and examined (Figure 3.12A). Because the majority of Pol
I is found in highly transcribed (Pol II-occupied) genes, only the top 10% of Pol II-
occupied genes were selected for analysis. The replicates showed very similar profiles
and resembled the highly heterogenous fragment profiles of RSC-bound nucleosomes,
especially at regions after the TSS (compare 3.12A to 2-D profiles of RSC-bound
nucleosomes at the Pol II-T10 and RPGs in 3.10B). A substantial population of the
MPDFs had lengths below 130 bp, indicating that MNase ChIP-seq might be able to
detect Pol II that is interacting with or traversing through nucleosomes. This in vivo data
would be consistent with cryo-EM structures that show Pol II transcribing through
nucleosomes (Farnung et al., 2018; Kujirai et al., 2018). To determine if Pol II-bound
nucleosomes overlapped with the positions of RSC-bound nucleosomes, the dyad density
profiles for RSC-bound and Pol II-bound nucleosomes were generated and analyzed
(Figure 3.12B). The dyad positioning of canonical nucleosome MPDFs (> 130) of total
nucleosomes (Nuc) largely overlapped those obtained from Rbp3 and RSC MNase ChIP-
seq. The shorter MPDFs (< 130 bp) of Pol II-bound nucleosomes also overlapped the
Nuc profile and were not exclusively present within the inter-nucleosomal regions,
indicating that these shorter MPDFs originated, at least in part, from accessible
nucleosomes. The similarity between the size distribution of RSC-bound and Pol II-

bound nucleosomes (Figures 3.10B and 3.12), as well as the strong correlation between
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Figure 3.12. Pol II-bound nucleosomes display shorter MPDFs. A) 2-D occupancy
profile showing MPDF distribution of Pol II-bound nucleosomes for the top 10% of
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RSC and Pol II occupancies (Figure 3.6), suggest that RSC might help Pol II during
transcription elongation by increasing the accessibility of nucleosomal DNA in coding
sequences. However, given that Pol II has been shown to transcribe through
nucleosomes, it is also possible that the partial unwrapping of accessible nucleosomes by
Pol II might facilitate the RSC recruitment to CDSs to further aid in the remodeling of
nucleosomes. Due to the interconnected roles of RSC and Pol II in coding sequences, it is
challenging to tease out the individual effects of Pol Il and RSC in possibly generating
these accessible nucleosomes. Indeed, this difficulty demonstrates why remodeling
activity in RSC has not been elucidated in vivo. Nevertheless, these findings provide
further insight into the accessibility of RSC-bound nucleosomes in vivo and may be an
indirect observation of RSC remodeling at a genome-wide scale.

3.7 RSC Plays a Role in Generating Accessible Nucleosomes

Given that both Pol IT and RSC are associated with the generation of MPDFs
shorter than those of canonical nucleosomes within transcribed CDSs, it is imperative,
though difficult, to determine if RSC might generate any of these fragments. To attempt
to tweeze out some of the effects of RSC on nucleosome accessibility from those of Pol
II, MNase-seq data was analyzed from a previous study in which RSC was depleted
(Klein-Brill et al., 2019). Because several subunits of RSC, including Sth1, are essential
(Cairns et al., 1996), these proteins must be rapidly depleted before crosslinking. In the
study, Sth1 was depleted using the auxin-inducible degradation strategy (Morawska and
Ulrich, 2013; Nishimura et al., 2009). Cells encoding for a TIR1 F-box protein and Sth1
tagged with an auxin-inducible degron (AID) were treated with the plant hormone auxin
1 hour before harvesting. Within the cells, TIR1 forms a complex with SKP1-CULLIN-
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F-box (SCF) to form an E3 ligase, and the addition of auxin facilitates the interaction of
TIR1 with the AID-tagged Sth1. TIR1-SCF then ubiquitinates the AID-tagged Sth1 to
mark it for degradation by the 26S proteasome, resulting in depletion of Sth1 within 1
hour after auxin addition. MNase-seq data from untreated (WT, 0 min) cells and Sth1-
depleted (60 min) cells underwent MPDF analysis where fragments were grouped into
sizes > 130 bp (representing canonical nucleosomes) or < 130 bp (representing more
accessible nucleosomes) and plotted as MPDF profiles (Klein-Brill et al., 2019) (Figure
3.13). Since RSC localizes to the CDSs of highly transcribed genes (Figures 3.4-3.5), the
MPDFs were analyzed at RPGs and the top 10% of transcribed genes. At RPGs, Sthl led
to a decrease in the ratio of shorter MPDFs to nucleosomal fragments at both promoters
and at CDSs (Figure 3.13A, compare dotted red trace to solid red trace) and an increase
in nucleosomal MPDFs in CDSs (compare yellow and blue traces). Similar reductions in
shorter MPDFs and increases in nucleosomal fragments in CDSs were observed in the
top 10% of transcribed genes (Figure 3.13B). These results are consistent with the idea
that RSC might remodel nucleosomes within CDSs to generate accessible nucleosomes
that yield shorter MPDFs. Since RSC depletion has also been associated with a reduction
in Pol II (Klein-Brill et al., 2019; Kubik et al., 2018; Ocampo et al., 2019), it is possible
that MPDFs might be reduced upon RSC depletion. However, it was found that Pol II
occupancies actually increased when Sth1 was depleted for the genes analyzed in Figure
3.13 (the effects of RSC on Pol II occupancies are detailed in Chapter 5). If Pol II were
primarily responsible for the generation of shorter MPDFs at these genes, then the
proportion of shorter fragment sizes should be higher in the Sth1-depleted cells at these
genes, not lower, due to higher levels of Pol II in the CDSs. These findings suggest that
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RSC plays a role in generating shorter MPDFs within the CDSs of transcribed genes.
There was also an increase in nucleosomal fragments at the promoters within these genes,
which is consistent with transcription initiation defects observed in previous studies II
(Klein-Brill et al., 2019) (Kubik et al., 2018; Ocampo et al., 2019). Overall, the data show
that the proportion of MPDFs representing accessible nucleosomes is reduced in CDSs of
highly-transcribed genes in cells depleted of RSC despite the lack of reduction in Pol II at
these genes, suggesting that RSC might affect the ability of elongating polymerases to
navigate nucleosomes. Further studies, such as determining nascent RNA levels in RSC-
depleted cells, will be needed to provide more direct evidence for the role of RSC in
regulating Pol II elongation. Nevertheless, the MPDF analyses conducted for this project
might provide in vivo evidence for remodeling, which has been notoriously difficult to
obtain.
3.8 Discussion

Collectively, the data suggest that RSC is recruited to transcribed CDSs and
makes the nucleosomes within those CDSs more accessible to other factors, such as
elongating polymerase. This is supported by the finding that RSC-bound nucleosomes are
highly susceptible to MNase digestion (Figure 3.10), suggesting the possibility that RSC
might remodel these nucleosomes and makes the nucleosomal DNA more accessible to
factors such as elongating Pol II. Consistent with this, Pol II-bound nucleosomes were
also more susceptible to MNase digestion than canonical nucleosomes within CDSs of
transcribed genes (Figure 3.12).

Since nucleosomes are physical barriers to elongating Pol II (Lorch et al., 1987),

mechanisms must exist that render nucleosomes within CDSs accessible to Pol II. The

88



presence of MPDFs shorter than 130 bp in the CDSs of transcribed genes indicates that
MNase-susceptible or accessible nucleosomes might be generated in a transcription-
dependent manner (Figure 3.8). Even though elongating Pol II has been shown to disrupt
chromatin structure and to transcribe through nucleosomes (Kireeva et al., 2002;
Ramachandran and Henikoff, 2016), it is likely chromatin remodelers and other factors
help in generating accessible nucleosomes to facilitate Pol II elongation. However, it is
unclear which remodelers may participate in this process. Both RSC and SWI/SNF can
slide and evict histones (Boeger et al., 2004; Clapier et al., 2017; Montel et al., 2011) and
are enriched in transcribed CDSs (Ganguli et al., 2014; Rawal et al., 2018; Spain et al.,
2014; Yen et al., 2012). Additionally, in-vitro experiments have demonstrated that RSC
promotes Pol II elongation through acetylated nucleosomes (Carey et al., 2006). It has
also been reported that RSC also binds to “fragile nucleosomes,” located in the promoters
of some genes, suggesting that RSC might expose nucleosomal DNA to make these
fragile nucleosomes more susceptible to MNase digestion (Brahma and Henikoft, 2019;
Kubik et al., 2015). Even though there is controversy regarding the exact nature of these
MNase-sensitive complexes within nucleosome depleted regions (NDRs) (Chereji et al.,
2017; Kubik et al., 2017; Prajapati et al., 2020), the findings of this project and other
studies have collectively shown that RSC makes nucleosomes more susceptible to MNase
digestion (Cakiroglu et al., 2019; Clapier et al., 2017). Considering that promoter
nucleosomes are highly accessible, this work proposes that RSC generates accessible
“promoter-like” nucleosomes in the CDSs of transcribed genes to promote transcription.
This is supported by data showing that the RSC-bound nucleosomes in transcribed CDSs

are associated with a more heterogenous range of MPDF lengths (Figure 3.10), which
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might represent nucleosome remodeling intermediates. Pol II has also been associated
with shorter MPDF fragments in CDSs of transcribed genes (Figure 3.12), suggesting that
accessible nucleosomes are generated during transcription. In vitro, Pol II has been
shown to displace H2A/H2B dimers as it transcribes through nucleosomes (Izban and
Luse, 1991; Kireeva et al., 2002), which could contribute to the shorter MPDFs observed
in the in vivo experiments of this project. Consistent with the idea that nucleosomes
within highly transcribed genes might require more frequent remodeling, a higher
proportion of shorter MPDFs was observed at very highly transcribed genes, including
RPGs (Figure 3.10C).

It is important to note that the nucleosome profile did not show the fragment
heterogeneity observed for RSC-bound nucleosomes. This implies that only a small
fraction of nucleosomes within a gene are accessible at any given time. Considering that
RSC and Pol Il were enriched at similar regions within CDSs of transcribed genes
(Figures 3.5B and 3.12B) and that RSC- and Pol II-bound nucleosomes were more
accessible in CDSs (Figures 3.10 and 3.12A), it is possible that nucleosomes immediately
downstream of elongating Pol II might be targeted and made accessible by RSC. In
contrast, other nucleosomes within CDSs would be in the less-accessible canonical
conformation (Figures 3.10 and 3.14). Additionally, the shorter fragments of Pol II-bound
nucleosomes suggest that Pol II either makes these nucleosomes more accessible directly
or interacts with these nucleosomes. This work favors a model in which the initial
disruption of nucleosomes by elongating Pol II facilitates RSC recruitment to CDSs,
where RSC then remodels nucleosomes to promote more efficient transcription.
Consistent with this model, RPGs show high levels of RSC-bound accessible
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Figure 3.14. RSC remodels nucleosomes downstream of Pol II in transcribed CDSs.
Model depicting RSC targeting nucleosomes downstream and in close proximity of
elongating Pol II for remodeling. The remodeling status of each nucleosome is
indicated by the presence of a dashed (remodeled) or solid line (canonical) on the
nucleosome. Nucleosomes undergoing RSC-mediated remodeling would have DNA
that is more susceptible to MNase digestion, yielding heterogenous MPDFs ranging in
size from 80-160 bp. Nucleosomes not undergoing active remodeling or otherwise
returned to a pre-remodeled state would have MPDFs ~150 bp. RSC recruitment could
be facilitated by direct interaction with Pol II, via the hypophosphorylated Pol II CTD,
or by transient histone acetylation by SAGA or NuA4. After Pol II passage, the
nucleosome would have to be returned to its pre-remodeled state to prevent cryptic
transcription. This reset could be achieved by deacetylation by Rpd3 or Hos2/Set3 in a
histone methylation-dependent manner.
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nucleosomes (Figure 3.10) and reduced nucleosome accessibility when RSC was
depleted (Figure 3.13).

Previous studies have supported the idea that RSC interacts with elongating Pol II
via the Rsc4 subunit or with the hypophosphorylated Pol II CTD (Soutourina et al., 2006;
Spain et al., 2014). Additionally, RSC might also be able to recognize Pol II-proximal
nucleosomes via the recognition of histone acetylation by RSC bromodomains, as Pol II-
proximal nucleosomes are transiently acetylated by SAGA and NuA4 (Ginsburg et al.,
2009; Govind et al., 2007; Kasten et al., 2004). Nucleosome acetylation has also been
implicated in enhanced remodeling by RSC and has been shown to promote RSC
recruitment to transcribed CDSs (Chatterjee et al., 2015; Spain et al., 2014). Thus, RSC-
bound nucleosomes might resemble promoter nucleosomes in that they might be
hyperacetylated and highly susceptible to MNase digestion. RSC remodeling might be
limited to nucleosomes immediately downstream of elongating Pol II, as nucleosomes
upstream of Pol II would be deacetylated by Hos2/Set3 and Rpd3 complexes in a histone
methylation-dependent manner (Carrozza et al., 2005; Govind et al., 2010; Kim and
Buratowski, 2009). The idea that RSC provides transient access to nucleosomal DNA in
an acetylation-dependent manner would also offer an explanation as to why cryptic
transcription within CDSs is prevalent in cells deficient in histone deacetylase or histone
methyltransferase functions since these nucleosomes would still be acetylated and thus
remain as targets for further remodeling (Carrozza et al., 2005; Govind et al., 2010; Kim
and Buratowski, 2009). Altogether, the findings of this project provide insight into RSC
function at transcribed CDSs and indirect in vivo evidence of RSC remodeling of

nucleosomes within transcribed CDSs.
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CHAPTER FOUR

RSC COORDINATES WITH HISTONE ACETYLTRANSFERASES GCN5 AND
ESA1 TO REGULATE CHROMATIN STRUCTURE

4.1 Introduction

To understand how chromatin and transcription are regulated, it is important to
know the mechanisms by which chromatin and transcription factors recognize and bind to
chromatin. Histone acetylation by histone acetyltransferases (HATs) promotes
transcription by recruiting factors such as chromatin remodelers (Carey et al., 2006;
Hassan et al., 2007; Lai and Pugh, 2017; Spain et al., 2014). Gen5 is the HAT subunit of
the SAGA complex and is the major HAT that acetylates histone H3 of the nucleosome
(Cheon et al., 2020; Cheung and Diaz-Santin, 2019; Marmorstein, 2001), whereas Esal is
part of the NuA4 complex and is the major HAT for histone H4 (Cheung and Diaz-
Santin, 2019; Marmorstein, 2001; Wang et al., 2018). In vitro and in vivo experiments
have demonstrated that these HATSs can acetylate lysine residues on their respective
histone tails (Cheon et al., 2020; Govind et al., 2007; Marmorstein, 2001), and RSC can
recognize acetylated histone tails in vitro. Specifically, RSC contains bromodomains that
recognize acetylated lysine residues (Dhalluin et al., 1999; Zeng and Zhou, 2002). For
instance, the RSC catalytic subunit Sth1 contains a bromodomain that binds to acetylated
H3K14 in vitro and in vivo (Blus et al., 2019; Chen et al., 2020; Jain et al., 2020; Patel et
al., 2019; Wagner et al., 2020). Additionally, RSC has been shown to bind to coding
sequences of transcribed genes in a manner dependent on SAGA and NuA4 (Spain et al.,

2014). These HATSs have also been implicated in the organization of chromatin structure
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at the promoter and in regulating transcription. For instance, transcriptional activators
such as Gen4 recruit SAGA and NuA4 to promoters (Ginsburg et al., 2009; Govind et al.,
2005; Govind et al., 2007; Qiu et al., 2016), and this recruitment was associated with
increased histone eviction and transcription. Despite these insights, the exact mechanisms
by which SAGA and NuA4 coordinate with RSC to regulate RSC recruitment to
nucleosomes and activity at a genome-wide scale are not known.

This work aimed to provide further insight into the roles of Gen5 and Esal on
RSC recruitment/activity, in vivo, at a genome-wide scale. To this end, RSC and H3
ChIP-seq was performed in wild-type (WT) S. cerevisiae cells and in cells lacking GenS
(gcn5A4), functional Esal (esal), both HATs (gecnSA/esal) or the bromodomain in the
RSC catalytic subunit Sthl (sthi1ABrD, lacks C-terminal 1270-1359 residues), since
bromodomains recognize acetylated histones (Dhalluin et al., 1999; Zeng and Zhou,
2002). Esal is essential for cell viability, so strains containing a conditional temperature-
sensitive allele of ESA1 (esall254P) were used (Ginsburg et al., 2009). To inactivate
Esal, the esal and gcn5A/esal strains were heat shocked at 37°C for 1 hour before
harvesting. This chapter focuses primarily on how the loss of HATs impacts RSC
localization at a genome-wide level and how these changes in RSC localization impact
chromatin organization. This chapter also presents a novel acetylation-independent role
of Esal in recruiting RSC to promoter nucleosomes.

