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ABSTRACT

Hashem Adnan Meriesh: Elucidating the function of the histone H4 basic patch in SAGA-
mediated histone H2B deubiquitination and histone acetylation
(Under the direction of Brian D. Strahl)

The eukaryotic genome is packaged into the nucleus by the wrapping of DNA around
histones to form the nucleosome—the fundamental repeating unit of chromatin. In addition to its
structural role, chromatin regulates DNA accessibility and thereby DNA-templated processes
such as DNA replication and transcription. Chromatin structure and function is mediated by the
covalent modification of the histone proteins with a vast array of post-translational modifications
(PTMs) including acetylation, methylation, phosphorylation, and monoubiquitylation. Histone
PTMs can affect chromatin structure directly or serve as binding sites for effector proteins and
complexes that mediate a specific function. Proper regulation of histone PTMs is critical for
many cellular and developmental processes and their aberrant placement or removal is a

hallmark of many diseases including cancer and neurodegenerative disorders.

Histone H2B monoubiquitylation (H2Bubl) has central functions in multiple DNA-
templated processes including gene transcription, DNA repair, and replication. In addition,
H2Bubl is required for the trans-histone regulation of H3K4 and H3K79 methylation. Although
previous studies have elucidated the basic mechanisms that establish and remove H2Bubl, we
have only an incomplete understanding of how H2Bubl is regulated. We report a novel regulator
of H2Bubl — the histone H4 basic patch. The H4 basic patch is a hub for chromatin modifiers,

yet the H4 basic patch regulates H2Bubl1 levels independently of interactions with chromatin
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remodelers and separately from its regulation of H3K79 methylation. To measure H2B
ubiquitylation and deubiquitination kinetics in vivo, we used a rapid and reversible optogenetic
tool, LINX (light-inducible nuclear exporter), to control the subcellular location of the H2Bub1
E3-ligase, Brel. The ability of Brel to ubiquitylate H2B was unaffected by a H4 basic patch
mutant. In contrast, H2Bubl deubiquitination by SAGA-associated Ubp8, but not by Ubpl0,
increased in the mutant. Consistent with a function for the H4 basic patch in regulating SAGA
deubiquitinase activity, we also detected increased histone acetylation by SAGA in H4 basic
patch mutants. The work in this dissertation discusses the discovery a new regulatory

mechanism of the H4 basic patch in SAGA-mediated functions.
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CHAPTER 1: INTRODUCTION

1.1 Introduction

The human body displays an impressive array of diversity amongst the cell types that
comprise it. Cells in the eye, with help from the brain, convert light to useful images. Cells in the
heart and lungs function continuously to circulate oxygenated blood throughout the body and
recharge deoxygenated blood. Platelets circulate through the blood, poised for activation at the
onset of injury to stop bleeding and begin healing immediately. In addition to these examples of
the beautiful diversity of function within cells, our bodies are also able to sense and adapt to
changes in our environment, such as the cellular cue to shiver from brown fat cells when cold
and the response of our immune systems at the detection of a foreign pathogen. Yet, the most
remarkable feature connecting all of these unique and specialized functions is that they all

originated from the same cell and share the same blueprint—the genome.

The genome contains information in the form of genes that not only encode the basic
functions of each cell such as energy production and replication, but also the information
required for specialized functions. Regulated expression of genes determines cell identity and
function, and the regulation of gene expression occurs to a large extent during the transcription
of DNA into RNA. Given that every cell shares the same genomic blueprint, a few important
questions arise. First, how do cells express the proper genes at the proper times to perform a
specific cellular function? How do cells ensure that expression of the appropriate genes is

maintained as long as necessary while, at the same time, maintaining the inactivation of genes



whose expression would be to detrimental to the cell? Lastly, how are these specific patterns of
expression maintained between subsequent cell divisions and inherited between parent and
offspring? These questions form the basis of the field of epigenetics. The classical definition of
epigenetics involves understanding the mechanism behind heritable phenotypic differences that
lack any difference in the underlying DNA sequence. Recently, epigenetics has come to refer to
the collection of covalent modifications to DNA and histone post-translational modifications that
alter gene expression and chromatin structure and function (R. Janke, Dodson, and Rine 2015). A
brief overview of the fundamentals of epigenetics, particularly the recent definition, and the
advancements in understanding the mechanisms regulating gene expression will be discussed in

this chapter in further detail.

1.2 Chromatin Structure and Function

Every human cell faces a monumental task—how to package nearly 2 meters of linear
DNA into a nuclear space approximately 10 microns wide. In eukaryotic cells, DNA does not
exist as a naked molecule. Instead, it is found in a compacted structure called chromatin. The
fundamental repeating unit of chromatin is the nucleosome—a molecule consisting of
approximately 147 base pairs of DNA wrapped an octamer of histones proteins. The histone
octamer is comprised of two copies each of the canonical histones H2A, H2B, H3, and H4.
Functionally, an H3-H4 tetramer is capped on two sides by an H2A-H2B dimer to produce the
nucleosome core particle (NCP) (Luger et al. 1997; Kornberg and Lorch 1999). Electrostatic
interactions between the positively-charged histones and the negatively-charged DNA stabilizes
the structure of chromatin and drives the assembly of higher-order chromatin structures (Horn
and Peterson 2002). Adjacent nucleosomes are connected by linker DNA that is bound by the

non-core histone H1 (Allan et al. 1980). The actions of proteins such as condensin and cohesin



further drive the organization of chromatin (Hagstrom and Meyer 2003). The chromatin polymer
is thus an extended array of nucleosomes. The long-standing opinion in the field holds that these
arrays undergo a progressive compaction from an 11-nm NCP to a 30-nm fiber and ultimately to
a 300-700-nm fiber and finally the iconic mitotic chromosomes. This opinion has long generated
controversy, not only of the specifics of these higher order structures but of their mere existence.
Recent studies, taking advantage of new methods and technologies, have provided much needed

insight on this matter (Ou et al. 2017).

Contrary to the belief of many scientists in the nascent years of chromatin research,
chromatin is not simply a scaffold for the efficient packaging of DNA. Chromatin serves two
critical functions. Firstly, chromatin-bound DNA renders the bound DNA less accessible than
free DNA thus protecting it from DNA damage while also providing the first layer of gene
regulation by mediating accessibility. Secondly, chromatin functions as an active signaling hub
in nearly all DNA-templated processes, from transcription to DNA replication and repair. This
latter function occurs though the combined effects of varying the chemical landscape of the
histones that make up each nucleosome and regulating the positioning of nucleosomes across the
genome. Furthermore, DNA is also subject to chemical modification. Together, these features
regulate the recruitment and occlusion of specific downstream effectors and allow for the precise
control of DNA accessibility thus providing the foundational mechanism for specifying and

maintaining cell identity.

The mechanisms summarized above result in two general subtypes of chromatin, namely
euchromatin and heterochromatin, classified by their degree of compaction and accessibility and
are thus considered “open” or “closed”, respectively. Euchromatin is found at gene-rich and

actively transcribed loci. Euchromatin displays various levels of “openness” depending on the



nature of the gene (e.g. inducible; housekeeping) and its transcriptional activity. Conversely,
heterochromatin is found at regions such as the telomeres and centromeres where maintaining a
repressed state is critical. Within heterochromatin are two classifications based on the level and
duration of repression required. Constitutive heterochromatin is found at regions of the genome
that must be repressed in all cell types of an organism at all stages of the cell cycle. Facultative
heterochromatin is a form of transcriptionally silenced chromatin that may become active due to

cell-type differentiation or in response to external stimuli.

The function of chromatin in maintaining the integrity of the genome throughout the life
time of an organism and its ability to transition between states to regulate and respond to external
stimuli is a critical component of cellular development, adaptation, and survival. Fittingly, this
transition between states is a complex and highly regulated process involving many factors.
What follows is a description of the mechanisms involved in establishing, altering, and

maintaining the chromatin state.

1.2.1 Histone Modifications and the Histone code hypothesis

Chromatin structure and function is largely regulated through the post-translational modification
(PTMs) of histones. Since the earliest reports of histone acetylation and methylation in the
1960s, an astonishing number of histone PTMs have been discovered through the advancement
of mass spectrometry approaches (Allfrey, Faulkner, and Mirsky 1964; Zhao and Garcia 2015).
These modifications include methylation of arginine, histidine, and lysine residues, acetylation
and ubiquitylation of lysine residues, and phosphorylation of serine, threonine and tyrosine
residues. While most of these modifications occur at the flexible N- and C-terminal tails of the

NCP, a number of significant modifications occur in the globular domain. While our knowledge



of the existence of these modifications expanded, advancements in our understanding of how

these modifications regulate chromatin structure and function have been a recent phenomenon.

Functionally, histone PTMs alter chromatin structure both directly and indirectly. The
histone tails contain many positively-charged residues, such as lysine and arginine, and
acetylation of these residues neutralizes the charge and may affect DNA-histone interactions
(Bannister and Kouzarides 2011). Additionally, histone PTMs are recognized by effector
proteins that contain specialized domains including chromodomains, bromodomains, PHD
fingers, Ankyrin repeats, WD40 repeats and others (Taverna et al. 2007; Yun et al. 2011).
Importantly, these effector proteins contain multiple recognition domains suggesting the
possibility of unique combinational patterns of PTMs at different genomic loci and the ability of
these effector proteins to perform unique functions based upon these patterns. Considering the
astonishing number of PTMs on both canonical and variant histones, the number of possible
histone patterns across the genome is astonishing (Zhao and Garcia 2015). These advancements
in our understanding of chromatin structure and function led to the formulation of the ‘histone
code’ hypothesis—wherein distinct PTMs, on one or more histone tails, function sequentially or
in combination to bring about distinct downstream events (Strahl and Allis 2000). In summary,
the chromatin landscape is regulated by “writers” that modify histones, “readers” that recognize
specific modifications, and “erasers” that remove these modifications in a dynamic manner to

bring about a specific downstream effect (Figure 1.1).

The role of histone modifications in regulating the chromatin landscape is well
established. The following sections will discuss how the histones and regions on the NCP also

function to regulate both histone-modifying activities and the chromatin landscape.
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Figure 1.1. The writers, readers, and erasers of the Histone Code hypothesis

1.2.2 The histone H4 basic patch is a hub for chromatin-modifying factors

The flexible N- and C-terminal tails of the histone proteins are most well-known for
harboring the sites of histone PTMs involved in regulating chromatin structure and function. The
PTMs found on the N-terminus of histone H4, namely acetylation on lysine residues 5,8, 12 and
16, and their functions are well studied. In addition to these PTMSs, a stretch of basic residues on
histone H4 (i.e. arginine, histidine, and lysine), known as the H4 basic patch, functions as an
interaction hub for multiple chromatin modifying enzymes and complexes (Figure 1.2). Dotl, the
histone H3 lysine-79 methyltransferase, requires both arginine residues of the basic patch to
efficiently catalyze di- and trimethylation (Fingerman, Li, and Briggs 2007). Additionally, the
H4 basic patch activates the ISWI chromatin remodeling complex (CRC). ISWI contains a
mimic of the H4 basic patch that inhibits ATPase activity through an autoinhibitory mechanism
and this inhibition is relieved by the antagonistic binding of the authentic H4 basic patch (C. R.
Clapier et al. 2001; Hamiche et al. 2001; C. R. Clapier 2002; Cedric R. Clapier and Cairns 2012).

Moreover, the binding of the budding yeast silencing protein, Sir3, depends on the acetylation



state of histone H4 lysine-16 (H4K16), connecting the H4 basic patch to the maintenance of
heterochromatin boundaries (Altaf et al. 2007; Onishi et al. 2007). The function of the H4 basic
patch, and H4K16 in particular, in the regulation of higher-order chromatin organization will be

discussed in greater detail in the following sections.
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Figure 1.2. The histone H4 basic patch serves as a hub for chromatin-modifying activities and
transcription associated modifications



1.2.3 The nucleosome acidic patch is a hub for chromatin-modifying factors

As is expected of a nucleoprotein complex, the nucleosome contains a large number of
positively charged amino acids to facilitate DNA binding. The nucleosome is also a highly
contoured and asymmetrical molecule. Interestingly, a negatively charged cavity is formed at the
interface of histones H2A and H2B and is known as the ‘“nucleosome acidic patch”
(Kalashnikova et al. 2013). The acidic patch is formed from six histone H2A residues (E56, E61,
E64, D90, E91, and E91) and two histone H2B residues (E102 and E110). Interestingly, nearly
all published crystal structures of a nucleosome-bound macromolecule share the same interaction

motif—an arginine residue bound to the nucleosome acidic patch (McGinty and Tan 2015).

The groundbreaking publication of the structure of the NCP by Luger ef al was the first
report of a protein binding the nucleosome acidic patch. In their crystal structure, residues 16 to
25 of the histone H4 tail from one nucleosome contact the nucleosome acidic patch on an
adjacent nucleosome (Luger et al. 1997). This interaction is fundamental to chromatin
compaction and the formation of higher order structure and will be discussed in more detail
below. To date, the structures of at least 10 proteins bound to the nucleosome acidic patch have
been solved and the list continues to grow. But what makes this small region of a complex as
large as the nucleosome such a poignant motif for recognition? In the words of Robert McGinty
and Song Tan, whose work on the nucleosome acidic patch has been seminal to our
understanding of this motif, “The simple answer is that the acidic patch is the most unique region
of the nucleosome surface [and] carries the greatest net charge of the solvent exposed region of

the histone octamer disk surface.” (McGinty and Tan 2015)

Of particular interest to the scope of work presented in this thesis is the association of

factors that function to regulate histone H2B monoubiquitylation with the nucleosome acidic



patch. Both the ubiquitylation machinery (Rad6-Brel) and deubiquitination machinery (SAGA
DUB module member, Sgf11) have been shown to bind and compete for the nucleosome acidic
patch (Gallego et al. 2016; Morgan et al. 2016). Additionally, residues in the nucleosome acidic
patch have been shown to be important for the addition of ubiquitin to histone H2B (Cucinotta et

al. 2015).

1.2.4 Inter-nucleosomal interactions and higher-order chromatin structure

Understanding the mechanisms that regulate the formation of metaphase chromosomes
from a string of nucleosomes has eluded the field of chromatin biology for decades.
Nucleosomes have been shown to condense into compact arrays under various ionic conditions
(Bednar et al. 1995; Arya and Schlick 2009). The structure of the NCP by Luger et al revealed
the interaction of residues 16-25 of the histone H4 N-terminus with the nucleosome acidic patch
and a recent report by Wilkins et al used site-specific crosslinking to validate this interaction in
vivo (Luger et al. 1997; Wilkins et al. 2014). It has also been shown experimentally that the
histone H4 tail mediates the largest number of internucleosomal interactions (Arya and Schlick
2009) and that acetylation of histone H4 lyinse-16 (H4Kl16ac), but not histone H3 tail
acetylation, disrupts higher-order folding and compaction (Tse et al. 1998; Shogren-Knaak et al.

20006).

The nucleosome and chromatin condensation are both barriers to the transcription
machinery and relieving these barriers is critical for proper gene expression. In agreement with
the above observations, it has been shown that H4K16ac stimulates transcription in vitro and in
vivo (Akhtar and Becker 2000). Additionally, approximately 80% of the histone H4 in yeast is
acetylated at H4K 16 and most of the yeast genome exists in a decondensed state (Lohr, Kovacic,

and Van Holde 1977; Smith et al. 2003).
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Figure 1.3. Internucleosomal interactions and higher-order chromatin structure are mediated by
the H4K16 acetylation

In summary, the regulation of chromatin structure and function is a key determinant in
nearly every DNA-templated process. Of particular interest to the Strahl lab is how chromatin
structure and function regulate and are regulated by the process of transcription. The next section

will provide an overview on the principles of eukaryotic transcription.
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1.3 Overview of Eukaryotic Transcription

1.3.1 The Transcription cycle

As multicellular organisms develop, cell-specific genes must be carefully expressed to
establish the different cell types. The regulation of genes occurs largely during the transcription
of genic DNA to RNA. Therefore, understanding gene regulation requires an in-depth
understanding of the process of transcription. In the five decades since the publication of the
discovery of three unique eukaryotic RNA polymerases in 1969 (Roeder and Rutter 1969),
biochemical, cellular and molecular studies have defined the structural organization of the
transcription machinery and provided the mechanistic insights into the regulation of these

complexes.

RNA polymerase (RNAP) enzymes catalyze the DNA-dependent synthesis of RNA. In
general, RNAP transcription is initiated by the recognition of promoter DNA by RNAP. As
described previously, access to promoter DNA is impaired by the presence of nucleosomes and
must be removed or shifted (Knezetic and Luse 1986). While many active promoters are found in
nucleosome-free regions (NFR), different classes of promoters regulate chromatin opening
differently. “Pioneer” transcription factors (TF) bind nucleosomal DNA and enable chromatin
opening, often through the recruitment of histone acetyltransferases (HATs) and chromatic
remodeling complexes (CRCs) (Iwafuchi-Doi and Zaret 2016; Lorch and Kornberg 2017).
Nuclear TFs bind free DNA in a sequence-specific manner and act to guide RNAPs to their
target promoters as RNAPs are unable to recognize promoter elements by themselves. Promoter
recognition by transcription initiation factors (TFIIs) functions as a bridge between RNAPs and
their promoters (Table 1.1) to form pre-initiation complexes (PICs). In the case of RNAP II, the

TATA box-binding protein TBP is loaded onto upstream DNA upstream by either TFIID or the
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coactivator SAGA in conjunction with TFIIA, and assembles with TFIIB. TFIIB binds the
“dock” and “wall” domains of RNAP II and is critical for the recruitment of the RNAPII-TFIIF
complex. TFIIB and TFIIF binding to RNAP II functions to stabilize RNAP II in the PIC,
facilitate start-site recognition and position DNA in the RNAP II active site, and stabilize the
RNA-DNA hybrid in early elongation. Lastly, two activities of TFIIH, DNA unwinding by the
ATP-dependent DNA translocase XPB and RNAP II-CTD phosphorylation by CDK7 (Kin28 in
yeast), facilitate the transition from transcription initiation to elongation (Reviewed in Cramer

2019).

While many factors are involved during transcription initiation, transcription regulation
also occurs during the elongation phase and until recently were poorly understood (Table 1.1).
The transition from an initiation to elongation complex occurs when the synthesized RNA
reaches a critical length. At this point, the complex can extend the RNA molecule in a processive
manner. When RNAP II encounters certain DNA sequences, the addition of nucleotides is
interrupted and RNAP II pauses, leading to backtracking and then arrest (Landick 2006). In this
situation, TFIIS prevents the backtracking of RNAP II, realigns the DNA-RNA hybrid, and
stimulates the nuclease activity of RNAP II to cleave the backtracked transcript so that
transcription can be restarted (Cheung and Cramer 2011). Oftentimes in metazoan cells RNAP II
pauses approximately 50 base pairs downstream of the TSS and a highly conserved mechanism
regulates the release of this promoter-proximal pausing (Core and Adelman 2019). Paused
RNAP II involves a shift in the RNA-DNA hybrid that inhibits extension of the RNA molecule
and escape. Paused RNAP II is bound and stabilized by the hypophosphorylated forms of DRB-
sensitivity inducing factor (DSIF) (Spt4-Spt5 in yeast) and negative elongation factor (NELF)

(Yamaguchi, Shibata, and Handa 2013). DSIF binds RNAP II near the exit site of the DNA and
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RNA (Ehara et al. 2017; Bernecky, Plitzko, and Cramer 2017) and NELF binds on the opposite
side of RNAP II to prevent binding of TFIIS and restrict RNAP II mobility (Vos, Farnung,
Urlaub, et al. 2018). Release of paused RNAP II requires positive elongation factor b (P-TEFb)
and the kinase activity of its subunit, CDK9. Phosphorylation of DSIF and NELF by P-TEFb
allows for the release of paused RNAP II and the phosphorylation of the RNAP II C-terminal
domain (CTD) yields an activated elongation complex (Marshall and Price 1995; Zhou, Li, and

Price 2012; Vos, Farnung, Boehning, et al. 2018).
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Table 1.1. Selected examples of factors for human RNAP II transcription

Transcription

Phase Factor (subunits) Function
Initiation TFIIB (1) Functions as a bridge between RNAP Il and promoter DNA
TFIID (14) Functions to recognize promoter DNA and to load TBP
TFIE (2) Activates TFIIH and stabilizes the open promoter complex
TFIIF (2) Stabilizes TFIIB and the PIC
TFIIH (10) Helicase activity promotes DNA opening and kinase
activity functions is RNAP 1l CTD phosphorylation to
stimulate promoter escape
SAGA Coactivator complex that functions in TBP loading and has
(18 to 20) chromatin-modifying activities important for initiation and
early elongation
Elongation DSIF (2) Promotes RNAP Il pausing and active elongation; recruits

Capping enzymes (3)

NELF (4)

P-TEFb (2)

PAF (5 or 6)

CHD1 (1)

FACT (2)

TFIS (1)

elongation and 3’ processing factors

Catalyzes 5 RNA cap formation, to prevent degradation of
pre-mRNA by 5’ exonucleases

Stabilizes paused RNAP Il
phosphorylates RNAP Il and negative elongation factors to
released paused RNAP I

Recruits chromatin-modifying enzymes involved in
stimulating elongation

Co-transcriptional chromatin remodeler
Histone chaperone that destabilizes nucleosome for RNAP
Il passage and reassembles them

Stimulates RNA cleavage restarts arrested RNAP 1l with
backtracked RNA
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1.3.2 RNA Polymerase Il C-terminal domain (CTD) Phosphorylation

Critical to the proper transcription of genes is the coordinated phosphorylation and
dephosphorylation of the RNAP II C-terminal domain (CTD) (Jeronimo, Bataille, and Robert
2013; Jeronimo, Collin, and Robert 2016). The C-terminal extension of the largest subunit of

RNAP II distinguishes it from the other RNAP enzymes. The RNAP II CTD is composed of

tandem repeats of the heptapeptide Y1S2P3T4S5P6¢S7 and this repeat scales with organism

complexity, from 26 repeats in yeast to 52 repeats in humans. The CTD is not required for the
catalytic activity RNAP II and instead functions as a means to respond to regulatory cues as well
as to couple transcription and co-transcriptional events such as RNA processing and chromatin
organization. Five of the seven residues can be phosphorylated, including serine 2, 5 and 7,
tyrosine 1, and threonine 4. Similar to histone residues and their PTMs, the CTD is believed to
serve as a landing pad for various transcription-associated proteins and to date dozens of proteins

have reported to bind the CTD (Hsin and Manley 2012).

