Multiomic investigation on the
relationship between metabolism
and gene expression

DOMI | MINA

NVS TIO
ILLV § MEA

Shidong Xi
Wadham College

Hilary Term 2019

A thesis submitted to the University of Oxford for the degree of Doctor of Philosophy
Word count: 49900



Abstract

Cellular metabolism and gene expression are proposed to be highly integrated but a detailed
mechanistic understanding of this relationship is lacking. The central metabolite, acetyl-CoA,
is the substrate for histone acetylation and increases in levels of acetyl-CoA are associated
with increased histone acetylation and active gene expression. How histone acetylation leads
to upregulated gene expression and how the altered patterns of gene expression
subsequently influence cellular metabolism is not fully understood. This work addresses the
‘acetylation-recruitment’ hypothesis: that the upregulated histone acetylation in response to
the increased acetyl-CoA can recruit a bromodomain containing chromatin remodelling
complex to activate gene expression, which can further regulate cellular metabolism. To
facilitate this study, a growth phenomenon in budding yeast, S.cerevisiae, known as the YMC
(yeast metabolic cycle) is exploited. In the YMC, yeast cells exhibit highly synchronized and
periodic oscillations between the high and low oxygen consumption states, associated with
cycling levels of acetyl-CoA, histone acetylation and transcripts. To link histone acetylation to
cycling transcripts, the role of various bromodomain containing proteins in maintaining the
YMC is tested and the Rsc2 isoform of the RSC complex is identified as important. By
comparing the temporal profiles of transcripts between the wild-type and the rsc2A strain, it
is found that the expression of genes having histone H3 acetylation at their promoters is
significantly more likely to be dependent on the RSC complex. Furthermore, ACO2 is identified
and verified as a gene associated with the upregulation of oxygen consumption and also a
downstream target of the acetylation-RSC-recruitment pathway. Finally, two new techniques
have been developed with the aim of addressing the question about the relationship between
transcription and transcripts during the YMC and how this relates to metabolism. One is ultra-
low background NET-seq, which reduces the percentage of background signals in a yeast NET-
seq library from 32% to 0.7%. The other is size-fractionated NET-seq, which can map

transcription start sites for both coding and noncoding transcription units.
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Abbreviation

Term in full
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Chapter 1.

Introduction



1 Introduction

1.1 There is an interplay between epigenetics and cellular metabolism

Epigenetics is defined by the study of heritable phenotypes that are not associated with
alterations in DNA sequences. Particularly, it mainly includes the investigation of the causes,
(both temporal and spatial) patterns and consequences of DNA methylation and various
chemical modifications on histone proteins. DNA methylation commonly occurs by adding a
methyl group to an adenine or cytosine base. It normally causes the repression of gene
expression and plays vital roles in normal embryonic development (Li et al. 1992; Okano et al.
1999; Siegfried et al. 1999). Altered DNA methylation patterns are associated with the
development of cancer (Esteller 2007). Histone proteins have five major types, H1, H2A, H2B,
H3 and H4. The latter 4 types are often referred to as the core histones. Two copies of each
of the core histones comprise the globular structure of a histone octamer. Each histone
octamer is wrapped with 147bps of DNA, which forms a nucleosome. Eukaryotic chromatin is
often analogous to ‘beads on a string’ (Khorasanizadeh 2004). That is, the genomic DNA of
eukaryotes is wrapped around numerous nucleosomes. Every two adjacent nucleosomes are
connected with the linker DNA which is about 80bps long. The N-terminal tails of the core
histones are flexible and unstructured. They often protrude from the nucleosomes and their
amino acid residues are subject to various post-translational modifications, including but not
limited to acetylation, methylation, phosphorylation, ubiquitination and sumoylation (Zhao &
Garcia 2015). These histone modifications can modulate gene expression via two major ways
(Kouzarides 2007). First, they may regulate the interactions between histones and DNA, which
can make the chromatin structures become more permissive or restrictive for transcription.
Second, they can regulate the recruitment of various chromatin associated factors which have
transcriptional activation or repression effects. Among all the modifications, acetylation and

methylation are the two most extensively studied ones. Generally, histone acetylation is



associated with the activation of gene expression, while the effects of histone methylation on
gene expression are variable (Kaelin & McKnight 2013). The wide-spread transcriptional
regulatory roles of histone modifications allows them to be implicated in the regulation of the

majority of biological processes.
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Figure 1.1 A schematic diagram showing the interplay between histone modifications and
cellular metabolism. Metabolites can be either the chemical donors or inhibitors for histone

acetylation and methylation as well as their reverse reactions. (Modified from Prof. Jane
Mellor’s lecture series)

Most of the changes in epigenetics involve the addition or removal of chemical groups on DNA
or histone proteins. They are enzymatic reactions and require chemical donors or acceptors.