4.2 RSC Accumulates in the Promoters of HAT Mutants

To determine how HATs promote RSC recruitment to chromatin at a genome-
wide level, RSC ChIP-seq was performed using sonicated chromatin from WT cells and

from sth1ABtD, gcn5A4, esal, and genS/esal mutants. These mutants contained a copy of
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myc-tagged Sth1, allowing for the ChIP of RSC using an antibody specific to the myc
tag. Because heat shock might induce indirect effects on RSC recruitment, WT cells were
also heat shocked (HS-WT) and subjected to RSC ChIP-seq. The DNA isolated from the
RSC ChIP was then sequenced and the resulting reads were aligned to the S. cerevisiae
genome before being used for analysis. Heatmaps were generated showing RSC
occupancies for WT cells, HS-WT cells, and in sth1ABrD, gcn5A, esal, and genS/esal
mutants at all genes, as well as the changes in RSC occupancy compared to WT or HS-
WT cells for greater clarity in determining the differences in RSC occupancies in the
mutant compared to WT cells (Figure 4.1). Genes were sorted by decreasing Pol II
occupancies, which were determined by separate Pol II ChIP-seq experiments. The RSC
occupancies are centered at and extend +/- 1000 bp from the TSS. RSC was localized to
the CDSs of transcribed genes for all strains, as indicated by the red hues after the TSS
towards the top of the heatmaps (top panels), consistent with the findings of this work
(Figures 3.4 — 3.5) and of previous studies (Spain et al., 2014). Just upstream of the TSS,
the occupancy profiles look very similar to the WT heatmap except for esal and
genSA/esal, where RSC levels are higher than in the WT cells. The heatmaps showing
the changes in RSC occupancy compared to WT or HS-WT cells provides greater clarity
regarding how RSC levels change in the mutants (bottom panels). There is a modest
increase in RSC in the promoters in HS-WT cells compared to non-heat-shocked cells, as
indicated by the yellow hues upstream of the TSS in the HS-WT ARSC occ. profile. This
is consistent with studies that show that RSC redistributes from CDSs to promoters
during heat shock (Vinayachandran et al., 2018), and in addition to the increase in RSC at

promoters, there is also a slight reduction in RSC in the CDSs of HS-WT cells, as
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indicated by the blue hues towards the top of the HS-WT ARSC occ. heatmap.

Because RSC bromodomains have been shown to bind to acetylated histones
(Chen et al., 2020; Kasten et al., 2004), it was expected that loss of either the Sth1
bromodomain (BrD) or the HATs would result in decreased RSC occupancies wherever
RSC localized. In the CDS regions of the mutants, a slight reduction in RSC could be
overserved at highly transcribed genes (Figure 4.1, blue hues at very top of ARSC occ.
heatmaps). Surprisingly, a modest increase in RSC was observed at the promoters in
sth1ABrD compared to WT cells, genome-wide, and resembled the profile of HS-WT
cells. RSC accumulation at promoters was even greater in the HAT mutants, with the
greatest increases observed in esal and genSA/esal (Figure 4.1, compare red/yellow hues
upstream of the TSS in bottom panels). These changes can also be seen in the metagene
profiles for the changes in RSC occupancy (Figure 4.2), where peaks of varying sizes
corresponding to RSC increases can be seen in the NDRs of these strains (the profile for
WT nucleosomes has been included to show the locations of the -1 nucleosome, NDR,
and +1 nucleosome). The RSC accumulation observed in the esa/-containing mutants is
likely not solely due to the effects of heat shock, as the changes in RSC occupancies for
these strains were calculated against HS-WT cells, and the accumulation of RSC within
these mutants was much higher than that observed for HS-WT cells (Figures 4.1 and 4.2).
Plotting the RSC occupancy changes along with the MNase-seq (nucleosome) profile
revealed that RSC predominantly accumulates in the nucleosome-depleted regions
(NDRs) of the mutants (Figure 4.2). Additionally, RSC increases at the -1 nucleosome
position in gcnSA/esal (henceforth known as HAT double mutant) (Figure 4.2, righthand

panel, compare dotted and black traces). Contrary to the expectation that RSC would
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Figure 4.2. RSC accumulates at NDRs of HAT mutants and sth/ABrD. Metagene
profiles depicting the changes in RSC occupancies (ARSC occ.) at all genes (N=5760)
in the indicated strains. The lefthand y-axis displays the A RSC occ. and the righthand

y-axis displays nucleosome occupancies. The profile for WT nucleosomes is included
to easily find the location of the NDR and -1 and +1 nucleosomes, which are indicated

on the profile. Profiles are centered at the TSS.
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decrease in cells lacking the Sth1 bromodomain or HATs, the data shows an increase in
RSC at the promoter regions in these mutants, indicating that GenS and Esal prevent the
accumulation of RSC at promoter regions genome-wide.

4.3 RSC Accumulation in Promoters Correlates with NDR Width in Mutants Lacking
Functional Esal

Given the surprising results that RSC accumulates in NDRs in cells lacking
HATSs, which are contrary to the slight RSC reduction in CDSs of transcribed genes and
to the expectations set forth by previous studies (Chen et al., 2020; Kasten et al., 2004), it
is possible that NDRs might contain certain characteristics or factors that might impact
the role of Gen5 and Esal in regulating RSC recruitment at promoters. Nucleosome-
Depleted Regions (NDRs) are typically wider than the spaces in between nucleosomes
located within CDSs and vary in length, where genes with higher levels of transcription
display wider NDRs than moderately- or lowly-transcribed genes (Weiner et al., 2010).
Because the accumulation of RSC seemed to be greatest in genes with the highest Pol 11
occupancies in the mutants (Figure 4.1, compare intense red/yellow hues at top of ARSC
occ. heatmaps to the fainter yellow hues towards the bottom of the heatmap), the changes
in RSC occupancies in the promoters of the mutants relative to WT cells was compared
to NDR width to determine if NDR width correlated with RSC accumulation (Figure
4.3). To find the RSC occupancy changes at promoters, the RSC occupancies were
calculated for 350 bp upstream of the TSS for each gene before the differences in RSC
occupancies between each mutant and WT cells at each gene were found and plotted
against the NDR width for that gene. sth1ABrD, gcn5A, and heat-shocked WT cells

showed little to no significant correlation between NDR widths and the changes in RSC
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occupancies. However, slightly higher correlations were observed for the esal and
genSA/esal mutants, suggesting that wider NDRs might be more prone to RSC
accumulation in these mutants.

4.4 RSC Accumulates in NDRs of Genes Suspected to Contain Fragile Nucleosomes in
Cells Lacking Functional HATSs

The finding that NDR width was slightly correlated with RSC accumulation in the
esal-containing mutants raises the intriguing possibility that the accumulation might be
occurring in genes that are suspected of containing fragile nucleosomes (FNs) (Kubik et
al., 2015). Fragile nucleosomes were initially proposed to explain a signal that appeared
in the NDRs of ~1/3 of yeast genes under low MNase-digestion conditions but
disappeared when chromatin was digested with high amounts of MNase (Brahma and
Henikoff, 2019; Kubik et al., 2015; Schlichter et al., 2020; Xi et al., 2011). These
complexes are thought to be highly susceptible to MNase and are bound by RSC (Kubik
et al., 2015; Schlichter et al., 2020). The existence of fragile nucleosomes is highly
controversial. While it is generally thought that a complex exists in the NDRs of these
genes, some researcher question if it is indeed a nucleosome, as histone ChIP-seq and
MNase-ChIP-seq did not show the presence of histones at these complex locations
(Chereji et al., 2017). However, other MNase-based methods such as CUT&RUN have
been able to detect fragile nucleosomes while not suffering from some of the drawbacks
of conventional MNase digestion, and others were able to detect histones using ChIP-seq
(Brahma and Henikoff, 2019; Kubik et al., 2017). However, more research is being
conducted to confirm that these complexes (referred to in this work henceforth as fragile

nucleosomes for simplicity) are indeed fragile nucleosomes, as well as to analyze the
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biochemical properties of these complexes.

Because RSC has been associated with fragile nucleosome complexes and
because RSC accumulation was observed in genes containing wide NDRs in the esal-
containing mutants, RSC might be accumulating in the NDRs of genes suspected of
containing fragile nucleosomes in cells lacking either one or both HATs. To determine if
RSC was accumulating in NDRs containing fragile nucleosomes in the HAT mutants,
genes were categorized based on the suspected presence of FNs within their promoters
(FN_NDRs) or stable nucleosomes at their -1 positions (SN__NDRs) and the RSC ChIP-
seq data were analyzed using these subsets of genes. A list of these genes was used from
previous studies (Kubik et al., 2015), where 1887 genes were identified as FN NDR
genes and 2974 genes were part of the SN NDR gene subset. The NDR width for each of
these genes was determined to compare the median NDR width for each gene subset. It
was found that FN_NDRs had wider NDRs than SN NDRs (Figure 4.4), consistent with
previous studies (Kubik et al., 2015). The heatmaps generated from the RSC ChIP-seq
data showed that RSC accumulation was significantly greater in FN_NDRs than in
SN _NDRs (Figure 4.5, compare the top panel of each mutant to the corresponding
bottom panel). The differences between RSC accumulation in SN NDRs versus
FN_NDRs were most striking in the esal/ and HAT double mutants, where the greatest
increase in RSC accumulation was observed, though sth/ABrD and gcn54 also showed
greater RSC accumulation at FN_ NDRs than SN NDRs (compare bottom panels with
each other). This suggests that RSC is more prone to accumulation in NDRs thought to
contain fragile nucleosomes than those containing stable nucleosomes in cells lacking the

H4 HAT Esal.
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Figure 4.4. Genes containing fragile nucleosomes at NDRs have wider NDRs than
genes containing stable nucleosomes. Boxplot showing NDR widths for genes thought
to contain fragile nucleosomes within their NDRs (FN_NDRs, N = 1887) and for
genes containing stable nucleosomes at the -1 position (SN_NDRs, N =2974). The
median NDR width is shown for each gene subset. Notches on the boxplot represent
the 95% confidence interval for each median.
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To better visualize the RSC accumulations observed in the heatmaps, metagene
profiles depicting the changes in RSC occupancy (ARSC) occupancies compared to WT
cells in FN_NDRs (FN profile) and in SN_ NDRs (SN profile) in HS- WT cells,
sth1ABrD, and in the HAT mutants were generated (Figure 4.6). The profiles
corroborated the findings observed in the heatmaps (Figure 4.5). The profiles showed that
the changes in RSC occupancies were predominantly within the NDRs for both SNs and
FNs, reinforcing the idea that RSC accumulates in the NDRs for these mutants (Figure
4.6, compare peaks of each colored line to the solid and dashed traces that show WT
nucleosomes occupancies of SNs and FNs, respectively). All of the mutants displayed
more RSC accumulation at FN__ NDRs than in SN NDRs, though esal and gcnSA/esal
displayed greater differences in RSC accumulations between FN_NDRs and SN NDRs
than the other mutants (compare solid-colored traces to dashed traces of the same color).
This is unlikely due to heat shock, as RSC accumulation at SN NDRs and FN_NDRs
were relatively similar to each other (compare gray traces to each other), and the
accumulation at FN_NDRs observed in HS-WT cells was minor compared to esa!-
containing cells (compare traces in the righthand panel). The gcn5A/esal mutant showed
the most striking difference in RSC accumulation between FN_ NDRs and SN_ NDRs.
The ARSC profiles show that the increase in RSC seen in SN NDRs was smaller in the
HAT double mutant compared to esal and was comparable to the accumulation seen in
HS-WT cells. In contrast, RSC accumulation in FN_NDRs was highest in gcn5A/esal
compared to HS-WT cells and the other mutants. These results support the findings that

RSC binds to the proposed fragile nucleosome complexes (Kubik et al., 2015; Schlichter
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Figure 4.6. RSC accumulates in NDRs in genes containing fragile or stable
nucleosomes. Metagene profiles showing the changes in RSC occupancies (ARSC)
compared to WT cells in HS-WT cells and in sth/ABrD, gcn3SA, esal, and gcn5A/esal
mutants at genes containing fragile nucleosomes (FNs) and at genes containing stable
nucleosomes (SNs). Solid lines represent ARSC changes in SNs, and dashed lines
show ARSC changes for FNs. Black lines show the WT nucleosome profiles for FNs
and SNs to show the location of NDR (deep valley upstream of TSS). Profiles are
centered at the TSS, and the lefthand y-axis shows ARSC, whereas the righthand y-
axis shows the WT nucleosome occupancies.
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et al., 2020) and suggests that HATs, especially Esal, help to regulate RSC buildup at
NDRs, particularly at NDRs containing fragile nucleosomes.

4.5 RSC Accumulates in NDRs containing Fragile Nucleosomes of Genes Activated by
Transcription Factors in a HAT-Dependent Manner

Since RSC accumulates in FN_NDRs more so than in SN NDRs when HATs are
lost, it is possible that fragile nucleosome complexes or the promoters they occupy might
possess characteristics that help retain RSC in those NDRs. NDRs that contain these
complexes have also been shown to interact with general regulatory factors (GRFs) such
as Rapl, Rebl, and Abfl (Kubik et al., 2018). These factors bind to their promoters and
interact with RSC to maintain NDR width, as depletion of these factors is associated with
NDR narrowing at their respective promoters (Kubik et al., 2017; Kubik et al., 2018). To
determine if GRFs might play a role in retaining RSC at FN_NDRs when HATs are
absent, the RSC ChIP-seq data were analyzed according to several transcription factors
known to bind to FN_NDRs. Genes were categorized based on which transcription factor
(Abfl, Fkhl1, Rapl, or Rebl) bound to them. Genes in which these transcription factors
did not bind were categorized under the NDR label. A boxplot was then generated based
on the RSC occupancies of these gene sets for WT cells, HS-WT cells, gcn54, and esal
(Figure 4.7). The boxplot revealed that RSC occupancies were higher in the HAT
mutants than in WT or HS-WT cells at the NDRs of these gene sets. The differences
between RSC levels relative to WT cells were greater for esal than gcn5A4 (compare
distances between notches of HAT mutant and WT/HS-WT cells of each respective gene
set between the top and bottom panels), supporting the idea that the H4 HAT may be

more important in preventing RSC accumulation at FN_NDRs than the H3 HAT. Even
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Figure 4.7. RSC accumulates at FN NDRs containing transcription factors. Boxplots
showing RSC occupancies at FN_NDRs based on transcription factor (TF) binding at
their promoters. Notches represent the 95% confidence interval of each median.
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though the increases were higher in esal than gcn5A, the relative pattern between the
gene sets remained the same for each HAT mutant: the increases observed in Abf1 and
Rebl were very similar to the increase seen in genes that did not contain these
transcription factors (NDR). Fkh1 and Rap1 displayed increases greater than NDR genes,
with the greatest increase in RSC occupancy observed for esal at Rapl-containing genes.
This suggests that GRFs might play a role with HATs in maintaining RSC at these genes,
especially Rapl in regard to the H4 HAT. However, the effects might not be direct, as
these factors have been shown to act independently but coordinately with RSC to
maintain NDR regions. RSC/GRF double depletion experiments have not revealed a
fully epistatic relationship that would suggest that GRFs recruit RSC to NDRs or vice
versa (Kubik et al., 2018), and no direct evidence has been found to implicate GRFs in
recruiting or retaining RSC at promoters. While these findings do not rule out a potential
role of GRFs in regulating RSC recruitment/retention to FN_NDRs in a HAT-dependent
manner, since GenS and Esal are part of larger complexes that interact with other
coactivators, other factors might be at play that help retain RSC to promoters when
HATs, especially Esal, are absent.

4.6 Histone Acetylation is Absent in the HAT Mutants

While the SAGA (Gcen5) and NuA4 (Esal) complexes have been shown to
interact with many other coactivators to regulate DNA-dependent processes, their HAT
modules are responsible for acetylating histones H3 and H4, respectively (Ginsburg et al.,
2009; Govind et al., 2007; Marmorstein, 2001; Roth et al., 2001). Since histone
acetylation is lost in the HAT mutants and RSC accumulates more in FN_NDRs than in

SN_NDRs in these mutants, we wondered if hypoacetylation of fragile nucleosomes
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might play a role in recruiting or retaining RSC to FN_NDRs. To this end, a western blot
was performed by fellow lab member Uzair Khan to confirm that histone acetylation was
reduced in the HAT mutants compared to WT cells. An antibody specific to H3
acetylation (H3Ac) was used to determine relative H3Ac levels in WT cells and genj A,
and an antibody specific to H4 acetylation (H4Ac) was used to determine relative H4Ac
levels in HS-WT cells and esal. The Western blot confirmed that the HAT mutants
displayed little to no histone acetylation (Figure 4.8). The H3Ac levels for gcn54 were
reduced compared to WT cells, and esal showed little to no H4Ac levels compared to
HS-WT cells. An antibody specific to Rpb3 was used as a loading control, and it was
found that the Rpb3 bands for each strain were very similar to each other, suggesting that
the reduction in histone acetylation was not simply due to lower protein levels being used
for the HAT mutants compared to WT cells. These results confirm that the loss of Gen5
or Esal in the HAT mutants leads to the loss of H3 or H4 acetylation, respectively,
supporting the possibility that histone acetylation may play a role in RSC accumulation at
FN_NDRs in the HAT mutants.