In yeast, where the CTD cycle has been most extensively characterized, RNAP 1I is
initially recruited to promoters in a non-phosphorylated state. Soon thereafter, the CTD is
phosphorylated on Ser5 and Ser7 preceding initiation. As RNAP II clears the initiation site, Ser5-
P levels decrease to nearly half their initial levels within the first few hundred base pairs of
transcription (Komarnitsky, Cho, and Buratowski 2000). Concurrently, Ser2-P and Tyr1-P levels
increase at a steady rate and peak after approximately 1 kb and remain constant throughout the
gene until the 3° end. Dephosphorylation of the CTD at the 3’ end gene commences with Tyr1-P
dephosphorylation and is followed by Ser5, Ser7 and Ser2, resetting the CTD and allowing the

transcription cycle to restart.
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1.3.3 The SAGA coactivator complex

The activation of transcription is an important mechanism for regulating gene expression
and is a common endpoint of signaling pathways involved in responses to environmental stimuli
and metabolic stress. In addition to the general transcription factors described above,
transactivator complexes enhance activated transcription by making direct contact with the basal
transcription machinery thereby regulating the formation of the PIC complex and facilitating the
transition of the transcription machinery from initiation to elongation through chromatin-
modifying activities (Hahn and Young 2011). Two conserved and well-characterized members of
this group is the Mediator complex and the Spt-Ada-GcenS-acetyltransferase (SAGA) coactivator

complex.

The Spt-Ada-GcenS-acetyltransferase (SAGA) coactivator complex is a 1.8 mDa complex
composed of 18-20 subunits that is involved in transcription from the early stages of PIC
formation through elongation (Hahn and Young 2011). SAGA is highly conserved from yeast to
humans and while SAGA subunits are non-essential in yeast, mutation of SAGA subunits lead to
developmental defects in drosophila and mice (Weake et al. 2008; Xu et al. 2000). SAGA is
comprised of 4 distinct modules: histone acetyltransferase (HAT) activity; deubiquitination
(DUB) activity; TBP binding; transcription activator binding (Papai et al. 2020; Wang et al.
2020). The HAT module is comprised of the catalytic subunit, GenS, along with Ada2, Ada3 and
Sgf29. This module is responsible for acetylating multiple lysine residues on the histone H3 N-
terminal tail, including H3K9, K14, K18, K23 and K27 (Cieniewicz et al. 2014). The DUB
module consists of the ubiquitin-specific protease, Ubp8, along with Sgf11, Sgf73 and Susl to

catalyze the removal of H2Bubl. The Spt3 and Spt8 subunits bind TBP and along with the
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transactivator binding of Tral, recruitment the SAGA complex to promoters to function in

RNAP II recruitment and PIC formation (Weake and Workman 2012).

Early genome-wide studies in the field established two classes of genes in yeast based
upon the preference for SAGA or TFIID to assemble the transcription machinery. The first class
known as “SAGA-dominated genes” were those genes that were down-regulated upon deletion
of the yeast SAGA-specific subunit, Spt3, and account for approximately 10% of the yeast
genome and correspond to mainly stress response genes with a TATA box in their promoters.
The remaining 90% were known as “TFIID-dominated genes” and were down-regulated upon
deletion of the yeast TFIID-specific subunit, Tafl (Huisinga and Pugh 2004). However, these
observations did not agree with studies reporting colocalization of SAGA subunits with RNAP II
and a global effect on H2Bubl and H3K9ac upon inactivation of SAGA HAT and DUB
activities. To address this discrepancy, Bonnet et a/ monitored the distribution of H3K9ac and
H2Bublin yeast and human cells upon activation of their respective enzymes and discovered that
SAGA acetylates the promoters and deubiquitinates the transcribed region of all expressed genes
and is critical for RNAP II recruitment at all expressed genes (Bonnet et al. 2014). This study

established SAGA as a bona fide cofactor for all RNAP II transcription.

While the mechanisms outlined above describe the events that take place in the vicinity
of RNAP II, the cell must also contend with the challenges of RNAP II transcription throughout
the rest of the gene and the genome. Precise mechanisms are involved with altering the

chromatin landscape to regulate these processes and will be described in the following section.
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1.4 Mechanisms for altering the chromatin landscape

1.4.1 Histone H2B monoubiquitylation

In budding yeast, monoubiquitylation of histone H2B at lysine-123 (H2Bubl) is
catalyzed by the E2 ubiquitin-conjugating enzyme, Rad6, and the E3 ubiquitin ligase, Brel and
requires the protein Lgel (Hwang et al. 2003). This modification is conserved through higher
eukaryotes. H2Bubl is associated with active transcription and is enriched at promoters and
throughout the gene body. H2Bubl is a highly dynamic modification due to the competing
activities of the ubiquitylation machinery and the presence of deubiquitinating enzymes. In
budding yeast, H2Bubl deubiquitination is catalyzed by two specific H2Bubl ubiquitin
proteases—Ubp8 and Ubpl0 (Henry et al. 2003; Emre et al. 2005). The cycling between
ubiquitylated and unmodified H2B, referred to as the ubiquitin cycle, plays an important
regulatory function in the transition from transcription initiation to elongation (Wyce et al.

2007).

The mechanisms regulating the recruitment of the ubiquitylation machinery vary by
location. Upon gene activation, Brel is recruited to its target promoter via an activator-dependent
interaction. Rad6 is subsequently recruited to Brel and ubiquitylation is stimulated by Lgel. In
the gene body, Rad6 is associated with the RNA polymerase II associated factor complex (PAFc)
and this association was believed to couple ubiquitylation activity to RNAP II activity at actively
transcribed genes (Weake and Workman 2008; Fuchs and Oren 2014). However, recent studies
have shown that ubiquitylation does not strictly depend upon binding of Rad6-Brel to RNAP II
(Van Oss et al. 2016). While it was known that Lgel copurifies with Brel and is required for
H2Bubl, its biochemical function remained unclear. Lgel is composed of two domains—a long

intrinsically disordered region (IDR) and a short coiled-coil (CC) domain. IDRs are known to
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participate in multivalent interactions and this can lead to the phenomenon of liquid-liquid phase
separation (LLPS) and the production of biomolecular condensates (Banani et al. 2017; Alberti
2017). In vitro, Lgel, via its IDR, functions as a scaffold protein that promotes Brel
oligomerization and also phase separates under physiological salt conditions (Gallego et al.
2020). In the presence of Lgel condensates, Brel penetrates the condensate and forms a catalytic
E3 shell around a Lgel liquid-like core. Through a direct interaction with Brel, Rad6 is recruited
to the catalytic outer shell and is able to accelerate H2B ubiquitylation. Importantly, this effect is
lost upon deletion of the Lgel-IDR. Additionally, yeast cells expressing Lgel lacking the IDR
exhibit reduced H2Bubl levels downstream of the +1 nucleosome by sequencing exonuclease-
treated chromatin immunoprecipitates (ChIP-exo), suggesting LLPS plays a significant role in

regulating H2Bub1 in the gene body (Gallego et al. 2020).

Studies on the effect of H2Bubl on chromatin structure and function have yielded
opposing viewpoints. In vitro studies suggest that H2Bubl1 is a destabilizing mark that impacts
chromatin compaction and renders chromatin, and the underlying DNA, more accessible (Fierz
et al. 2011). In contrast, multiple in vivo studies show that nucleosomes are stabilized and the
DNA less accessible due to H2Bubl1(Fleming et al. 2008; Mahesh B. Chandrasekharan, Huang,
and Sun 2009). Whether these effects are due to the presence of the ubiquitin moiety itself or due

to the effectors recruited by H2Bubl is an important area of open investigation.

H2Bubl regulates chromatin structure and function in multiple ways. H2Bub1 is required
by the histone H3 methyltransferases Setl and Dotl to catalyze di- and trimethylation of H3K4
and H3K79, respectively. This phenomenon of one histone PTM regulating a different histone
PTM has been described as histone crosstalk (Briggs et al. 2002; Sun and Allis 2002; Dover et

al. 2002). The methylation of H3K4 and H3K79 have well-defined functions in transcription and
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around actively transcribed genes and will be discussed in further detail below. While the reports
of H2Bubl-dependent H3 methylation are nearly two decades old, only recently have we come
to understand the mechanism of this crosstalk from structural studies of these enzymes bound to
ubiquitylated nucleosomes (P. L. Hsu et al. 2019; Anderson et al. 2019; Worden et al. 2019;

Worden, Zhang, and Wolberger 2020).

Elegant structural studies have shown that the ability of Setl (as a part of the COMPASS
complex) to be fully stimulated depends on the COMPASS subunit Spp1, and the RxxxRR motif
in the n-SET domain of Setl(Kim et al. 2013; P. L. Hsu et al. 2019). COMPASS interacts with
the ubiquitinated nucleosomes through multiple subunit interactions with DNA and three of the
core histones. Intriguingly, this interaction with the ubiquitinated nucleosome does not cause a
conformational shift in the complex that positions the active site in the correct orientation.
Rather, this interaction causes a restructuring of the RxxxRR motif to form a helix that enables
the complex to interact with the nucleosome acidic patch (Worden, Zhang, and Wolberger 2020).
Additionally, COMPASS methylates H3K4 on the opposite side of the nucleosome of the
H2Bubl it interacts with, providing the first known examples of trans-nucleosome histone
crosstalk. The asymmetric activity of COMPASS is distinct from Dot1L (the human homolog of
yeast Dotl), which methylates H3K79 on the same side of the nucleosome as the H2Bubl it
recognizes. In the case of DotlL, binding to H2Bubl contributes to limiting DotlL mobility
stabilizing productive conformations on the nucleosome (Valencia-Sanchez et al. 2019). Similar
to COMPASS, H2Bublbinding does not cause a change in the affinity of DotlL for the
nucleosome, instead it has been suggested that the energy required to reorient H3K79 into an
accessible through a conformational change of histone H3 is offset by the binding of DotIL to

H2Bubl(Worden et al. 2019). These are two examples of just how rich and complex of a binding
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surface H2Bubl contributes to the nucleosome. Ubiquitin is large and surprisingly flexible and,
as our understanding of how H2Bub1 regulates other chromatin-modifying enzymes, reveals the

remarkable plasticity of how H2Bub1 interacts and activates these different enzymes.

H2Bubl is also required for the efficient reassembly of nucleosomes in the wake of
elongating RNAP II. This function occurs in cooperation with the histone chaperone FACT and

both factors are involved in the regulation of the other (Fleming et al. 2008).

1.4.2 Histone H3 methylation

Methylation of histone lysine residues represents a major mechanism of transcription
regulation. Interestingly, lysine methylation can lead to both activation or repression depending
on the modification and its genomic locus. Well established examples of activating lysine
methylation include H3K4 and H3K79. Repressive lysine methylation in higher eukaryotes is
exemplified by the nucleating marks at H3K9 and H3K27. While some histone PTMs such as
phosphorylation and acetylation alter the charge of the residue, therefore impacting electrostatic
interactions of the histone with DNA or intra- and internucleosomal contacts, lysine methylation
is a net neutral modification and functions to recruit or occlude the binding of effector proteins.

Below is a description of the importance of histone H3 methylation.

Histone H3 Lysine-4 Methylation

Histone H3 lysine-4 methylation (H3K4me) is involved in regulating transcription
initiation and elongation through the precise recruitment of effector proteins to methylation-
specific regions (Wozniak and Strahl 2014b). In yeast, all three state of H3K4me is catalyzed the
SET-domain containing histone methyltransferase, Setl. H3K4me is a highly conserved histone

PTM and in humans is catalyzed by multiple enzymes including SET1A/B and the mixed lineage
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leukemia proteins MLL1-4 (Wu et al. 2008; Shilatifard 2012). Whether by a single yeast enzyme
or multiple human enzymes, the regulated recruitment of the H3K4 methyltransferases is critical
in establishing the pattern of H3K4 mono-, di- and trimethylation at genes and ultimately
recruiting effector proteins involved in regulating transcription. In this regard, H3K4me is

perhaps the best characterized example of a transcription-associated histone PTM.

Early genome-wide studies defined a H3K4me3 peak near the TSS of many actively
transcribed genes, suggesting a role for this PTM in the regulation of transcription initiation.
Further studies identified the association of the general transcription factor TFIID with
H3K4me3 and that this association was mediated by the PHD finger of the TFIID subunit, TAF3
(Vermeulen et al. 2007; van Nuland et al. 2013; Lauberth et al. 2013) Additionally, H3K4me3 is
important for the recruitment and stabilization of chromatin remodelers with their genomic
targets. While human CHDI is recruited to chromatin through an interaction with the mediator
complex, it is believed that CHDI binding H3K4me3 through its tandem chromodomains
(Flanagan et al. 2005; Sims et al. 2005) may stabilize its interaction with chromatin (Lin et al.
2011). Another remodeler, the NURF complex, associates with H3K4me3-rich regions through
the PHD finger-containing subunit, BPTF. Lastly, H3K4me3 is also responsible for its own
histone crosstalk activity. In this scenario, subunits of two histone acetyltransferase complexes,
NuA3 and SAGA, have been shown to bind H3K4me3 to effect HAT activity on the histone H3
N-terminal tail (John et al. 2000; Taverna et al. 2006; Martin et al. 2006; Vermeulen et al. 2010;
Bian et al. 2011). Although the focus of this section has been on the role of H3K4me3, it is
interesting to point out that, in contrast to H3K4me3, H3K4mel is a PTM commonly associated
with enhancer elements (Calo and Wysocka 2013) but that our overall understanding of this

PTM deserves further investigation.
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Histone H3 Lysine-79 Methylation

Unique amongst histone KMTs is the histone H3 lyisne-79 (H3K79) methyltransferase,
Dotl. Originally discovered in a genetic screen to identify genes that disrupted telomeric
silencing upon overexpression (Singer et al. 1998), yeast Dotl and its homologs in other
organisms, such as human DOTI1L, contain a catalytic methylase fold conserved amongst class I
SAM-dependent methylases (Min et al. 2003; Sawada et al. 2004). Dotl is responsible for
catalyzing mono-, di- and trimethylation of H3K79 (Ng, Feng, et al. 2002; Feng et al. 2002;
Lacoste et al. 2002; Van Leeuwen, Gafken, and Gottschling 2002) in a nonprocessive manner
(Frederiks et al. 2008). Unlike all other known methylated histone lysine residues, H3K79me has
no known demethylase and the mechanism for removing this modification remain poorly
understood. Yet, several reports suggest that H3K79me may be dynamically regulated as
H3K79me2 levels have been shown to fluctuate with the cell cycle (Feng et al. 2002; Schulze et
al. 2009). Dotl catalytic activity is regulated by two regions on the NCP, the histone H4 basic
patch and H2Bubl (Fingerman, Li, and Briggs 2007; Ng, Xu, et al. 2002; Sun and Allis 2002;
Briggs et al. 2002) and the details of this regulation have been recently characterized by

structural studies (Valencia-Sanchez et al. 2019; Anderson et al. 2019; Worden et al. 2019).

H3K79me is enriched throughout the transcribed regions of genes and is associated with
active transcription due to the dependence of Dotl on H2Bubl (Briggs et al. 2002). As such, it
has been long assumed that Dotl and H3K79me function in regulating transcription elongation.
As previously mentioned, Dotl was discovered in a genetic screen for genes that disrupt
telomeric silencing. Yeast telomeric silencing is mediated through the binding and spreading of
the SIR (Silent Information Regulator) complex composed of Sir2, Sir3, and Sir4. Sir3 binds the

NCP through the histone H4 basic patch and unmodified H3K79 and recruits the HDAC Sir2 to
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deacetylate H4K 16ac leading to nucleation of the SIR complex and compaction of the chromatin
fiber (Katan-Khaykovich and Struhl 2005; Altaf et al. 2007; Onishi et al. 2007; van Welsem et
al. 2008). The competition between Dotl and Sir3 to bind the H4 basic patch and alter the
methylation of H3K79 is delicately balanced to prevent heterochromatin spreading into gene
bodies and to regulate heterochromatin formation at telomeres, although to a lesser extent than

originally thought (Rossmann et al. 2011; Takahashi et al. 2011).

Recently, Lee et al reported that Dotl, via its histone binding domain, can assemble
nucleosomes from core histones and facilitate chromatin remodeling and that this activity is

independent of its methyltransferase activity (S. Lee et al. 2018).

1.4.3 Histone acetylation

Histone acetylation is the oldest described histone modification and arguably one the best
characterized. Histone acetylation is a dynamic process that is regulated by the opposing effects
of histone acetyltransferases (HATs) and histone deacetylases (HDACs). The addition of an
acetyl group to the g-amino group of lysine side chains neutralizes the lysine residue’s positive
charge, thereby altering the electrostatic interactions between the nucleosome and DNA. In
general two types of HATs exist: Type-B HATs that acetylate free histones and is important for
the deposition of newly synthesized histones and Type-A HATs that acetylate histones in the
NCP (Bannister and Kouzarides 2011). Type-A HATs are known to modify multiple residues on
the N-terminal tails of H3 and H4 as well residues on the globular histone core, such as histone

H3-lysine 56 (Tjeertes, Miller, and Jackson 2009).

Histone acetylation is often associated with active transcription due to its ability to
neutralize the histone-DNA interaction, making the chromatin more accessible to the

transcription machinery. Additionally, histone acetylation functions to recruit transcription-
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associated complexes via their bromodomain-containing subunits, such as TFIID and the RSC
chromatin remodeling complex (Jacobson et al. 2000; Kasten et al. 2004). In the coding regions,
specific sites in the promoter and the 5’ end of genes are enriched in acetylation. The discovery
of the HAT activity of GenS, the catalytic subunit of the SAGA coactivator complex, was a
seminal discovery that served to bridge the distinct fields of chromatin biology and transcription
and catalyze the pursuit towards understanding the role of histone PTMs in transcription (Kuo et
al. 1996). Gen5S acetylates multiple lysine residues on the histone H3 N-terminal tail and is
involved, through the multifaceted function of the SAGA complex, regulating transcription

initiation and chromatin remodeling (Kuo et al. 1996; Grant et al. 1997).

The opposing activity of HDACs is also important for proper gene expression. Although
histone acetylation is important for increasing chromatin accessibility, proper regulation is
required to ensure that sites within the gene body that look like promoters, known as “cryptic”
promoters, are not made accessible to the transcription machinery and initiate aberrant
transcription. In yeast, Rpd3 is a RNAP Il-associated HDAC that deacetylates histones in the
gene body during transcription elongation. Therefore, the function of HDACs to reduce
chromatin accessibility in a transcription-coupled manner is a mechanism to increase
transcription efficiency and maintain chromatin integrity (Carrozza et al. 2005; Keogh et al.

2005; Li et al. 2007; 2009).

1.4.4 Nucleosome Dynamics

Histone Chaperones

The essential function of chromatin—to package the cell’s genetic material—ultimately
results in a challenge of accessibility for the transcription machinery. For proper transcription to

occur, nucleosomes must be disassembled ahead of the traveling RNAP II and reassembled in its
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wake. Making and breaking nucleosomes is carried out by histone chaperones in an ATP-
independent manner. Broadly defined, histone chaperones can be defined as proteins involved in
the storage, transport, disassembly and assembly of histones. While all histone chaperones bind
histones generally, the specificity of their interactions and their structure and function in the cell
vary greatly. Structural and biochemical studies have revealed the ability of histone chaperones
to bind histone dimers, tetramers, and nucleosome assembly intermediates (Hammond et al.
2017). Binding nucleosome assembly intermediates is of critical importance to the proper
disassembly and correct reassembly of nucleosomes during transcription elongation.
Transcription-associated histone chaperones, such as Spt6 and FACT, are essential to resetting
the chromatin landscape and preventing the initiation of aberrant transcription from cryptic

promoters within the gene body.

Chromatin Remodelers

In contrast to the ATP-independent function of histones chaperones, chromatin
remodelers harness the energy of ATP hydrolysis to drive a DNA translocase resulting in the
sliding or eviction of nucleosomes from a specific region of the genome (Clapier et al. 2017).
The regulation of genome-wide nucleosome occupancy and composition by chromatin
remodelers serves three functions. Firstly, chromatin remodelers maintain the proper density and
spacing of nucleosomes across promoters and gene bodies contribute to gene repression.
Secondly, chromatin remodelers facilitate the binding of TFs to DNA by cooperating with site-
specific TFs and histone writers to slide or displace histones. Lastly, chromatin remodelers
establish functionally unique regions across the genome through the replacement of canonical

histones with histone variants. Chromatin remodelers can be classified into four subfamilies,
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imitation switch (ISWI), chromodomain helicase DNA-binding (CHD), switch/ sucrose non-

fermentable (SWI/SNF) and INO8O (Clapier et al. 2017).

1.5 Importance of study and description of work

The introduction presented here is by no means an exhaustive study of chromatin biology
but a snapshot into one of the most fundamental mechanisms regulating nearly every DNA-
templated process. As our understanding of how histones and their modifications regulate
chromatin structure and function advances, we are beginning to understand how histones mutants
and aberrant regulation of chromatin are involved in the development and progression of human
diseases such as cancer and neurological disorders (Zoghbi and Beaudet 2016). Yet, our
understanding of the function of the vast majority of histone modifications, and even less so of
their regulation, is still in its infancy. Therefore, pursuing the study of the fundamental
mechanisms regulating histone modifications and chromatin structure are essential to
understanding their dysregulation in disease and how to develop effective treatments where

possible.