In many cases, these chemical donors and acceptors are important cellular metabolites (Janke



et al. 2015). Here, it will be briefly exemplified by acetylation and methylation reactions
(Figure 1.1). Histone acetylation is the addition of the acetyl group to histone lysine residues.
It is catalysed by lysine acetyltransferases and uses acetyl-CoA (acetyl coenzyme A) as the
chemical donor for the acetyl group (Menzies et al. 2016). Acetyl-CoA is a key metabolic
intermediate participating in various pathways, such as the TCA cycle (tricarboxylic acid cycle)
and the synthesis of fatty acids and steroids (Bravo-San Pedro et al. 2015). The reverse process,
histone deacetylation, can be catalysed by lysine deacetylases. There is a class of histone
deacetylases called Sirtuins. They can deacetylate histones in an NAD* (Nicotinamide Adenine
Dinucleotide) dependent manner (Menzies et al. 2016). NAD* is a critical electron carrier in
oxidative phosphorylation and also participates in other processes, such as gluconeogenesis
(Cantd et al. 2015). Histone acetylation/deacetylation and their associations with metabolism
as well as gene expression will be discussed in more details in the later sections of this chapter.
The methylation of DNA and histones both requires SAM (S-adenosylmethionine) as the
chemical donor of the methyl group and methyltransferases as the corresponding enzymes
for the reaction (Suganuma & Workman 2018). After donating its methyl group, SAM is
converted into SAH (S-adenosyl homocysteine), which can regenerate SAM via the one-carbon
cycle. It is also referred to as the folate cycle. It can take various metabolites as inputs and
synthesise nucleotides as well as amino acids (glycine, serine and methionine) (Mato et al.
2017). Hence, the cellular SAM level is implicated in a complex network of cellular metabolism.
Multiple metabolites can be the chemical receptors of the demethylation reaction. The
demethylation of H3K4me and H3K4me2 can be performed by LSD1 (lysine specific
demethylase 1) in a FAD (Flavin adenosine dinucleotide) dependent manner (Shi et al. 2004;
Shi & Whetstine 2007). FAD also participates in a variety of redox reactions in the cell, such as
the oxidation of succinate to fumarate during the TCA cycle and the beta-oxidation of fatty
acids (Houten et al. 2016). Histone and DNA demethylation can also be carried out by alpha-

ketoglutarate-dependent dioxygenases, which include JmjC (Jumonji C) domain-containing



histone demethylases and TET (ten-eleven translocation) proteins. Apart from alpha-
ketoglutarate, oxygen and Fe(ll) are also required (Dimitrova et al. 2015). During the
demethylation reaction, oxygen and a-ketoglutarate are converted into CO2 and succinate.
Both a-ketoglutarate and succinate are critical players in the TCA cycle (Janke et al. 2015). To

sum up, chromatin modifications are tightly related to cellular metabolites.

Metabolites can influence the activities of chromatin modifying enzymes in two major ways.
First, they can act as the substrates and the changes in their cellular levels can directly regulate
the enzymatic activities. The biochemical principle behind it is that the K., (Michaelis constant)
and Ky (dissociation constant) of many DNA and histone modifying enzymes fall within the
normal physiological ranges of the concentrations of their corresponding substrates in the cell
(Reid et al. 2017). For example, the Km of various histone methyltransferases ranges from
1.2uM to 34.5uM, while the cellular concentrations of their substrate, SAM, normally
fluctuate between 3.3uM and 59uM (Melnyk et al. 2000; Oden & Clarke 1983; Lobet et al.
1989; Rathert et al. 2008; Tuck et al. 1985). Acetyl-CoA also influences the activity of histone
acetyltransferases in a similar way. It will be demonstrated in details in later sections. For
more examples, please refer to a recent review (Reid et al. 2017). Actually, metabolic enzymes
can also form complexes with chromatin modifying enzymes to supply the substrates locally.
For example, the NAD+ synthase, NMNAT-1, is associated with lysine deacetylase Sirtl and
promotes the deacetylation of H4K16Ac (Zhang et al. 2009). MAT (Methionine
Adenosyltransferase) produces SAM from methionine. Experiments carried out by Katoh et al
suggested it could be recruited to the target genes and promote histone methylation via
interacting with transcription factor MafK (Katoh et al. 2011). It is worth to note that not all
the enzymes in the cell can respond to the changes in its substrate levels. The typical examples
are kinases involved in cell signalling pathways. The intracellular ATP levels are normally
several magnitudes higher than the Km for these enzymes (Reid et al. 2017). Hence, these

kinase activities are not influenced by ATP levels. Second, some metabolites can regulate the



activities of chromatin modifying enzymes in a competitive or non-competitive manner. For
example, NAM (Nicotinamide) can be a non-competitive inhibitor of histone deacetylase, Sir2
(Avalos et al. 2005). Fumarate and succinate can compete with a-ketoglutarate and inhibit the
activities of many histone demethylases (Xiao et al. 2012). To conclude, the changes in cellular

metabolites have the potential to regulate chromatin modifications.