4.7 Gen3, Esal, and the Sth1 Bromodomain Stimulate Histone Eviction at NDRs

Considering that histone acetylation is mostly absent in gcn5A4 and esal (Figure
4.8) and that RSC accumulates in NDRs when cells lack Gen5 or functional Esal
(Figures 4.1 and 4.2), it is possible that RSC might be accumulating on hypoacetylated
histones in promoters, leading to increased histone occupancies at promoters. To
determine if RSC is accumulating on histones in promoters, histone H3 ChIP-seq was
performed. An antibody specific to H3 was used, and the same chromatin that was used

for RSC ChIP-seq was also used to prevent any variation in ChIP signals due to the
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Figure 4.8. Histone acetyltransferases GenS and Esal acetylate histones. Western Blot
showing that histone H3 acetylation (H3Ac) is reduced in cells lacking GenS
compared to WT cells, and that histone H4 acetylation (H4Ac) is largely absent in
cells with inactivated Esal, compared to HS-WT cells. Antibodies specific to Rpb3
were used as a loading control for these experiments, and the black triangles indicate
increasing amounts of total protein were used for each strain from left to right.
Western Blot data courtesy of Uzair Khan of the Govind Lab.
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extent of sonication. The data were aligned to the S. cerevisiae genome after sequencing,
and heatmaps were generated depicting the changes in H3 occupancies in sthlABrD,
gendA, esal, and genSA/esal compared to WT or HS-WT cells (Figure 4.9). H3
occupancies increased genome-wide at the promoters in all of the mutants, though the
accumulation was not as striking as the RSC accumulation observed in these mutants
(compare yellow hues upstream of the TSS in Figure 4.9 to red hues in bottom panels of
Figure 4.1). sth1 ABrD and gcn5A both displayed similar increases in H3, whereas esal
and gen5A/esal showed larger increases, with the greatest increase displayed in the HAT
double mutant (compare the intensity of yellow hues in heatmaps). In contrast, the HS-
WT cells showed a very slight increase in H3 at its promoters, though not to the extent of
esal or the HAT double mutant, indicating that the H3 accumulation is not primarily due
to heat shock.

To gain further insight into where the increases in H3 were located, metagene
profiles depicting the changes in H3 occupancies (AH3 occ.) in the mutants compared to
WT cells at all genes were generated (Figure 4.10A). The results seen in the heatmaps
were confirmed in the profiles (Figures 4.9 and 4.10A). H3 occupancies increased
relative to WT cells in all of the mutants, with the greatest increase in H3 observed in the
HAT double mutant (compare traces at NDRs in Figure 4.10A). In the esa/-containing
mutants, the accumulations were not restricted to NDRs but extended further upstream
and downstream of the NDRs (compare broad traces of esal and gcn5A/esal to sharp
peaks of gcn5A and sthlABrD). To determine if these H3 increases at promoters were

significant, a boxplot was generated depicting H3 occupancies at promoters (defined here
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A Change in H3 occupancies at all genes (N = 5760)
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Figure 4.10. Loss of HATs results in increased H3 occupancies at promoters genome-
wide. A) Metagene profiles showing the changes in H3 occupancies (AH3) compared
to WT cells in HS-WT cells and in sthIABrD, gcn5A, esal, and gcn5A/esal mutants at
all genes. Black lines show the WT nucleosome profiles to show the location of NDR
(deep valley upstream of TSS) and the -1 and +1 nucleosomes indicated on the
profiles. Profiles are centered at the TSS, and the lefthand y-axis shows AH3, whereas
the righthand y-axis shows the WT nucleosome occupancies. B) Boxplot showing the
normalized H3 occupancies at promoters (-1 _Nuc, NDR, and +1 Nuc positions) in
WT cells, HS-WT cells, and the mutants. The dotted yellow line represents the median
of WT and HS-WT H3 occupancies, and the asterixis represent significant (p-value <
0.05) increases compared to WT cells. p values were determined by the Welch t-test.
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as the -1 nucleosome, NDR, and +1 nucleosome locations) for WT cells, HS-WT cells,
and the HAT and BrD mutants. Welch student t-tests were performed to calculate the p-
value of each mutant-WT H3 change, and the changes were deemed significant if the p-
value were less than 0.05 (Figure 4.10B). The mutants showed significant increases in H3
occupancies at promoters compared to WT or HS-WT cells, with the greatest occurring
for the HAT double mutant. Overall, the data suggest that the Sth1 bromodomain and the
HATSs GenS5 and Esal each play a role in evicting histones that may be assembled in
promoters.

While the metagene profiles show that the H3 increases were within NDRs, the
peaks for each mutant were not centered firmly within the NDR, but were skewed
towards the +1 nucleosome location (Figure 4.10A). Additionally, the esa/-containing
mutants had broad profiles encompassing the -1 and +1 nucleosome locations (Figure
4.10A), indicating that increases in H3 might also occur at the -1 and +1 nucleosome
positions. To determine the extent of the H3 increases at the -1 and +1 positions for each
mutant, the H3 occupancies were calculated at the -1 position, NDR, and +1 nucleosome
position at all genes for WT cells, HS-WT cells, sth1 ABrD, gcn5 A, esal, and gcn5A/esal
and the data was used to generate a boxplot for comparison (Figure 4.11). All mutants
showed significantly higher H3 occupancies at NDRs compared to WT or HS-WT cells
(significant increases were defined as the increases having a p-value < 0.05).
Interestingly, sthlABrD showed an increase similar to gcn54 at NDRs (compare notches
on the red box with notches on the orange box, representing the 95% confidence that two
medians differ from each other). Thus, both the Sth1 bromodomain and HATSs play

important roles in maintaining nucleosome-depleted regions genome-wide. At the -1 and
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+1 nucleosome positions, the overall H3 occupancies in all strains were higher than in the
NDRs, indicating that HATs are important for maintaining histone levels at these
positions. The HAT mutants all showed significant increases in H3 occupancies
compared to WT cells. Surprisingly, sthl ABrD showed similar or slightly reduced H3
levels compared to WT cells, though this reduction does not appear significant.

It has been shown that the SAGA and NuA4 complexes interact with and are
recruited by other coactivators to promote histone eviction and transcription of their
target genes (Govind et al., 2010; Govind et al., 2007; Qiu et al., 2016; Rawal et al.,
2018). Additionally, histone eviction from promoters has been shown to expose the TBP
binding site, which is important for transcription initiation (Kubik et al., 2019).
Considering that the HAT mutants show increased histone levels at promoters, it is
possible that the HAT mutants might show more substantial H3 increases at promoters of
highly transcribed genes. To this end, H3 occupancies in NDRs and at the +1 nucleosome
positions (+1_Nuc) were found for the top and bottom 10% Pol [I-occupied genes (Pol II-
T10 and Pol II-B10, respectively) in WT cells, HS-WT cells, sth1ABrD, and in the HAT
mutants and plotted on a boxplot for comparison (Figure 4.12). The H3 occupancies at
both the NDRs and +1 Nuc were higher in the Pol I1I-B10 genes than in the Pol II-T10
genes. At Pol II-T10 NDRs, H3 occupancies were higher in gecn5A4, esal, and gen5A/esal
compared to WT cells, HS-WT cells, or even sthlABrD (compare medians of each strain
to each other), indicating that HATs play a more crucial role in evicting histones at NDRs
of highly transcribed genes than the Sth1 bromodomain. At Pol II-B10 NDRs, all mutants
showed significantly higher histone levels compared to WT or HS-WT cells (compare the

notches indicating a 95% confidence that two medians of the indicated strains differ from
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each other). In Pol II-B10 genes, the H3 occupancy increases at +1 Nuc were less
pronounced than the increases seen at NDRs, and only sth/ ABrD, esal, and the HAT
double mutant showed significant increases (compare Pol II-B10 NDR boxplots with Pol
II-B10 +1_Nuc boxplots). At Pol II-T10 genes, H3 occupancies at +1 Nuc were higher in
genSAthan in esal, and the greatest increase was observed for the HAT double mutant.
Surprisingly, H3 occupancies at +1 Nuc in the Pol II. T10 genes were reduced in
sth1ABrD. Overall, the data suggest that HATs are important for H3 eviction at NDRs
and the +1 nucleosome position at transcribed genes, whereas sthlABrD plays a greater
role in evicting nucleosomes from lowly-transcribed genes. Indeed, when the H3 ChlIP-
seq data is separated into quartiles based on Pol II occupancies in CDSs, it is revealed
that loss of the Sth1 bromodomain results in significant H3 occupancy increases in
promoters at all but the top 25% of transcribed genes (Figure 4.13, compare H3 increases
in sth1 ABrD seen in Q2-Q4 versus the similar levels between WT and sthlABrD in Q1).
In contrast, H3 occupancies increase in promoters in the HAT mutants at both RPGs and
the top 20% Pol I1-occupied genes excluding RPGs, with the greatest increase observed
for the HAT double mutant (Figure 4.14).

Taken together, the data show that H3 increases in cells lacking GenS or Esal,
suggesting that HATs play a role in evicting histones from promoters. At transcribed
genes, HATs play a particularly important role in evicting histones in NDRs (Figures
4.12 and 4.14). The increase in H3 occupancies largely coincided with the RSC
accumulation observed at NDRs (Figures 4.1, 4.2, 4.5, 4.6, 4.9, and 4.10). Since the HAT
mutants are deficient in histone acetylation, these data strongly support the possibility of

RSC binding to acetylated nucleosomes in promoters and possibly to fragile
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Figure 4.13. The Sth1 bromodomain is important for histone eviction at the majority
of genes. Boxplot showing the H3 occupancies at promoters (-1 _Nuc, NDR, and

+1 Nuc positions) of WT and sthIABrD. Genes are separated into quartiles based on
average Pol I occupancies in CDSs determined from a separate Rpb3 ChIP, where
genes in Q1 harbor the most Pol II and genes in Q4 harbor the least. H3 significantly
increases in sthIABrD compared to WT cells for quartiles Q2 to Q4. Changes were
deemed significant if their p-values were < 0.05, and were determined by the Welch

student t-test.
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Figure 4.14. Gen5 and Esal are important for H3 eviction at RPGs and other Pol II-
occupied genes. Boxplots comparing H3 occupancies in the promoters (-1 Nuc, NDR,
and +1_Nuc positions) of RPGs (left boxplot) and of the top 20% of Pol II-occupied
genes excluding RPGs (right boxplot) in WT cells, HS-WT cells, and in the HAT
mutants. Changes were deemed significant if their p-values were < 0.05, and were

determined by the Welch student t-test.
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nucleosomes.

4.8 NDRs that contain Fragile Nucleosomes show Comparable Histone Occupancy
Increases to NDRs containing Stable Nucleosomes in the HAT Mutants

Considering that the HAT mutants showed increased H3 and RSC occupancies
compared to WT cells at promoters (Figures 4.1 —4.2, 4.9 — 4.10) and that the RSC
accumulation was greater at FN_NDRs than SN NDRs (Figures 4.5 —4.6), it is possible
that the mutants might also show greater H3 increases at FN_NDRs than at SN NDRs in
the mutants, especially if RSC is trapping histones underneath it, or if RSC is
accumulating on fragile nucleosomes. The H3 ChIP-seq data were analyzed for average
histone occupancies at the -1, NDR, +1 positions (promoters) of SN NDR and FN NDR
genes for WT cells, HS-WT cells, sth1ABrD, gcn5A4, esal, and gcn5A/esal, and the data
was used to generate a boxplot (Figure 4.15). Overall, H3 occupancies in WT cells were
higher in SN NDRs than in FN_NDRs (Figure 4.15, compare black boxplots at Stable
Nuc. and Fragile Nuc.). Both sthI ABrD and gcn5A showed higher increases than WT
cells at both FN_NDRs and SN_NDRs, though the H3 increase was higher in gcn5A4 cells
than the BrD mutant for both gene sets. Both esal and gen5A/esal showed higher H3
occupancies at promoters than HS-WT cells, with the greatest increases being observed
for the HAT double mutant at both gene sets. The greater increases observed for
genSA/esal indicate that both Gen5 and Esal are important for histone eviction at
promoters, despite the differences in H3 occupancies for the HAT single mutants. For
gen5A and sth1ABrD, the H3 increases at SN NDR promoters were a little higher than
the increases observed at FN_NDRs, whereas the H3 increases observed at FN_NDRs

were slightly higher than the increases observed at SN NDRs for esa/ and the HAT
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Figure 4.15. H3 increases in the promoters of genes containing Fragile or Stable
nucleosomes (Nuc) in the HAT mutants. Boxplots comparing normalized H3
occupancies in the promoters (-1 _Nuc, NDR, and +1_Nuc positions) of Stable and
Fragile Nucleosome containing genes in WT cells, HS-WT cells, and in the HAT
mutants. Changes were deemed significant if their p-values were < 0.05 and were
determined by the Welch student t-test. The dotted blue line indicates the median of
either WT or HS-WT cells for easier comparison of the medians of mutants to those of
WT cells.
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double mutant (Figure 4.15, compare the distances between the median of each mutant
and WT or HS-WT cells at both Stable Nuc. genes and Fragile Nuc. genes).

To get a clearer look as to where the H3 occupancies were increasing for each
gene, heatmaps were generated showing the change in H3 occupancies compared to WT
or HS-WT cells at genes containing fragile or stable nucleosomes for HS-WT cells,
sth1ABrD, and the HAT mutants (Figure 4.16). The overall patterns of the H3 increases
were very similar to the RSC increases observed for the mutants (compare the heatmaps
for each mutant in Figure 4.16 to the heatmaps for the respective mutant in Figure 4.5).
For gcn5A4 and sth1ABrD, H3 increases at FN_NDRs were less pronounced than the
changes observed at SN NDRs (Figure 4.16, compare top panels with the corresponding
bottom panels), consistent with the trend observed in Figure 4.15. The esal-containing
mutants show a greater H3 increase at FN_NDRs than at SN NDRs, though the increase
is not as pronounced at the RSC accumulation seen at FN_NDRs of these mutants
(Figures 4.5 and 4.16).

The mixed results regarding the H3 increases of the sthi1ABrD, gcn5 A, and the
esal-containing mutants lend to some intriguing possibilities. The higher H3 increases at
SN _NDRs observed in the sthlABrD and gcn5A mutants suggest that there is more RSC
in those NDRs simply due to the presence of more histones for RSC to interact with.
However, the RSC increases observed at FN_NDRs were more substantial in the
sth1ABrD and HAT mutants than the increases in H3 (compare the bottom panels in
Figure 4.5 with the bottom panels of Figure 4.16). The higher RSC levels might indicate
that fragile nucleosomes might recruit or retain RSC more than stable nucleosomes. Since

FN_NDRs display lower H3 occupancies at promoters than SN NDRs, it is possible that
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the ability of fragile nucleosome complexes to recruit or retain RSC more efficiently
might also help in maintaining lower histone occupancies at FN_NDRs compared to
SN_NDRs.

4.9 Nucleosomes at Promoters are Stabilized in the HAT Mutants

The possibility of RSC accumulating on promoter nucleosomes in the HAT
mutants raises questions regarding the overall stability and accessibility of nucleosomes
within these regions. Because RSC has been shown to slide, evict, and remodel
nucleosomes in vitro (Clapier et al., 2017; Harada et al., 2016; Lorch and Kornberg,
2017; Saha et al., 2002; Shukla et al., 2019; Shukla et al., 2010), it is possible that the
increased RSC at promoters in the HAT mutants might remodel any nucleosomes RSC
may be interacting with, resulting in nucleosomes that are more susceptible to MNase
digestion. However, RSC might also confer protective qualities to the nucleosome if it is
stuck or retained on the nucleosome (Shukla et al., 2010), or it might be bound in such a
way that RSC activity is less efficient on these retained nucleosomes. Either of these
scenarios could result in nucleosomes being less accessible and therefore less susceptible
to MNase digestion. To determine the stability of promoter nucleosomes in the HAT
mutants, MNase digestion was performed in WT cells and gcnSA, esal, and gen5A/esal.
The resulting chromatin was then sequenced and used to generate heatmaps depicting
nucleosome occupancies at all genes, as well as the changes in nucleosome occupancies
compared to WT cells at all genes, FN_NDRs, and SN__NDRs for the HAT mutants
(Figure 4.17). The heatmap showing WT nucleosome occupancies at all genes (top left
panel of Figure 4.17A) largely coincides with the profile observed for the nucleosome

dyad densities (Figure 3.7C): for each gene, there is a region of blue upstream of the TSS,
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indicating the NDR, and flanking the NDR are two yellow regions representing the -1
and +1 nucleosomes. When the genes are stacked together to form the heatmap, the result
is a blue column just upstream of the TSS representing the NDR, a faint yellow column
upstream of the NDR representing the -1 nucleosome, and a more intense yellow column
downstream of the NDR and TSS representing the +1 nucleosome (Figure 4.17A).
Yellow columns downstream of the +1 nucleosome represent nucleosomes in the CDSs.
The heatmaps depicting nucleosome occupancies in the HAT mutants show greater
nucleosome occupancies predominately at the -1 and +1 nucleosome positions than in the
WT cells, with the greatest increase being observed in the HAT double mutant (Figure
4.17A, top panels, compare red/yellow hues in WT and HAT mutants). The changes are
more apparent in the heatmaps depicting the changes in nucleosome occupancy compared
to WT cells (Figure 4.17A, bottom panels), where an increase in nucleosome occupancies
can be observed at the -1 and +1 nucleosome positions for the HAT mutants. These
results suggest that nucleosomes are stabilized when HATs are lost, and the stabilization
is greatest in the HAT double mutant, indicating that both GenS and Esal contribute to
nucleosome accessibility within these regions. Since RSC accumulates more in
FN_NDRs than SN NDRs (Figures 4.5 and 4.6), the changes in nucleosome occupancies
compared to WT cells were examined for FN_ NDRs and SN NDRs (Figure 4.17B). The
increases in nucleosome occupancies at SN NDRs and FN_ NDRs were comparable
(Figure 4.17B, compare the top panel of each mutant with the bottom panel). Increases in
nucleosome occupancies at the -1 and +1 positions were observed for gcn5A4 and esal,
with the greatest increase in the HAT double mutant. These increases suggest that

nucleosomes at promoters are stabilized when HATs are absent or inactivated, despite the
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increased RSC presence. It could be that RSC may indeed be stuck on these nucleosomes
and cannot efficiently remodel or evict them, resulting in nucleosomes that are less
accessible to MNase and yielding a stronger signal at the -1 and +1 positions. It is
interesting to note that at the highest Pol II-occupied FN_NDR genes in the HAT double
mutant (Figure 4.17B, top of FN_NDR heatmap), a signal is detected between the -1 and
+1 nucleosomes. This signal is also present in the HAT single mutants, though it is not as
strong or as clearly visible as in the HAT double mutant. While the signal could be
indicative of NDR filling or narrowing, it is possible that it could represent fragile
nucleosomes within the NDRs of those genes and that RSC buildup at FN_ NDRs may
have further stabilized these possible fragile nucleosomes in the HAT mutants. Further
investigation is needed to determine if the signal detected in between the -1 and +1
positions is indeed a fragile nucleosome. Nevertheless, the data shows that promoter
nucleosomes are stabilized in the HAT mutants, despite the increased presence of RSC.