The work presented in this thesis focuses on understanding how a small stretch of a basic
residues on the histone H4 tail, known as the H4 basic patch, regulates one particular histone
PTM, histone H2B monoubiquitylation (H2Bub1). H2Bubl is conserved from yeast to humans
and is involved in multiple DNA-templated processes, including transcription, DNA repair, and
replication. Importantly, proper regulation of the enzymes involved in placing and removing
H2Bubl are necessary for maintaining genomic stability whereas their dysregulation is involved
in tumorigenesis (Johnsen 2012). This work began as an attempt to understand how the H4 basic
patch regulates the H3K79 methyltransferase, Dotl, where I discovered that loss or mutation of

the H4 basic patch led to reduced Dotl protein levels and a significant reduction in global
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H2Bubl levels. This work is presented in Chapter 2. I then pursued the goal of determining the
mechanism behind this newly discovered function of the H4 basic patch in regulating H2Bub1.
This study identified the function of the H4 basic patch as a regulator of the histone-modifying
activities of the SAGA coactivator complex. This work is presented in Chapter 3. Lastly, in
Chapter 4 I attempt to posit a few hypotheses regarding the work presented in the preceding
chapters and place them into the larger context of chromatin regulation. Overall, the study
presented here defines a new function for the histone H4 basic patch and greater insights into the

regulation of H2Bubl.

28



CHAPTER 2: IDENTIFICATION OF THE H4 BASIC PATCH AS A REGULATOR OF
DOT1 PROTEIN LEVELS AND HISTONE H2B UBIQUITYLATION

2.1 Overview

Histone “cross-talk” can be defined as the phenomenon of a histone post-translation
modification (PTM) regulating the placement or removal of a different histone PTM. This cross-
talk is a fundamental mechanism by which histone PTMs regulate the structure and function of
chromatin. One of the earliest characterized examples of histone cross-talk involves the H3K79
methyltransferase, Dotl. In order to achieve H3K79 di- and trimethylation, Dotl requires
monoubiquitylation of histone H2B (H2Bubl) and a stretch of basic residues of the histone H4
N-terminal tail called the H4 basic patch. In the absence of either of these factors, H3K79me2/3
is absent. However, it remains unclear if this regulatory cross-talk occurs in multiple directions.
Here we report that the histone H4 basic patch is involved in the regulation of Dotl protein
levels and in the maintenance of global H2Bubl levels. Loss of the entire H4 basic patch
(residues 16-20) or arginine to alanine mutations of the two arginine residues leads to a
significant decrease in Dotl protein levels. Additionally, these same mutations also lead to a
significant decrease of global H2Bubl levels through a Dotl and H3K79methylation

independent mechanism.

2.2 Introduction

The nucleosome is the fundamental repeating unit of chromatin and the first level of

chromatin organization. Composed of two copies each of histones H2A, H2B, H3 and H4, the
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histone octamer is wrapped by approximately 147 base pairs of DNA to form the nucleosome
core particle (NCP), and is composed of a globular core and the N-terminal “tail” domains.
While forming the basis of all subsequent forms of higher-order chromatin structure, the
nucleosome regulates accessibility to the DNA elements wrapped around it, serving as a
gatekeeper to many DNA-templated processes by regulating access to these elements. One
important mechanism in regulating the structure and function of chromatin is through the post-
translational modification (PTM) of the histone tails that serve to recruit or occlude effector
protein binding. These histone PTMs include acetylation, methylation, phosphorylation, and
ubiquitylation amongst others (Zhao and Garcia 2015) While the first studies reporting histone
acetylation were published over 50 years ago (Allfrey, Faulkner, and Mirsky 1964), we are still

discovering new PTMs at a faster rate than we can determine the function of.

In addition to histone PTMs recruiting chromatin-modifying enzymes, specific regions of
the nucleosome itself are involved in regulating the structure and function of chromatin. One
region of interest is a short stretch of basic residues (KisRi17H1sR19K20) on the N-terminal tail of
histone H4 known as the H4 basic patch. This portion of the H4 tail was described in the original
2.8A crystal structure by Luger et al due to its interaction with an acidic patch on the H2A/H2B
interface of a neighboring nucleosome (Luger et al. 1997). Additionally, competition for binding
of the H4 basic patch between the yeast silencing protein, Sir3, and the yeast histone H3 lysine-
79 (H3K79) methyltransferase, Dotl, is believed to function in defining the boundary between
euchromatin, containing actively transcribed genes, and heterochromatin, or regions of silenced
or repressed genes (Fingerman, Li, and Briggs 2007; Altaf et al. 2007). Lastly, the H4 basic
patch positively regulates the ATPase activity of the ISWI chromatin remodeling complex (C. R.

Clapier et al. 2001; C. R. Clapier 2002; Hamiche et al. 2001; Cedric R. Clapier and Cairns 2012).
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ISWI is involved in properly spacing nucleosomes and binding of the H4 basic patch relieves an

autoinhibition and stimulates ATPase activity.

H3K79 methylation is a highly conserved histone PTM that is associated with active
transcription. Dotl is the methyltransferase responsible for H3K79me and it is able to catalyze
mono-, di-, and trimethylation of H3K79. Dotl is unique amongst lysine methyltransferases
(KMT) because it is the only known KMT that does not contain a SET domain. Dotl was
originally discovered in a genetic screen for genes whose overexpression disrupted telomeric
silencing and was subsequently identified as the H3K79 methyltransferase. H3K79 di- and
trimethylation by Dotl requires the histone H4 basic patch and another histone PTM, histone
H2B monoubiquitylation (H2Bub1) (Ng, Xu, et al. 2002; Briggs et al. 2002; Fingerman, Li, and
Briggs 2007). The regulation of the placement of one histone PTM by the presence of another
histone PTM has been termed histone “cross-talk” and is one of the defining features of the

histone-code hypothesis (Strahl and Allis 2000).

The function of Dotl and H3K79me in transcription has puzzled the field. There are not
many well defined effector proteins that bind H3K79me, although it has been shown that the
yeast silencing protein, Sir3, preferentially interacts with the unmodified H3K79 and that
methylation disrupts this interaction. However, H3K79me is definitely associated with active
transcription, as its catalysis requires H2Bubl1, also a mark of active transcription, and ChIP-seq
experiments have verified its localization to the gene body (Weiner et al. 2015). To try and
address this gap in the field, we sought to understand the function of H2Bubl and the H4 basic
patch in regulating H3K79me. We found that Dotl protein levels were significantly reduced
upon deletion of Pafl (paf/A), one of the core subunits of the Pafl complex that is responsible

for recruiting the H2Bub1 machinery. Additionally, we found that complete loss of the H4 basic
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patch (H4ai1620) or an arginine-to-alanine mutation within the H4 basic patch (H4.ra) also
resulted in a significant reduction of Dotl protein levels. There were no previous reports of either
regulatory arm of Dotl affecting the stability of the protein and this led us to investigating
whether the crosstalk between these modifications was multidirectional. Strikingly, we found
that both the H4ai6-20 and the H4ora mutants result in a significant reduction in H2Bubl,

identifying a novel regulator of this critical histone PTM.

2.3 Materials and methods

2.3.1 Yeast Strains

Strains and plasmids used in this study are listed in Tables 2.11 and 2.2. Gene disruptions
and endogenous overexpression were performed as described (C. Janke et al. 2004) and verified
by PCR and immunoblotting. Plasmids were generated using a standard site-directed
mutagenesis protocol and primers were designed with the Agilent QuikChange Primer Design

tool (www.agilent.com/store/primerDesignProgram.jsp).

2.3.2 Preparation of whole-cell extracts and immunoblots

Equivalent OD,, units of each asynchronous log phase culture were collected by
centrifugation and frozen at -80 °C. Cells were subjected to glass bead lysis in SUMEB (1%
SDS, 8 M urea, 10 mM MOPS, pH 6.8, 10 mM EDTA, 0.01% bromophenol blue) by vortexing
at 4 °C for 3 minutes. Extracts were retrieved and clarified by centrifugation at max speed for 2
minutes and boiled at 95 °C for 5 minutes. 10 pL. of whole cell extract were loaded on 8% and
15% SDS-PAGE gels. Proteins were transferred to 0.45 um PVDF membranes using a Hoefer
Semi-Dry Transfer Apparatus at 45 mA per membrane. Primary antibodies were incubated in 5%

milk at 4 °C overnight and secondary antibodies were incubated in 5% milk for 1 h.
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2.3.3 Antibodies

Immunoblots were developed wusing ECL Prime (Amersham RPN2232).
Antibodies:G6PDH (Sigma-Aldrich A9521; 1:100,000), FLAG-M2 (Sigma-Aldrich F1804;
1:5,000), Ubiquityl-Histone H2B (Cell Signaling Technologies 5546; 1:5,000), H2B (Active
Motif 39237; 1:5,000), Dotl (Strahl Lab; 1:2,500). Rabbit (Amersham NA934; Donkey anti-
Rabbit) and mouse (Amersham NA931; Sheep anti-mouse) secondary antibodies were used at

1:10,000.

2.4 Results

The H4 basic patch regulates Dotl protein levels

In the absence of the H4 basic patch, Dotl is unable to catalyze H3K79 di- and
trimethylation, yet the mechanism behind this regulation was poorly understood. Studies
published from the Strahl lab on Brel, the H2Bubl E3-ligase, highlighted the important role that
regions of the histone required by Brel for catalysis has on the stability of the protein (Wozniak
and Strahl 2014a). Therefore, we hypothesized that the interaction between the H4 basic patch
and Dotl was important for the stability of the protein and that in the absence of efficient
catalysis of H3K79 di- and trimethylation, the protein may be degraded. To this effect we
generated an endogenous C-terminal FLAG-tagged Dotl construct in H4wt, H4416-20 and H42ra
cells. After validating the constructs by immunoblot analysis (data not shown), we performed
immunoblot analysis for Dotl (FLAG) and G6PDH of whole-cell extracts prepared from cells
grown to mid-log phase. Immediately, we noticed a significant reduction in Dotl protein levels
in both the H4a1620 and H4:ra cells (Figure 2.1). We observed this reduction in multiple repeats
of the experiment, suggesting that this was not an artifact. Additionally, observing this reduction

in both the H4a16.20 and H42ra cells suggests that the two arginine residues in the basic patch are

33



the most critical for regulating Dotl protein levels, in agreement with these two residues being

the most critical for regulating H3K79 di- and trimethylation (Fingerman, Li, and Briggs 2007).

The Histone H4 basic patch is involved in the regulation of H2Bub1

Little is known about the regulation of Dotl protein levels and whether regulation of the
stability of this protein is involved in regulating its catalytic activity or recruitment. Because
Dotl1 also requires H2Bub1 for its catalytic activity, we performed a similar immunoblot analysis
for Dotl levels in a strain background containing individual deletions of members of the Pafl
complex. This complex is directly involved in regulating H2Bubl levels by recruiting the
ubiquitylation machinery and mutations affecting the integrity of the complex are deficient in
H2Bubl and H3K79me. Interestingly, deletion of Pafl (pafIA) an integral subunit of the

complex also leads a significant decrease in Dot protein levels (Figure 2.2).

In pafiA cells, both H2Bubl levels and Dotl protein levels are affected, which prompted
us to question whether loss or mutation of the H4 basic patch, which led to reduced Dotl protein
levels, could have an effect on H2Bubl. Strikingly, immunoblot analysis for H2Bub1 and H2B
in H4wt, H4a16-20 and H4ora cells show a significant decrease in global H2Bubl levels in the
H4x16-20 and H4ora cells (Figure 2.3). Additionally, we measured H2Bubl levels in cells with a
Dotl deletion (dotIA) or expressing a H3K79R mutant and found no effect on H2Bubl1 levels
(data not shown). To our knowledge this is the first description for a role of the Histone H4 basic

patch in regulating H2Bub1.

2.5 Conclusion

In this study we report two new regulatory functions of the histone H4 basic patch:

maintenance of Dotl protein levels and histone H2Bubl. The requirement of the histone H4
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basic patch and H2Bubl for di- and trimethylation of H3K79 by Dotl has been known for over a
decade, yet only recently has the mechanism been elucidated (Worden et al. 2019; Anderson et
al. 2019; Valencia-Sanchez et al. 2019). The H4 basic patch and H2Bubl function to position
Dotl onto the nucleosome in an optimal position to increase the efficiency of its catalytic
activity. However, no reports have established a link between Dotl stability and binding or
catalysis. It is conceivable that the regulation of Dotl stability involves the binding and
stabilization of Dotl on the nucleosome, independent of its catalytic activity, thereby protecting
it from degradation by the proteasome. Interestingly, loss of H2Bub1 also led to a decrease in
Dotl protein levels suggesting again that the inability of Dotl to be bound and positioned
properly on the nucleosome may lead to its degradation. Future studies will be required to

determine the extent of this regulation.

Of considerable interest is the novel finding that the loss or mutation of the H4 basic
patch significantly reduces global H2Bubl levels. This regulation has not been described
previously and is of utmost importance considering the various functions H2Bubl performs in
regulating chromatin structure and function as well as in transcription. A detailed study of the

regulation of the H4 basic patch on H2Bubl is presented in chapter 3.
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2.6 Figures
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Figure 2.1. Dotl protein levels are reduced upon loss or mutation of the H4 basic patch.
Immunoblotting was performed for the indicated proteins using extracts from cells that expressed wild-
type H4 (H4wr), H4 basic patch delete (H4x16.20) or the H4 basic patch mutant (H42ra). Primary antibody
against the FLAG epitope was used to probe for endogenously tagged Dotl. G6PDH was used as a
loading control.
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Figure 2.2. Dotl protein levels are reduced in pafIA and ctr9A cells. Immunoblotting was
performed for Dotl and G6PDH using extracts from cells that with the indicated gene deletions of the
individual PAF1 complex members. Primary antibody against Dotl was used to probe for Dot1 levels and
G6PDH was used as a loading control.
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Figure 2.3. Global H2Bubl levels are reduced upon loss or mutation of the H4 basic patch.
Immunoblotting was performed for H2Bub1 and H2B using extracts from cells that expressed wild-type
H4 (H4wrt), H4 basic patch delete (H4a16-20) or the H4 basic patch mutant (H4,ra). Primary antibody
against H2Bub1 was used to measure global H2Bubl levels and H2B was used as a loading control.
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2.7 Tables

Table 2.1. Yeast strains used in this study

Name Genotype
YJI5S77 MATo his3A200 ura3-52 leu2Al paflA::HIS3
YJJ662 MATa his3A200 ura3-52 leu2Al
YJJ665 MATa his3A200 ura3-52 leu2Al cdc73A::HIS3
YJI1197 MATa his3A200 ura3-52 leu2Al ctr9A::KanR
YJJ1303 MATa his3A200 ura3-52 leu2Al rtfIA::KanR
YJJ1336 MATa his3A200 ura3-52 leu2Al leolA::KanR
MATa his4-912 lys2-128 wura3-52 leu2Al his3A200 trpIA63 hhtl-
YGWI187 | hhfl::LEU2 hht2-hhf2::HIS3 dotIA::hygro [YCp(TRP1)::HHT2-HHF2]
MATa his4-9120 lys2-1280 ura3-52 leu2Al his3A200 trplA63 hhtl-
YHMOO07 | hhfIA::LEU2 hht2-hhf2A::HIS3 DOT1-3xFlag::KanMX [pJH18]
MATa his4-9120 lys2-1280 ura3-52 leu2Al his3A200 trplA63 hhtl-
hhfIA::LEU2 hht2-hhf2A::HIS3 DOTI-3xFlag::KanMX
YHMO009 | [YCp(TRP1)::HHT2-HHF2(A16-20)]
MATa his4-9120 lys2-1280 ura3-52 leu2Al his3A200 trplA63 hhtl-
YHMO16 | hhfIA::LEU2 hht2-hhf2A::HIS3 DOT1-3xFlag::KanMX [pHMO1]
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CHAPTER 3: THE HISTONE H4 BASIC PATCH REGULATES SAGA-MEDIATED
H2B DEUBIQUITINATION AND HISTONE ACETYLATION!

3.1 Overview

Histone H2B monoubiquitylation (H2Bubl) has central functions in multiple DNA-
templated processes including gene transcription, DNA repair, and replication. In addition,
H2Bubl is required for the trans-histone regulation of H3K4 and H3K79 methylation. Although
previous studies have elucidated the basic mechanisms that establish and remove H2Bubl, we
have only an incomplete understanding of how H2Bubl is regulated. We report a novel regulator
of H2Bubl — the histone H4 basic patch. Yeast cells with mutations in the H4 basic patch
(H4,ra) exhibited significant loss of global H2Bubl. H4,ra mutant strains also displayed
chemotoxin sensitivities similar to, but less severe than, strains containing a complete loss of
H2Bubl. The H4 basic patch regulates H2Bubl levels independently of interactions with
chromatin remodelers and separately from its regulation of H3K79 methylation. To measure
H2B ubiquitylation and deubiquitination kinetics in vivo, we used a rapid and reversible
optogenetic tool, LINX (light-inducible nuclear exporter), to control the subcellular location of
the H2Bubl E3-ligase, Brel. The ability of Brel to ubiquitylate H2B was unaffected in the

H4ora mutant. In contrast, H2Bub1 deubiquitination by SAGA-associated UbpS8, but not by

! This research was originally published in the Journal of Biological Chemistry. Meriesh HA, Lerner AM,
Chandrasekharan MB, Strahl BD. The histone H4 basic patch regulates SAGA-mediated H2B deubiquitination and
histone acetylation [published online ahead of print, 2020 Apr 3]. J Biol Chem. 2020;jbc.RA120.013196.
doi:10.1074/jbc.RA120.013196. © the American Society for Biochemistry and Molecular Biology or © the
Author(s).
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Ubpl0, increased in the H4ora mutant. Consistent with a function for the H4 basic patch in
regulating SAGA deubiquitinase activity, we also detected increased histone acetylation by
SAGA in H4 basic patch mutants. Our findings uncover a new regulatory mechanism of the H4

basic patch in SAGA-mediated functions.

3.2 Introduction

The nucleosome — the fundamental repeating unit of chromatin — is the first level of
chromatin organization, and it is essential for the regulation of nearly all DNA-templated
processes. Composed of an octamer of histone proteins, two molecules each of histones H2A,
H2B, H3 and H4, the nucleosome is a partial barrier to functions such as gene transcription and
DNA repair; hence, nucleosomes must be disrupted transiently for these processes to occur. One
major mechanism that contributes to the transient disruption of nucleosomes is histone post-
translational modifications (PTMs). Histone PTMs are found both in the “tail” domains, which
largely influence the recruitment of effector proteins (i.e., readers) and in their globular domains,

which largely influence nucleosome-DNA interactions (Lawrence, Daujat, and Schneider 2016).

In addition to histone PTMs being major influencers of chromatin structure and function,
histones also contain basic and acidic regions or “patches” that govern nucleosome-nucleosome
interactions or the ability of readers to engage the nucleosome. One such region is the
nucleosome acidic patch, a negatively charged cavity formed between histones H2A and H2B
that contributes to chromatin function by regulating association of a multiple chromatin-
modifying enzymes (Kalashnikova et al. 2013). Another region, the H4 basic patch located in the
H4 tail domain (between residues 16 and 20), contains multiple basic residues, i.e., arginine,
histidine, and lysine (Figure 1A). This segment of basic residues has important functions in

regulating chromatin dynamics and multiple chromatin-modifying enzymes. For example, the H4
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basic patch is required for efficient Dotl-mediated histone H3 lysine 79 di- and trimethylation
(H3K79me2 and H3K79me3) (Fingerman, Li, and Briggs 2007; Altaf et al. 2007). Additionally,
the basic patch has a key function in maintaining the balance of heterochromatin domains in
yeast by interacting with the silencing protein Sir3 when H4K16 is unacetylated (Altaf et al.
2007). Acetylation of K16 within the basic patch is critical in chromatin organization (Shogren-
Knaak et al. 2006). Recently, the H4 basic patch has been shown to function as a positive
regulator of the ISWI family of chromatin remodeling complexes (Cedric R. Clapier and Cairns
2012) and as a regulator of Snf2 (Racki et al. 2014; Liu et al. 2017). Chdl, another remodeler
that organizes nucleosomes across the coding regions of genes, also interacts with the H4 N-

terminus (Sundaramoorthy et al. 2018).

H2Bubl is a dynamic histone PTM enriched at promoters and across the transcribed
regions of genes. This modification is associated with transcription elongation and maintaining
chromatin integrity through its conserved trans-histone regulation of H3K79me and H3K4me
(Dover et al. 2002; Sun and Allis 2002; Briggs et al. 2002; Ng, Xu, et al. 2002; Fleming et al.
2008; Mahesh B. Chandrasekharan, Huang, and Sun 2009; Weake and Workman 2008). In yeast,
H2Bubl is catalyzed by the E2/E3 ligases Rad6 and Brel (Robzyk, Recht, and Osley 2000;
Wood et al. 2003; Kao et al. 2004) and is removed by the deubiquitinases Ubp8 and Ubp10. As a
part of the SAGA coactivator complex, Ubp8 — the catalytic subunit of the SAGA deubiquitinase
(DUB) module — deubiquitinates H2Bub1 near the promoters and transcription start sites (TSS)
of virtually all expressed genes in eukaryotic cells to promote transcription by RNA polymerase
IT (Batta et al. 2011; Schulze et al. 2011; Bonnet et al. 2014; Baptista et al. 2017). This cycle of
ubiquitylation and deubiquitination is important for the regulation of early elongation and the

establishment of serine 2 phosphorylation on the C-terminal domain of RNA polymerase 11
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(Henry et al. 2003; Wyce et al. 2007). Monomeric Ubp10 regulates the pattern of H2Bub1 within
gene bodies and intergenic regions. Initially identified for its role in maintaining silencing of
subtelomeric genes, Ubp10 has been shown to be important in maintaining global H2Bubl1 levels
(Schulze et al. 2011; Emre et al. 2005; R. G. Gardner, Nelson, and Gottschling 2005; Orlandi et
al. 2004). Nune ef al. have described the coordinated activities of UbplO and the histone
chaperone FACT in H2Bubl deubiquitination and nucleosome disassembly and reassembly

(Nune et al. 2019).