Chromatin modifications can also be associated with the changes in the expression of
metabolism related genes, which could be important for energy homeostasis. One example is
the upregulation of glucose metabolism related genes via ACL (ATP-citrate lyase)-dependent
histone acetylation after refeeding glucose containing serum. It was observed on
immortalized mouse embryo fibroblasts by Wellen et al in 2009 (Wellen et al. 2009). Their
results suggest that after refeeding, the increased glucose flux through glycolysis and the TCA
cycle leads to the export of citrate from mitochondria. Citrate is further utilized to synthesize
acetyl-CoA in the cytosol by ACL. The increased acetyl-CoA in the cytosolic pool further results
in histone acetylation and the expression of a series of genes, including GLUT4 (encoding a
glucose transporter), three genes encoding enzymes for glycolysis, and genes for diverting
glucose into amino acids. All of them can increase the consumption of glucose. The other
example is the FAD-dependent LSD1-mediated repression of genes involved in active
mitochondrial respiration (Hino et al. 2012). The low FAD levels normally indicate the limited
cellular energy availability. Owing to the low level of FAD, the histone demethylation activity
of LSD1 is reduced, which further leads to the increased histone methylation at the promoter
of mitochondrial respiration related genes and the repression of these genes. Both examples

show that there exists an interplay between epigenetic modifications and cellular metabolism.

The interplay between epigenetics and cellular metabolism is implicated in physiological and
pathological processes. In terms of the physiological processes, one example is the regulation

of cell differentiation (Moussaieff et al. 2015). Acetyl-CoA is accumulated via glycolysis, which



maintains histone acetylation and the pluripotency of embryonic stem cells (Shyh-Chang &
Daley 2015). Upon cell differentiation, both the levels of acetyl-CoA and histone acetylation
drop dramatically. Cell differentiation can be inhibited and promoted by modulating acetyl-
CoA levels. Increasing acetyl-CoA by adding acetate can prevent histone deacetylation and
cause a delay in cell differentiation. On the other hand, reducing acetyl-CoA by inhibiting its
production can lead to histone deacetylation and cell differentiation (Barasch et al. 2015). The
other example for the physiological process is the activation of T cells, which is proposed to
be mediated by metabolically regulated epigenetic changes (Peng et al. 2016). T cell activation
is associated with the metabolic switch from oxidative phosphorylation to aerobic glycolysis
(Frauwirth et al. 2002). During this process, LDHA (lactate dehydrogenase A) is first expressed,
which diverts pyruvate to lactate and elevates aerobic glycolysis. The data also suggest that
the increased aerobic glycolysis promotes the export of citrate from mitochondria. ATP-citrate
lyase then converts the cytosolic citrate to acetyl-CoA. It increases the cytosolic concentration
of acetyl-CoA and further causes the upregulation of histone H3 acetylation, which can trigger
the expression of genes for T cell activation including IFN-y (Peng et al. 2016). In terms of the
pathological processes, carcinogenesis is a typical example. IDH1 (isocitrate dehydrogenase)
and IDH2 are enzymes catalysing the conversion between isocitrate and a-ketoglutarate
during the TCA cycle. They are found to be mutated at a high frequency in multiple types of
cancers (75% for grade 2-3 gliomas and 20% for AML)(Yang et al. 2012). The DNA and histone
proteins in these cancers cells are often hypermethylated (Noushmehr et al. 2010). The point
mutations on IDH1 or IDH1 can change their enzymatic activity leading to the production of
2-HG (2-hydroxyglutarate) (Wong et al. 2017). The normal cellular concentration of 2-HG is
lower than 100uM (Losman & Kaelin 2013). It is raised to several mM by point mutations
(Dang et al. 2009). 2-HG acts as a competitive inhibitor for several DNA and histone
demethylases including JmjC domain-containing histone demethylases and TET proteins,

which causes chromatin hypermethylation in these cancer cells bearing IDH1/2 mutations (Lu



etal. 2012; Xu et al. 2011; Choudhary et al. 2009). Because the interplay between metabolism
and epigenetics is implicated in cancers, it has become a therapeutic target. For example,
ivosidenib is an IDH1 inhibitor for treating relapsed AML (Acute Myeloid Leukemia)(Dhillon
2018). By inhibiting DNA methyltransferases, decitabine has also been used for treating AML
(Malik & Cashen 2014). To sum up, the interplay between epigenetics and cellular metabolism
plays an important role in many physiological processes. The dysregulation of such an

interplay can be associated with pathological conditions.