4.10 The Accumulation of RSC in Promoters of HAT Mutants is Histone Tail-Dependent

Several studies have shown that histone acetyltransferases acetylate lysine
residues on histone tails (Dhalluin et al., 1999; Zeng and Zhou, 2002). In S. cerevisiae,
GcenS acetylates lysine residues at positions 9, 14, 18, 23, and 27 on the histone H3 tail
(Carre et al., 2005; Cheon et al., 2020; Eberharter et al., 1999; Haque et al., 2021;
Marmorstein, 2001), whereas Esal acetylates lysine residues at positions 5, 8, 12 and 16
on the H4 tail (Marmorstein, 2001). Considering that histone acetylation is largely absent
in the HAT mutants (Figure 4.8) and that RSC accumulates in the NDRs of the HAT
mutants (Figures 4.1 —4.2), it is possible that the RSC accumulation is dependent on

histone tails, specifically hypoacetylated histone tails. To determine if histone tails are
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important for RSC accumulation observed in the HAT mutants, RSC ChIP-seq was
performed in cells containing WT H3 tails and mutants lacking either the histone H3 tail
(H3A41-28) or the H4 tail (H4AI-16). The deleted regions contain the lysine residues that
could otherwise be acetylated by Gen5 or Esal, meaning that nucleosomes that were
missing these histones would be hypoacetylated compared to WT cells and might mirror
the RSC accumulation seen in the HAT mutants. The heatmaps depicting RSC
occupancies at all genes for cells containing WT H3 tails (WT (H3)), H34[-28, and
H4AI-16 do not show an accumulation of RSC in the promoters of WT cells or the tail
deletion mutants, as the heatmaps of WT cells and mutants look very similar to each
other upstream of the TSS (Figure 4.18A). The changes in RSC occupancies in the tail
deletion mutants compared to WT cells were calculated and used to generate heatmaps to
further clarify the differences in RSC occupancies between WT cells and the histone tail
mutants (Figure 4.18B). The heatmaps revealed that RSC occupancies decreased in both
tail deletion mutants, though the decrease was greater in H34/-28 than in H4AI-16
(Figure 4.18B). To better visualize the differences between the HAT mutants and tail
deletion mutants in regards to RSC levels in the promoters, metagene profiles depicting
the changes in RSC occupancies compared to WT cells (ARSC) were generated for the
HAT mutants gcn5A4 and esal and the tail deletion mutants H3A47/-28 and H441-16
(Figure 4.19). Because RSC accumulation was greater at FN_NDRs than SN NDRs in
the HAT mutants, the ARSC profiles were generated for both FN_NDR genes (lefthand
panel) and at SN NDR genes (righthand panel) to compare the differences observed

between HAT and tail deletion mutants at both gene sets. Comparing the ARSC profiles
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Figure 4.18. RSC does not accumulate at promoters in cells lacking histone N-
terminal tails. A) Heatmaps showing RSC occupancies for cells containing WT
histone H3 tails, as well as for cells lacking either the H3 tail (H3A1-28) or H4 tail
(H4A 1-16) at all genes. B) Heatmaps showing the changes in RSC occupancies in
the tail deletion mutants compared to cells containing WT H3 tails at all genes. For
all heatmaps, genes are sorted by decreasing Pol II occupancies and are centered at

the TSS.

131



of gecn5A and H341-28 and the ARSC profiles of esal and H4A1-16 reveal that the
increases in RSC observed in the NDRs of the HAT mutants were largely absent in the
NDRs of the tail deletion mutants (Figure 4.19, compare solid traces to dotted traces).
Moreover, the differences between the HAT mutants and the histone tail mutants were
larger at FN_NDRs than at SN NDRs (compare solid traces to dotted traces and note the
changes in the lefthand y-axis for each panel). Overall, differences between the ARSC
profiles of esal and H4A1-16 were more striking than those between the ARSC profiles
of gcn5A and H341-28 (compare solid traces to dotted traces of the same color).

The findings that RSC does not accumulate in the NDRs of tail deletion mutants,
though initially surprising, make sense if RSC is accumulating on hypoacetylated tails, as
the complete loss of the tail should result in RSC being unable to be retained on histones.
The differences between the metagene profiles of the HAT and tail deletion mutants
indicate that the H4 tail might play a larger role in retaining RSC to the promoters than
the H3 tail. Nonetheless, the H3 tail might play some role in recruiting or retaining RSC
to promoters, as H341-28 did not show the RSC accumulation observed in gen5A.

4.11 RSC Accumulates in the Promoters of Mutants Containing Hypoacetylated H4 Tails

Because the H3 or H4 tails were lacking in the tail deletion mutants, RSC did not
accumulate in the promoters of the tail deletion mutants as they did for the HAT mutants.
However, while the tail deletion mutants yielded insights into how histone tails play a
role in retaining or recruiting RSC to promoters, they did not provide any information
regarding the roles that hypoacetylated tails play in retaining RSC to promoters. To gain
further insight into the roles hypoacetylated tails play in recruiting or retaining RSC to

promoter nucleosomes, RSC ChIP-seq was performed for the H3K14A4 and H4K16A4
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Figure 4.19. RSC accumulates in the NDRs of HAT mutants, but not in histone tail
mutants. Metagene profiles depicting the changes in RSC occupancies (A RSC
Occupancy) at FN NDRs (lefthand panel) and at SN NDRs (righthand panel) in HAT
mutants gcnSA and esal, as well as in the H3 and H4 N-terminal tail mutants. The
lefthand y-axis displays ARSC and the righthand y-axis displays nucleosome
occupancies. The profile for WT nucleosomes is included to easily find the location of
the NDR and -1 and +1 nucleosomes. Profiles are centered at the TSS.
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mutants. The replacement of the lysine residue with alanine prevents the residues at those
locations from being acetylated. H3K/4A4 and H4K16A4 mutants were initially selected
since the Sth1 bromodomain has been shown to preferentially bind to acetylated H3K 14
(Chen et al., 2020; Jain et al., 2020), and H4K 16 acetylation is important for chromatin
decompaction (Robinson et al., 2008) and recruits GenS in a bromodomain-dependent
manner (Owen et al., 2000). Additionally, these mutants already contained myc-tagged
Sth1, so these mutants underwent RSC ChIP-seq while other K— A mutants
(H3K9,14,18,23—>A, H4K5,8,12,16—Q, and H4K5,8,12,16—>R [K—A mutations of all
lysine residues on H4 is lethal]) were subjected to transformations to tag Sth1 with myc.
Heatmaps depicting the changes in RSC occupancies compared to WT cells at all genes
were generated for the H3K14A4 and H4K16A tail mutants and compared to the heatmaps
for the tail deletion mutants (H347-28 and H4A41-16) and the HAT mutants (gcn54 and
esal) (Figure 4.20). Surprisingly, the H3K/4A4 mutant displayed slightly higher RSC
levels in the promoter regions compared to the H3 deletion mutant, but showed very little
change compared to WT cells, and did not show any recapitulation of RSC accumulation
at promoters exhibited by the H3 HAT (Figure 4.20A). In contrast, H4K16A4 showed
increased RSC occupancies at the promoter compared to WT cells, recapitulating some of
the accumulation observed in the H4 HAT mutant (Figure 4.20B). This suggests that the
hypoacetylated H4 tail might be important for recruiting or retaining RSC to promoter
nucleosomes. To gain further insight as to whether the accumulation in the H4 tail mutant
is more prominent at FN_NDRs than SN_NDRs, metagene profiles were generated
depicting the changes in RSC occupancies at FN_NDRs (left panels) and SN NDRs

(righthand panels) for gcn54, H3K144, and H3A1-28 mutants (Figure 4.21A), as well as
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Figure 4.20. RSC accumulates in the promoters of mutants containing hypoacetylated
H4 tails, but not in mutants containing hypoacetylated H3 tails. A-B) Heatmaps
depicting the change in RSC occupancies compared to WT cells at all genes in H3A -
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The K to A mutations prevent the residue from being acetylated in the mutants. Genes
are sorted by decreasing Pol II occupancies and are centered at the TSS.
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for the H4K14A, esal, and H4Al-16 mutants (Figure 4.21B). The H3K144 mutant did
show higher accumulations of RSC at both FN_NDRs and SN NDRs than H34/-28,
though the overall RSC levels in the H3K744 mutant did not change significantly
compared to WT cells (Figure 4.21A), suggesting that loss of acetylation at this
individual residue does not result in RSC accumulation. This is surprising, given the in
vitro and in vivo evidence that RSC preferentially binds acetylated H3K 14 (Chen et al.,
2020; Cheon et al., 2020; Jain et al., 2020; Marmorstein, 2001). It is possible that while
RSC recognizes H3K 14 for recruitment, acetylation of other H3 or H4 lysine residues
might help RSC to dissociate from the nucleosome, and the absence of acetylation at
those other lysine residues might be responsible for retaining RSC on nucleosomes,
leading to the accumulation of RSC observed in the HAT mutants. Indeed, the H4K16A
mutant did show some accumulation of RSC at NDRs, though the accumulation was not
as great as that observed in esal (Figure 4.21B). Since the H4 tail could still be acetylated
at other lysine residues in the H4K16A4 mutant, it is possible that mutations at one or all of
these other residues might fully recapitulate the RSC accumulation seen in esal. These
results indicate that RSC might be retained on hypoacetylated H4 tails.

The differences between the RSC accumulations in the H3K/14A4 and H3A1-28
mutants were very similar at both FN_NDRs and SN__NDRs (Figure 4.21A, compare
dotted and dashed traces and scales of the lefthand y-axis of both panels. In contrast,
while the H4K16A4 mutant exhibited similar changes compared to WT cells at both
FN NDRs and SN__NDRs, the differences between the H4K16A4 mutant and the H4A1-16
mutant were larger at FN_NDRs than at SN NDRs, (Figure 4.21B, compare dotted and

dashed traces and scales of the lefthand y-axis in both panels), indicating that
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Figure 4.21. The H4 hypoacetylated tail mutant recapitulates some of the RSC
accumulation seen in the H4 HAT mutant. A-B) Metagene profiles depicting the
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centered at the TSS.
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hypoacetylated H4K 16 residues might play more of a role in retaining RSC at FN_NDRs
than at SN NDRs. This also suggests that RSC might accumulate on fragile nucleosome
complexes in a hypoacetylated H4 tail-dependent manner.

Overall, the observation that RSC accumulates in the HAT mutants but not in the
tail deletion mutants suggests a role for unacetylated or hypoacetylated nucleosomes in
retaining RSC at promoters. Recent cryo-EM structures of RSC bound to a nucleosome
revealed that the H4 tail interacts with Sth1, where it binds to the interface of the SnAC
and ATPase domains of the subunit (Wagner et al., 2020). Since the H4 tail is
unacetylated in this structure, it is reasonable to speculate that the binding of the
unacetylated H4 tail to RSC could stabilize the interaction of RSC with the nucleosome.
This enhancement of the RSC-nucleosome interaction would explain why RSC
accumulates in HAT mutants or H4K14A4 but not in WT cells or H4A1-16. In WT cells,
acetylation of the H4 tail might alter the H4 tail binding so that the RSC-nucleosome
interaction is weakened, providing a mechanism for RSC disengagement from promoter
nucleosomes. Since RSC did not accumulate in H3A417-28 like that observed for geniA,
the H3 tail might also contribute to RSC retention in NDRs, though the lack of RSC
accumulation in the H3K /44 mutant casts some doubt on this possibility. While further
investigation is needed using substitutions for other H3 and H4 lysine tail residues to
confirm these possibilities, the data tentatively suggests that hypoacetylated histone tails
retain RSC at FN_NDRs and that acetylation by HATs allows RSC to dissociate from

nucleosomes to fine-tune histone eviction and NDR maintenance.
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4.12 Histone Occupancies Do Not Increase in the NDRs of the Tail Mutants

Considering that RSC accumulation at promoters is only partially recapitulated in
the H4K 144 mutant but not in the other tail mutants, there might be some histone
accumulation at promoters in the H4K16A4 mutant. Additionally, in the tail deletion
mutants (H341-28 and H4A41-16), it is also possible that histone occupancies could be
elevated compared to WT cells, since RSC is involved in positioning the -1 and +1
nucleosomes and evicting nucleosomes within NDRs to maintain NDRs (Clapier et al.,
2017; Ganguli et al., 2014; Harada et al., 2016; Krietenstein et al., 2016; Lorch and
Kornberg, 2017; Rawal et al., 2018). To determine the organization of chromatin in the
histone tail mutants, H3 ChIP-seq was performed using sonicated chromatin from cells
containing WT H3 tails, as well as from H3A41-28, H3K14A, H4AI-16, and H4K16A. The
sequenced data were then aligned to the S. cerevisiae genome and used to generate
heatmaps depicting the changes in H3 occupancies in the tail mutants compared to WT
cells (Figure 4.22) at FN_NDRs and SN_NDRs. The changes observed in each mutant
were similar at both FN_NDR genes and at SN NDR genes, and except for H341-28, the
tail mutants showed a slight reduction of H3 around the TSS and slight increases in CDSs
farther upstream of the TSS, though these changes are modest compared to the H3
increases observed in the HAT mutants (compare heatmaps in Figures 4.16 and 4.22).
The H3A41-28 mutant showed increased H3 occupancies compared to WT cells
throughout the genes, despite having reduced RSC levels at promoters (Figures 4.16 -
4.21). Unlike the HAT mutants, which showed increased H3 occupancies at a more
constricted area around the TSS, the H3 signal is more spread out throughout the genes

(compare yellow hues in H3A47-28 heatmaps in Figure 4.22 to yellow columns in Figure
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Figure 4.22. Histones do not accumulate in the promoters of the histone tail mutants,
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4.16 heatmaps). This suggests that the H3 tail may play a role in the positioning of
nucleosomes in promoters, possibly by being recognized by RSC. Since the H3K14A4
mutant did not show similar effects, other residues within the H3 tail, or even the H3 tail
as a whole, might be important for proper nucleosome positioning. Since the H4 tail
mutants did not show these H3 changes despite the slight accumulation of RSC observed
in the H4K 164 mutant (Figures 4.16-4.22), it is likely that the H4 tail does not play a
major role in nucleosome occupancies, but instead is needed to retain RSC to promoter
nucleosomes and to promote nucleosome stability (Figure 4.17). Taken together, the RSC
and H4 ChIP-seq data for the tail mutants suggest distinct roles of the H3 and H4 N-
terminal tails in nucleosome positioning and RSC recruitment or retainment on promoter
nucleosomes.

4.13 GenS and Esal Promote RSC Recruitment to Transcribed CDSs

It has been shown that, in addition to promoters, RSC is enriched in the CDSs of
many transcribed genes in a HAT-dependent manner (Ganguli et al., 2014; Rawal et al.,
2018; Spain et al., 2014; Vinayachandran et al., 2018). To determine the effects of the
HAT mutants on RSC occupancies in the CDSs of highly transcribed genes, the RSC
ChIP-seq data for the top 20% of Pol II-occupied genes (Pol II-T20, N = 1092) was
analyzed for WT cells, sth1ABrD, and for each of the HAT mutants (gcns4, esal,
gendAlesal). The heatmap depicting the changes in RSC occupancies in the BrD and
HAT mutants compared to WT cells at the Pol II-T20 genes revealed substantial RSC
reductions in the CDSs of the gcn5A mutant (Figure 4.23, note the dark blue hues after
the TSS), indicating that the H3 HAT is needed to recruit or retain RSC to transcribed

CDSs. In contrast, the reductions in RSC in the CDSs of transcribed genes were minor in
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the sth1 ABrD mutant compared to gen5 A, despite previous studies showing that
acetylated H3K 14 enhances Sth1 binding to nucleosomes (Blus et al., 2019; Chen et al.,
2020; Jain et al., 2020). This discrepancy between the RSC ChIP-seq results and previous
studies suggests that other RSC bromodomains might act redundantly to recruit RSC to
transcribed CDSs. For instance, the Rsc4 tandem bromodomains have also been shown to
bind to acetylated H3K 14 (Kasten et al., 2004; VanDemark et al., 2007; Wagner et al.,
2020). RSC occupancies were also reduced in the CDSs of transcribed genes in esa/ and
gend Alesal, though these reductions were more modest compared to the reductions
observed in the CDSs of gcn5A (Figure 4.23, compare greenish/blue hues after the TSS in
the esa/-containing mutants to the dark hues of gcn5A4). It is possible that the RSC
recruitment defects observed in the CDSs of the esa/-containing mutants might be
dampened by the increased interactions of the hypoacetylated H4 tails of CDS
nucleosomes with RSC, similar to what was observed at NDRs (Figures 4.1-4.21).
Nevertheless, the data shows that GenS and Esal promote RSC enrichment to transcribed
CDS:s.