To further understand the function of the H4 basic patch, we investigated the possibility
that there are yet-to-be elucidated aspects of histone PTM crosstalk involving this histone region.
In this report, we show that the H4 basic patch is required to maintain proper H2Bubl levels.
Although the basic patch is required for Dotl-mediated H3K79me, we found that the ability of
the H4 basic patch to regulate H2Bubl is independent of Dotl or H3K79 methylation.
Furthermore, we found that the ability of the H4 basic patch to regulate H2Bubl was also
independent of its activity in regulating ATP-dependent chromatin remodelers known to be
regulated by H4. We therefore examined the possibility that the H4 basic patch regulates some
aspect of the H2Bubl machinery that installs or removes this mark. Using an optogenetic tool to
enable precise and rapid nuclear import or export of Brel (LINX-Brel), we showed that,
although Brel installed H2Bubl in wild-type and H4 basic patch mutants at comparable rates,
the rate of removal of H2Bub1 by Ubp8 (but not by Ubp10) increased when the H4 basic patch
was mutated. Because Ubp8 is a DUB module of the SAGA complex, we further examined and
found that the H4 basic patch also contributes to the levels of H3 acetylation by SAGA.
Collectively, our findings reveal an unexpected function of the H4 basic patch in negatively

regulating the histone-modifying activities of SAGA.
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3.3 Materials and Methods

3.3.1 Yeast strains

Strains and plasmids used in this study are listed in Supporting Information Tables 3.1
and 3.2. Strains used in Figures 1 and 3A were derived from the parental histone shuffle strain,
YAAS524. All other histone shuffle mutants used were derived from the parental histone shuffle
strain, yDT51. Gene disruptions and endogenous overexpression were performed as described
(C. Janke et al. 2004) and verified by PCR and immunoblotting. Plasmids were generated using a
standard site-directed mutagenesis protocol and primers were designed with the Agilent

QuikChange Primer Design tool (www.agilent.com/store/primerDesignProgram.jsp).

3.3.2 Preparation of whole-cell extracts and immunoblots

Cells were collected by centrifugation and stored at -80 “C. Cell pellets were thawed on
ice, resuspended in 200 pL ice-cold TCA buffer (10 mM Tris 8, 10% TCA, 25 mM NH40Ac, 1
mM EDTA), and moved to a microcentrifuge tube and incubated on ice for 10 minutes. Samples
were centrifuged at 13K rpm for 5 minutes at room temperature to collect precipitated protein.
After aspirating the supernatant, the pellet was resuspended 70-100 uL of 0.1 M Tris pH 11, 3%
SDS and heated at 95 °C for 10 minutes followed by centrifugation at 13K rpm for 1 minute to
collect cellular debris. Protein concentration was measured using the Bio-Rad DC Protein Assay
kit (5000112) and diluted to normalize concentrations across samples. Samples were diluted in
2X loading dye and 10-15 puL of sample was subjected to SDS-PAGE followed by transfer to

PVDF membrane for immunoblot analyses.
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3.3.3 Yeast spotting assays
Saturated overnight yeast cultures were diluted to an OD600 of 0.5 and fivefold serial
dilutions of the cells were plated onto YPD or SC medium containing the indicated chemotoxic

agents. Plates were imaged after 2 to 4 days at 30 "C.

3.3.4 Optogenetic and in vivo DUB assays

LINX-Brel optogenetic time courses were performed as described (Yumerefendi et al.
2016). Briefly, colonies of LINX-Brel transformed in brelA, brelAubp8A or brelAubpl0A
strains were grown overnight in SC-LEU-containing medium in the dark (Figure 5) or in the
presence of blue light (Figure 4). Cell density was measured and diluted to an OD600 of 0.5 and
grown for 4 hours in the same light condition as the overnight culture. Time courses began when
cultures were moved from light to dark or vice versa. At each time point, the same volume of
culture was collected and added to the appropriate volume of 100% TCA to yield a final TCA
concentration of 20%, followed immediately by mixing and centrifugation at 5000 rpm for 5
minutes at 4 °C. The supernatant was aspirated and the pellets were stored at -80 °C until

processed for Western blot analysis as detailed above.

3.3.4 Antibodies

Immunoblots were developed using ECL Prime (Amersham RPN2232). Antibodies:
Ubiquityl-Histone H2B (Cell Signaling Technologies 5546; 1:5,000), H2B (Active Motif 39237,
1:5,000), H3K79me3 (Abcam 2621; 1:2,500), H3K79me2 (Active Motif 39143; 1:2,500),
H3K4me3 (Epicypher 13-0004; 1:5,000), H3K9ac (Active motif 39917, 1:2,500), H3K14ac
(Millipore 07-353; 1:2,500), H3K18ac (Millipore 07-354; 1:2,500), H3K27ac (abcam ab4729;
1:2,500), H3K56ac (Active motif 39281; 1:1,000), H3 (EpiCypher 13-0001; 1:5,000), G6PDH

(Sigma-Aldrich A9521; 1:100,000), FLAG-M2 (Sigma-Aldrich F1804; 1:5,000), Myc (Millipore
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;1:2,500). Rabbit (Amersham NA934; Donkey anti-Rabbit) and mouse (Amersham NA931;

Sheep anti-mouse) secondary antibodies were used at 1:10,000.

3.3.5 Galactose induction

Yeast strains that expressed either the wild-type or mutant histone H4 were grown
overnight in media containing 2% raffinose. Cell density was measured and diluted to an OD600
of 0.25 and grown for 4 hours in media containing 2% raffinose. The induction time course was
begun by adding 20% galactose to a final concentration of 2%. At each time point the same
volume of each culture was harvested and centrifuged at 4500 rpm for 5 minutes. The

supernatant was aspirated and the cell pellets were stored at -80 °C.

3.3.6 Quantitative real-time PCR (qRT-PCR)

RNA was isolated by a hot acid phenol method as described (Collart and Oliviero 2001).
Crude RNA was treated with DNase (Promega M6101) followed by RNA cleanup (QIAGEN
RNeasy Mini Kit, 74106). cDNA was synthesized from 500 ng-1 ug of total RNA using random
hexamer primers and Superscript Reverse Transcriptase III (Thermo-Fisher Scientific, 108-
80044). The cDNA was diluted 1:25 before being subjected to real-time PCR (primers listed in
Supporting Information). Quantitative RT-PCR was performed using the iTaq Universal SYBR
Green Master mix according to manufacturer’s instructions (Bio-Rad, 1725125), and the relative
quantities of transcripts were calculated using the AACt method (Livak et al. 2013) and ACT1 as
a control. The data shown are the replicates of three independent experiments with three

technical replicates in each experiment.

3.3.7 In vitro DUB assays
Yeast strains that expressed either wild-type or mutant histone H4, FLAG-tagged histone

H2B and lacking both UBP8 and UBP10 were grown overnight in 25 mL YPD and harvested by
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centrifugation at 4500 rpm for 5 minutes. Cell pellets were frozen and stored at -80 °C. Pellets
were resuspended in 500 uL 10 mM Tris.CL, pH 7.4, 300 mM Sorbitol, 100 mM NaCl, 5 mM
MgCI2, 5 mM EDTA, 10% glycerol, 0.1% Igepal-30 and split into 2 microcentrifuge tubes
before being subjected to standard glass bead lysis by vortexing at 4 °C. The tubes were
punctured with a push pin and placed into a clean tube and spun to 3000 rpm 3 times to separate
the lysate from the beads. Final lysate was clarified by centrifugation at 13K rpm for 10 minutes
at 4 °C. Protein concentration was determined using the BioRad Bradford assay. To perform the
assay, 50-100 pg of total protein was diluted to a final volume of 20 pL. A master mix
containing enough sample to complete the experiment was prepared and preincubated at 30 °C
with mixing for 30 minutes before addition of enzyme. The time course was begun by addition
of recombinant Ubp8 DUB module (rDUBm) or Ubp10 enzyme. At the indicated timepoints 20
uL of sample was removed and added to a microcentrifuge tube containing 5 pL of 5X loading
dye and heated at 95 °C immediately. Twenty pL of the sample was subjected to 12% SDS-
PAGE, which was blotted and probed with an M2-FLAG primary antibody to detect both the

FLAG-H2Bubl and FLAG-H2B signal from the same membrane.

3.4 Results

Mutation of H4 basic patch leads to reduced levels of H2B monoubiquitylation

Although studies have defined the relationship between H2Bubl and H3K4 and H3K79
methylation, less is known about the nature of the histone crosstalk that regulates H2Bubl. In
the course of our studies of the regulation of H3K79 methylation by the H4 basic patch (Figure

3.1A), unexpectedly, we discovered by immunoblotting that mutation of H4 basic patch residues

R17 and R19 to alanine (hereafter H42RA) also resulted in a significant reduction in H2Bubl

(Figure 3.1B). As controls in these experiments, we included a deletion of BREI (brelA), the
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H2Bubl E3 ligase, and a mutation of H3K79 (H3K79R); these mutants confirmed the specificity
of the histone modification-specific antibodies and verified that the H4 basic patch regulates
H3K79 di- and tri-methylation. We also observed the same reduction in H2Bub1 in a strain that
expressed an H4 mutant lacking the entire basic patch (A16-20) and in a single H4-R17A mutant
(data not shown). Because H4 basic patch regulation of H2Bubl has not been reported, we
sought to verify that this observation was not a property of a specific strain background. As
shown in Figure 3.7A, mutation of the same H4 basic patch residues in another H2A/H2B

shuffle strain likewise impaired H2Bubl levels.

Given the well-established function of the H4 basic patch in regulating Dotl-mediated
H3K79 methylation, we next assessed whether the regulation of H2Bub1 by the H4 basic patch
might be indirectly due to the ability of this region to regulate Dotl and H3K79 methylation that,
in turn, regulates H2Bubl. This idea was supported by a study of van Welsem et al. who found
that Dotl promoted H2Bubl formation when Dotl levels were increased (van Welsem et al.
2018). However, we found that the deletion of DOT1 (dotlA) or mutation of H3K79 had no
discernible effect on the levels of H2Bubl1 (Figure 3.1B, 3.7A and 3.7B). Thus, the ability of the
H4 basic patch to regulate H2Bubl is independent of its regulation of Dotl and H3K79
methylation. In sum, these data defined an important and previously unknown function for the

H4 basic patch in regulating H2Bub1.

H4 basic patch mutant cells display phenotypes associated with the absence of H2Bubl

To determine the biological significance of the reduced levels of H2Bub1 in the H4 basic

patch mutant, we spotted cells that expressed either H4wT, H42rRA, H3K79R, or H2BK123R

histones onto solid media containing various compounds to identify drug sensitivity phenotypes.
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As has been previously published, cells lacking all H2Bubl (e.g., H2BK123R, rad6A, brelA),
display sensitivity to various toxic agents including caffeine and 6-azauracil (6-AU) (Song and
Ahn 2010; Klucevsek, Braun, and Arndt 2012). Interestingly, the H4.ra mutant was also
sensitive to these same agents as well as rapamycin (Figure 3.2). In contrast, the H3K79R
mutant, lacking all forms of H3K79 methylation, was not sensitive to these agents, confirming
that the mechanism by which the H4 basic patch regulates H2Bubl is independent of H3K79

methylation.

H2Bubl has a key function in the timely induction of the yeast GAL genes (Xiao et al.
2005). To determine whether the H4 basic patch was also required for the induction of GAL
genes like H2Bubl, we grew H4wr and H4ora cells in raffinose-containing media prior to the
addition of galactose (2% final concentration). Total RNA was isolated across the induction time
course and RT-qPCR of the GALI locus was performed. Relative to the H4wr cells, H42ra cells
displayed reduced accumulation of GALI transcripts during the time course (Figure 3.8),
suggesting that the H4 basic patch, like H2Bubl, is important for the proper regulation of GAL
gene transcription. Collectively, these studies showed that the H4 basic patch is physiologically

important and its mutation phenocopies mutations in the H2Bubl1 pathway.

The H4 basic patch and the ATP-dependent chromatin remodeler Chdl regulate H2Bubl by
different mechanisms

Lee et al. demonstrated a function for the ATP-dependent remodeler Chdl in regulation
of H2Bubl (J. S. Lee et al. 2012). Additional studies show that the H4 basic patch regulates the
activity of multiple chromatin remodelers including Chdl, Snf2, and Iswl. Therefore, we

reasoned that a possible mechanism for how the H4 basic patch regulates H2Bub1 could be by
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H4 basic patch regulation of the activity of one of these remodelers, which, in turn, would
regulate H2Bubl. To test this possibility, we measured global H2Bubl levels in a panel of
strains that contained individual deletions of the aforementioned chromatin remodelers (Figure
3.3A). Consistent with previous studies, deletion of CHD1 (chdIA) resulted in a reduction of
H2Bubl. In contrast to chd1A, however, none of the other remodeler deletions exhibited any
loss of H2Bub1. To determine whether the loss of H2Bub1 in the H4,ra strain was due to Chdl,
we deleted CHDI1 in our H4wr and H4:ra strains and measured H2Bubl levels in all strain
combinations. As expected, we observed a decrease in H2Bubl in the individual chdlA and
H4:ra mutants (Figure 3.3B). Intriguingly, however, the loss of H2Bubl in the H42ra chdIA
double mutant was additive, suggesting that regulation of H2Bubl by the H4 basic patch and

Chd1 occurs by separate (non-epistatic) pathways.

H4 basic patch regulation of H2B ubiquitylation is independent of the ubiquitylation machinery
To define how the H4 basic patch regulates H2Bub1, we next considered the possibility
that the region is important for Rad6/Brel to catalyze H2Bubl. Others have found that, in the
absence of one or more of the H2Bubl DUBs, the ability of Rad6/Brel to properly incorporate
H2Bubl can be monitored (M. B. Chandrasekharan et al. 2010; Cucinotta et al. 2015). More
specifically, a defect in the ability of Brel to ubiquitylate H2B (e.g., if K123 is a poor substrate)
resulted in reduced levels of H2Bubl for which absence of a DUB could not compensate.
Following this example, we created a deletion of UBP8 (ubp8A) in the context of either the H4wr
or H4,ra mutant and examined the levels of H2Bubl by immunoblotting. Upon deletion of
UBPS, the H2Bub1 level in the H42ra ubp8A cells was rescued to a level comparable to that in

the H4wt ubp8A strain (Figure 4A). These findings suggested that the ubiquitylation machinery
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in the H42ra mutant was functional and that the H4 basic patch was not essential for H2Bubl

catalysis.

In addition to the above approach, another outcome that we observed for the absence of
Brel catalysis was reduced Brel protein stability (Wozniak and Strahl 2014a). To determine if
Brel protein level was reduced in the H42ra mutant, we expressed a FLAG-BREI construct in
H4wr brelA and H4ora brelA cells and analyzed Brel levels (FLAG) and H2Bubl levels by
immunoblot (Figure 4B). As expected, we did not detect H2Bubl1 in the brelA cells. In contrast,
and upon plasmid rescue with our FLAG-BRE1 construct, we observed a restoration of H2Bubl
level in H4wr that was reduced in the H4ora strain. This result indicated that our rescue
experiment recapitulated our original observations on H2Bub1 regulation by the H4 basic patch.
Importantly, we did not find any significant difference in Brel protein levels between the H4wr
and H4ora strains, suggesting that Brel catalytic activity, specifically, and the ubiquitylation

machinery, generally, were unaffected by the H4,ra mutation.

Although the foregoing studies were informative, they were limited by the fact that they
captured only final, steady state levels of H2Bubl. Recently, for the study of dynamic epigenetic
regulation, optogenetic tools have emerged that enable rapid and reversible nucleo-cytoplasmic
shuttling to overcome the steady-state limitation. We developed an optogenetic tool LINX (light-
inducible nuclear export) that uses blue light to control the cellular localization of Brel
(Yumerefendi et al. 2016). Briefly, when cells lacking BRE1 and UBPS are transformed with
the LINX-Brel construct and grown in blue light, LINX-Brel is sequestered in the cytoplasm
and phenocopies a brelA strain. Removal of blue light results in import of LINX-Brel into the
nucleus, rendering the cells BRE1+, and enabling precise measurement of the in vivo kinetics of

ubiquitylation and deubiquitination with unprecedented control and resolution. Thus, we
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measured the kinetics of LINX-Brel-mediated ubiquitylation in H4wr and H4ora cells that
lacked endogenous BRE1 and UBPS8. These cells were grown to log-phase in the presence of
blue light before being switched to the dark to release Brel into the nucleus. As shown in Figure
4C, H2B ubiquitylation occurred rapidly, consistent with published results (Yumerefendi et al.
2016). Significantly, we did not observe any significant difference in the kinetics of
ubiquitylation between the H4wr and H4zra cells, providing strong, in vivo evidence that the
ubiquitylation machinery in the H42ra mutant was fully functional and that the H4 basic patch

regulates H2Bub1 independent of Brel.

The H4 basic patch regulates SAGA-associated Ubp8 deubiquitination

We next turned our attention to the effect of the H4 basic patch on H2Bubl
deubiquitination. We took advantage of the LINX-Brel system to measure the dynamics of
deubiquitination. To distinguish between the activities of the two H2Bubl DUBs, Ubp8 and
Ubp10, we created H4wt brelA and H4ora brelA strains that lacked either UBPS (brelA ubpSA)
or UBP10 (brelA ubpl0A). Cells were grown to log phase in the dark to maintain normal
H2Bubl by LINX-Brel. Then we exposed the cells to blue light to rapidly remove LINX-Brel
from the nucleus, preventing any subsequent ubiquitylation and enabling us to measure the
kinetics of DUB activity in vivo. In the H4WT cells, the half-lives of the H2Bubl mark in the
presence of Ubp8 or Ubpl0 were approximately 2.58 and 2 minutes, respectively. The half-life
of the H2Bub1 mark in H42ra cells in the presence of Ubp10 was similar to that in H4WT, about
1.8 minutes. Strikingly, the half-life of the H2Bubl mark in H42ra cells in the presence of Ubp8
decreased 3-fold (to less than 1 minute; Figures 5A, 5C). This result suggested that the H4 basic

patch regulates Ubp8, and it may limit the activity or accessibility of Ubp8. Given these
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findings, we also employed an in vitro DUB assay; we used cell extracts from yeast strains
doubly deleted for UBP8 and UBP10 to generate high levels of H2bubl as a substrate for
recombinant Ubp8 and Ubp10. We assayed an affinity-purified Upb8-DUB module previously
shown to interact with the nucleosome and affinity-purified Ubp10. These in vitro assays did not
reveal a difference in the rates of deubiquitination between H4WT and H4:ra cells (Figure 3.9).
Thus, the regulation of Ubp8 by the H4 basic patch may involve either a regulatory mechanism
that is not captured in in vitro assays or that depends on the full SAGA complex and not the

SAGA-associated DUB module alone.

The H4 basic patch regulates SAGA-dependent H3 acetylation

The SAGA complex consists of four distinct modules and two enzymatic functions—
deubiquitination and lysine acetyltransferase (KAT) activities (Weake and Workman 2012). The
main target of the KAT module is the histone H3 N-terminus, specifically lysine residues 9, 14,
18, 23, 27, and 36 (Cieniewicz et al. 2014). Although the KAT and DUB modules are distinct
structurally, they are in close proximity to one another and the DUB module modestly stimulates
KAT activity (Han et al. 2014). To determine whether the H4 basic patch also influences SAGA-
dependent histone acetylation, we analyzed the histone acetylation levels at H3K9, K14, K18,
and K27 in H4WT and H4:ra cells alongside a genSA strain as a control (Figure 6). Intriguingly,
in the H4,ra cells, we observed an increase in H3K18 and H3K27 acetyl levels but little change
in H3K9 and H3K14 acetyl levels. However, H3K9 and H3K14 are also targets of other KATs
(NuA3 and Rtt109, respectively). Of the acetylation sites tested, H3K18ac and H3K27ac are
almost exclusively catalyzed by SAGA, as demonstrated by the complete loss of acetylation at

these two sites. Thus, the selective increase in H3K 18 and H3K27 acetylation in H42ra cells was
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likely due to SAGA-specific acetylation changes caused by the loss of H4 basic patch function.
To eliminate the possibility that the H4,ra mutant alters KAT activity more generally, we
analyzed H3K56ac levels in the H4WT and H4:ra cells; we did not find any difference between
the strains (Figure 3.10). Taken together, these data suggest that, in addition to regulating the
DUB model in SAGA, the basic patch also regulates the SAGA KAT module. Thus, these
findings document an important inhibitory function of the H4 basic patch in SAGA-associated

histone modification functions.

3.5 Discussion

We have shown that, by negatively regulating SAGA-associated activities, the H4 basic
patch ensures proper levels of H2Bubl and H3 acetylation. The H4 basic patch regulates many
other chromatin-modifying activities, e.g., Dotl-mediated H3K79 methylation. However, we
found that regulation of H2Bub1 and histone acetylation by the H4 basic patch were independent
of its regulation of Dotl or other chromatin remodelers that influence H2Bubl. Thus, these
studies document a new function for the H4 tail and reveal another layer of cross-talk regulation

of the SAGA complex.

Our study outlines a negative function of the basic patch on SAGA-associated histone-
modifying activities. However, it remains unknown precisely how the H4 basic patch restrains
the SAGA co-activator complex. Detailed Cryo-EM studies of SAGA and the DUB module in
SAGA showed that the histone acetylation and DUB modules are in close proximity to the
nucleosomal core (Samara et al. 2010; Samara, Ringel, and Wolberger 2012; Kohler et al. 2010;
Han et al. 2014; Morgan et al. 2016); however, the H4 tail was not resolved and thus these
studies do not provide insight into how the H4 basic patch interacts. Although our in vitro DUB

assay with the Upb8-DUB module did not reveal a change in the H2Bub1 turnover rate when the
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H4 basic patch was altered (Figure 3.9), our in vivo and time-resolved optogenetic studies did
reveal a change in H2Bubl1 turnover rate (Figure 5). Thus, the H4 basic patch may be involved in
modulating an upstream regulatory pathway during transcription that regulates SAGA activity,
perhaps by an indirect mechanism, instead of regulating enzymatic activity by a physical
interaction that was perturbed in the mutant. Interestingly, both H4-R17 and SAGA DUB
module member Sgfl1-R78 interact with acidic patch residue H2A-E64, and DUB activity in the
Sgfl1-R78A mutant was severely reduced (Koehler et al. 2014; Morgan et al. 2016). We
hypothesize that the H4 basic patch regulates H2Bubl activity by competing with Sgfll for

association with the H2A acidic patch.