1.2 The scope of this study

The major focus of this thesis is the relationship between acetyl-CoA metabolism, chromatin
acetylation and gene expression. In the following sections of this chapter, a series of topics on
it will be introduced sequentially, including acetyl-CoA as a central metabolite (section 1.3),
acetyl-CoA as the substrate for protein acetylation (section 1.4-1.5), histone acetylation and
its related enzymes and readers (section 1.6) and chromatin remodelling complexes (section
1.7). It is followed by the introduction to the YMC (yeast metabolic cycle, section 1.8), which
is the major experimental system used in this study. Some new techniques have also been
developed based on NET-seq (native elongating transcripts sequencing) during the
progression of this study, so their relevant background will be explained at the end (section

1.9).

1.3 The nucleocytosolic and mitochondrial pools of acetyl-CoA

Acetyl-CoA is a central metabolite as well as the indispensable substrate for histone and non-
histone protein acetylation (Menzies et al. 2016; Bravo-San Pedro et al. 2015). Its molecular
structure is shown in Figure 1.2. The acetyl group (the blue part) is connected to the coenzyme
A (the black part) via a thioester bond. This bond is chemically reactive and allows the
acetylation of proteins, which is the transfer of the acetyl group from acetyl-CoA to proteins.
Acetyl-CoA is also a charged molecule. As a result, biological membranes are impermeable for
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acetyl-CoA without regulated transportation systems. However, the presence of nuclear pores
permits it to diffuse freely between the nucleus and the cytosol. Hence, in a cell, acetyl-CoA is
divided into two major pools, which are the nucleocytosolic pool and the mitochondrial pool
(Bravo-San Pedro et al. 2015; Galdieri et al. 2014). The metabolism of acetyl-CoA in both pools
can be variable in different species. The discussion below is mainly based on budding yeast,
S.cerevisiae, unless otherwise stated. The metabolic pathways involving acetyl-CoA are briefly

summarized in Figure 1.3.
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Figure 1.2 The chemical structure of acetyl-CoA. The reactive acetyl group is colored blue.
The rest part is composed of a cysteine and a derivative of pantothenate (Vitamin B5).
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Figure 1.3 The metabolic pathways of acetyl-CoA in S.cerevisiae. The cellular acetyl-CoA is
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in the peroxisomes belong to the nucleocytosolic pool. Metabolites are written in black, while
the genes coding the enzymes for the metabolic reactions are in blue italics. Some metabolic
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First of all, intracellular glucose is converted into pyruvate via the multistep glycolysis pathway
in the cytosol. Acetyl-CoA in the nucleocytosolic pool can be synthesized from three major
sources, pyruvate, fatty acids and amino acids. They will be discussed sequentially. First,
pyruvate can be converted to acetaldehyde by pyruvate decarboxylases in the cytosol (Pronk
et al. 1996). Acetaldehyde is then oxidised to acetate by multiple aldehyde dehydrogenases
(Gombert et al. 2001). Acetate can be used to produce acetyl-CoA by the two acetyl-CoA
synthetases, Acs1 and Acs2 (van den Berg et al. 1996). The former is present in both cytosol
and mitochondria, while the latter is mainly present in cytosol and nucleus, which is important
for histone acetylation (Takahashi et al. 2006; Kals et al. 2005; Huh et al. 2003). It is worth to
note here that acetaldehyde and ethanol can be interconverted by different alcohol
dehydrogenases (Galdieri et al. 2014). The free diffusion of ethanol between cells and the
medium might allow the synchronization of the nucleocytosolic pools of acetyl-CoA between
cells, which might further contribute to the synchronization of cells during the yeast metabolic
cycle (Futcher 2006). This will be discussed in detail in section 3.3.4. In addition to pyruvate,
acetyl-CoA can also be synthesized by fatty acids through beta-oxidation (Galdieri et al. 2014).
For S. cerevisiae, beta-oxidation occurs in peroxisomes exclusively, because S. cerevisiae does
not possess the enzymes for mitochondrial beta-oxidation. It is also that case for many other
fungi and plants (van Roermund et al. 2003; Kretschmer et al. 2012). However, mammalian
cells have both the mitochondrial and the peroxisomal beta-oxidation pathways (Wanders et
al. 2010; Wanders et al. 2001). Acetyl-CoA is transported from peroxisomes to the cytosol by
using acetyl-Carnitine as the intermediate (Franken et al. 2008). Lastly, branched chain amino
acids, such as valine, leucine and isoleucine can be converted to acetyl-CoA as well via the
transamination and decarboxylation reactions sequentially (Harris et al. 2005). The acetyl-CoA
in the nucleocytosolic pool has three major functions. First, it can be used for the biosynthesis
of various molecules, including fatty acids, steroids, certain amino acids and carbohydrates

(via the glyoxylate cycle)(Bravo-San Pedro et al. 2015). Second, it can be sent to mitochondria
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for energy production (van Roermund et al. 1999). Third, it can be used as the substrate for

the acetylation of histone and non-histone proteins.