Because Ribosomal Protein Genes (RPGs) are highly expressed (Petibon et al.,
2021), boxplots were generated to compare the RSC occupancies in CDSs of RPGs for
WT cells, HS-WT cells, sthlABrD, and the HAT mutants (Figure 4.24). RSC
occupancies were higher in the CDSs of RPGs compared to the CDSs of the bottom 10%
of Pol II-occupied genes (Pol 1I-B10), consistent with the finding that RSC localizes to
the CDSs of highly transcribed genes (Figure 3.4). The median RSC occupancies for WT

cells and sth1 ABrD were nearly identical to each other (2.19 vs. 2.18), indicating that the
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Sth1 bromodomain is not required to recruit or retain RSC to the CDSs of RPGs (Figure
4.24). RSC occupancies were significantly reduced in gcn5A4 compared to WT cells, in
sharp contrast with sth/ABrD. RSC occupancies at RPGs were also significantly reduced
in the esal and HAT double mutants compared to HS-WT cells, though the reduction is
not as pronounced as in gcn5A4. The HAT double mutant also showed a greater RSC
reduction than the esal single mutant, suggesting that the H3 and H4 HATs contribute to
RSC recruitment in RPGs in a manner independent from each other. It is worth noting
that even though RSC occupancies were reduced in the HAT mutants, the RSC
occupancies were still higher in these mutants at RPGs than that observed for lowly-
transcribed genes (Figure 4.24, compare RSC occupancies of the HAT mutants with the
occupancies observed at the Pol II-B10 genes). The residual binding of RSC in the CDSs
of RPGs in the HAT mutants indicates the existence of additional mechanisms for
recruiting RSC to the CDSs of transcribed genes. For instance, RSC might bind to CDS
nucleosomes by recognizing accessible nucleosomes present in transcribed CDSs (Figure
3.12), similar to how RSC might recognize and accumulate on hypoacetylated fragile
nucleosomes in promoters of the HAT mutants. The existence and prevalence of these
mechanisms might help to explain the differences between RSC occupancies in the
promoters and CDSs of the HAT mutants.

RPGs represent a small subset of highly transcribed genes (129 vs. 1092 Pol II-
T20 genes). Therefore, to gain further insight into the differences in the RSC reductions
in CDSs of RPGs in the HAT mutants vs. the RSC reduction seen in the CDSs of other
Pol II-T20 genes, metagene profiles were generated showing RSC occupancies in WT

cells, HS-WT cells, sthiABrD, gcn5 A, esal, and gcn5Alesal at RPGs and Pol 11-T20
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Figure 4.24. RSC is reduced in the CDSs of RPGs in the HAT mutants. Boxplot
depicting the normalized RSC occupancies in CDSs at Ribosomal Protein Genes
(RPGs) in WT, HS-WT, sthiABrD, gcnSA, esal, and gen5A/esal. Increases in median
mutant RSC occupancies relative to WT or HS-WT cells (for esa/-containing
mutants) were deemed significant if their p-values were < 0.05, and were determined
by the Welch student t-test and denoted with an Asterix. RSC occupancies for the
bottom 10% Pol II-occupied genes (Pol II-B10) are shown for comparison. The
median RSC occupancies for each strain are also shown below each boxplot.
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genes excluding RPGs (Figure 4.25). The profiles for the HAT mutants were similar to
the findings observed in the boxplots (Figures 4.24 and 4.25A). The gcn5A mutant
showed substantially lower RSC occupancies in CDSs compared to WT cells, and
sth1ABrD showed no change compared to WT cells (Figure 4.25A). Both esal and the
HAT double mutant showed lower RSC occupancies than WT and HS-WT cells, though
the reductions were more modest than in gcn5A. The patterns in RSC occupancies in
CDSs for the Pol II-T20 genes excluding RPGs for the mutants were largely similar to
those observed in RPGs, except for the HAT double mutant (Figure 4.25B). The gcn5A
mutant showed the most substantial decrease in RSC at CDSs compared to WT cells,
while the RSC occupancies in the CDSs of WT cells and sthl ABrD were very similar to
each other. RSC levels in the CDSs of esal were still lower than those of WT or HS-WT
cells, but the reductions were still modest compared to those in gcn5A. Surprisingly, the
HAT double mutant showed an increase of RSC in the CDSs of Pol II-T20 genes
excluding RPGs, with the increases becoming greater farther away from the TSS and
towards the 3’ end of the metagene (Figure 4.25B, compare dotted trace to blue and green
traces). This increase is inconsistent with the RSC reduction seen in the HAT single
mutants. It is possible that the presence of both hypoacetylated H3 and H4 tails in the
HAT double mutant stabilizes the RSC-nucleosome interactions to a much higher degree
than in the HAT single mutants, masking the actual RSC occupancy defects present in the
CDSs of gcn5A/esal. Altogether, the data implicate HATs, especially Gen3, in
maintaining high levels of RSC in transcribed CDSs. Since RSC contains multiple

bromodomains in multiple subunits that recognize acetylated histones (Dhalluin et al.,
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Figure 4.25. Gen5 and Esal recruit RSC to the CDSs of transcribed genes. A-B)
Metagene profiles depicting RSC occupancies in WT cells, HS-WT cells, gcnSA,
esal, and gcn5A/esal at Ribosomal Protein Genes (RPGs, N = 129) (A) and at
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1999; Patel et al., 2019; Wagner et al., 2020; Zeng and Zhou, 2002), the data suggest that
GenS and Esal might play a role in recruiting RSC to transcribed CDSs via the
acetylation of the H3 and H4 N-terminal tails.

4.14 RSC Recruitment to Transcribed CDSs is Dependent on H3 and H4 Tails

To determine if histone tails play a role in recruiting RSC to transcribed CDS,
RSC occupancies in the CDSs of Pol 1I-T20 genes were analyzed in cells containing WT
H3 tails (WT(H3)) and in the H3A41-28 and H4A1-16 mutants (Figure 4.26). The mutants
showed reduced RSC occupancies in the CDSs of the Pol II-T20 genes compared to WT
cells, with the H4 tail deletion mutant showing a greater reduction in RSC than the H3
tail mutant (compare red/yellow hues in the left three heatmaps, as well as the dark blue
hues after the TSS in the right two heatmaps in Figure 4.26). To gain further clarity into
the extent of RSC reduction at distinct subsets of highly transcribed genes, metagene
profiles were generated depicting RSC occupancies at RPGs and Pol II-T20 genes
excluding RPGs for WT cells and the tail deletion mutants (Figure 4.27). Both H3A41-28
and H4A41-16 had lower RSC occupancies compared to WT cells in the CDSs of RPGs
(Figure 4.27A) and at other highly-transcribed genes (Figure 4.27B), where the H4 tail
deletion mutant also showed a greater reduction in RSC than the H3 tail deletion mutant.
Intriguingly, the RSC occupancies were reduced to a greater extent in the coding
sequences of the H4 tail deletion mutant than in the H4 HAT mutant (compare the esal
profiles after the TSS in Figure 4.25 to the H4A1-16 profiles in Figure 4.27). These
results raise the strong possibility that the RSC occupancy defects in esal-containing
mutants are masked by hypoacetylated tails that enhance RSC-nucleosome interactions.

Indeed, the highest Pol II-occupied genes in the H4K16A4 mutant show reduced RSC
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Figure 4.27. RSC recruitment to transcribed CDSs depends on H3 and H4 tails. A-B)
Metagene profiles showing RSC occupancies for WT cells, H3A1-28, and H4A1-16 at
Ribosomal Protein Genes (RPGs) (A), and at the top 20% Pol II-occupied genes
excluding RPGs (Pol II-T20 no RPGs) (B). The vertical line represents the location of
the TSS.
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occupancies in their CDSs, and though the reduction is less than that in H4A41-16, the
reduction is similar to or even slightly more reduced than that observed for esal
(compare the very tops of the heatmaps in Figure 4.20B). This makes sense, since there
should only be one hypoacetylated residue in H4K16A, whereas most lysine residues in
the H4 tail should be hypoacetylated in esal, which could lead to a stronger interaction of
the H4 tail with RSC in esal than in H4K16A4. In contrast, RSC reductions were less
pronounced in the H341-28 and H3K 144 mutants than in the gcn54 mutant (compare the
very top of heatmaps in Figure 4.20A). It is possible that the acetylation of lysine
residues at positions other than 1-28 on the H3 tail, such as H3K36, might also contribute
to RSC recruitment. For instance, H3K36 can also be acetylated by GenS (Morris et al.,
2007; Pai et al., 2014) and could contribute to RSC recruitment. Taken together, the data
strongly implies that acetylation of the H3 and H4 tails promotes RSC
recruitment/retention to the CDSs of highly transcribed genes.

4.15 The Increase in RSC Occupancies at Promoters in HAT Mutants is Independent of
the RSC Reduction in Transcribed CDSs

Since RSC increased in the promoters yet decreased in transcribed CDSs in the
HAT mutants, it is possible that RSC might migrate from the promoters to the CDSs of
transcribed genes in a HAT-dependent manner, and that the loss of GenS and/or Esal in
the HAT mutants might have prevented this migration from occurring. To determine if
the reductions in RSC within CDSs correlated with the increase in RSC occupancies at
promoters, a scatterplot was generated showing the correlation between Pol II ChIP-seq
reads (determined by Rpb3 ChIP-seq using sonicated chromatin) and RSC occupancy

changes at CDSs and promoters for the top 20% of transcribed genes in the gcn5A mutant
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(Figure 4.28). Since gcn5 A showed the greatest RSC reduction in the CDSs of transcribed
genes, the correlations were compared in this mutant. The reduction in RSC occupancies
in CDSs correlated with Pol II occupancies (R? = 0.67, Figure 4.28). However, the RSC
occupancy increases at promoters did not correlate with Pol II occupancies (R? = 0.00). If
the increases in RSC at promoters correlated with the RSC reductions in CDSs, then the
changes in RSC occupancies at promoters should correlate with Pol II occupancies at
transcribed genes since the reductions in CDSs correlated with Pol II occupancies.
Because the increases at promoters did not correlate with Pol 11, this suggests that RSC
does not migrate from promoters to CDSs, at least in gcn5A4. To be certain that this
correlation was not specific to just the H3 HAT mutant, scatterplots depicting the
correlations between the changes in RSC occupancies at promoters with the changes in
RSC occupancies in CDSs were generated for HS-WT cell, sth1ABrD, gcn5A, and esal
(Figure 4.29). In HS-WT cells and all mutants, the RSC accumulation at promoters was
weakly correlated with the changes in RSC occupancies in CDSs. Taken together, the
data suggest that the accumulation seen in the promoters of HAT mutants is not likely to
be due to RSC failing to migrate to CDSs of transcribed genes when HATs are lost, or at
least it is not occurring at a large scale. It is more likely that other factors, one of which
being hypoacetylated histone tails, contribute to the differences in promoter and CDS
RSC levels in the HAT mutants.
4.16 Discussion

The work in this chapter investigated the importance of histone acetyltransferases

(HATs) GenS and Esal in regulating the occupancy of the essential chromatin remodeler

RSC. The data revealed contrasting roles of these HATs in regulating RSC occupancies
152



Changes in RSC Occupancy
« ARSC at CDSs (R?=0.67)
« ARSC at Promoters (R? = 0.00)

—
"

Normalized RSC
Occ. ChIP-seq Reads

1
(O8]

0 10 20 30
Normalized Pol II (Rpb3)
Occ. ChIP-seq Reads

Figure 4.28. RSC increases in promoters are not correlated with Pol 1T
occupancies in gcnSA. Scatterplot showing the comparing the changes in RSC
occupancies (ARSC, mutant — WT) in CDSs and promoters of gcnSA with WT
Pol IT occupancies in the CDS of the top 20% of Pol II-occupied genes (N =
1092).
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at promoters and CDSs of genes. RSC occupancies were substantially reduced at
transcribed CDSs in cells lacking GenS5, functional Esal, or the H3 or H4 N-terminal tails
(Figures 4.23 — 4.27). These results support the idea that histone tail acetylation by HATs
is important for recruiting or retaining RSC in transcribed sequences. Surprisingly,
substantial RSC accumulation was observed at promoters of the HAT mutants, which
initially suggested that histone acetylation precludes RSC binding in promoters (Figures
4.1 —4.2). However, RSC accumulation was not observed in the H3 or H4 N-terminal tail
mutants (Figures 4.18 — 4.19). Considering this, the findings collectively suggest that
hypoacetylated or unacetylated histone tails enhance RSC retention in NDRs and that the
acetylation of these tails might help RSC to disengage from the chromatin. In addition to
the RSC accumulation observed in NDRs, H3 occupancies were also increased in the
HAT mutants (Figure 4.9), suggesting a global role of HATs in evicting histones from
NDRs.

4.16.1 Hypoacetylated Tails Promote RSC Binding to Nucleosomes in NDRs

The results from this project show that RSC accumulates in the promoters in cells
lacking the H3 HAT GecenS5 or in cells where the H4 HAT Esal is inactivated (Figures 4.1
—4.2). These results were surprising, considering that RSC has been shown to bind to
acetylated histones in vitro (Carey et al., 2006; Chatterjee et al., 2015). Since HATs
acetylate histones (Marmorstein, 2001; Shahbazian and Grunstein, 2007), RSC
occupancies at promoters should have decreased, not increased, as histone acetylation is
decreased within these mutants (Figure 4.8). In addition to the RSC increases, histone H3
occupancies also increased in the NDRs of the HAT mutants, suggesting that RSC may
be accumulating on nucleosomes within NDRs. Not all NDRs are completely free of
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histones, as demonstrated by the low but nonzero H3 occupancies detected at NDRs
(Figure 4.11, compare the median of the black boxplot to the y-axis scale). Indeed,
MNase-sensitive complexes have been detected in the NDRs of ~2000 genes (Brahma
and Henikoff, 2019; Chereji et al., 2017; Kubik et al., 2015; Schlichter et al., 2020).
While the exact nature of these complexes is disputed (Chereji et al., 2017; Kubik et al.,
2017), multiple studies support the idea that these are fragile nucleosomes and have
shown that many of these fragile nucleosomes are RSC-bound (Brahma and Henikoff,
2019; Klein et al., 2023; Kubik et al., 2015; Schlichter et al., 2020). Thus, the RSC and
H3 increases at NDRs in the HAT mutants might suggest that: 1) fragile nucleosomes
might be stabilized in the HAT mutants such that their nucleosomal DNA is less
accessible, resulting in higher H3 occupancies in the HAT mutants, and 2) RSC binds
more efficiently to fragile nucleosomes than to stable nucleosomes. It is likely that both
increased nucleosome occupancies and nucleosome stabilization contribute to the higher
RSC occupancies found in NDRs. It was also observed that the RSC and H3 occupancy
increases at NDRs containing stable nucleosomes in the HAT mutants were similar to
each other (Figures 4.5 and 4.16), suggesting that the RSC accumulation may be due to
the greater presence of nucleosomes within these NDRs. However, in NDRs containing
fragile nucleosomes, RSC accumulated to a greater extent than in NDRs containing stable
nucleosomes. At the same time, the H3 increases were more moderate compared to the
increases observed in NDRs containing stable nucleosomes. These findings suggest that
fragile nucleosomes (more accessible nucleosomes) retain RSC better than stable
(canonical) nucleosomes.

Since histone acetylation is reduced in the HAT mutants (Figure 4.8),
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nucleosomes within the HAT mutants should contain histone N-terminal tails that are
hypoacetylated compared to nucleosomes in WT cells. If hypoacetylated tails help
stabilize RSC occupancy in the HAT mutants, then nucleosomes that lack the tails should
not be able to retain RSC, and RSC levels should be reduced. Indeed, RSC accumulation
was not observed in the NDRs of cells lacking H3 or H4 N-terminal tails (Figures 4.18 —
4.19). Additionally, RSC accumulation was observed in the NDRs of cells that contained
the H4 tail but lacked H4K 16 acetylation (Figures 4.20 — 4.21), further supporting the
idea that RSC is retained on hypoacetylated tails. The RSC accumulation observed in the
H4K16A4 mutant was not as pronounced as the accumulation seen in the H4 HAT mutant,
suggesting that acetylation at other lysine residues in the H4 tail might play a role in
regulating RSC retainment to NDRs. Overall, the data within this chapter indicate that
hypoacetylated tails promote RSC recruitment/binding to nucleosomes within promoters
and that the acetylation of these tails weakens this binding. This is surprising, given that
RSC contains multiple bromodomains that have been shown to recognize and bind to
acetylated nucleosomes (Dhalluin et al., 1999; Kasten et al., 2004; VanDemark et al.,
2007; Wagner et al., 2020; Zeng and Zhou, 2002).

Cryo-EM structures depicting RSC interacting with nucleosomes have revealed
that several RSC subunits, including the catalytic subunit Sth1, interact with the
nucleosome at several different points (Patel et al., 2019; Wagner et al., 2020; Ye et al.,
2019). One such interaction was the binding of the H4 tail to the interface between the
SnAC and ATPase domains of Sth1 (Wagner et al., 2020). Since the H4 tail in this
structure was unacetylated, it is possible that acetylation could weaken the interaction of
the H4 tail with RSC, which would help RSC in dissociating from the nucleosome. The
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finding that RSC and H3 occupancies increase in the NDRs of the HAT mutants (Figures
4.1 — 4.2 and 4.9 — 4.10) provides in vivo evidence for this. Since RSC accumulates to a
greater extent in NDRs containing fragile nucleosomes than in NDRs containing stable
nucleosomes (Figures 4.5 — 4.6), it is possible that the more accessible fragile
nucleosomes might allow for better association of the H4 tail with the Sthl interface than
the less accessible stable nucleosomes. In WT cells, the hypoacetylated tails of fragile
nucleosomes might recruit more RSC to facilitate the sliding and eviction of promoter
nucleosomes to allow these genes to obtain higher transcription levels. A recent study
showed that RSC binds to NDRs in quiescent cells and that this binding was critical for
rapid transcription during quiescence exit (Cucinotta et al., 2021). Given these findings, it
is possible that the ability of fragile nucleosomes to recruit RSC to NDRs in an
acetylation-independent manner might prime these promoters to rapidly respond to
recover from stress.