An additional, perhaps related possibility to explain this regulation is the fact that the H4
basic patch-H2A acidic patch interaction affects higher-order chromatin structure that may
influence the accessibility of chromatin to chromatin-modifying enzymes. In this scenario, the
mutation of the H4 basic patch would relieve its stabilizing effect on chromatin structure and
“free” additional nucleosomes for SAGA binding, thereby increasing the overall H2Bubl and H3
acetylation activities of the SAGA enzyme complex. The precise explanation for how this

mechanism operates will be interesting to determine.

In sum, these studies reveal a new regulatory mechanism for the activity of SAGA that
likely is important for proper gene regulation and other functions associated with SAGA. Given
the highly conserved nature of yeast, we expect that this function of the H4 tail is conserved in

more complex eukaryotes.
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3.6 Figures
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Figure 3.1. The H4 basic patch is required for proper H2ZBK123 monoubiquitylation (H2Bub1). A.
Sequence of the H4 N-terminus with basic patch residues depicted. Arrows show the arginine residues
mutated to alanine to create the basic patch mutant H4:ra used throughout the study. B. Immunoblotting
was performed for the indicated proteins or modifications using extracts from cells that expressed wild-
type H4 (H4wr) or the basic patch mutant (H42ra). Strains that had a mutation at H3 lysine 79 (H3K79R)
or were deleted for the E3 ubiquitin ligase Brel (brelA) were used as antibody controls for H3K79
methylation and H2Bub1, respectively. H3 was used as a loading control. C. Representative immunoblot
analysis of H4wr and H4:ra at increasing concentrations for H2B or H2Bub1. D. Relative quantification
of H2Bub1/H2B from panel C. Means = SEM were analyzed from three biological replicates.
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Figure 3.2. Mutation of the H4 basic patch and H2BK123 share phenotypes associated with
H2Bubl1 loss. Overnight cultures of the indicated strains were spotted at 5-fold dilutions onto solid rich
(YPD) medium or media containing the indicated chemotoxic agents and imaged after 2-3 days.
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Figure 3.3. H4 basic patch regulation of H2Bubl1 is independent of its interaction with chromatin
remodelers. A. Immunoblotting for H2Bubl and H2B was performed using whole cell extracts from
wild-type or strains lacking the indicated chromatin remodelers. B. Blots for H2Bubl and H2B were
derived from cells that expressed H4wr or H4,ra in combination with a deletion of CHDI (chdIA). C.
Relative quantification of H2Bub1/H2B from panel B. Means + SEM were analyzed from three biological
replicates.
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Figure 3.4. The H4 basic patch does not interfere with Brel ubiquitylation of H2B. A. Immunoblot
analysis of H2Bub1 and H2B in H4wr and H4,r4 in the presence or absence of UBPS (ubp8A). The ability
of Brel to increase H2Bubl in the H4,ra ubp8A strain suggested that the H4 basic patch mutant does not
impair Brel catalysis. B. H4wr brelA and H4,ra brelA cells were transformed with empty vector or
ADH 1-driven Flag-BRE1 and subjected to immunoblot analysis with the indicated antibodies. Visualizing
normal levels of Brel protein in the H4:ra strain indicated that Brel function in catalysis was normal;
Brel protein stability is normally diminished when Brel is unable to catalyze H2Bubl(Wozniak and
Strahl 2014a) C. Optogenetic-mediated control of the E3 ligase Brel (LINX-Brel) reveals similar
kinetics of H2B ubiquitylation in H4wr and H4ora. D. Quantification of data from panel C. Means + SEM

were analyzed from two biological replicates.
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Figure 3.5. The H4 basic patch contributes to H2B deubiquitination by influencing Ubp8 but not
Ubp10. A. H4wr and H4sra cells lacking UBP10 were grown to log phase in the dark to maintain LINX-
Brel in the cytoplasm. Timepoint 0 was taken in the dark and subsequent timepoints were collected after
exposure to blue light. Immunoblot analysis of H2Bubl and H2B was performed and quantified. The
half-life measured from each curve was determined from single exponential fits of the data. B.
Representative immunoblots from panel A. C. H4wr and H4ora cells lacking UBPS were grown to log
phase in the dark to maintain LINX-Brel in the cytoplasm. Timepoint 0 was taken in the dark and
subsequent timepoints were collected after exposure to blue light. Data were processed as above. D.
Representative immunoblots from panel C.
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Figure 3.6. The H4 basic patch regulates SAGA-dependent H3 acetylation in addition to H2B
deubiquitination. A. Immunoblot analysis of H3 N-terminal acetyl-lysine residues in H4wr and H4:ra
cells. genSA and matched wild-type cells were included as controls.
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Figure 3.7. Effect of H4 basic patch mutant on H2Bubl is not due to an effect on Dotl
mediated H3K79 methylation. A. Western blot of analysis of H2Bubl and H2B in strains
expressing wild-type or mutant histone H4 and in the presence or absence of the H3K79
methyltransferase Dotl (dot/A). B. Western blot of analysis of H2Bubl and H2B in two strain
backgrounds, BY4741 and W303, and in the presence or absence of DOT1 (dotIA).
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Figure 3.8. The basic patch of H4 is required for proper induction of GALI. GALI mRNA
levels were measured for the H4-WT and H4-2RA strains. Strains were grown overnight in 2%
raffinose-containing medium from which log cultures were started. Samples were removed
before and at 10- to 60-min intervals after galactose induction, and RT-qPCR was performed on
extracted RNA with primers against a region of the ORFs of the GALI gene and the ACT1 gene,
which served as the internal control.
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Figure 3.9. H4 basic patch mutant does not alter deubiquitylation activity in vitro.
A. Whole cell extracts of H4wt and H4:ra cells lacking both UBPS8 and UBP10 were incubated
with recombinant Ubp8 DUB module (gift from C. Wolberger) and incubated at 30°C. Samples
were taken at the indicated time points and the reaction was quenched by addition of loading dye
and boiling. NE indicates a sample of the same whole cell extract with no enzyme after 60
minutes of incubation. B. Western blots used to generate panel A. Blots were probed with anti-
FLAG M2 antibody to identify both H2B and H2Bub1 from a single blot. C. Same as panel A
but incubated with recombinant Ubp10. D. Western blots used to generate panel C.
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Figure 3.10. H4 basic patch regulation of H2Bubl1 is not due to aberrant histone exchange.
A. Western blot of analysis of H2Bubl, H3K56ac and H3 in strains expressing wild-type or the
indicated mutant histones or gene deletions.
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3.7 Supporting Information

Table 3.1. Yeast strains used in this study

Name Description Strain Genotype Reference
background
W303-1A WT W303-1A | MATa leu2-3,112 trp1-1 can1-100 ura3-1 | Thomas and
ade2-1 his3-11,15 Rothstein,
1989.
(Thomas
and
Rothstein
1989)
W1588-4C WT W303-1A | W303-1A but RADS Tsukiyama
et al.,1999.
(Tsukiyama
et al. 1999)
YTT186 isSWlA W303-1A | W1588-4C but iswl::ADE2 Tsukiyama
et al.,1999.
YTT196 isSW2A W303-1A | W1588-4C but MATa isw2::LEU2 Tsukiyama
et al.,1999.
JPY17 chd1A W303-1A | W1588-4C but MATa chdl::TRP1 Tsukiyama
et al.,1999.
YAAS24 WT H3/H4 | YAAS24 MATa his4-9120 lys2-1280 wura3-52 | Gift from
shuffle strain leu2Al  his3A200  trplA63  hhtl- | Fred
hhflA::LEU2 hht2-hhf2A::HIS3 | Winston
[pHHT1-HHF1-URA3 CEN] and Mary
Bryk
YHMO024 YAAS524- YAAS24 MATa his4-9120 lys2-1280 ura3-52 | This study.
HAWT leu2Al ~ his3A200  trplA63  hhtl-
hhflA::LEU2 hht2-hhf2A::HIS3 [pJH18]
YHMO025 YAAS24- YAAS24 MATa his4-9120 lys2-1280 ura3-52 | This study.
H42RA leu2Al ~ his3A200  trplA63  hhtl-
hhflA::LEU2 hht2-hhf2A::HIS3
[pHMO1]
YHMO028 YAAS24- YAAS24 MATa his4-9120 lys2-1280 ura3-52 | This study.
K79R leu2Al  his3A200  trplA63  hhtl-
hhflA::LEU2 hht2-hhf2A::HIS3 [pK79R]
YHMO022 YAAS524- YAAS24 MATa his4-9120 lys2-1280 ura3-52 | This study.
HAWT brelA leu2Al  his3A200  trplA63  hhtl-
hhflA::LEU2 hht2-hhf2A::HIS3
brel::hygro [pJH18]
YHMO023 YAAS24- YAAS24 MATa his4-9120 lys2-1280 ura3-52 | This study.
H42RA leu2Al ~ his3A200  trplA63  hhtl-
brelA hhflA::LEU2 hht2-hhf2A::HIS3

brel::hygro [pHMO1]
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BY4741
BY4741

dotlA

BY4741
snf2A

BY4741
asflA

H3KS56A

YNLO37

yDT51

YHMO045

YHMO046

YHMO047

YHMO048

YHMO049
YHMO50
YHMO51

YHMO052

dotlA
snf2A

asflA

W303-dotl1A

H4WT

H42RA

H3K79R

H2BK123R

HAWT chdl1A

H42RA
chdlA

H4AWT
ubp8A

H42RA
ubp8A

BY4741
BY4741
BY4741
BY4741

YBL574

W303

yDT51

yDT51

yDT51

yDT51

yDT51

yDT51
yDT51
yDT51

yDT51

MATa his3A1 leu2A0 met1 5A0 ura3A0

MATa his3A1 1leu2A0 met15A0 ura3A0
dotl::kanMX4

MATa his3A1 1leu2A0 met15A0 ura3A0
snf2::kanM X4

MATa his3A1 1leu2A0 met15A0 ura3A0
asfl::kanM X4

MATa leu2-1his3-200ura3-52trp1-
631ys2-128(hht1-hhf1)::LEU2 (hht2-
hhf2)::HIS3 Ty912A35-lacZ::HIS4
pWA414 [F12-hht2-K56A-HHF2]

MATa ade2 canl his3 leu2 lys2 trpl
ura3 dotl::kanMX

MATa his3A200 leu2A0 1ys2A0 trp1A63
ura3A0 metlSAO0 hta2-htb2A0 htal-
htb1A0 hht1-hhf1AQ hht2-hhf2A0
[pDT83 (pRS416-HTA2-HTB2- HHTI-
HHF1/URA3/CEN-ARS/Amp)]

MATa his3A200 leu2A0 1ys2A0 trp1 A63
ura3A0  metlSAO0  hta2-htb2A0 htal-
htb1A0 hht1-hhf1AQ hht2-hhf2A0
[pJH18/pZS145]

MATa his3A200 leu2A0 1ys2A0 trp1A63
ura3A0 metlSAO0  hta2-htb2A0 htal-
htb1A0 hht1-hhf1AQ hht2-hhf2A0
[pHMO01/pZS145]

MATa his3A200 leu2A0 1ys2A0 trpl1A63
ura3A0  metlSAO  hta2-htb2A0 htal-
htb1A0 hht1-hhf1AQ hht2-hhf2A0
[PK79R/pZS145]

MATa his3A200 leu2A0 1ys2A0 trp1 A63
ura3A0  metlSAO0  hta2-htb2A0 htal-
htb1A0 hht1-hhf1AQ hht2-hhf2A0
[pJH18/pZS146]

H4AWT

chdl::nat

H42RA
chdl::nat

H4WT
ubp8::nat
H42RA
ubp8::nat
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Open
Biosystems
Open
Biosystems
Open
Biosystems
Open
Biosystems
Nakanishi
et al., 2008.
(Nakanishi
et al. 2008)
Gardner et
al., 2011.
(K. E.
Gardner et
al. 2011)
Truong and
Boeke,
2017.
(Truong
and Boeke
2017)

This study.

This study.

This study.

This study.

This study.
This study.
This study.

This study.



YHMO53 H4AWT yDT51 H4AWT This study.
ubp8Aubp10A ubp10::nat ubp8::hygro
YHMO054 H42RA yDT51 H42RA This study.
ubp8Aubp10A ubp10::nat ubp8::hygro
YHMO55 H4WT yDT51 H4WT This study.
ubp8A brelA ubp8::nat brel::hygro
YHMO56 H42RA yDT51 H42RA This study.
ubp8A brelA ubp8::nat brel::hygro
YHMO57 H4AWT yDT51 H4WT This study.
ubpl10A brel::nat ubp10::kanMX
brelA
YHMO58 H42RA yDT51 H42RA This study.
ubpl10A brel::nat ubp10::kanMX
brelA
ZGYW303- | WT W303-1A MATa leu2-3, 112 wura3-1 his3-11,15, | Burgess et
la trpl-1, ade2-1, can1-100 al., 2010.
(Burgess et
al. 2010)
ZGY690 genSA W303-1A MATa leu2-3, 112 wura3-1 his3-11,15, | Burgess et
trpl-1, ade2-1, canl-100, | al., 2010.
genSA::kanM X6
Table 3.2. Plasmids used in this study.
Name Parent Features Source
pJH18 pRS314 CEN TRP1 HHT2-HHF2 Hsu et al., 2000. (J. Y.
Hsu et al. 2000)
pHMO1 pJH18 CEN TRP1 HHT2-hhf2-R17A | This study.
R19A
pK79R pRS414 CEN TRP1 hht2-K79R-HHF2 Zhang et.al, 1998
pZS145 pRS313 CEN HIS3 HTA1-FLAG-HTBI1 Sun and Allis, 2002.
(Sun and Allis 2002)
pZS146 pRS313 CEN HIS3 HTAI-FLAG-htbl- | Sun and Allis, 2002
K123R
pRS316-9mycBrel pRS315- CEN LEU2 pBRE1-9xMyc-BRE1 Wood et al., 2003.
9mycBrel (Wood et al. 2003)
pRS316-9mycBrel CD pRS315- CEN LEU2 pBREI1-9xMyc-brel- | Wood et al., 2003.
9mycH665A C663A/H665A
FLAG-Brel p416 ADH pRS416-ADH CEN URA3 pADHI-FLAG-BRE1 Wozniak and Strahl,
2014. (Wozniak and
Strahl 2014a)
FLAG-Brel H665A p416 | pRS416-ADH CEN URA3 pADHI-FLAG-brel- | Wozniak and Strahl,
ADH H665A 2014.
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Table 3.3. qRT-PCR Primers used in this study.

Primer Sequence

HMO078-GAL1 F GCGCAAAGGAATTACCAAGAC
HMO079-GAL1 R TTGACTCTACCAGGCGATCTA
ACT1F TTCTGGTATGTGTAAAGCCGG
ACTI1R CCATACCGACCATGATACCTTG
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CHAPTER 4: CONCLUSIONS AND FUTURE DIRECTIONS

When I began my journey as a graduate student in the Strahl lab, my goal was to
understand the mechanisms behind the function of the histone H4 basic patch and histone H2B
monoubiquitylation (H2Bubl) in regulating Dotl-mediated H3K79 methylation. The
phenomenon of histone crosstalk, where the presence of a histone PTM regulates the addition of
another histone PTM, had been well-described but poorly characterized and I was intent, perhaps
overconfidently, on addressing this gap of knowledge and advancing the field. While 1 was
hopeful my work would diverge from the regulation of H2Bub1, my pursuit led me to uncover a
novel function of the histone H4 basic patch in regulating H2Bub1 through by regulating SAGA
histone modifying activities. While the work in presented in this dissertation does not reveal the
full mechanism behind the regulation of SAGA by the H4 basic patch, it does add to the already

large body of literature about the elegant mystery that is the nucleosome and its regulation.
4.1 The histone H4 basic patch functions independently of the H2Bub1 machinery

As presented in Chapter 1, the histone tails, and their subsequent PTMs, play critical
roles in regulating transcription and gene expression. Of particular interest is a short stretch of
basic residues on the histone H4 N-terminus termed the H4 basic patch (Figure 3.1A). One of the
earliest descriptions of the H4 basic patch is found in the original 2.8A structure of the NCP that
reported residues 16-25 of histone H4 interacting with a region of histone H2A on a neighboring
nucleosome (Luger et al. 1997). Subsequent studies would show that the H4 basic patch is

essential for chromatin condensation and compaction and that acetylation of histone H4 lysine-
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16 disrupts chromatin compaction while stimulating transcription (Tse et al. 1998; Akhtar and
Becker 2000; Shogren-Knaak et al. 2006). Additionally, the H4 basic patch was found to
regulate the activity of the ISWI chromatin remodeling complex (C. R. Clapier et al. 2001;
Hamiche et al. 2001; C. R. Clapier 2002), to bind the yeast Sir3 silencing protein (Altaf et al.
2007), and to bind and regulate the H3K79 methyltransferase, Dotl (Fingerman, Li, and Briggs
2007). Importantly, nearly all of these functions are conserved throughout higher eukaryotes,
highlighting the evolutionary importance of the H4 basic patch. While investigating the
mechanism behind the H4 basic patch regulation of Dotl, we discovered that global levels of
H2Bubl were significantly reduced in an arginine to alanine mutation of the basic patch (Figure
3.1A, B). While the mechanisms regulating H2B ubiquitylation and deubiquitination have been
well established, our understanding of how regions of the NCP itself regulate these mechanisms
is unclear. Our discovery suggested two possibilities for the global decrease in H2Bubl: 1) the
basic patch is a positive regulator of the ubiquitylation machinery, or 2) the basic patch is a

negative regulator of the deubiquitination machinery.

There is precedence of the importance of specific regions of the nucleosome, and not
specific histone PTMs, and the regulation of H2Bubl. Recent work by many, including the
Wolberger and Arndt labs, have characterized the role of the nucleosome acidic patch in the
regulation of both ubiquitylation and deubiquitination. Mutation of two adjacent residues in the
acidic patch, H2A-E65A and H2A-L66A, result in a loss of H2Bubl1 levels. Upon deletion of the
H2Bubl deubiquitinase (DUB), Ubp8, H2Bubl levels are rescued in the H2A-E65A mutant but
not in the H2A-L66A mutant suggesting that residue E65 is likely involved in the regulation of
Ubp8 DUB activity (Cucinotta et al. 2015). Applying the same principle to our study of the H4

basic patch, deletion of Ubp8 also rescues H2Bubl levels suggesting that the ubiquitylation
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machinery is intact (Figure 3.4A). However, steady state levels of histone PTMs may provide an
incomplete picture of the regulation of such dynamic processes, and the regulation of H2Bubl is
a prime example, being regulated by the subunits of two RNAP Il-associated complexes. To
address this question, we applied the use of the light-inducible nuclear exporter (LINX) fused to
the H2Bub1 E3-ligase, Brel, and measured the kinetics of H2Bubl in the H4 basic patch mutant
in real time (Figure 3.4C and D). Using LINX-Brel allowed us to conclude with certainty that
the H4 basic patch is not involved in regulation the H2Bubl ubiquitylation machinery.
Interestingly, when the structure of the Ubp8 DUB module on a ubiquitylated nucleosome was
solved, a member of the DUB module, Sgfl1, was found to interact with H2A-E65 (Morgan et
al. 2016). We hypothesized that a similar yet unidentified interaction may be affected in our H4

basic patch mutant.

4.2 The histone H4 basic patch and the SAGA coactivator complex

The H4 basic patch is known to regulate multiple chromatin-modifying enzymes through
the direct interaction of these proteins with the H4 basic patch. For instance, recent structural
studies have documented how the H4 basic patch interacts with Dot1L to properly orient Dot1L
onto the nucleosome (Anderson et al. 2019; Valencia-Sanchez et al. 2019; Worden et al. 2019).
Additionally, the binding of the H4 basic patch by the chromatin remodeler ISWI releases the
AutoN inhibitory from the remodeler and activates its ATPase activity (Cedric R. Clapier and
Cairns 2012). ISWI activity is critical for the proper assembly and spacing of nucleosomes
(Cedric R. Clapier et al. 2017) that is believed to restrict access to DNA and enable gene
repression (Parnell et al. 2015). With this in mind, we hypothesized that the H4 basic patch may

function in a similar manner to regulate H2Bub1 DUB activity.
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We pursued this inquiry using two methods: 1) an in vitro DUB assay using whole cell
lysate as a source of nucleosomal substrate and recombinant Ubp8 or Ubp10 enzyme and, 2) an
in vivo DUB assay using LINX-Brel to control the cellular localization of Brel and export it
from the nucleus. Firstly, I was successful in establishing the in vitro experiments using whole
cell lysates that lacked both H2Bubl DUBs (ubp8Aubp10A) and that expressed either wild-type
H4 (H4wr) or the basic patch arginine-to-alanine mutant H4 (H4:ra). For both enzymes,
approximately 50% of H2Bubl is removed within 10 minutes. However, both enzymes display
very similar kinetics regardless of the status of the H4 basic patch (Figure 3.9). While I was
initially disappointed by the lack of a difference in DUB activity for Ubp8 or Ubp10 in the H4wr
and H4:ra, | was reassured by the supportive comments of my advisor and committee members
that in vitro assays often lack the contextual nuance that explains much of cellular biology.
Accordingly, both Ubp8 and Ubp10 function in a co-transcriptional manner: UbpS8 as a part of
the SAGA coactivator complex, and Ubp10 in cooperation with the histone chaperone, FACT
(Henry et al. 2003; Orlandi et al. 2004; Daniel et al. 2004; Emre et al. 2005). As a result, we
sought a means to measure H2Bub1 DUB activity in vivo, something that, to my knowledge, had

not been successfully performed and reported.