The acetyl-CoA in the mitochondrial pool can be synthesized by pyruvate or acetate or directly
transported from the cytosol. In terms of the synthesis pathways, pyruvate generated from
glycolysis is imported into the mitochondrial matrix by MPC (Mitochondrial Pyruvate Carrier)
(Herzig et al. 2012). Pyruvate is further decarboxylated by the PDH complex (pyruvate
dehydrogenase) in a CoA and NAD*-dependent manner, which produces acetyl-CoA, CO; and
NADH (Patel et al. 2014). Apart from the pyruvate pathway, acetate from the cytosol can
diffuse across the mitochondrial membrane. It can also be converted into acetyl-CoA by Acs1.
Regarding its transport, cytosolic acetyl-CoA can also be transferred to mitochondria in the
form of acetyl-Carnitine (Franken et al. 2008). Acetyl-CoA in the mitochondrial pool can be
used to produce energy by joining the TCA cycle via the condensation reaction with

oxaloacetate.

As was mentioned previously, acetyl-CoA in the nucleocytosolic pool can join the
mitochondrial pool. Theoretically the reverse should happen, because the acetyl-CoA in
mitochondria can be converted back into acetate by Achl (Acetyl-CoA hydrolase 1) and
acetate can diffuse into the cytosol (Lee et al. 1996). However, there is evidence showing that
it does not happen in a significant amount in budding yeast (Takahashi et al. 2006). In fact, for
S.cerevisiae, the concentration of acetyl-CoA in the mitochondrial pool is more than 20 times
higher than that in the nucleocytosolic pool (Weinert et al. 2014). Hence, the acetyl-CoA
substrate for histone acetylation is mainly provided by the nucleocytosolic pool, rather than
the mitochondrial pool. However, for mammalian cells, the reverse does happen. Apart from
the Carnitine shuttle mechanism, mammalian cells also possess ACL (ATP citrate lyase), which
budding yeast cells do not have (Galdieri et al. 2014). It allows the citrate exported from

mitochondria to be converted back to acetyl-CoA in the cytosol (Zaidi et al. 2012). Actually,
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this pathway is shown to be the major contributor to the nucleocytosolic pool of acetyl-CoA

in mammalian cells (Mahmood et al. 2016; Wellen et al. 2009).

1.4 An overview of protein acetylation

Apart from being a critical metabolite in various biochemical pathways, acetyl-CoA is also the
indispensable substrate for protein acetylation. According to the acetylation positions, protein
acetylation can be divided into two types. One is the N-terminal acetylation. It happens on the
alpha-amino group at the N-terminus of the nascent peptide mainly during the process of
translation (Starheim et al. 2012). It is found that 84% and 57% of human and yeast proteins
are acetylated at their N-terminus (Arnesen et al. 2009). This modification is catalysed by N-
terminal acetyltransferases and is normally irreversible. It has been shown to influence
various aspects of a protein, including synthesis, localization and stability (Starheim et al.
2012). The other type of protein acetylation is lysine acetylation. As the name suggests, an
acetyl group is transferred from acetyl-CoA to the epsilon-amino group on the lysine residue
of a histone or non-histone protein. This modification is normally added to the lysine residue
in a certain context of amino acid sequences post-translationally by KATs (lysine
acetyltransferases). Unlike the N-terminal acetylation, it can be reversed by various KDACs
(lysine deacetylases). It is worth to note here that KATs and KDACs are sometimes called HATs
(Histone acetyltransferases) and HDACs (Histone deacetylases). For more details about HATs
and HDACs, please refer to section 1.6.1 and 1.6.2. Apart from being catalysed by enzymes,
lysine acetylation can also happen automatically in a slightly alkaline solution (pH>7.5), such
as the matrix of mitochondria (Wagner & Payne 2013; Paik et al. 1970). Lysine acetylation can
exert its impacts via three major mechanisms. First, due to the epsilon-amino group, lysine is
a positively charged amino acid, so it normally has a relatively strong electrostatic interaction
with negatively charged moieties. The acetylation can weaken the interaction by reducing the

positive charge on lysine. Second, acetylated lysine residues can recruit other factors via the
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physical interaction with certain protein domains, such as bromodomains. Third, lysine can
also undergo other functional post-translational modifications, such as methylation and
ubiquitination. Acetylation can occupy the lysine residue and prevent other modifications
from happening. For example, acetylation can regulate NF-kB by competing with
ubiquitination (Weber et al. 2011). To sum up, acetyl-CoA is critical for the cells, because it is
the substrate for both types of protein acetylation. Next, the functions of lysine acetylation
on non-histone proteins will be briefly discussed first, followed by the detailed discussion of

histone acetylation (section 1.6).