4.16.2 HATSs Prevent Histone Accumulation at NDRs Genome-wide

Chromatin remodelers have been implicated in the formation and maintenance of
canonical chromatin structure in NDRs (Krietenstein et al., 2016; Ramachandran and
Henikoff, 2016; Yen et al., 2012). RSC has been shown to position the flanking -1 and +1
nucleosomes to maintain NDRs genome-wide (Klein-Brill et al., 2019; Krietenstein et al.,
2016; Kubik et al., 2019; Kubik et al., 2018; Rawal et al., 2018). It is widely accepted
that histones are evicted from promoters during transcription induction (Boeger et al.,
2004; Reinke et al., 2001; Reinke and Horz, 2003; Sanz et al., 2016). For instance,
studies have shown that deletion of the GCNJ5 gene results in increased histone at the
NDRs of genes that are induced by sulfometuron methyl (SM) (Govind et al., 2007; Qiu
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et al., 2016), a compound that causes amino acid starvation stress by inhibiting
isoleucine/valine biosynthesis and triggers the transcriptional activation of amino acid
stress response genes. This work shows that H3 levels increased in most NDRs of the
HAT mutants, even those of lowly transcribed genes (Figures 4.9 — 4.16). The global
histone occupancy increases in the HAT mutants suggest that both RSC and HATs play
important roles in evicting nucleosomes from NDRs. Interestingly, the Sthl
bromodomain mutant also displayed increased H3 occupancies within NDRs that were
comparable to the increases seen in gcn35A at all but the top 25% of transcribed genes
(Figures 4.12 — 4.13). This makes sense, considering that the Sth1 bromodomain
preferentially recognizes acetylated H3K 14, a target for GenS (Jain et al., 2020;
Neumann and Wilkins, 2021).

The observations that both RSC and histone occupancies are increased in the
HAT mutants makes it tempting to speculate that the hypoacetylated histones are not as
efficiently evicted in the HAT mutants, despite the increased presence of RSC within
NDRs. This makes sense since biochemical studies have shown that the acetylation of
histone tails stimulates RSC catalytic activity in vitro (Chatterjee et al., 2015; Chatterjee
et al., 2011). Indeed, the increased nucleosome occupancies in the HAT mutants suggest
that nucleosomes within promoters are stabilized despite RSC presence, indicating that
these nucleosomes are not efficiently remodeled by RSC (Figure 4.17). Thus, fragile
nucleosomes might recruit RSC in an acetylation-independent but tail-dependent manner,
and subsequent acetylation of the tails by HATs might stimulate RSC to remove those
histones more efficiently, priming these genes for efficient transcription (Chatterjee et al.,

2015; Chatterjee et al., 2011; Jain et al., 2020; Neumann and Wilkins, 2021).
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4.16.3 Acetylated H3 and H4 Tails Promote RSC Recruitment/Retention in Transcribed
CDSs

Historically, acetylation has been thought to promote transcription by weakening
the interaction between nucleosomal DNA and histone tails (Berndsen and Denu, 2008;
Lee and Workman, 2007). However, a recent study has challenged this notion by
showing that transcription promotes the acetylation of histone tails (Martin et al., 2021).
Histone tail acetylation is also thought to promote the binding of bromodomain-
containing complexes such as RSC to relieve the nucleosome barrier for transcription
(Hassan et al., 2007; Hassan et al., 2001; Kasten et al., 2004). The findings of this chapter
support the idea that acetylation recruits RSC by showing that HATs are important for
RSC enrichment in the CDSs of transcribed genes. RSC was severely reduced in
transcribed CDSs of cells lacking Gen5 (Figures 4.23 —4.25). RSC reductions were also
seen in the CDSs of esal and genSA/esal, though to a more moderate extent. Despite the
modest decreases in the esa/-containing mutants, substantial reductions of RSC in
transcribed CDSs were also observed in cells lacking either the H3 or H4 N-terminal tail
(Figures 4.26 — 4.27), providing strong support for histone tails in mediating RSC
recruitment/retention in CDSs. As such, the data strongly suggest that one of the
functions of transcription-dependent acetylation of nucleosomes within CDSs is to recruit
or maintain high levels of RSC in transcribed CDSs. RSC recruitment to CDSs might
make nucleosomes more accessible to elongating polymerases, as discussed in Chapter 3
(Figure 3.14).

Overall, the data suggest that HATs are important for regulating RSC levels at

promoters and in transcribed CDSs. The findings support a model where hypoacetylated
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tails might recruit RSC to NDRs, and the subsequent acetylation of these tails by HATs
GenS and Esal leads to efficient histone eviction by RSC from NDRs, which promotes
PIC assembly and transcription (Figure 4.30). When cells lack these HATs, RSC is still
recruited to the NDRs, but histones are evicted less efficiently, resulting in increased
histone occupancies at promoters. In transcribed CDSs, histone acetylation promotes
RSC recruitment, which may render nucleosomes in transcribed CDSs more accessible to

elongating Pol II to promote efficient transcription elongation.
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Figure 4.30. Model depicting the roles of GenS and Esal in regulating chromatin
structure at promoters and in CDSs. At a typical gene, the nucleosome-depleted region
(NDR) is flanked by the -1 and +1 nucleosomes. Certain genes also harbor complexes
termed fragile nucleosomes (FN) within their NDRs, which have been shown to be
RSC-bound and sensitive to MNase digestion. In WT cells, nucleosomes such as the
+1 nucleosome can be evicted or repositioned by RSC, which could be transiently
recruited to NDRs via transcription activators, histone acetylation by GenS of Esal, or
by recognizing DNA sequences within the promoter. Repositioning/remodeling of the
+1 nucleosome by RSC can then facilitate TBP recruitment and transcription.
Acetylation by Esal or GenS may also promote RSC activity and inhibit RSC
retention on histone tails, allowing RSC to dissociate from the chromatin to allow for
efficient remodeling and transcription. In CDSs, RSC is recruited to chromatin in an
acetylation-dependent manner, where it can remodel nucleosomes in transcribed CDSs
(Figure 3.14).
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CHAPTER FIVE

RSC COORDINATES WITH GCN5 AND ESAT TO PROMOTE TRANSCRIPTION

5.1 Introduction

Given that RSC and HATs modify chromatin structure and chromatin can impair
transcription, it is important to understand how RSC and HATs promote transcription.
Previous studies have shown that RSC is important for the transcription of Pol II genes.
At promoters, RSC helps to position the -1 and +1 nucleosomes to maintain NDR width
genome-wide (Krietenstein et al., 2016), as depletion of RSC results in NDR filling and
reduced pre-initiation complex (PIC) assembly and transcription (Badis et al., 2008;
Brahma and Henikoff, 2019; Ganguli et al., 2014; Klein-Brill et al., 2019; Kubik et al.,
2018; Rawal et al., 2018), implicating RSC in promoting PIC formation and transcription
initiation. RSC is also thought to be involved in transcription elongation. In vitro
experiments have shown that RSC promotes Pol II transcription through the chromatin
template (Carey et al., 2006), whereas in vivo experiments showed altered Pol 11
distribution through the coding regions upon Rsc8 depletion (Ocampo et al., 2019).
Importantly, RSC has also been shown to localize to transcribed coding sequences
(CDSs) of Gend-activated genes in a Gen5- and Esal-dependent manner, leading to
reduced Pol II occupancies under Gen4-activating conditions (Rawal et al., 2018; Spain
et al., 2014). Given these findings, as well as the results of this project that have shown
that HATs GenS5 and Esal prevent RSC accumulation in promoters yet recruit RSC to
CDSs of transcribed genes (Chapter 4), it is possible that HATs coordinate with RSC to
regulate chromatin structure and transcription. To test the impacts of the Sthl
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bromodomain, GenS5, and Esal on transcription, TBP and Pol II ChIP-seq were
performed in WT cells, sthl1ABrD, gcn5A4, esal, and the HAT double mutant gcn5A/esal.
Tata-binding protein (TBP) can exist independently or as part of the TFIID complex and
is the first component of the PIC recruited to the promoter (Greber and Nogales, 2019).
Given the TBP and Pol II defects observed upon Sthl depletion, any reduction in TBP
levels in the mutants compared to WT cells would likely represent PIC assembly defects,
and aberrant Pol II levels would represent transcriptional defects (Kubik et al., 2018;
Ocampo et al., 2019). In addition to the HAT mutants, TBP and Pol II ChIP-seq data
from various RSC depletion experiments (Klein-Brill et al., 2019; Kubik et al., 2018;
Ocampo et al., 2019) were analyzed to determine the impacts of RSC and RSC activity
alone on PIC assembly and transcription, in order to tease out the interplay between RSC
and HATs on transcription.

5.2 RSC Depletion Differentially Affects TBP and Pol II Occupancies at Highly-
Transcribed Genes

The findings from Chapter 3 suggest that RSC might remodel nucleosomes in
CDSs, which might facilitate Pol II elongation. To assess the role of RSC in regulating
Pol II elongation, data was analyzed from several studies in which RSC subunits were
depleted, and the changes in TBP and Pol II occupancies compared to WT cells were
examined for the RSC-depleted samples. Because RSC contains multiple essential
subunits, including Rsc8 and the catalytic subunit Sth1 (Clapier et al., 2016; Wagner et
al., 2020), deletion of the genes encoding for these essential subunits results in a lethal
phenotype. As such, depletion experiments such as anchor away (Haruki et al., 2008) or

auxin-induced degradation (AID) (Morawska and Ulrich, 2013; Nishimura et al., 2009)
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were employed to study the effects of RSC loss. The two main studies used for analysis
(Kubik et al., 2018; Ocampo et al., 2019) employed two different methods to deplete
RSC to study its effect on transcription, both of which will be discussed in detail below.

5.2.1 PollIl Levels are Reduced in Rsc8-Depleted Cells

To determine the impact of RSC on Pol II occupancies, Pol II ChIP-seq and
MNase-seq data using chromatin from WT and RSC-depleted cells were analyzed from
(Ocampo et al., 2019). To deplete RSC, the researchers used a mutant yeast strain that
encoded a RSCS gene on a plasmid under the control of the GALI promoter. The GAL1
promoter is induced by galactose and is repressed by glucose or dextrose. The cells were
grown in synthetic complete media containing 2% galactose, then switched to media
containing 2% glucose to inhibit transcription of RSCS. Cells were then allowed to grow
until growth plateaued to allow for the depletion of the protein reservoir of Rsc8 (Ganguli
et al., 2014; Ocampo et al., 2019). Once Rsc8 was depleted, chromatin was then extracted
and used by the researchers for either MNase-seq or Pol II ChIP-seq. Figures 5.1-5.2
show genome browser snapshots for Pol II ChIP-seq and MNase-seq data in WT and
Rsc8-depleted (rsc8) cells at the indicated ribosomal protein genes (RPGs) and
metabolism genes. The MNase-seq tracks in the WT and rsc8 cells were similar,
indicating very few changes in chromatin structure. However, Pol II levels were lower in
the rsc8 cells than in the WT cells at the indicated genes (Figures 5.1-5.2), suggesting

that RSC is needed for sufficient levels of Pol II at these highly transcribed genes.
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Figure 5.1. Pol II is reduced in RPGs when RSC is depleted. (A-B) Genome browser
snapshots showing Pol II levels in WT cells (black tracks) and in cells depleted of the
Rsc8 subunit (rsc8, blue tracks) at RPGs YGRO085C, YDL083C, YDL082W, and
YDLO81C. Green and red tracks show the reads for MNase inputs for WT and rsc8
cells, respectively. Arrows denote the 5’— 3’ direction of the gene. Data was obtained
from (Ocampo et al, 2019).

166



A

4500 bp window (Chr VII)

WT MNase | meeconadin A M‘

rsc8 MNase | banamamnin i O 7

M__A
WT Pol I | =
B N

}"SCSPOIII oo un oo oA i,

YBRI18IC

B

5676 bp window (Chr III)

136,000 1570008 1380008 139,008 000 110008
I I I

| it e
St |- = —————Tw—Tr—

T
rsc8 Pol Il | =
_smibibduomatncete,

YCRO12W

Figure 5.2. Pol 1I is reduced in RPGs and metabolic genes when RSC is depleted. (A-
B) Genome browser snapshots showing Pol II levels in WT cells (black tracks) and in
cells depleted of the Rsc8 subunit (rsc8, blue tracks) at RPG YBR181C and at
YCRO12W (involved in glucose metabolism). Green and red tracks show the reads for
MNase inputs for WT and rsc8 cells, respectively. Arrows denote the 5°— 3’ direction
of the gene. Data was obtained from (Ocampo et al. 2019).
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5.2.2  Pol Il and TBP Occupancies are Differentially Affected at Different Gene Sets
when RSC is Depleted

While the results from (Ocampo et al., 2019) are intriguing, these six genes are a
very small sample size of the entire yeast genome. Additionally, Rsc8 is not the catalytic
subunit of RSC; so it would be difficult to tweeze out the indirect structural effects of
Rsc8 depletion from effects due to the loss of RSC activity. To determine the impact of
RSC on TBP and Pol II occupancies at a genome-wide scale, TBP and Pol II ChIP-seq
data from WT and Sth1-depleted cells were analyzed from (Kubik et al., 2018). To
deplete Sth1, the researchers employed the anchor-away method to rapidly deplete Sthl
(Haruki et al., 2008). The anchor away strain encodes for both an FKBP12-tagged
ribosomal protein and an FRB-tagged Sth1 (Haruki et al., 2008; Kubik et al., 2018).
Upon the addition of rapamycin (Rapa), the FRB-tagged Sth1 forms a complex with the
FKBP12-tagged ribosomal proteins, which are located in the nucleus to be assembled
into pre-ribosomal subunits (Panse and Johnson, 2010). When the ribosomal subunits are
transported into the cytoplasm for maturation, the FRB-tagged Sth1 protein is shuttled
along with the pre-ribosome, depleting Sth1 from the nucleus.

While the study found that both Pol II and TBP were significantly reduced in Sth1l
anchor-away cells (Kubik et al., 2018), they did not fully assess the role of RSC in
potentially regulating transcription elongation. Since RSC might remodel nucleosomes in
CDSs to make them more accessible to elongating polymerase, the data was divided into
deciles based on WT Pol II occupancies to identify the genes where RSC function might
be attributed to Pol II elongation in a way that was distinct from the role of RSC in

transcription initiation. The boxplot showing the changes in Pol II and TBP occupancies
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in Sth1 anchor-away (sth1A4A) cells compared to WT cells revealed that TBP occupancies
were reduced in all genes except for the decile containing the lowest levels of Pol 11
occupancies (Figure 5.3). These results suggest that TBP is strongly dependent on RSC
function. Pol II levels were also reduced in Deciles 3-9, consistent with a study that
showed a strong relationship between PIC assembly (TBP) and Pol II occupancies
genome-wide (Petrenko et al., 2019).

Interestingly, in Deciles 1, 2, and 10, Pol II levels either did not change or were
actually increased in the Sth1-depleted cells, in contrast to the other deciles and the genes
shown in Figures 5.1-5.2. The genes in Deciles 1 and 2 showed the expected decreases in
Pol IT when TBP was depleted instead of Sth1 (Petrenko et al., 2019) (Figure 5.4),
indicating that the Pol II increases observed in the sthlAA cells is more likely due to loss
of RSC rather than a different response to TBP loss. To clarify where the increases in Pol
IT were occurring when Sth1 was depleted, metagene profiles were generated depicting
the Pol II and TBP occupancies for the top 10% of Pol II-occupied genes (Decile 1), as
well as for the top 10% of genes that showed the greatest TBP defects in sthlAA cell for
comparison (Figure 5.5). At the top 10% of Pol II-occupied genes, TBP was reduced
when Sth1 was depleted, whereas Pol II increased when Sth1 was depleted, especially in
the CDSs of these genes (Figure 5.5, lefthand panel, compare solid traces to dotted
traces). In contrast, the 10% of genes showing the greatest TBP defects upon Sth1
depletion displayed reduced TBP and Pol II occupancies throughout the metagene
(compare solid and dotted traces in the righthand panel). Genome browser snapshots of
several of these genes from Decile 1 reveal increases in Pol II throughout the gene when
Sth1 is depleted (Figures 5.6 and 5.7, compare light green to respective dark green
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Figure 5.3. Pol IT and TBP levels at all but high and low transcribed genes are reduced
when Sth1 is depleted. Boxplot depicting the changes in TBP and Pol II Occupancies
in Sth1 anchor-away cells (+ Rapa) compared to WT cells (- Rapa) in genes
categorized into deciles. Decile 1 contains the genes with the highest Pol 11
occupancies in WT CDSs, whereas Decile 10 contains genes with the lowest Pol 11
occupancies. Rapa, rapamycin; CDSs, coding sequences. Data was obtained from
(Kubik et al., 2018).
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when Sthl is depleted. Metagene profiles depicting TBP and Pol II occupancies for
the top 10% of Pol II-Occupied genes (Decile 1, lefthand panel) and the top 10%
of genes showing the highest reductions in TBP (righthand panel) in untreated
(WT, no Rapa) cells and Rapa-treated (sthlAA, Rapa) Sth1 anchor-away cells. The
vertical dotted line represents TSS. Data from (Kubik et al., 2018).
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Figure 5.6. Pol II Occupancies are increased in metabolic genes upon Sth1 depletion.
(A-B) Genome browser snapshots showing TBP and Pol II ChIP-seq occupancies of
YLR304C (involved in the citric acid cycle) and YER091C (involved in methionine
biosynthesis) before (-Rapa) and after (+Rapa) Sth1 anchor away. These genes show

increases in Pol II after Sth1 depletion. Arrows denote the 5°— 3’ direction of the
gene. Data from (Kubik et al, 2018).
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tracks), following the Pol II trend observed in the metagene profile (Figure 5.5, lefthand
panel). Thus, it appears that genes that harbor high levels of Pol II in their CDSs respond
differently to RSC depletion than the majority of genes in that they are less responsive to
the presumed initiation defects (as indicated by the reduced TBP binding) at their
promoters.