We and others had already successfully used LINX-Brel to measure the kinetics of
ubiquitylation so we hypothesized that performing the optogenetics assay in reverse (growing
cells in the dark to maintain LINX-Brel in the nucleus and then switching to light leading to the
rapid export of LINX-Brel to the cytoplasm) may provide us with the resolution necessary to
measure the rapid kinetics of deubiquitination in vivo. By performing the experiment using cells
expressing either H4wr or H4:ra and lacking either Ubp8 or Ubpl0 (ubpS8A or ubpl0A), we

could measure the specific activity of each DUB under nearly identical and physiological
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conditions. To our astonishment, SAGA-associated Ubp8 deubiquitinates H4;ra-containing
nucleosomes at a significantly higher rate than wild-type nucleosomes, decreasing the half-life of
H2Bubl from ~2.6 minutes to less than 1 minute (Figure 3.5A and B). Additionally, H4,ra cells
show no difference in the deubiquitination kinetics of Ubpl10 (Figure 3.5C and D). This is the
first report of histone H4 regulating the DUB activity of SAGA and the first example, to our
knowledge, of histone deubiquitination activity measured in vivo. We hypothesize that the H4
basic patch functions as a negative regulator of SAGA DUB activity and mutation of the basic

patch relieves SAGA of this regulation leading to aberrant H2Bub1 deubiquitination.

Structural and biochemical studies of the SAGA complex show that the DUB module and
the HAT module are in close proximity to one another and that the DUB module stimulates HAT
activity (Han et al. 2014). Therefore, we hypothesized that if the H4 basic patch is stimulating
SAGA DUB activity, HAT activity will also be impacted. As expected, we measured a
noticeable increase in SAGA HAT targets histone H3K18ac and H3K27ac (Figure 3.6). While
Gcen3, the catalytic subunit of the SAGA HAT module, is reported to acetylate H3K9 and H3K 14
as well, it appears that the level of these PTMs is regulated by the other histone H3 HATS, such

as NuA3.

4.3 Possible mechanisms for the regulation of SAGA by the H4 basic patch

An important question still remains: what is the mechanism behind the regulation of the
SAGA complex by the histone H4 basic patch? Because the loss of the H4 basic patch leads to
enhanced activity of the SAGA DUB module, I suspect that the H4 basic patch in general, and
the two arginine residues of the basic patch in particular, are important for an interaction that
serves to “apply the brakes” on deubiquitination. The published structure of the SAGA DUB

module bound to a H2Bub1-bound nucleosome makes no mention of the histone H4 N-terminal
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tail (Morgan et al. 2016). In this structure, most of the contacts between the SAGA DUB module
and the nucleosome are mediated through an arginine cluster on Sgfll that interact with the
nucleosome acidic patch, and two residues in Ubp8 that interact with H2B and the conjugated
ubiquitin. This suggests that the H4 basic patch regulation of SAGA DUB activity occurs

without physically interacting with the DUB module.

In considering how the H4 basic patch may regulate SAGA DUB activity without
interacting with any members of the DUB module, it may be useful to consider how the histone
H4 N-terminal tail contributes to chromatin structure. We know through structural and
computational modeling studies that H4 basic patch interacts with the nucleosome acidic patch
of a neighboring nucleosome. In the modeled structure, histone H4 residues R17 and R19
interact with H2A residues E56 and E64 (E57 and E65 in yeast), respectively (Yang and Arya
2011). Interestingly, the structure of the SAGA DUB module shows Sgfl1 residues R78, R84,
and R91 interacting with acidic patch residues H2A-E64, H2B-E107, and H2A-E61(Morgan et
al. 2016). I hypothesize that the H4 basic patch and Sgfll compete for binding of the same
region of the nucleosome acidic patch and that doing so is critical for regulating the dynamic
cycle of ubiquitylation and deubiquitination. In support of this hypothesis, mutation of Sgfll
residues R78, R84, and R91 or H2A-E64 reduces the rate of deubiquitination in vitro (Morgan et
al. 2016) and substitutions of Sgfl1 residues R84, and R91disrupt global deubiquitination in vivo
(Kohler et al. 2010; Koehler et al. 2014). One possible method to test this hypothesis would be to
use the well-defined amber codon suppression system to introduce a UV-light inducible
crosslinking amino acid in the place of the H4 basic patch arginine residues to identify the
interactome of the H4 basic patch. Additionally, it would be interesting to see whether a

crosslinking residue could be used as a nucleosome acidic patch “trap”, thereby preventing any
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other proteins from interacting after UV-light induced crosslinking. If so, one may envision
performing a time course pre- and post-UV-light induction to determine the effect of inhibiting
binding to the parts of the nucleosome acidic patch bound by the H4 basic patch on H2Bubl
deubiquitination. Another approach that may allow us to distinguish between the functions of the
nucleosome acidic patch and the H4 basic patch is to construct yeast strains expressing both a
nucleosome acidic patch mutant in combination with the H4 basic patch mutant. Because
mutation of many of the nucleosome acidic patch residues, including H2A-E65, significantly
reduce global H2Bubl levels, it will be important to know how these phenotypes will be affected

by the H4 basic patch mutant.

Another nucleosome acidic patch residue implicated in the regulation of H2Bub1 by the
SAGA DUB module is histone H2A-Y57/58 (human/yeast). This residue is phosphorylated by
casein kinase 2 (CK2) and both the inhibition of CK2 and a mutation of the residue (Y57F)
enhance SAGA DUB activity on H2Bubl(Basnet et al. 2014). Interestingly, this the H2A-Y58F
mutation in yeast leads to a moderate increase in SAGA-mediated H3K27 acetylation (Suka et
al. 2001), reminiscent of our observation on the effect of the H4 basic patch mutant on SAGA-
mediated H3 acetylation (Figure 3.6). While the structural studies suggest this residue lies at the
interface between the SAGA DUB module and the nucleosome, it will be important to assess the

effect of the H4 basic patch mutant on H2A-Y 58 phosphorylation levels.

Another important consideration for the mechanism behind the H4 basic patch regulation
of SAGA DUB activity is the status of H4K16 acetylation (H4K16ac). This PTM is a key
regulator of chromatin structure, especially in regards to higher-order chromatin structure,
chromatin compaction and nucleosome accessibility for chromatin-modifying complexes. I

attempted to address this question by performing immunoblot analysis for H4K16ac in the H4wr
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and H4ora. Interestingly, no H4K16 acetylation was detected the H4ora cells, but it is unclear
whether or not this was due to the loss of acetylation as a result of the mutation of the H4 basic
patch or a failure of the antibody to recognize the mutated epitope (data not shown). It will be
useful to apply more sensitive methods to determine the status of H4K16 acetylation in the H4
basic patch mutant in order to assess whether interactions mediated by the basic patch are

important for regulating H4K16ac and therefore higher order chromatin structure.

Because the SAGA complex is so intimately involved in the regulation of transcription
initiation and elongation, it will be critical to determine if the effects due to the H4 basic patch
mutant impact the highly regulated steps in these processes. RNAP II CTD phosphorylation
functions as one of the key checkpoints in transcription regulation and SAGA DUB activity is
critical to this process (Wyce et al. 2007). Therefore, it would be useful to perform a chromatin
immunoprecipitation (ChIP) experiment using antibodies against the various states of CTD
phosphorylation at the promoters and 5’ end of genes. Understanding if and how RNAP II CTD
phosphorylation is affected due to the loss of the H4 basic patch may provide us with greater
insight into understanding the mechanism behind the H4 basic patch regulation of SAGA activity

as well as uncover new insights into SAGA regulation of transcription initiation and elongation.

4.4 Concluding Remarks

It is my hope that I have highlighted the uniqueness of the histone H4 basic patch in these
preceding pages. Consisting of only five basic amino acids, the H4 basic patch is involved in
regulating nearly all the different types of chromatin-modifying activities mentioned throughout
this dissertation. From the earliest reports of the H4 N-terminal tail interacting with the
nucleosome acidic patch to regulate higher-order chromatin structure, to its role as a positive

regulator the ISWI chromatin remodeler and, as described in the work presented in this
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dissertation, as a negative regulator of the chromatin modifying activities of the SAGA
coactivator complex. This works adds to the already extensive body of knowledge on the
regulation of H2Bubl and adds yet another mechanism for regulating this important histone
PTM. This is unsurprising given the importance of maintaining the proper balance of H2Bubl

ubiquitylation and deubiquitination and the dire consequences when this balanced in perturbed.

Identifying the H4 basic patch as a negative regulator of SAGA deubiquitylation and
histone acetyltransferase activities also supports the growing body of evidence that the SAGA
complex is a bona fide cofactor for all RNAP II transcription. The regulation of SAGA by a
region of the nucleosome supports the idea of this being a general mechanism of regulation
rather than an artifact of a specific scenario such as a response to stimuli or cellular stress. What
remains to be determined is whether or not the regulation of SAGA is independent of the well-
established role of the H4 basic patch in regulating ISWI chromatin remodeling activity or due to
some effect on the structure of chromatin around the transcription start sites. Additionally, it will
be of immense interest to determine the interaction profile of the H4 basic patch with the
nucleosome acidic patch throughout the transcription cycle. The nucleosome acidic patch is, in
my opinion, the only other region of the NCP that is more interesting than the H4 basic patch (to
be fair it’s also much larger). To determine how the various chromatin-modifying enzymes,
including those that regulate H2Bubl, possibly compete with the H4 basic patch to maintain

their various functions will be interesting to see.

When I began my graduate school journey, I was amazed by the elegant mystery that is
the nucleosome. Years later, I know more about the nucleosome and its functions than I ever

thought I would, yet I remain humbled by the mystery of the nucleosome that continues to
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unfold. I look forward to what the future brings in increasing our understanding of the most

powerful macromolecule in the cell.

79



REFERENCES

Akhtar, A, and P B Becker. 2000. “Activation of Transcription through Histone H4 Acetylation
by MOF, an Acetyltransferase Essential for Dosage Compensation in Drosophila.”
Molecular Cell 5 (2): 367-75. https://doi.org/10.1016/s1097-2765(00)80431-1.

Alberti, Simon. 2017. “Phase Separation in Biology.” Current Biology 27 (20): R1097-1102.
https://doi.org/10.1016/j.cub.2017.08.069.

Allan, J., P. G. Hartman, C. Crane-Robinson, and F. X. Aviles. 1980. “The Structure of Histone
H1 and Its Location in Chromatin.” Nature 288 (5792): 675-79.
https://doi.org/10.1038/288675a0.

Allfrey, G, R Faulkner, and A E Mirsky. 1964. “Acetylation and Methylation of Histones and
Their Possible Role in the Regulation of RNA Synthesis.” Biochemistry 315 (1938): 786—
94.

Altaf, Mohammed, Rhea T. Utley, Nicolas Lacoste, Song Tan, Scott D. Briggs, and Jacques
Coté. 2007. “Interplay of Chromatin Modifiers on a Short Basic Patch of Histone H4 Tail
Defines the Boundary of Telomeric Heterochromatin.” Molecular Cell 28 (6): 1002—14.
https://doi.org/10.1016/j.molcel.2007.12.002.

Anderson, Cathy J, Matthew R Baird, Allen Hsu, Emily H Barbour, Yuka Koyama, Mario J
Borgnia, and Robert K McGinty. 2019. “Structural Basis for Recognition of Ubiquitylated
Nucleosome by Dot1L Methyltransferase.” Cell Reports 26 (7): 1681-1690.e5.
https://doi.org/10.1016/j.celrep.2019.01.058.

Arya, Gaurav, and Tamar Schlick. 2009. “A Tale of Tails: How Histone Tails Mediate
Chromatin Compaction in Different Salt and Linker Histone Environments.” Journal of
Physical Chemistry A 113 (16): 4045-59. https://doi.org/10.1021/jp810375d.

Banani, Salman F., Hyun O. Lee, Anthony A. Hyman, and Michael K. Rosen. 2017.
“Biomolecular Condensates: Organizers of Cellular Biochemistry.” Nature Reviews
Molecular Cell Biology 18 (5): 285-98. https://doi.org/10.1038/nrm.2017.7.

Bannister, Andrew J, and Tony Kouzarides. 2011. “Regulation of Chromatin by Histone
Modifications.” Nature Publishing Group, 381-95. https://doi.org/10.1038/cr.2011.22.

80



Baptista, Tiago, Sebastian Griinberg, Nadége Minoungou, Maria J E Koster, H T Marc Timmers,
Steve Hahn, Didier Devys, and Laszl6 Tora. 2017. “SAGA Is a General Cofactor for RNA
Polymerase II Transcription.” Molecular Cell 68 (1): 130-143.e5.
https://doi.org/10.1016/j.molcel.2017.08.016.

Basnet, Harihar, Xue B. Su, Yuliang Tan, Jill Meisenhelder, Daria Merkurjev, Kenneth A. Ohgi,
Tony Hunter, Lorraine Pillus, and Michael G. Rosenfeld. 2014. “Tyrosine Phosphorylation
of Histone H2A by CK2 Regulates Transcriptional Elongation.” Nature 516 (7530): 267—
71. https://doi.org/10.1038/nature13736.

Batta, Kiran, Zhenhai Zhang, Kuangyu Yen, David B. Goffman, and B. Franklin Pugh. 2011.
“Genome-Wide Function of H2B Ubiquitylation in Promoter and Genic Regions.” Genes
and Development 25 (21): 2254—65. https://doi.org/10.1101/gad.177238.111.

Bednar, J, R A Horowitz, ] Dubochet, and C L Woodcock. 1995. “Chromatin Conformation and
Salt-Induced Compaction: Three-Dimensional Structural Information from Cryoelectron
Microscopy.” The Journal of Cell Biology 131 (6 Pt 1): 1365-76.
https://doi.org/10.1083/jcb.131.6.1365.

Bernecky, Carrie, Jirgen M Plitzko, and Patrick Cramer. 2017. “Structure of a Transcribing
RNA Polymerase II-DSIF Complex Reveals a Multidentate DNA-RNA Clamp.” Nature
Structural & Molecular Biology 24 (10): 809—15. https://doi.org/10.1038/nsmb.3465.

Bian, Chuanbing, Chao Xu, Jianbin Ruan, Kenneth K Lee, Tara L Burke, Wolfram Tempel,
Dalia Barsyte, et al. 2011. “Sgf29 Binds Histone H3K4me2/3 and Is Required for SAGA
Complex Recruitment and Histone H3 Acetylation.” The EMBO Journal 30 (14): 2829-42.
https://doi.org/10.1038/emboj.2011.193.

Bonnet, Jacques, Chen Yi Wang, Tiago Baptista, Stéphane D. Vincent, Wei Chun Hsiao,
Matthieu Stierle, Cheng Fu Kao, Laszl6 Tora, and Didier Devys. 2014. “The SAGA
Coactivator Complex Acts on the Whole Transcribed Genome and Is Required for RNA
Polymerase II Transcription.” Genes and Development 28 (18): 1999-2012.
https://doi.org/10.1101/gad.250225.114.

Briggs, Scott D., Tiaojiang Xiao, Zu Wen Sun, Jennifer A. Caldwell, Jeffrey Shabanowitz,
Donald F. Hunt, C. David Allis, and Brian D. Strahl. 2002. “Trans-Histone Regulatory
Pathway in Chromatin.” Nature 418 (6897): 498. https://doi.org/10.1038/nature00970.

81



Burgess, Rebecca J., Hui Zhou, Junhong Han, and Zhiguo Zhang. 2010. “A Role for Gen5 in
Replication-Coupled Nucleosome Assembly.” Molecular Cell 37 (4): 469-80.
https://doi.org/10.1016/j.molcel.2010.01.020.

Calo, Eliezer, and Joanna Wysocka. 2013. “Modification of Enhancer Chromatin: What, How,
and Why?” Molecular Cell 49 (5): 825-37. https://doi.org/10.1016/j.molcel.2013.01.038.

Carrozza, Michael J, Bing Li, Laurence Florens, Tamaki Suganuma, Selene K Swanson, Kenneth
K Lee, Wei-Jong Shia, et al. 2005. “Histone H3 Methylation by Set2 Directs Deacetylation
of Coding Regions by Rpd3S to Suppress Spurious Intragenic Transcription.” Cell 123 (4):
581-92. https://doi.org/10.1016/j.cell.2005.10.023.

Chandrasekharan, M. B., F. Huang, Y.-C. Chen, and Z.-W. Sun. 2010. “Histone H2B C-
Terminal Helix Mediates Trans-Histone H3K4 Methylation Independent of H2B
Ubiquitination.” Molecular and Cellular Biology 30 (13): 3216-32.
https://doi.org/10.1128/mcb.01008-09.

Chandrasekharan, Mahesh B., Fu Huang, and Zu Wen Sun. 2009. “Ubiquitination of Histone
H2B Regulates Chromatin Dynamics by Enhancing Nucleosome Stability.” Proceedings of
the National Academy of Sciences of the United States of America 106 (39): 16686-91.
https://doi.org/10.1073/pnas.0907862106.

Cheung, Alan C. M., and Patrick Cramer. 2011. “Structural Basis of RNA Polymerase 11
Backtracking, Arrest and Reactivation.” Nature 471 (7337): 249-53.
https://doi.org/10.1038/nature09785.

Cieniewicz, Anne M., Linley Moreland, Alison E. Ringel, Samuel G. Mackintosh, Ana Raman,
Tonya M. Gilbert, Cynthia Wolberger, Alan J. Tackett, and Sean D. Taverna. 2014. “The
Bromodomain of Gen5 Regulates Site Specificity of Lysine Acetylation on Histone H3.”
Molecular and Cellular Proteomics 13 (11): 2896-2910.
https://doi.org/10.1074/mcp.M114.038174.

Clapier, C. R. 2002. “A Critical Epitope for Substrate Recognition by the Nucleosome
Remodeling ATPase ISWL.” Nucleic Acids Research 30 (3): 649-55.
https://doi.org/10.1093/nar/30.3.649.

Clapier, C. R., G. Langst, D. F. V. Corona, P. B. Becker, and K. P. Nightingale. 2001. “Critical
Role for the Histone H4 N Terminus in Nucleosome Remodeling by ISWL.” Molecular and

82



Cellular Biology 21 (3): 875-83. https://doi.org/10.1128/mcb.21.3.875-883.2001.

Clapier, Cedric R., and Bradley R. Cairns. 2012. “Regulation of ISWI Involves Inhibitory
Modules Antagonized by Nucleosomal Epitopes.” Nature 492 (7428): 280—-84.
https://doi.org/10.1038/nature11625.

Clapier, Cedric R., Janet Iwasa, Bradley R. Cairns, and Craig L. Peterson. 2017. “Mechanisms of
Action and Regulation of ATP-Dependent Chromatin-Remodelling Complexes.” Nature
Reviews Molecular Cell Biology 18 (7): 407-22. https://doi.org/10.1038/nrm.2017.26.

Collart, M A, and S Oliviero. 2001. “Preparation of Yeast RNA.” Current Protocols in
Molecular Biology Chapter 13 (May): Unit13.12.
https://doi.org/10.1002/0471142727.mb1312s23.

Core, Leighton, and Karen Adelman. 2019. “Promoter-Proximal Pausing of RNA Polymerase II:
A Nexus of Gene Regulation.” Genes & Development 33 (15-16): 960—82.
https://doi.org/10.1101/gad.325142.119.

Cramer, Patrick. 2019. “Organization and Regulation of Gene Transcription.” Nature 573
(7772): 45-54. https://doi.org/10.1038/s41586-019-1517-4.

Cucinotta, Christine E., Alexandria N. Young, Kristin M. Klucevsek, and Karen M. Arndt. 2015.
“The Nucleosome Acidic Patch Regulates the H2B K123 Monoubiquitylation Cascade and
Transcription Elongation in Saccharomyces Cerevisiae.” PLoS Genetics 11 (8): 1-25.
https://doi.org/10.1371/journal.pgen.1005420.

Daniel, Jeremy A., Michael S. Torok, Zu Wen Sun, David Schieltz, C. David Allis, John R.
Yates, and Patrick A. Grant. 2004. “Deubiquitination of Histone H2B by a Yeast
Acetyltransferase Complex Regulates Transcription.” Journal of Biological Chemistry 279

(3): 1867-71. https://doi.org/10.1074/jbc.C300494200.

Dover, Jim, Jessica Schneider, Mary Anne Tawiah-Boateng, Adam Wood, Kimberly Dean, Mark
Johnston, and Ali Shilatifard. 2002. “Methylation of Histone H3 by COMPASS Requires
Ubiquitination of Histone H2B by Rad6.” Journal of Biological Chemistry 277 (32):
28368-71. https://doi.org/10.1074/jbc.C200348200.

Ehara, Haruhiko, Takeshi Yokoyama, Hideki Shigematsu, Shigeyuki Yokoyama, Mikako

83



Shirouzu, and Shun-Ichi Sekine. 2017. “Structure of the Complete Elongation Complex of
RNA Polymerase II with Basal Factors.” Science (New York, N.Y.) 357 (6354): 921-24.
https://doi.org/10.1126/science.aan8552.

Emre, N C Tolga, Kristin Ingvarsdottir, Anastasia Wyce, Adam Wood, Nevan J Krogan, Karl W
Henry, Keqin Li, et al. 2005. “Maintenance of Low Histone Ubiquitylation by Ubp10
Correlates with Telomere-Proximal Sir2 Association and Gene Silencing.” Molecular Cell
17 (4): 585-94. https://doi.org/10.1016/j.molcel.2005.01.007.

Feng, Qin, Hengbin Wang, Huck Hui Ng, Hediye Erdjument-bromage, Paul Tempst, Kevin
Struhl, Yi Zhang, Chapel Hill, and North Carolina. 2002. “Methylation of H3-Lysine 79 Is
Mediated by a New Family of HMTases without a SET Domain University of North
Carolina at Chapel Hill.” Current Opinion in Cell Biology 12 (12): 1052-58.

Fierz, Beat, Champak Chatterjee, Robert K McGinty, Maya Bar-Dagan, Daniel P Raleigh, and
Tom W Muir. 2011. “Histone H2B Ubiquitylation Disrupts Local and Higher-Order
Chromatin Compaction.” Nature Chemical Biology 7 (2): 113-19.
https://doi.org/10.1038/nchembio.501.

Fingerman, Ian M., Hui Chun Li, and Scott D. Briggs. 2007. “A Charge-Based Interaction
between Histone H4 and Dotl Is Required for H3K79 Methylation and Telomere Silencing:
Identification of a New Trans-Histone Pathway.” Genes and Development 21 (16): 2018—
29. https://doi.org/10.1101/gad.1560607.