1.5 The functions of lysine acetylation on non-histone proteins

Lysine acetylation on non-histone proteins can regulate these proteins in multiple ways. First,
it can influence the activity of enzymes. Acetylation at Lys661 residue of AceCS1 (mammalian
cytoplasmic acetyl-CoA synthetase) or at Lys642 residue of AceCS2 (mammalian mitochondrial
acetyl-CoA synthetase) can strongly inhibit their enzyme activities. In both cases, acetylation
neutralizes the positive charge of the lysine residue at their active site. Furthermore, the
inhibited AceCS1 and AceCS2 can restore their enzymatic activities through deacetylation by
Sirtuins (Hallows et al. 2006). Second, it can regulate the functions of transcription factors.
HNF-4 (hepatocyte nuclear factor-4) is a transcription factor that is crucial for the
development of the liver (DeLaForest et al. 2011). It can be acetylated at several lysine
residues located in its nuclear localization sequence. The acetylation has been shown to
promote both its nuclear retention and its DNA binding (Soutoglou et al. 2000). Transcription
factor CREB (cAMP-responsive element binding) is another example. It is involved in various
physiological processes, including immune responses and neuronal development (Wen et al.
2010; Lonze & Ginty 2002). The acetylation of the lysine residues in its activation domain can
enhance its transcription activation effects (Lu et al. 2003). Third, acetylation is able to prevent

or induce the degradation of proteins. For instance, sphingosine kinase is a component of the
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G-protein coupled signalling pathway. It can be acetylated by lysine acetyltransferase, p300.
The acetylation blocks the lysine residue for the ubiquitination, which leads to the stabilization
of sphingosine kinase (Yu et al. 2012). On the other hand, acetylation can also promote
degradation. PCK1 (Phosphoenolpyruvate carboxykinase 1) is a metabolic enzyme involved in
gluconeogenesis (Tang et al. 2018). It can also be acetylated by p300. However, the acetylated
lysine allows the interaction between PCK1 and E3 ubiquitin ligase. The latter promotes the
proteasome-mediated degradation of PCK1 (Jiang et al. 2011). To summarize this paragraph,

lysine acetylation can regulate non-histone proteins in various ways.

1.6 Histone (lysine) acetylation

As was mentioned in the first section, eukaryotic DNA is wrapped around histone octamers.
Each histone octamer is comprised of two copies of each of the four core histone proteins,
H2A, H2B, H3 and H4. Histone acetylation, first characterized by Allfrey et al in 1964, mainly
occurs at the lysine residues on the N-terminal tails of the four core histones (Allfrey et al.
1964). However, some acetylation marks, such as H3K56Ac, H4K79Ac are located at the
globular cores of histones (Lawrence et al. 2016). Histone acetylation is associated with a lot
of important molecular processes, such as activating gene expression, histone deposition and
DNA damage repair (Shahbazian & Grunstein 2007). At the cellular level, it is becoming clear
that histone acetylation can provide a linkage between metabolism and various cellular
responses, such as growth, proliferation and differentiation (Cai et al. 2011; Shi & Tu 2013;
Chisolm & Weinmann 2018). Many diseases, such as cancer and diabetes are associated with
aberrant histone acetylation levels (Villeneuve & Natarajan 2010; Glozak & Seto 2007; Ropero
& Esteller 2007). In a cell, histone acetylation needs to be “written, erased and read” properly
by HATs (histone acetyltransferases), HDACs (histone deacetylases) and bromodomains
respectively. In this section, the three players will be introduced first. It is followed by a

discussion on the role of histone acetylation in activating gene expression.
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1.6.1 The classification, specificity and metabolic regulation of histone

acetyltransferases (HATs)