It is possible that a subset of genes within the first two deciles may contribute to
the discrepancy observed between TBP and Pol II levels when Sthl is depleted. Previous
studies have shown that the nucleosome occupancies in RPGs, which are present in
Decile 1, were largely unaffected by Sth1 depletion (Kubik et al., 2018). Thus, the
presence of RPGs in these deciles might account for the increases in Pol II observed in
Deciles 1 and 2 upon Sth1 depletion. To address this concern, the genes within Deciles 1
and 2 were further divided into gene subsets based on whether Pol II increased or
decreased upon Sthl depletion and were analyzed based on Pol II and TBP occupancies
(Figure 5.8). TBP was reduced for all gene subsets in Deciles 1 and 2, though the extent
of reduction varied for each gene subset. For Decile 1, genes were also divided into RPGs
and non-RPGs that displayed an increase in Pol II (lefthand panel in Figure 5.8). Pol 11
was reduced in 191 out of 570 genes in the first decile upon Sth1 depletion, accounting
for 34% of the total genes in this decile. The majority of genes (66%), including 107
RPGs, showed increased Pol II upon Sthl depletion. Increased Pol II was evident and
even higher in the 296 non-RPGs that showed increased Pol II in Decile 1. While Decile
2 contained a higher proportion of genes where Pol II occupancies reduced upon Sth1
depletion, there was a subset that showed an increase in Pol II when Sth1 was depleted
(227 out of 570 genes, 40%). Thus, while many genes in these deciles do show reduced
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Figure 5.8. Nuclear depletion of RSC differentially affects Pol II occupancies at highly
expressed genes. A-B) Boxplots depicting the changes in TBP and Pol Il occupancies
for deciles 1 (A) and 2 (B). Each of the figures shows all genes for that decile, as well
as for the genes within that decile that show a reduction in Pol II (Pol II decreased) or
an increase in Pol II occupancies (Pol II increased) upon Sth1 depletion are shown.
For (A), RPGs and the Pol II increased genes excluding RPGs are also shown. The
number of genes for each gene set is shown below each boxplot. Data from (Kubik et
al., 2018).
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Pol II occupancies, a substantial number of genes within these deciles show an increase
in Pol II when Sth1 is depleted, despite a reduction in TBP. Given that nucleosomes
within the CDSs of RPGs and other highly transcribed genes are less accessible upon
Sth1 depletion (Figure 3.13) and that RSC is highly enriched in transcribed CDSs (Spain
et al., 2014), it is possible that the reduced nucleosome accessibility may contribute to a
decreased rate of Pol II elongation at these genes such that the dwell time for elongating
Pol II is increased, leading to increased crosslinking and the subsequent enrichment of
Pol II in the CDSs of these genes. As such, the increased Pol II may not indicate
enhanced Pol II elongation but rather transcription elongation defects due to the loss of
RSC and its remodeling activity.

5.2.3 RSC Catalytic Activity Promotes TBP Occupancies

While depletion of Sth1 using the anchor away strategy provides great insights as
to how RSC impacts Pol I and TBP occupancies, there are several drawbacks to using
this method. It is a concern that nuclear depletion may result in the loss of the entire RSC
complex from the nucleus instead of only the Sth1 subunit, rendering it difficult to
discern the effects of the absence of Sth1 from the absence of other subunits within the
RSC complex. As such, it is difficult to identify the impact of Sth1 catalytic activity from
the effects of other Sth1 subunits on transcription. Moreover, since transcription
regulation involves multiple chromatin remodelers, other remodelers could compensate
for the loss of Sth1 activity, which could mask or confound the direct effects of the loss
of RSC catalytic activity. To gain further insight into the impact of RSC catalytic activity
on transcription, Pol I and TBP ChIP-seq were performed in cells depleted of Sthl
(Sth1-AID) and in cells expressing a catalytic inactive copy of Sth1 (STHI®R sth1-KR
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henceforth) (Du et al., 1998). Since the STHI%°%/® mutation is lethal, a modified version
of protein depletion using an auxin-inducible degron (AID) was employed (Haruki et al.,
2008; Munoz et al., 2019). In this strategy, the endogenous Sth1 protein is tagged with an
auxin-inducible degron (Sthi-AID). In addition to the AID-tagged endogenous Sth1, the
sth1-KR strain contains a copy of the STH1%°/R gene integrated into the TRP1I locus.
When Sthi-AID and sth1-KR cells are treated with the plant hormone auxin (3-IAA), the
endogenous copy of Sthl is degraded by the 26S proteasome, leaving cells that are either
depleted of Sth1 or cells only expressing a catalytic inactive copy of Sth1, respectively.
Untreated and auxin-treated Sthl-AID cells and sth1-KR cells were subjected to TBP and
Pol I ChIP-seq. We then compared the effects of catalytic inactive RSC to the effects
observed upon Sth1 depletion on transcription.

To examine the effects of RSC activity on TBP occupancies at highly transcribed
genes, heatmaps were generated showing the TBP occupancies at the top 25% of Pol 1I-
occupied genes (Q1 genes) before (Aux -) and after (Aux +) endogenous Sthl depletion
in Sth1-AID (Figure 5.9A) and sth1-KR (Figure 5.9B). TBP was slightly reduced in Sth1-
AID after Sth1 depletion compared to untreated cells (Figure 5.9A, compare red/yellow
hues of the two heatmaps), indicating that Sth1 is important for the efficient recruitment
of TBP to promoters. TBP occupancies were also reduced in cells expressing only
catalytic dead Sthl after endogenous Sth1 was depleted (Figure 5.9B, compare
red/yellow hues of the two heatmaps), supporting the idea that RSC catalytic activity is
important for TBP recruitment to promoters. Interestingly, the reduction in TBP was
greater in sth/-KR upon auxin treatment (expresses only catalytic inactive RSC) than in
Sth1-AID upon auxin treatment (cells deficient of Sth1 subunit), even though both strains
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should be deficient for Sthl activity after depletion and show similar TBP reductions.
This pattern in TBP reduction was also observed in the metagene profiles showing TBP
occupancies for untreated and auxin-treated Sthl-AID and sth1-KR cells at Q1 genes
(Figure 5.9C, compare solid traces to dotted traces), as well as for the top 10% Pol II-
occupied genes (D1 genes, Figure 5.9D). One possibility for the discrepancy between
Sth1-depleted cells and cells only expressing catalytic inactive Sth1 is that the depletion
of endogenous Sth1 might be incomplete in both cell types. After auxin treatment, the
residual Sth1 in Sth1-AID cells might be sufficient to recruit most of the TBP to its target
genes, resulting in a modest TBP reduction. In contrast, the remaining Sth1 present in
sth1-KR after auxin treatment would have to compete with catalytic dead Sth1 copies also
present within the mutant, dampening the effects seen of the remaining functional Sthl
copies and resulting in a greater TBP reduction. Nevertheless, the reductions in TBP are
consistent with the TBP reductions observed upon Sth1 anchor away (Figures 5.3 and
5.8). These TBP reductions in cells with deficient RSC function are consistent with the
idea that RSC evicts nucleosomes from promoters and positions the +1 nucleosome to
expose TATA boxes and TSSs to the transcriptional machinery, facilitating transcription
initiation (Hartley and Madhani, 2009; Klein-Brill et al., 2019; Kubik et al., 2018; Rawal
etal., 2018).

5.2.4 Pol II Accumulated in the CDSs of Transcribed Genes in Cells Expressing
Catalytic Inactive RSC

Considering that TBP occupancies were reduced in cells expressing only catalytic
inactive RSC, Pol II ChIP-seq was performed in Sthi-AID and sth1-KR cells before and

after auxin treatment. Since defects in Pol II occupancies within CDSs should be
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representative of transcription initiation, elongation, and termination defects, comparing
the Pol I occupancies in Sth1-depleted cells to cells expressing catalytic-inactive RSC
would provide further insights into how RSC activity impacts transcription at multiple
steps. Upon depletion of endogenous Sth1, Pol II occupancies were significantly reduced
in CDSs in Sth1-AID, whereas Pol II levels were significantly elevated in sth/-KR,
especially at highly transcribed genes (Figures 5.10A and 5.10B). To better visualize
these changes in Pol II at highly transcribed genes, the Pol II metagene profiles were
generated depicting Pol II occupancies at Q1 genes, D1 genes, and RPGs in untreated and
auxin-treated Sth1-AID cells (Figure 5.11A) and in sthl-KR cells (Figure 5.11B). Similar
to that observed in the boxplots, Pol II occupancies were reduced within transcribed
CDSs in cells depleted of Sth1 (Figure 5.11A, compare solid traces to dotted traces after
TSS). In contrast, Pol IT accumulated in transcribed CDSs in cells expressing only
catalytic inactive Sth1 (Figure 5.11B, compare solid to dashed traces). This is surprising,
given that cells depleted of Sth1 and cells containing catalytic inactive RSC are both
deficient in RSC function and should yield similar changes in Pol II occupancies. It is
important to note that Sth1 contains domains such as the SnAC domain that interact with
histones (Sen et al., 2013; Wagner et al., 2020) and that structural data has shown that
Sth1 contacts histone tails (Wagner et al., 2020), which may enhance RSC-nucleosome
interactions (Chapter 4). It is possible that cells depleted of Sth1 might harbor RSC
complexes that lack Sth1 and can bind to nucleosomes less efficiently than complete RSC
complexes. In contrast, cells containing catalytic inactive Sth1 would harbor RSC
complexes that would still be able to interact with nucleosomes efficiently but would be

unable to remodel them. As such, in auxin-treated sth/-KR, the catalytic inactive RSC
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Figure 5.11. Depletion of endogenous Sth1 lead to reduced Pol II in the CDSs of
highly-transcribed genes in Sth1-AID, and increased Pol I in sth/-KR. A-B)
Metagene profiles showing Pol II occupancies in untreated and auxin-treated Sth -
AID cells (A) and in sthl-KR cells (B) at Q1 genes, D1 genes, and RPGs. Pol 11
reads were normalized using spiked-in reads from S. pombe.
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could be binding to and getting stuck on nucleosomes since it is unable to remodel them.
The non-remodeled nucleosomes could then hinder the elongation of Pol II through
DNA, resulting in the accumulation of Pol II in CDSs upon endogenous Sth1 depletion
and masking the true reduction in Pol II in these cells. In contrast, RSC binding might be
reduced in the Sth1-AID cells upon Sth1 depletion, allowing other remodelers to interact
with those nucleosomes and compensate for the loss of RSC function, facilitating the
traversal of the recruited Pol II through CDSs. In this scenario, both the reduction of Pol
Il in Sth1-AID and the accumulation of Pol II in sth/-KR would be indicative of Pol II
elongation defects, supporting the idea proposed in previous studies that RSC activity is
important for transcription elongation (Ganguli et al., 2014; Spain et al., 2014).

The accumulation of Pol II observed in cells expressing catalytic dead RSC is
consistent with the accumulation seen at transcribed CDSs of the Sth1 anchor away data
(Figures 5.3 and 5.8. However, Pol II occupancies were reduced in Sthl-AID after Sthl
depletion (Figure 5.10), whereas Pol II was increased only at highly transcribed genes in
Sth1 anchor-away cells (Figures 5.3 and 5.8). The study from which the Sth1 anchor
away data did not use an S. pombe spike-in control (Kubik et al., 2018), so the data was
normalized to the total reads, which cannot detect genome-wide changes. This issue is
mitigated by spiked-in normalization, which reflects absolute changes vs. only relative
changes inferred from read-normalization. Thus, the increases in Pol II observed upon
Sth1 anchor away might not represent the absolute changes in Pol II levels when Sth1
was depleted. It is possible that reductions might have been observed upon Sth1 anchor
away had an S. pombe spike-in control been used. Nevertheless, Pol II was reduced at the

majority of genes upon Sthl anchor away (Figure 5.3), consistent with the Pol II
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reductions observed genome-wide in auxin-treated Sthl-AID cells (Figures 5.10 and
5.11A). Taken together, the data suggest that RSC activity is important for Pol II
recruitment and elongation, implicating RSC activity in facilitating transcription at
multiple steps.

5.3 HATs Gen5 and Esal Promote Pol II Occupancies

Given that RSC was recruited to transcribed CDSs in a HAT-dependent manner
(Spain et al., 2014) and that the loss of Esal or Gen5 results in increased RSC and
histone occupancies at promoters, it is possible that these increases might affect
transcription. To determine the impact of the coordination between RSC and HATSs on
transcription, Rpb3 (Pol II) ChIP-seq was performed in WT cells, HS-WT cells, and in
the sth1ABrD, gcn5A, esal, and gen5A/esal mutants. Since Pol II occupancies increased
when RSC was depleted at some highly transcribed genes but not at other genes (Figure
5.3), and since cells expressing catalytic inactive RSC showed increased Pol 11
occupancies at highly transcribed genes (Figures 5.10B and 5.11B), the Pol II ChIP-seq
data for WT and the mutants were divided into deciles of genes based on WT Pol 11
occupancies (D1 genes have highest WT Pol II occupancies, D10 genes have the lowest)
and analyzed (Figures 5.12 and 5.13). The sthl ABrD mutant showed modest changes in
Pol II occupancies except for a small reduction in Pol II observed in Decile 2 (Figure
5.12, D2). The lower transcribed genes (D6-D10) showed Pol II increases compared to
WT cells for the BrD mutant. In contrast, significant reductions compared to WT cells
could be observed for gcn5 A in the top transcribed genes (Figure 5.12, D1-D3). The
greatest reduction was observed for the D1 genes (Top 10% Pol II-occupied genes). Since

the top 10% Pol IT-occupied genes also showed increased histone H3 occupancies within
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NDRs and at the +1 nucleosome position in the gcn5A mutant (Figure 4.12), it could be
that the reduction in transcription may be due to increased histone occupancies at these
genes. Similar to the Sth1 bromodomain mutant, the gcn54 mutant showed increased Pol
IT occupancies at lower transcribed genes (D5-D10) (Figure 5.12). Since GenS promotes
RSC recruitment to the CDSs of transcribed genes (Figures 4.23 — 4.25), the increase in
Pol II occupancies at these genes might indicate an elongation defect due to inefficient
chromatin remodeling in CDSs. Nevertheless, Pol II occupancies were reduced at highly
expressed genes in the gcny A mutant, consistent with earlier studies showing that Gen5
promotes transcription (Baptista et al., 2017; Qiu et al., 2016).

In contrast to cells lacking GenS5, the median Pol IT occupancies of D1 genes
decreased slightly in the esa/ mutant (Figure 5.13). However, Pol II occupancies were
substantially reduced in deciles D2-D9, suggesting that Esal is important for
transcription at the majority of genes. Furthermore, gcn5A/esal showed Pol II reductions
in D1-D9 that were greater than those observed for esal. The exception for both mutants
was the lowest transcribed genes (D10), which showed little/no change in Pol II
occupancies for esal and an increase in Pol I in the HAT double mutant. These results
show that HATs Gcen5 and Esal are important for robust transcription of all genes, where
Gcen5 might play a larger role in the transcription of highly-transcribed genes. It is
possible that GenS suppresses Pol 11 occupancy defects in the esa/ mutant, since the
genSA/esal double mutant showed a more substantial reduction at D1 genes than either
of the single mutants.

To determine where Pol II was reduced in highly transcribed genes, heatmaps

were generated showing the changes in Pol II occupancies compared to WT or HS-WT
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cells (ARpb3) in the top 20% of Pol II (Deciles D1 and D2) of the HAT mutants (Figure
5.14). In cells lacking GenS, the greatest reduction in Pol II was observed at the TSS
(Figure 5.14A, see blue hues around the TSS of the right heatmap), likely representing an
initiation defect (Baptista et al., 2017). However, the genes also show an increase in Pol
IT farther downstream of the TSS, within their CDSs (note red hues at the very top of the
right heatmap). This pattern of Pol II occupancies was also observed in esa/, though to a
lesser extent (Figure 5.14B, compare blue hues near the TSS of the middle panel to light
yellows farther downstream). These findings are similar to the Pol II accumulation
observed in the CDSs of highly transcribed genes when Sth1 was depleted (Figures 5.5 -
5.8), indicating that the elongation rate of any residual Pol II that was able to begin
transcription at these genes w slower in the HAT mutants compared to WT cells. The
HAT double mutant showed the greatest reductions not only at the TSS but throughout
the CDSs (Figure 5.14B, righthand panel), indicating that both HATs are important for
Pol II transcription.