Flanagan, John F, Li-Zhi Mi, Maksymilian Chruszcz, Marcin Cymborowski, Katrina L Clines,
Youngchang Kim, Wladek Minor, Fraydoon Rastinejad, and Sepideh Khorasanizadeh.
2005. “Double Chromodomains Cooperate to Recognize the Methylated Histone H3 Tail.”
Nature 438 (7071): 1181-85. https://doi.org/10.1038/nature04290.

Fleming, Alastair B., Cheng Fu Kao, Cory Hillyer, Michael Pikaart, and Mary Ann Osley. 2008.
“H2B Ubiquitylation Plays a Role in Nucleosome Dynamics during Transcription
Elongation.” Molecular Cell 31 (1): 57-66. https://doi.org/10.1016/j.molcel.2008.04.025.

Frederiks, Floor, Manuel Tzouros, Gideon Oudgenoeg, Tibor Van Welsem, Maarten Fornerod,
Jeroen Krijgsveld, and Fred Van Leeuwen. 2008. “Nonprocessive Methylation by Dotl
Leads to Functional Redundancy of Histone H3K79 Methylation States.” Nature Structural
and Molecular Biology 15 (6): 550-57. https://doi.org/10.1038/nsmb.1432.

84



Fuchs, Gilad, and Moshe Oren. 2014. “Writing and Reading H2B Monoubiquitylation.”
Biochimica et Biophysica Acta (BBA) - Gene Regulatory Mechanisms 1839 (8): 694-701.
https://doi.org/10.1016/j.bbagrm.2014.01.002.

Gallego, Laura D., Maren Schneider, Chitvan Mittal, Anete Romanauska, Ricardo M. Gudino
Carrillo, Tobias Schubert, B. Franklin Pugh, and Alwin K&hler. 2020. “Phase Separation
Directs Ubiquitination of Gene-Body Nucleosomes.” Nature 1 (June 2019).
https://doi.org/10.1038/s41586-020-2097-z.

Gallego, Laura D., Medini Ghodgaonkar Steger, Anton A. Polyansky, Tobias Schubert, Bojan
Zagrovic, Ning Zheng, Tim Clausen, Franz Herzog, and Alwin Kohler. 2016. “Structural
Mechanism for the Recognition and Ubiquitination of a Single Nucleosome Residue by
Rad6-Brel.” Proceedings of the National Academy of Sciences of the United States of
America 113 (38): 10553-58. https://doi.org/10.1073/pnas.1606863113.

Gardner, Kathryn E., Li Zhou, Michael A. Parra, Xian Chen, and Brian D. Strahl. 2011.
“Identification of Lysine 37 of Histone H2B as a Novel Site of Methylation.” PLoS ONE 6
(1). https://doi.org/10.1371/journal.pone.0016244.

Gardner, Richard G, Zara W Nelson, and Daniel E Gottschling. 2005. “Ubp10/Dot4p Regulates
the Persistence of Ubiquitinated Histone H2B: Distinct Roles in Telomeric Silencing and
General Chromatin.” Molecular and Cellular Biology 25 (14): 6123-309.
https://doi.org/10.1128/MCB.25.14.6123-6139.2005.

Grant, P A, L Duggan, J Coté, S M Roberts, J E Brownell, R Candau, R Ohba, et al. 1997.
“Yeast GenS Functions in Two Multisubunit Complexes to Acetylate Nucleosomal
Histones: Characterization of an Ada Complex and the SAGA (Spt/Ada) Complex.” Genes
& Development 11 (13): 1640-50. https://doi.org/10.1101/gad.11.13.1640.

Hagstrom, Kirsten A, and Barbara J Meyer. 2003. “Condensin and Cohesin: More than
Chromosome Compactor and Glue.” Nature Reviews. Genetics 4 (7): 520-34.
https://doi.org/10.1038/nrg1110.

Hahn, Steven, and Elton T. Young. 2011. “Transcriptional Regulation in Saccharomyces
Cerevisiae: Transcription Factor Regulation and Function, Mechanisms of Initiation, and
Roles of Activators and Coactivators.” Genetics 189 (3): 705-36.
https://doi.org/10.1534/genetics.111.127019.

85



Hamiche, Ali, Ju Gyeong Kang, Cynthia Dennis, Hua Xiao, and Carl Wu. 2001. “Histone Tails
Modulate Nucleosome Mobility and Regulate ATP-Dependent Nucleosome Sliding by
NURF.” Proceedings of the National Academy of Sciences of the United States of America
98 (25): 14316-21. https://doi.org/10.1073/pnas.251421398.

Hammond, Colin M, Caroline B Stremme, Hongda Huang, Dinshaw J Patel, and Anja Groth.
2017. “Histone Chaperone Networks Shaping.” Nature Publishing Group 18 (3): 141-58.
https://doi.org/10.1038/nrm.2016.159.

Han, Yan, Jie Luo, Jeffrey Ranish, and Steven Hahn. 2014. “ Architecture of the S
Accharomyces Cerevisiae SAGA Transcription Coactivator Complex .” The EMBO
Journal 33 (21): 2534-46. https://doi.org/10.15252/emb;j.201488638.

Henry, Karl W., Anastasia Wyce, Wan Sheng Lo, Laura J. Duggan, N. C.Tolga Emre, Cheng Fu
Kao, Lorraine Pillus, Ali Shilatifard, Mary Ann Osley, and Shelley L. Berger. 2003.
“Transcriptional Activation via Sequential Histone H2B Ubiquitylation and
Deubiquitylation, Mediated by SAGA-Associated Ubp8.” Genes and Development 17 (21):
2648-63. https://doi.org/10.1101/gad.1144003.

Horn, Peter J, and Craig L Peterson. 2002. “Molecular Biology. Chromatin Higher Order
Folding--Wrapping up Transcription.” Science (New York, N.Y.) 297 (5588): 1824-27.
https://doi.org/10.1126/science.1074200.

Hsin, Jing-Ping, and James L Manley. 2012. “The RNA Polymerase II CTD Coordinates
Transcription and RNA Processing.” Genes & Development 26 (19): 2119-37.
https://doi.org/10.1101/gad.200303.112.

Hsu, J Y, Z W Sun, X Li, M Reuben, K Tatchell, D K Bishop, J] M Grushcow, et al. 2000.
“Mitotic Phosphorylation of Histone H3 Is Governed by Ipll/Aurora Kinase and Glc7/PP1
Phosphatase in Budding Yeast and Nematodes.” Cell 102 (3): 279-91.
https://doi.org/10.1016/s0092-8674(00)00034-9.

Hsu, Peter L, Hui Shi, Calvin Leonen, Jianming Kang, Champak Chatterjee, and Ning Zheng.
2019. “Structural Basis of H2B Ubiquitination-Dependent H3K4 Methylation by
COMPASS.” Molecular Cell 76 (5): 712-723.¢4.
https://doi.org/10.1016/j.molcel.2019.10.013.

Huisinga, Kathryn L., and B. Franklin Pugh. 2004. “A Genome-Wide Housekeeping Role for

86



TFIID and a Highly Regulated Stress-Related Role for SAGA in Saccharomyces
Cerevisiae.” Molecular Cell 13 (4): 573—85. https://doi.org/10.1016/S1097-2765(04)00087-
5.

Hwang, William W., Shivkumar Venkatasubrahmanyam, Alexandra G. Ianculescu, Amy Tong,
Charles Boone, and Hiten D. Madhani. 2003. “A Conserved RING Finger Protein Required
for Histone H2B Monoubiquitination and Cell Size Control.” Molecular Cell 11 (1): 261—
66. https://doi.org/10.1016/S1097-2765(02)00826-2.

Iwafuchi-Doi, Makiko, and Kenneth S. Zaret. 2016. “Cell Fate Control by Pioneer Transcription
Factors.” Development 143 (11): 1833-37. https://doi.org/10.1242/dev.133900.

Jacobson, R H, A G Ladurner, D S King, and R Tjian. 2000. “Structure and Function of a Human
TAFII250 Double Bromodomain Module.” Science (New York, N.Y.) 288 (5470): 1422-25.
https://doi.org/10.1126/science.288.5470.1422.

Janke, Carsten, Maria M. Magiera, Nicole Rathfelder, Christof Taxis, Simone Reber, Hiromi
Maekawa, Alexandra Moreno-Borchart, et al. 2004. “A Versatile Toolbox for PCR-Based
Tagging of Yeast Genes: New Fluorescent Proteins, More Markers and Promoter
Substitution Cassettes.” Yeast 21 (11): 947-62. https://doi.org/10.1002/yea.1142.

Janke, Ryan, Anne E. Dodson, and Jasper Rine. 2015. “Metabolism and Epigenetics.” Annual
Review of Cell and Developmental Biology 31 (1): 473-96. https://doi.org/10.1146/annurev-
cellbio-100814-125544.

Jeronimo, Célia, Alain R. Bataille, and Frangois Robert. 2013. “The Writers, Readers, and
Functions of the RNA Polymerase II C-Terminal Domain Code.” Chemical Reviews 113
(11): 8491-8522. https://doi.org/10.1021/cr4001397.

Jeronimo, Célia, Pierre Collin, and Frangois Robert. 2016. “The RNA Polymerase II CTD : The
Increasing Complexity of a Low-Complexity Protein Domain.” Journal of Molecular
Biology 428 (12): 2607-22. https://doi.org/10.1016/j.jmb.2016.02.006.

John, S, L Howe, S T Tafrov, P A Grant, R Sternglanz, and J] L Workman. 2000. “The
Something about Silencing Protein, Sas3, Is the Catalytic Subunit of NuA3, a YTAF(I1)30-
Containing HAT Complex That Interacts with the Spt16 Subunit of the Yeast CP
(Cdc68/Pob3)-FACT Complex.” Genes & Development 14 (10): 1196—-1208.
http://www.ncbi.nlm.nih.gov/pubmed/10817755.

87



Johnsen, Steven A. 2012. “The Enigmatic Role of H2Bubl in Cancer.” FEBS Letters 586 (11):
1592-1601. https://doi.org/10.1016/j.febslet.2012.04.002.

Kalashnikova, Anna A., Mary E. Porter-Goff, Uma M. Muthurajan, Karolin Luger, and Jeffrey
C. Hansen. 2013. “The Role of the Nucleosome Acidic Patch in Modulating Higher Order
Chromatin Structure.” Journal of the Royal Society Interface 10 (82).
https://doi.org/10.1098/rsif.2012.1022.

Kao, Cheng Fu, Cory Hillyer, Toyoko Tsukuda, Karl Henry, Shelley Berger, and Mary Ann
Osley. 2004. “Rad6 Plays a Role in Transcriptional Activation through Ubiquitylation of
Histone H2B.” Genes and Development 18 (2): 184-95.
https://doi.org/10.1101/gad.1149604.

Kasten, Margaret, Heather Szerlong, Hediye Erdjument-Bromage, Paul Tempst, Michel Werner,
and Bradley R Cairns. 2004. “Tandem Bromodomains in the Chromatin Remodeler RSC
Recognize Acetylated Histone H3 Lys14.” The EMBO Journal 23 (6): 1348-59.
https://doi.org/10.1038/sj.emboj.7600143.

Katan-Khaykovich, Yael, and Kevin Struhl. 2005. “Heterochromatin Formation Involves
Changes in Histone Modifications over Multiple Cell Generations.” The EMBO Journal 24
(12): 2138-49. https://doi.org/10.1038/sj.emboj.7600692.

Keogh, Michael-Christopher, Siavash K Kurdistani, Stephanie A Morris, Seong Hoon Ahn,
Vladimir Podolny, Sean R Collins, Maya Schuldiner, et al. 2005. “Cotranscriptional Set2
Methylation of Histone H3 Lysine 36 Recruits a Repressive Rpd3 Complex.” Cell 123 (4):
593-605. https://doi.org/10.1016/j.cell.2005.10.025.

Kim, Jachoon, Jung-Ae Kim, Robert K McGinty, Uyen T T Nguyen, Tom W Muir, C David
Allis, and Robert G Roeder. 2013. “The N-SET Domain of Setl Regulates H2B
Ubiquitylation-Dependent H3K4 Methylation.” Molecular Cell 49 (6): 1121-33.
https://doi.org/10.1016/j.molcel.2013.01.034.

Klucevsek, Kristin M., Mary A. Braun, and Karen M. Arndt. 2012. “The Pafl Complex Subunit
Rtf1 Buffers Cells against the Toxic Effects of [PSI+] and Defects in Rkr1-Dependent
Protein Quality Control in Saccharomyces Cerevisiae.” Genetics 191 (4): 1107-18.
https://doi.org/10.1534/genetics.112.141713.

Knezetic, Joseph A., and Donal S. Luse. 1986. “The Presence of Nucleosomes on a DNA

88



Template Prevents Initiation by RNA Polymerase II in Vitro.” Cell 45 (1): 95-104.
https://doi.org/10.1016/0092-8674(86)90541-6.

Koehler, Christian, Jacques Bonnet, Matthieu Stierle, Christophe Romier, Didier Devys, and
Bruno Kieffer. 2014. “DNA Binding by Sgf11 Protein Affects Histone H2B
Deubiquitination by Spt-Ada-GenS-Acetyltransferase (SAGA).” Journal of Biological
Chemistry 289 (13): 8989-99. https://doi.org/10.1074/jbc.M113.500868.

Koéhler, Alwin, Erik Zimmerman, Maren Schneider, Ed Hurt, and Ning Zheng. 2010. “Structural
Basis for Assembly and Activation of the Heterotetrameric SAGA Histone H2B
Deubiquitinase Module.” Cell 141 (4): 606—17. https://doi.org/10.1016/j.cell.2010.04.026.

Komarnitsky, P, E J Cho, and S Buratowski. 2000. “Different Phosphorylated Forms of RNA
Polymerase II and Associated MRNA Processing Factors during Transcription.” Genes &
Development 14 (19): 2452-60. https://doi.org/10.1101/gad.824700.

Kornberg, R D, and Y Lorch. 1999. “Twenty-Five Years of the Nucleosome, Fundamental
Particle of the Eukaryote Chromosome.” Cell 98 (3): 285-94.
https://doi.org/10.1016/s0092-8674(00)81958-3.

Kuo, M H, J E Brownell, R E Sobel, T A Ranalli, R G Cook, D G Edmondson, S Y Roth, and C
D Allis. 1996. “Transcription-Linked Acetylation by GenSp of Histones H3 and H4 at
Specific Lysines.” Nature 383 (6597): 269—72. https://doi.org/10.1038/383269a0.

Lacoste, Nicolas, Rhea T. Utley, Joanna M. Hunter, Guy G. Poirier, and Jacques Coté. 2002.
“Disruptor of Telomeric Silencing-1 Is a Chromatin-Specific Histone H3
Methyltransferase.” Journal of Biological Chemistry 277 (34): 30421-24.
https://doi.org/10.1074/jbc.C200366200.

Landick, R. 2006. “The Regulatory Roles and Mechanism of Transcriptional Pausing.”
Biochemical Society Transactions 34 (6): 1062—66. https://doi.org/10.1042/BST0341062.

Lauberth, Shannon M, Takahiro Nakayama, Xiaolin Wu, Andrea L Ferris, Zhanyun Tang,
Stephen H Hughes, and Robert G Roeder. 2013. “H3K4me3 Interactions with TAF3
Regulate Preinitiation Complex Assembly and Selective Gene Activation.” Cell 152 (5):
1021-36. https://doi.org/10.1016/j.cell.2013.01.052.

89



Lawrence, Moyra, Sylvain Daujat, and Robert Schneider. 2016. “Lateral Thinking: How Histone
Modifications Regulate Gene Expression.” Trends in Genetics 32 (1): 42-56.
https://doi.org/10.1016/j.tig.2015.10.007.

Lee, Jung Shin, Alexander S. Garrett, Kuangyu Yen, Yoh Hei Takahashi, Deqing Hu, Jessica
Jackson, Christopher Seidel, B. Franklin Pugh, and Ali Shilatifard. 2012. “Codependency of
H2B Monoubiquitination and Nucleosome Reassembly on Chdl.” Genes and Development
26 (9): 914-19. https://doi.org/10.1101/gad.186841.112.

Lee, Soyun, Seunghee Oh, Kwiwan Jeong, Hyelim Jo, Yoonjung Choi, Hogyu David Seo,
Minhoo Kim, Joonho Choe, Chang Seob Kwon, and Daeyoup Lee. 2018. “Dotl Regulates
Nucleosome Dynamics by Its Inherent Histone Chaperone Activity in Yeast.” Nature
Communications 9 (1). https://doi.org/10.1038/s41467-017-02759-8.

Leeuwen, Fred Van, Philip R. Gafken, and Daniel E. Gottschling. 2002. “Dot1p Modulates
Silencing in Yeast by Methylation of the Nucleosome Core.” Cell 109 (6): 745-56.
https://doi.org/10.1016/S0092-8674(02)00759-6.

Li, Bing, Madelaine Gogol, Mike Carey, Samantha G Pattenden, Chris Seidel, and Jerry L
Workman. 2007. “Infrequently Transcribed Long Genes Depend on the Set2/Rpd3S
Pathway for Accurate Transcription.” Genes & Development 21 (11): 1422-30.
https://doi.org/10.1101/gad.1539307.

Li, Bing, Jessica Jackson, Matthew D Simon, Brian Fleharty, Madelaine Gogol, Chris Seidel,
Jerry L Workman, and Ali Shilatifard. 2009. “Histone H3 Lysine 36 Dimethylation
(H3K36me?2) Is Sufficient to Recruit the Rpd3s Histone Deacetylase Complex and to
Repress Spurious Transcription.” The Journal of Biological Chemistry 284 (12): 7970-76.
https://doi.org/10.1074/jbc.M808220200.

Lin, Justin J, Lynn W Lehmann, Giancarlo Bonora, Rupa Sridharan, Ajay A Vashisht, Nancy
Tran, Kathrin Plath, James A Wohlschlegel, and Michael Carey. 2011. “Mediator
Coordinates PIC Assembly with Recruitment of CHD1.” Genes & Development 25 (20):
2198-2209. https://doi.org/10.1101/gad.17554711.

Liu, Xiaoyu, Meijing Li, Xian Xia, Xueming Li, and Zhucheng Chen. 2017. “Mechanism of
Chromatin Remodelling Revealed by the Snf2-Nucleosome Structure.” Nature 544 (7651):
440-45. https://doi.org/10.1038/nature22036.

90



Livak, Kenneth J., Quin F. Wills, Alex J. Tipping, Krishnalekha Datta, Rowena Mittal, Andrew
J. Goldson, Darren W. Sexton, and Chris C. Holmes. 2013. “Methods for QPCR Gene
Expression Profiling Applied to 1440 Lymphoblastoid Single Cells.” Methods 59 (1): 71—
79. https://doi.org/10.1016/j.ymeth.2012.10.004.

Lohr, D, R T Kovacic, and K E Van Holde. 1977. “Quantitative Analysis of the Digestion of
Yeast Chromatin by Staphylococcal Nuclease.” Biochemistry 16 (3): 463-71.
https://doi.org/10.1021/b100622a020.

Lorch, Yahli, and Roger D. Kornberg. 2017. “Chromatin-Remodeling for Transcription.”
Quarterly Reviews of Biophysics 50 (March): e5.
https://doi.org/10.1017/S003358351700004X.

Luger, K, A W Mider, R K Richmond, D F Sargent, and T J Richmond. 1997. “Crystal Structure
of the Nucleosome Core Particle at 2.8 A Resolution.” Nature 389 (6648): 251-60.
https://doi.org/10.1038/38444.

Marshall, N F, and D H Price. 1995. “Purification of P-TEFb, a Transcription Factor Required
for the Transition into Productive Elongation.” The Journal of Biological Chemistry 270
(21): 12335-38. https://doi.org/10.1074/jbc.270.21.12335.

Martin, David G E, Kristin Baetz, Xiaobing Shi, Kay L Walter, Vicki E MacDonald, Martin J
Wlodarski, Or Gozani, Philip Hieter, and LeAnn Howe. 2006. “The Ynglp Plant
Homeodomain Finger Is a Methyl-Histone Binding Module That Recognizes Lysine 4-
Methylated Histone H3.” Molecular and Cellular Biology 26 (21): 7871-79.
https://doi.org/10.1128/MCB.00573-06.

McGinty, Robert K, and Song Tan. 2015. “Nucleosome Structure and Function.” Chemical
Reviews 115 (6): 2255-73. https://doi.org/10.1021/cr500373h.

Min, Jinrong, Qin Feng, Zhizhong Li, Yi Zhang, and Rui Ming Xu. 2003. “Structure of the
Catalytic Domain of Human DotlL, a Non-SET Domain Nucleosomal Histone
Methyltransferase.” Cell 112 (5): 711-23. https://doi.org/10.1016/S0092-8674(03)00114-4.

Morgan, Michael T., Mahmood Haj-Yahya, Alison E. Ringel, Prasanthi Bandi, Ashraf Brik, and
Cynthia Wolberger. 2016. “Structural Basis for Histone H2B Deubiquitination by the
SAGA DUB Module.” Science 351 (6274): 725-28.
https://doi.org/10.1126/science.aac5681.

91



Nakanishi, Shima, Brian W. Sanderson, Kym M. Delventhal, William D. Bradford, Karen
Staehling-Hampton, and Ali Shilatifard. 2008. “A Comprehensive Library of Histone
Mutants Identifies Nucleosomal Residues Required for H3K4 Methylation.” Nature
Structural and Molecular Biology 15 (8): 881-88. https://doi.org/10.1038/nsmb.1454.

Ng, Huck Hui, Qin Feng, Hengbin Wang, Hediye Erdjument-Bromage, Paul Tempst, Yi Zhang,
and Kevin Struhl. 2002. “Lysine Methylation within the Globular Domain of Histone H3 by
Dotl Is Important for Telomeric Silencing and Sir Protein Association.” Genes and
Development 16 (12): 1518-27. https://doi.org/10.1101/gad.1001502.

Ng, Huck Hui, Rui Ming Xu, Yi Zhang, and Kevin Struhl. 2002. “Ubiquitination of Histone H2B
by Rad6 Is Required for Efficient Dot1-Mediated Methylation of Histone H3 Lysine 79.”
Journal of Biological Chemistry 277 (38): 34655-57.
https://doi.org/10.1074/jbc.C200433200.