HATs add acetylation marks to histones. They can be classified in two ways. First, based on
the sequence and structural similarity, HATs can be grouped into 4 classes, including GNAT
family, MYST family, p300/CBP family and SRC/p160 family (Table 1.1) (Steunou et al. 2014).
The members in the GNAT (Gcn5-related acetyltransferases) family are homologous to Gen5
in yeast (Neuwald & Landsman 1997). Interestingly, there is a bromodomain in the c-terminal
region of most of the HATSs in this family, including Gen5 (Salah Ud-Din et al. 2016). HATs in
the MYST family are homologous to yeast Esal. The four classes are the canonical HATs. Apart
from that, there also exists proteins that do not belong to these classes but possess the activity
of HAT. For example, TFIID is a transcription initiation factor. In yeast, its TAFII250 subunit can
acetylate histone H3 and H4 in vitro (Mizzen et al. 1996). Following synthesis, histones can be
acetylated before or after being deposited onto the chromatin. The second classification is
based on this, which divides HATs into two classes, HAT-A and HAT-B. HATs in HAT-A mainly
reside in the nucleus and add acetyl groups to the histones on the chromatin. This class
includes the majority of the HATs and is mainly involved in the regulation of gene expression.
HATs in HAT-B are mainly localized in the cytosol and are normally responsible for the
acetylation of newly synthesized histone proteins before chromatin deposition (Steunou et al.
2014). In yeast, only two HAT-B enzymes are found. They are Hatl and Rtt109 (Masumoto et
al. 2005; Parthun et al. 1996). The former acetylates histone H4 at K5 and K12 residues (Kleff
et al. 1995; Sobel et al. 1995), while the latter is responsible for the acetylation of K56 at
histone H3 (Masumoto et al. 2005). H3K56Ac is known to facilitate the deposition of newly
synthesized onto the DNA during the S phase via enhancing the binding between histone H3
and histone chaperones, such as Cafl and Rtt106 (Li et al. 2008). These acetylation marks are

quickly removed after histone deposition.
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Drosophila

Saccharomyces

Schizosaccharomyces

Name Homo sapiens (Hs) melanogaster (Dm) cerevisiae (Sc) pombe (Sp)
GNAT family KAT1 HAT1 CG2051 Hatl Hat1/Hag603
KAT2 dGCNS/PCAF GenS GcenS
KAT2A GCNS
KAT2B PCAF
KAT9 ELP3 dELP3/CG15433 Elp3 Elp3
KAT10 Hpa2
KAT14 CSRP2BP ATAC2
HAT4 HAT4
MYST family KATS TIP60/PLIP dTIP60 Esal Mstl
KAT6 (CG1894) Sas3 (Mst2)
KAT6A MOZ/MYST3 ENOK
KAT6B MORF/MYST4
KAT7 HBOI/MYST2 CHM (Mst2)
KAT8 MOF/MYSTI dMOF/(CG1894) Sas2 (Mst2)
p300/CBP family KAT3 dCBP/NEJ
KAT3A CBP
KAT3B p300
KAT11 Rtt109
SRC/p160 family KATI13A SRCI/NCOA1
KAT13B ACTR/NCOA3
KAT13C GRIP1/NCOA2
KATI13D CLOCK
Others KAT4 TAF1 dTAF1 Taf1 Tafl
KAT12 TFIIC90
Nutl

Table 1.1 The four main classes of lysine acetyltransferases. The homologs in human, fly,
budding yeast and fission yeast are listed in separated columns. KAT4 and 12 are orphan KATs,
so they are put into the category of ‘Others’ (Modified from Steunou et al, 2014)

Although HATs normally do not act on a specific single residue like histone methyltransferases,
different HATs do have preferences for their substrates (Steunou et al. 2014). For example,
Gcen5 is over 1000 fold more efficient in acetylating histone H3 than H4, while Esal mainly
catalyse the acetylation of histone H4 and H2A (Marmorstein & Zhou 2014; Doyon et al. 2004;
Allard et al. 1999). Additionally, many HATs are present in protein complexes, so that other
subunits of the complex can also influence the substrate specificities. Gen5 can be a part of
the SAGA complex, while Esal is a subunit of the NuA4 complexes. Gen5 on its own mainly
acetylates histone H3 at lys14. However, in the presence of Ada2, which is another subunit of
the SAGA complex, Gen5 is able to acetylate lys18 of histone H3 (Balasubramanian et al. 2002).
Within the whole SAGA complex, Gen5 acetylates lys14 and lys18 better than lys9 and lys23
of histone H3 (Grant et al. 1997). Some subunits of these complexes can also interact with
transcription factors, which allows HATs to be targeted to the promoters of specific genes.
Finally, it is worth noting that many HATs are able to acetylate non-histone proteins as well,

so HATs are more often referred to as KATs (lysine acetyltransferases). For instance, yeast
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Gcen5 is able to acetylate several other members of the SAGA complex (Cai et al. 2011).
Mammalian HAT p300 can acetylate p53 and HDAC1, in addition to histone H3 and H4 (Qiu et

al. 2006; Ito et al. 2001).