When Sth1 was depleted in Sth1 anchor away and cells expressing catalytic
inactive Sth1, there was an increase in Pol II at RPGs despite a reduction in TBP
occupancies at these same genes (Figures 5.8, 5.9, 5.10B, and 5.11B). Given that gcn54
and esal also displayed RSC accumulations in the CDSs of highly transcribed genes
(Figure 5.14), RPGs might also show increased Pol II in the HAT mutants. To compare
the Pol I occupancies at RPGs in the HAT mutants with WT cells, boxplots were
generated showing Pol II occupancies in the CDSs of RPGs for WT cells, HS-WT cells,

Sth1ABrD, gen5 A, esal, and gen5A/esal (Figure 5.15). While sth1 ABrD showed little/no

change compared to WT cells, gcn54 and esal displayed reductions in Pol II at RPGs.
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The HAT double mutant showed significantly greater Pol II reductions than either of the
single mutants, displaying additive effects similar to those observed in the heatmaps of

highly transcribed non-RPGs (Figures 5.14 and 5.15). Collectively, the data suggest that
HATSs are important for Pol II occupancies at highly transcribed genes, including RPGs.

5.4 GenS and Esal Promote TBP Occupancies

Since H3 occupancies increased at promoters in the HAT mutants, specifically at
the +1 nucleosome position (Figure 4.12), the HAT mutants might also show defects in
TBP binding, as its recognition site is often occluded by the +1 nucleosome (Kubik et al.,
2018). To determine the impacts of the HAT mutants on TBP binding, TBP ChIP-seq
was performed using sonicated chromatin from WT cells, gen5A, esal, and genSA/esal.
Since the TBP data were similar between the HAT mutants, the heatmaps depicting RSC
occupancies in WT cells and the changes in RSC occupancies compared to WT cells for
the gcn5 A/esal mutant were shown (Figure 5.16). TBP occupancies were higher at RPGs
than at Pol II-T20 (Top 20% of Pol II-occupied genes) genes in WT cells. However, TBP
was substantially reduced in the HAT double mutant compared to WT cells, with a
greater reduction observed at RPGs. This reduction in TBP is consistent with the increase
in H3 occupancies observed in the NDRs of highly transcribed genes in the HAT
mutants, implicating roles for GenS and Esal in proper PIC assembly.

5.5 Discussion

5.5.1 RSC Plays a Role in Both Transcription Initiation and Elongation

Overall, the data suggest that RSC, in coordination with HATs Gen5 and Esal,
regulates transcription. Cells depleted of RSC, as well as cells expressing catalytic

inactive RSC, showed reduced TBP in all but the lowly transcribed genes (Figures 5.3,
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Figure 5.15. Pol II occupancies are reduced at RPGs in the HAT mutants. Boxplot
depicting average Pol II (Rpb3) occupancies (Log2) at RPGs in WT cells, HS-WT
cells, and in the sthIABrD, genSA, esal, and gcn5A/esal mutants. Differences in the
medians between the mutants and WT cells (HS-WT cells for esa/-containing
mutants) were denoted as significant (*) or non-significant (NS), based on the p-values
of those differences. P-values were calculated using the Welch t-test, and those < 0.05
were considered significant.
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Figure 5.16. RSC recruitment to transcribed CDSs depends on H3 and H4 tails. A)
Heatmaps showing TBP occupancies (TBP Occ., lefthand panels) and the changes in
TBP occupancies compared to WT cells (ATBP Occ., righthand panels) at RPGs and
the top 20% of Pol II-Occupied genes excluding RPGs (Pol 1I-T20) for WT cells and
genSA/esal. B) Boxplots showing TBP occupancies at RPGs and Pol II-T20 genes in
WT cells and in the HAT double mutant.
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5.8, and 5.9). Since RSC has been shown to position the -1 and +1 nucleosomes to
maintain NDRs and the +1 nucleosome has been shown to occlude the binding site for
TBP (Klein-Brill et al., 2019; Krietenstein et al., 2016; Kubik et al., 2018; Rawal et al.,
2018), it makes sense that cells deficient in RSC or RSC activity would also exhibit TBP
defects. As TBP is regarded as an indicator for PIC assembly, the results implicate RSC
in facilitating PIC assembly, consistent with other studies (Klein-Brill et al., 2019;
Krietenstein et al., 2016; Kubik et al., 2018; Rawal et al., 2018). In addition to PIC
assembly defects, these studies also observed reduced TSS selection within RSC-depleted
cells. Taken together, these findings support a role for RSC in facilitating transcription
initiation.

RSC is recruited to CDSs of transcribed genes (Rawal et al., 2018; Spain et al.,
2014) and potentially makes nucleosomes more accessible (Figures 3.4, 3.5, 3.9, and
3.10). Since Pol II is also associated with accessible nucleosomes in transcribed CDSs
(Figure 3.12), it is extremely difficult to separate the distinct effects of RSC and Pol II on
nucleosome structure. However, the analyses within this project also point towards a
potential role for RSC in genic nucleosome accessibility and transcription. Depletion of
RSC elicited reduced Pol II occupancies in all but the lowest and highest transcribed
genes, consistent with previous findings that RSC depletion results in lower TBP and Pol
IT occupancies (Petrenko et al., 2019) (Figures 5.3, 5.10, and 5.11A). However, Pol II
levels increased in some of the highly transcribed genes for Sth1 anchor away cells,
including at RPGs (Figures 5.3 and 5.8), despite a concurrent reduction of TBP at these
genes. Furthermore, cells expressing catalytic inactive RSC also showed Pol 11

accumulations in the CDSs of genes, including highly transcribed genes (Figures 5.10
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and 5.11A). Considering that TBP is indicative of PIC assembly defects and that the PIC
recruits Pol II for transcription, Pol II occupancies should decrease in these genes, not
increase. One explanation for the Pol II increase in cells expressing catalytic inactive
RSC could be that, in the absence of RSC-mediated remodeling of nucleosomes within
CDSs, elongating Pol II could have a difficult time traversing through the less accessible
chromatin, thereby increasing the dwell time of Pol II and leading to increased Pol II
ChIP enrichment. For Sth1-depleted cells, other remodelers could compensate for the loss
of RSC recruitment and remodeling to nucleosomes, mitigating the Pol II accumulation
observed when only RSC catalytic activity was lost. However, in both cases, Pol 11
recruitment would be reduced due to the loss of Sth1 functions. One way to test this idea
would be to compare the Pol II occupancies from ChIP-seq to nascent RNA levels in
RSC-depleted cells and cells expressing catalytic inactive RSC. A reduction in nascent
transcripts upon endogenous Sth1 depletion in Sthl-AID and in sthl-KR would provide
stronger support for the role of RSC in promoting transcription elongation.

Considering that RSC is present in both promoters and in CDSs (Kubik et al.,
2019; Rawal et al., 2018; Spain et al., 2014), the data suggest that, in addition to
regulating PIC assembly and transcription initiation, RSC may also remodel nucleosomes
in CDSs to promote Pol II elongation. The idea that RSC also promotes elongation is
supported by in vitro experiments showing that RSC-remodeled nucleosomes promote
transcription elongation in an acetylation-dependent manner (Carey et al., 2006).

5.5.2 Histone Acetyltransferases Gen5 and Esal Promote Transcription

Analyses of Pol II occupancies in cells lacking GenS5 or functional Esal reveal
that HATs have a differential effect on Pol II levels. Cells lacking GenS showed
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reductions of Pol II at highly transcribed genes, whereas the esal mutant showed Pol II
reductions at the majority of genes, excluding the top and bottom 10% of Pol II-occupied
genes (Figures 5.12 and 5.13). This suggests that Esal is more broadly required for Pol II
occupancies than the H3 HAT, consistent with previous studies (Baptista et al., 2017;
Bruzzone et al., 2018; Donczew et al., 2020). The HAT double mutant showed the
greatest reduction of Pol II occupancies, where Pol Il was substantially reduced at all but
the lowest transcribed genes (Figure 5.13). The findings that the HAT double mutant
elicited a greater effect than the single mutants at the highly transcribed genes (D1 genes)
suggests that GenS might be able to compensate for the loss of Esal at some genes but
not at others. Additionally, the HAT double mutant revealed a role for Gen5 at genes
other than the highly expressed genes since the double mutant exhibited greater Pol II
reductions than those seen in esal for the majority of genes. Considering that both HATs
are important for RSC enrichment in transcribed CDSs (Spain et al., 2014), Pol II might
migrate slower in the HAT mutants due to reduced RSC remodeling of nucleosomes in
CDSs, resulting in the dampening of the actual transcription defects in the HAT mutants.
The double mutant also showed a substantial reduction in TBP occupancies for RPGs and
for the top 20% of transcribed genes excluding RPGs (Figure 5.16), suggesting that
increased histone occupancies observed in the NDRs of the HAT mutants might interfere
with TBP binding and possibly PIC formation.

Overall, the data suggest that RSC is important for proper PIC assembly and
transcription initiation and that RSC plays a role in transcription elongation. Due to the
similarities in TBP and Pol II occupancies between the HAT mutants and RSC-depleted
cells, there is strong support that RSC and HATs coordinate with each other to regulate

196



chromatin structure and transcription. As such, the model introduced in Figure 4.30 can
be further refined to show that RSC is recruited to NDRs via hypoacetylated histone tails,
and the subsequent acetylation by Gen5 and/or Esal leads to efficient histone eviction
from NDRs. This histone eviction then allows TBP to bind and for PIC assembly to
occur, promoting transcription initiation. However, in cells lacking these HATs, RSC is
still recruited to NDRs by mechanisms other than histone acetylation (Badis et al., 2008;
Cairns et al., 1999; Ferreira et al., 2011; Kubik et al., 2018; Soutourina et al., 2006;
Wagner et al., 2020), but histone eviction is reduced, leading to reduced TBP and Pol II
recruitment, and ultimately dampened transcription (Figure 5.17). Within transcribed
CDSs, the data suggest that the lack of histone acetylation by HATSs results in decreased
RSC recruitment, which leads to reduced nucleosome accessibility and Pol II
processivity, ultimately leading to the accumulation of Pol II in the CDSs further

downstream of the TSS.
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Figure 5.17. RSC coordinates with GenS and Esal to regulate chromatin structure and
transcription. A) Model depicting the roles of Gen5 and Esal in regulating chromatin
structure at promoters and in CDSs (Figure 4.30). In WT cells, nucleosomes such as
the +1 nucleosome can be evicted or repositioned by RSC, which could be transiently
recruited to NDRs via transcription activators, histone acetylation by GenS of Esal, or
by recognizing DNA sequences within the promoter. Repositioning/remodeling of the
+1 nucleosome by RSC can then facilitate TBP recruitment and transcription. B)
When Esal and/or Gen5 are absent, RSC is able to accumulate on hypoacetylated tails
of promoter nucleosomes, and possibly those of fragile nucleosomes. The
hypoacetylated nucleosomes are not as efficiently removed, resulting in reduced TBP
and Pol II recruitment. In CDSs, RSC is not as efficiently recruited to the chromatin,
resulting in less accessible nucleosomes and possible Pol II elongation defects.
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TABLE 1.

LIST OF STRAINS USED IN THIS STUDY

Name Parent Genotype Reference
F729 BY4741 | MATa his3A1 leu2A0 met1540 ura340 | RSech
Genetics
MATa his3A1 leu2A0 met1540 ura3A0 .
CGY 2 BY4741 STHI-mycl3:-HIS3 This study
MATa his3A leu2A met154 ura3A (Ginsburg et al.,
DG 265 7285 gendA:kanMX4 STHI-mycl3::HIS3 2009)
MATa his3A leu2A metlSA ura3A (Ginsburg et al.,
DG 259 DGISO | ¢ 11254P STHI-myc13::HIS3 2009)
MATa his3A leu2A met154 ura3A (Ginsburg et al
DG 271 DG154 | gen5A::kanMX4 esallL254P STHI- 2009) & N
mycl3::HIS3
MATa ade2-1canl-100his3-11,15leu2- (Ocampo et al
YPE46S | W303 | 31120pl-lura3-IRADS+rsc8:KanMX- | 3o, P '
GALp-HA3-RSCS8
MATa his341 leu2A40 met1540 ura340 .
EBY 1 BYATAL | STHIABrD(1270-1359)-myci3:-HIs3 | LPis study
MATa his3A200 leu2A0 lys2A0 trplA63
ura3A0 met1 5A0 hhtl-hhf1::NatMX4 (Dai et al.,
IDY 86 S288C canl::MFAlpr-HIS3 [pJP11, HHTI- 2008)
HHF1 CEN-LYS2]
MATa his34200 leu2A40 lys240 trp1463
ura3A0 met1 540 canl::MFAIlpr-HIS3 .
SIY 1 IDY 86 | bt 1-hhfl:NathX4 hhi2-hhf2:H3- This study
URA3 STHI-mycl3::TRPI
MATa his34200 leu2A0 lys2A0 trplA463
ura340 met1540 canl::MFAIpr-HIS3 .
SIY 2 IDY 86 | i1 hhfl-:NatMX4 hhe2-hhf2-[H3AL- | LPiS study
28]-URA3 STHI1-mycl13::TRPI
MATa his34200 leu2A0 lys2A0 trplA63
EBY 11 DY %6 ura340 met1540 canl::MFAIpr-HIS3 This study

hht1-hhfl::NatMX4 hht2-hhf2::[H4A1-
16]-URA3 STHI-mycl3::TRPI
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TABLE 1. - Continued
Name Parent Genotype Reference
MATa his34200 leu2A0 lys240 trp1A463
ura3A0 met1 540 canl::MFAIlpr-HIS3
EC1 IDY 86 | hhtl-hhfl::NatMX4 hht2- This study
hhf2::[H3K14A]-URA3 STH1-
mycl3::TRPI
MATa his34200 leu2A0 lys2A0 trplA463
ura340 met1540 canl::MFAIpr-HIS3
EBY 10 IDY 86 | hhtl-hhfl::NatMX4 hht2- This study
hhf2::[H4K16A]-URA3 STHI-
mycl3::TRPI
MATa torl-1 fpri::NAT RPL13A4- (Kubik et al.
YSKIT w303 2XFKBI12::TRP1 STHI1-FRB-KanMX 2018)
MATalpha, tori-1, fpril::NAT, (Petrenko et al.
KHW76 w303 RPLI13TAB-2Px (FSKpBt1152): 2019)
MATa his3-A200, leu2-3,2-112, lys2- (Klein-Brill et
NF198 BY4742 | 801, trp1-1(am), URA3::TIR-9Myc, al. 2019)
STHI-44AID9Flag::hphNT '
MATa trpIAl canlA100 leu2A3-112
his3A11-15 ura3A0 GAL psi+ pADHI- Gift from Dr.
Y4810 4796 OsTIRI1-9myc::ADE?2 Frank Uhlmann
URA2::pMET3::STHI-1AA17::KanMX6
MATa trpIAl canlA100 leu2A3-112
his3A11-15 ura3A0 GAL psi+ pADHI- .
Y4855 | 4810 | OsTIRI-9myc-:ADE? l?g;f%nfﬂg;m
URA2::pMET3::STHI-1AA17::KanMX6
STHIK501R-PK3::TRP1
National
YP606 S. pombe | h-, leul; ura4, dis2::ura4+ BioResource
Project (NBRP),
Japan
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LIST OF PLASMIDS AND OLIGONUCLEOTIDES USED TO GENERATE MYC-

TAGGED STRAINS
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TABLE 2.

LIST OF PLASMIDS USED IN THIS STUDY

Name of Plasmid Genotype Tag Selectable | Reference
bacterial strain Marker
B3214 pFA6a-13myc- 13XMyc HIS3 (Longtine et
HIS3MX6 al., 1998)
B3213 pFA6a-13myc-TRP1 13XMyc TRP1 (Longtine et
al., 1998)
TABLE 3. LIST OF PRIMERS USED FOR MYC TAGGING
Gene Primer Name Primer Sequence (5'—3")
Type
(Forward
or Reverse)
STHI STH1-13myc-593 | Forward ATCCTGGGTTTACGTTGATGCTGA
CA
STHI STHI1-13myc-594 | Reverse CTAGAAAGAGTATTAGAGGGGAA
AGG
STHI STHI1 BD 1270- | Forward CCCACGGTGGAAAAATTGGTGGA

1359 myc (F)

AGAAATGCGCGAACAGTTAGATG
AGGTACGGATC
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TABLE 4.

LIST OF ANTIBODIES USED IN THIS STUDY

Antibody | Manufacturer Catalog #
Anti-myc | Roche 11667203001
Anti-Rpb3 | Neoclone w0012
Anti-H3 Abcam ab1791
Anti-TBP | gift from Dr. Joseph Reese | not applicable
TABLE 5. LIST OF KEY REAGENTS USED IN THIS STUDY
Reagent Manufacturer Catalog #
Proteinase K | Ambion AM?2546
Micrococeal |y ihinoton Biochemical | LS004798
Nuclease

Pan Mouse

12G (Anti- Thermofisher Scientific 11-041
mouse)

Dynabeads

M-280 Sheep

(Anti-rabbit) | Thermofisher Scientific 11-204-D
Dynabeads

RNase A Fisher Scientific 12091-021
AMPure XP Beckman Coulter A63881
beads

NEBNext

Ultra I DNA | New England Biolabs E7645S
Library Kit

NEXTFlex

DNA PerkinElmer 514104
Barcodes

Qiaex II Gel .

Extraction Kit Qiagen 20051
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