Nuland, Rick van, Andrea W Schram, Frederik M A van Schaik, Pascal W T C Jansen, Michiel
Vermeulen, and H T Marc Timmers. 2013. “Multivalent Engagement of TFIID to
Nucleosomes.” PloS One 8 (9): €73495. https://doi.org/10.1371/journal.pone.0073495.

Nune, Melesse, Michael T. Morgan, Zaily Connell, Laura McCullough, Muhammad Jbara, Hao
Sun, Ashraf Brik, Tim Formosa, and Cynthia Wolberger. 2019. “FACT and Ubp10
Collaborate to Modulate H2B Deubiquitination and Nucleosome Dynamics.” ELife 8: 1-24.
https://doi.org/10.7554/eLife.40988.

Onishi, Megumi, Gunn Guang Liou, Johannes R. Buchberger, Thomas Walz, and Danesh
Moazed. 2007. “Role of the Conserved Sir3-BAH Domain in Nucleosome Binding and
Silent Chromatin Assembly.” Molecular Cell 28 (6): 1015-28.
https://doi.org/10.1016/j.molcel.2007.12.004.

Orlandi, Ivan, Maurizio Bettiga, Lilia Alberghina, and Marina Vai. 2004. “Transcriptional
Profiling of Ubp10 Null Mutant Reveals Altered Subtelomeric Gene Expression and
Insurgence of Oxidative Stress Response.” The Journal of Biological Chemistry 279 (8):
6414-25. https://doi.org/10.1074/jbc.M306464200.

Oss, S. Branden Van, Margaret K. Shirra, Alain R. Bataille, Adam D. Wier, Kuangyu Yen,
Vinesh Vinayachandran, In Ja L. Byeon, et al. 2016. “The Histone Modification Domain of
Pafl Complex Subunit Rtf1 Directly Stimulates H2B Ubiquitylation through an Interaction
with Rad6.” Molecular Cell 64 (4): 815-25. https://doi.org/10.1016/j.molcel.2016.10.008.

92



Ou, Horng D., Sébastien Phan, Thomas J. Deerinck, Andrea Thor, Mark H. Ellisman, and
Clodagh C. O’Shea. 2017. “ChromEMT: Visualizing 3D Chromatin Structure and
Compaction in Interphase and Mitotic Cells.” Science 357 (6349).
https://doi.org/10.1126/science.aag0025.

Papai, Gabor, Alexandre Frechard, Olga Kolesnikova, Corinne Crucifix, Patrick Schultz, and
Adam Ben-Shem. 2020. “Structure of SAGA and Mechanism of TBP Deposition on Gene
Promoters.” Nature 577 (7792): 711-16. https://doi.org/10.1038/s41586-020-1944-2.

Parnell, Timothy J., Alisha Schlichter, Boris G. Wilson, and Bradley R. Cairns. 2015. “The
Chromatin Remodelers RSC and ISW1 Display Functional and Chromatin-Based Promoter
Antagonism.” ELife 2015 (4): 1-21. https://doi.org/10.7554/eLife.06073.

Racki, Lisa R., Nariman Naber, Ed Pate, John D. Leonard, Roger Cooke, and Geeta J. Narlikar.
2014. “The Histone H4 Tail Regulates the Conformation of the ATP-Binding Pocket in the
SNF2h Chromatin Remodeling Enzyme.” Journal of Molecular Biology 426 (10): 2034—44.
https://doi.org/10.1016/j.jmb.2014.02.021.

Robzyk, Kenneth, Judith Recht, and Mary Ann Osley. 2000. “Rad6-Dependent Ubiquitination of
Histone H2B in Yeast.” Science (New York, N.Y.) 287 (5452): 501-4.
https://doi.org/10.1126/science.287.5452.501.

Roeder, R G, and W J Rutter. 1969. “Multiple Forms of DNA-Dependent RNA Polymerase in
Eukaryotic Organisms.” Nature 224 (5216): 234-37. https://doi.org/10.1038/224234a0.

Rossmann, Marlies P., Weijun Luo, Olga Tsaponina, Andrei Chabes, and Bruce Stillman. 2011.
“A Common Telomeric Gene Silencing Assay Is Affected by Nucleotide Metabolism.”
Molecular Cell 42 (1): 127-36. https://doi.org/10.1016/j.molcel.2011.03.007.

Samara, Nadine L., Ajit B. Datta, Christopher E. Berndsen, Xiangbin Zhang, Tingting Yao,
Robert E. Cohen, and Cynthia Wolberger. 2010. “Structural Insights into the Assembly and
Function of the SAGA Deubiquitinating Module.” Science 328 (5981): 1025-29.
https://doi.org/10.1126/science.1190049.

Samara, Nadine L., Alison E. Ringel, and Cynthia Wolberger. 2012. “A Role for Intersubunit
Interactions in Maintaining SAGA Deubiquitinating Module Structure and Activity.”
Structure 20 (8): 1414-24. https://doi.org/10.1016/j.str.2012.05.015.

93



Sawada, Ken, Zhe Yang, John R. Horton, Robert E. Collins, Xing Zhang, and Xiaodong Cheng.
2004. “Structure of the Conserved Core of the Yeast Dotlp, a Nucleosomal Histone H3
Lysine 79 Methyltransferase.” Journal of Biological Chemistry 279 (41): 43296-306.
https://doi.org/10.1074/jbc.M405902200.

Schulze, Julia M., Thomas Hentrich, Shima Nakanishi, Arvind Gupta, Eldon Emberly, Ali
Shilatifard, and Michael S. Kobor. 2011. “Splitting the Task: Ubp8 and Ubp10
Deubiquitinate Different Cellular Pools of H2BK123.” Genes and Development 25 (21):
2242-47. https://doi.org/10.1101/gad.177220.111.

Schulze, Julia M, Jessica Jackson, Shima Nakanishi, Jennifer M Gardner, Thomas Hentrich, Jeff
Haug, Mark Johnston, Sue L Jaspersen, Michael S Kobor, and Ali Shilatifard. 2009.
“Linking Cell Cycle to Histone Modifications: SBF and H2B Monoubiquitination
Machinery and Cell-Cycle Regulation of H3K79 Dimethylation.” Molecular Cell 35 (5):
626—41. https://doi.org/10.1016/j.molcel.2009.07.017.

Shilatifard, Ali. 2012. “The COMPASS Family of Histone H3K4 Methylases: Mechanisms of
Regulation in Development and Disease Pathogenesis.” Annual Review of Biochemistry 81
(1): 65-95. https://doi.org/10.1146/annurev-biochem-051710-134100.

Shogren-Knaak, Michael, Haruhiko Ishii, Jian-Min Sun, Michael J Pazin, James R Davie, and
Craig L Peterson. 2006. “Histone H4-K 16 Acetylation Controls Chromatin Structure and
Protein Interactions.” Science (New York, N.Y.) 311 (5762): 844—47.
https://doi.org/10.1126/science.1124000.

Sims, Robert J, Chi-Fu Chen, Helena Santos-Rosa, Tony Kouzarides, Smita S Patel, and Danny
Reinberg. 2005. “Human but Not Yeast CHD1 Binds Directly and Selectively to Histone
H3 Methylated at Lysine 4 via Its Tandem Chromodomains.” The Journal of Biological
Chemistry 280 (51): 41789-92. https://doi.org/10.1074/jbc.C500395200.

Singer, Miriam S., Alon Kahana, Alexander J. Wolf, Lia L. Meisinger, Suzanne E. Peterson,
Colin Goggin, Maureen Mahowald, and Daniel E. Gottschling. 1998. “Identification of
High-Copy Disruptors of Telomeric Silencing in Saccharomyces Cerevisiae.” Genetics 150
(2): 613-32.

Smith, Christine M, Philip R Gafken, Zhongli Zhang, Daniel E Gottschling, Jean B Smith, and
David L Smith. 2003. “Mass Spectrometric Quantification of Acetylation at Specific
Lysines within the Amino-Terminal Tail of Histone H4.” Analytical Biochemistry 316 (1):
23-33. https://doi.org/10.1016/s0003-2697(03)00032-0.

94



Song, Young Ha, and Seong Hoon Ahn. 2010. “A Brel-Associated Protein, Large 1 (Lgel),
Promotes H2b Ubiquitylation during the Early Stages of Transcription Elongation.” Journal
of Biological Chemistry 285 (4): 2361-67. https://doi.org/10.1074/jbc.M109.039255.

Strahl, Brian D., and C. David Allis. 2000. “The Language of Covalent Histone Modifications.”
Nature 403 (6765): 41-45. https://doi.org/10.1038/47412.

Suka, N, Y Suka, A A Carmen, J] Wu, and M Grunstein. 2001. “Highly Specific Antibodies
Determine Histone Acetylation Site Usage in Yeast Heterochromatin and Euchromatin.”
Molecular Cell 8 (2): 473-79. https://doi.org/10.1016/s1097-2765(01)00301-x.

Sun, Zu Wen, and C. David Allis. 2002. “Ubiquitination of Histone H2B Regulates H3
Methylation and Gene Silencing in Yeast.” Nature 418 (6893): 104-8.
https://doi.org/10.1038/nature00883.

Sundaramoorthy, Ramasubramanian, Amanda L. Hughes, Hassane EI-Mkami, David G.
Norman, Helder Ferreira, and Tom Owen-Hughes. 2018. “Structure of the Chromatin
Remodelling Enzyme Chdl Bound to a Ubiquitinylated Nucleosome.” ELife 7: 1-28.
https://doi.org/10.7554/eLife.35720.

Takahashi, Yoh Hei, Julia M. Schulze, Jessica Jackson, Thomas Hentrich, Chris Seidel, Sue L.
Jaspersen, Michael S. Kobor, and Ali Shilatifard. 2011. “Dotl and Histone H3K79
Methylation in Natural Telomeric and HM Silencing.” Molecular Cell 42 (1): 118-26.
https://doi.org/10.1016/j.molcel.2011.03.006.

Taverna, Sean D, Serge Ilin, Richard S Rogers, Jason C Tanny, Heather Lavender, Haitao Li,
Lindsey Baker, et al. 2006. “Yngl PHD Finger Binding to H3 Trimethylated at K4
Promotes NuA3 HAT Activity at K14 of H3 and Transcription at a Subset of Targeted
ORFs.” Molecular Cell 24 (5): 785-96. https://doi.org/10.1016/j.molcel.2006.10.026.

Taverna, Sean D, Haitao Li, Alexander J Ruthenburg, C David Allis, and Dinshaw J Patel. 2007.
“How Chromatin-Binding Modules Interpret Histone Modifications: Lessons from
Professional Pocket Pickers.” Nature Structural & Molecular Biology 14 (11): 1025-40.
https://doi.org/10.1038/nsmb1338.

Thomas, B J, and R Rothstein. 1989. “Elevated Recombination Rates in Transcriptionally Active
DNA.” Cell 56 (4): 619-30. https://doi.org/10.1016/0092-8674(89)90584-9.

95



Tjeertes, Jorrit V, Kyle M Miller, and Stephen P Jackson. 2009. “Screen for DNA-Damage-
Responsive Histone Modifications Identifies H3K9Ac and H3K56Ac in Human Cells.” The
EMBO Journal 28 (13): 1878-89. https://doi.org/10.1038/emboj.2009.119.

Truong, David M., and Jef D. Boeke. 2017. “Resetting the Yeast Epigenome with Human
Nucleosomes.” Cell 171 (7): 1508-1519.e13. https://doi.org/10.1016/j.cell.2017.10.043.

Tse, Christin, Takashi Sera, Alan P. Wolffe, and Jeffrey C. Hansen. 1998. “Disruption of Higher-
Order Folding by Core Histone Acetylation Dramatically Enhances Transcription of
Nucleosomal Arrays by RNA Polymerase I11.” Molecular and Cellular Biology 18 (8):
4629-38. https://doi.org/10.1128/mcb.18.8.4629.

Tsukiyama, Toshio, Jeffrey Palmer, Carolyn C. Landel, Joseph Shiloach, and Carl Wu. 1999.
“Characterization of the Imitation Switch Subfamily of ATP-Dependent Chromatin-

Remodeling Factors in Saccharomyces Cerevisiae.” Genes and Development 13 (6): 686—
97. https://doi.org/10.1101/gad.13.6.686.

Valencia-Sanchez, Marco Igor, Pablo De Ioannes, Miao Wang, Nikita Vasilyev, Ruoyu Chen,
Evgeny Nudler, Jean Paul Armache, and Karim Jean Armache. 2019. “Structural Basis of
DotlL Stimulation by Histone H2B Lysine 120 Ubiquitination.” Molecular Cell 74 (5):
1010-1019.e6. https://doi.org/10.1016/j.molcel.2019.03.029.

Vermeulen, Michiel, H Christian Eberl, Filomena Matarese, Hendrik Marks, Sergei Denissov,
Falk Butter, Kenneth K Lee, et al. 2010. “Quantitative Interaction Proteomics and Genome-
Wide Profiling of Epigenetic Histone Marks and Their Readers.” Cell 142 (6): 967—-80.
https://doi.org/10.1016/j.cell.2010.08.020.

Vermeulen, Michiel, Klaas W Mulder, Sergei Denissov, W W M Pim Pijnappel, Frederik M A
van Schaik, Radhika A Varier, Marijke P A Baltissen, Henk G Stunnenberg, Matthias
Mann, and H Th Marc Timmers. 2007. “Selective Anchoring of TFIID to Nucleosomes by
Trimethylation of Histone H3 Lysine 4.” Cell 131 (1): 58—69.
https://doi.org/10.1016/j.cell.2007.08.016.

Vos, Seychelle M, Lucas Farnung, Marc Boehning, Christoph Wigge, Andreas Linden, Henning
Urlaub, and Patrick Cramer. 2018. “Structure of Activated Transcription Complex Pol II-
DSIF-PAF-SPT6.” Nature 560 (7720): 607—12. https://doi.org/10.1038/541586-018-0440-4.

Vos, Seychelle M, Lucas Farnung, Henning Urlaub, and Patrick Cramer. 2018. “Structure of

96



Paused Transcription Complex Pol II-DSIF-NELF.” Nature 560 (7720): 601-6.
https://doi.org/10.1038/s41586-018-0442-2.

Wang, Haibo, Christian Dienemann, Alexandra Stiitzer, Henning Urlaub, Alan C. M. Cheung,
and Patrick Cramer. 2020. “Structure of the Transcription Coactivator SAGA.” Nature, no.
August: 1-4. https://doi.org/10.1038/s41586-020-1933-5.

Weake, Vikki M., and Jerry L. Workman. 2008. “Histone Ubiquitination: Triggering Gene
Activity.” Molecular Cell 29 (6): 653—63. https://doi.org/10.1016/j.molcel.2008.02.014.

. 2012. “SAGA Function in Tissue-Specific Gene Expression.” Trends in Cell Biology 22
(4): 177-84. https://doi.org/10.1016/j.tcb.2011.11.005.

Weake, Vikki M, Kenneth K Lee, Sebastian Guelman, Chia-Hui Lin, Christopher Seidel, Susan
M Abmayr, and Jerry L Workman. 2008. “SAGA-Mediated H2B Deubiquitination Controls
the Development of Neuronal Connectivity in the Drosophila Visual System.” The EMBO
Journal 27 (2): 394-405. https://doi.org/10.1038/sj.emboj.7601966.

Weiner, Assaf, Tsung Han S. Hsieh, Alon Appleboim, Hsiuyi V. Chen, Ayelet Rahat, Ido Amit,
Oliver J. Rando, and Nir Friedman. 2015. “High-Resolution Chromatin Dynamics during a
Yeast Stress Response.” Molecular Cell 58 (2): 371-86.
https://doi.org/10.1016/j.molcel.2015.02.002.

Welsem, Tibor van, Floor Frederiks, Kitty F Verzijlbergen, Alex W Faber, Zara W Nelson,
David A Egan, Daniel E Gottschling, and Fred van Leeuwen. 2008. “Synthetic Lethal
Screens Identify Gene Silencing Processes in Yeast and Implicate the Acetylated Amino

Terminus of Sir3 in Recognition of the Nucleosome Core.” Molecular and Cellular Biology
28 (11): 3861-72. https://doi.org/10.1128/MCB.02050-07.

Welsem, Tibor van, Tessy Korthout, Reggy Ekkebus, Dominique Morais, Thom M. Molenaar,
Kirsten van Harten, Deepani W. Poramba-Liyanage, et al. 2018. “Dot1 Promotes H2B
Ubiquitination by a Methyltransferase-Independent Mechanism.” Nucleic Acids Research
46 (21): 11251-61. https://doi.org/10.1093/nar/gky801.

Wilkins, Bryan J., Nils A. Rall, Yogesh Ostwal, Tom Kruitwagen, Kyoko Hiragami-Hamada,
Marco Winkler, Yves Barral, Wolfgang Fischle, and Heinz Neumann. 2014. “A Cascade of
Histone Modifications Induces Chromatin Condensation in Mitosis.” Science 343 (6166):
77-80. https://doi.org/10.1126/science.1244508.

97



Wood, Adam, Nevan J. Krogan, Jim Dover, Jessica Schneider, Jonathan Heidt, Marry Ann
Boateng, Kimberly Dean, et al. 2003. “Brel, an E3 Ubiquitin Ligase Required for
Recruitment and Substrate Selection of Rad6 at a Promoter.” Molecular Cell 11 (1): 267—
74. https://doi.org/10.1016/S1097-2765(02)00802-X.

Worden, Evan J., Xiangbin Zhang, and Cynthia Wolberger. 2020. “Structural Basis for
COMPASS Recognition of an H2B-Ubiquitinated Nucleosome.” ELife 9: 1-23.
https://doi.org/10.7554/eLife.53199.

Worden, Evan J, Niklas A Hoffmann, Chad W Hicks, and Cynthia Wolberger. 2019.
“Mechanism of Cross-Talk between H2B Ubiquitination and H3 Methylation by Dot1L.”
Cell 176 (6): 1490-1501.e12. https://doi.org/10.1016/j.cell.2019.02.002.

Wozniak, Glenn G., and Brian D. Strahl. 2014a. “Catalysis-Dependent Stabilization of Brel
Fine-Tunes Histone H2B Ubiquitylation to Regulate Gene Transcription.” Genes and
Development 28 (15): 1647-52. https://doi.org/10.1101/gad.243121.114.

. 2014b. “Hitting the ‘Mark’: Interpreting Lysine Methylation in the Context of Active
Transcription.” Biochimica et Biophysica Acta - Gene Regulatory Mechanisms 1839 (12):
1353-61. https://doi.org/10.1016/j.bbagrm.2014.03.002.

Wu, Min, Peng Fei Wang, Jung Shin Lee, Skylar Martin-Brown, Laurence Florens, Michael
Washburn, and Ali Shilatifard. 2008. “Molecular Regulation of H3K4 Trimethylation by
Wdr82, a Component of Human Setl/COMPASS.” Molecular and Cellular Biology 28
(24): 7337-44. https://doi.org/10.1128/MCB.00976-08.

Wyce, Anastasia, Tiaojiang Xiao, Kelly A. Whelan, Christine Kosman, Wendy Walter, Dirk
Eick, Timothy R. Hughes, Nevan J. Krogan, Brian D. Strahl, and Shelley L. Berger. 2007.
“H2B Ubiquitylation Acts as a Barrier to Ctk1 Nucleosomal Recruitment Prior to Removal
by Ubp8 within a SAGA-Related Complex.” Molecular Cell 27 (2): 275-88.
https://doi.org/10.1016/j.molcel.2007.01.035.

Xiao, T., C.-F. Kao, N. J. Krogan, Z.-W. Sun, J. F. Greenblatt, M. A. Osley, and B. D. Strahl.
2005. “Histone H2B Ubiquitylation Is Associated with Elongating RNA Polymerase I1.”
Molecular and Cellular Biology 25 (2): 637-51. https://doi.org/10.1128/mcb.25.2.637-
651.2005.

Xu, W, D G Edmondson, Y A Evrard, M Wakamiya, R R Behringer, and S Y Roth. 2000. “Loss

98



of GenS12 Leads to Increased Apoptosis and Mesodermal Defects during Mouse
Development.” Nature Genetics 26 (2): 229-32. https://doi.org/10.1038/79973.

Yamaguchi, Yuki, Hirotaka Shibata, and Hiroshi Handa. 2013. “Transcription Elongation
Factors DSIF and NELF: Promoter-Proximal Pausing and Beyond.” Biochimica et
Biophysica Acta 1829 (1): 98—104. https://doi.org/10.1016/.bbagrm.2012.11.007.

Yang, Darren, and Gaurav Arya. 2011. “Structure and Binding of the H4 Histone Tail and the
Effects of Lysine 16 Acetylation.” Physical Chemistry Chemical Physics 13 (7): 2911-21.
https://doi.org/10.1039/c0cp01487g.

Yumerefendi, Hayretin, Andrew Michael Lerner, Seth Parker Zimmerman, Klaus Hahn, James
E. Bear, Brian D. Strahl, and Brian Kuhlman. 2016. “Light-Induced Nuclear Export Reveals
Rapid Dynamics of Epigenetic Modifications.” Nature Chemical Biology 12 (6): 399-401.
https://doi.org/10.1038/nchembio.2068.

Yun, Miyong, Jun Wu, Jerry L Workman, and Bing Li. 2011. “Readers of Histone
Modifications.” Cell Research 21 (4): 564-78. https://doi.org/10.1038/cr.2011.42.

Zhao, Yingming, and Benjamin A. Garcia. 2015. “Comprehensive Catalog of Currently
Documented Histone Modifications.” Cold Spring Harbor Perspectives in Biology 7 (9): 1—
20. https://doi.org/10.1101/cshperspect.a025064.

Zhou, Qiang, Tiandao Li, and David H Price. 2012. “RNA Polymerase II Elongation Control.”
Annual Review of Biochemistry 81: 119—43. https://doi.org/10.1146/annurev-biochem-
052610-095910.

Zoghbi, Huda Y., and Arthur L. Beaudet. 2016. “Epigenetics and Human Disease.” Cold Spring
Harbor Perspectives in Biology 8 (2): 1-28. https://doi.org/10.1101/cshperspect.a019497.

99