The activity of HATs can be regulated by metabolites. There are two major mechanisms. First,
the availability of the acetyl group donor, acetyl-CoA, can directly influence the enzymatic
activities of HATs, due to the fact that the Ky (dissociation constants) and Ky, (Michealis
constants) of many HATs fall in the fluctuation range of the cellular concentration of acetyl-
CoA. For example, the Ky and K, of yeast Gen5 are determined to be 8.5uM and 2.5uM
respectively in vitro, while the intracellular concentration of acetyl-CoA can fluctuate between
3uM and 30uM (Langer et al. 2002; Cai et al. 2011; Berndsen & Denu 2008). For human cells,
the concentration of acetyl-CoA can change between 2uM and 20uM (Lee, Carrer, et al. 2014).
Human HAT, p300 has a K4 of 6.7uM (Liu et al. 2008), which is in that fluctuation range. In fact,
some metabolic enzymes are also found to form complexes with HATs in the nucleus to
increase the local concentration of acetyl-CoA. For instance, PDC (pyruvate decarboxylase)
can form a complex with p300 and AhR (aryl hydrocarbon receptor). PDC provides acetyl-CoA
to p300, which acetylates the histones and promote the transcription of AhR responsive genes
(Matsuda et al. 2016). Second, some metabolites are able to inhibit the function of HATs in a
competitive manner. During transfer of the acetyl group to proteins, the acetyl-CoA is
converted into CoA. CoA has been shown to inhibit a variety of HATs competitively with
different strength (Table 1.2 (Fan et al. 2015)). Unlike yeast Gcn5, human Gen5 has an amino
acid substitution in its active centre, which increases its affinity for acetyl-CoA and makes its
K4 (0.64uM) (Kirk G. Tanner et al. 2000) fall below the physiological range of acetyl-CoA
concentrations in human cells. However, human Gcn5 is also more sensitive to the inhibition
caused by CoA (Tanner et al. 2000). The experimental results show that the activity of human
Gen5 correlates with the ratio between acetyl-CoA and CoA, rather than the absolute
concentration of CoA (Lee, Haas, et al. 2014). Apart from CoA, fatty acyl-CoA can also compete
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for the binding of acetyl-CoA to HATs. For example, palmitoyl-CoA and propionyl-CoA, which
are both endogenous cellular metabolites, can inhibit human Gcn5 and pCAF respectively

(Montgomery et al. 2015).

Enzymes Km Ky K; (inhibition
coefficient by CoA)
Gcenb (yeast) 2.5uM 8.5uM 6.7uM
Gcen5 (human) 0.98uM 0.64uM 6.7uM
P/CAF (human) 0.64uM No data 0.57uM
Esal (yeast) 0.9uM No data 1.8uM
p300 (human) 6.7uM No data 21uM

Table 1.2 The enzymatic properties of various lysine acetyltransferases. (Modified from Fan,
Jetal, 2015)

1.6.2 The classification, specificity and metabolic regulation of histone

deacetylases (HDACs)

HDACs remove acetylation marks from histones. Based on their enzymatic activities, HDACs
can be categorized into two groups. One group are classical HDACs. In their active centre,
there is a zincion chelated by histidine and aspartic acid residues (Lombardi et al. 2011). Their
deacetylase activities are dependent on the zinc ion. However, apart from water, the classical
HDACs do not require other cellular metabolites as the substrate of deacetylation reaction.
These HDACs are normally present in protein complexes and other components of the protein
complexes are also required for their enzymatic activity (Steunou et al. 2014). In S.cerevisiae,
Hdal forms a tetrameric complex with Hda2, Hda3 and another copy of Hdal (Carmen et al.
2002). Rpd3 can be present in two complexes, Rpd3L and Rpd3S complexes. Other subunits
of the protein complexes also target HDACs to specific regions on the genome to regulate
transcription. Rpd3L can be recruited to the promoter regions by transcription factor Ume6,
which represses gene expression (Carrozza, Florens, et al. 2005). Rpd3S is mobilized to the

gene body via the interaction with H3K36me and the Ser2P and Ser5P of RNAPII CTD (c-
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terminal repeat domain), which can suppress the transcription of cryptic unstable transcripts
(Joshi & Struhl 2005; Carrozza, Li, et al. 2005; Keogh et al. 2005). Based on the sequence and
structural homology, this group can be further divided into three classes, |, Il and IV (Table 1.3
(Steunou et al. 2014)). Hdal and Rpd3 belong to class | and class Il respectively. The other
group of HDAC s is sirtuins. They all belong to class 1l HDACs, based on the sequence homology.
Unlike the classical HDACs, recombinant sirtuins can exhibit deacetylase activities without
other protein partners. However, they require NAD* as the substrate. During the deacetylation
of histones, NAD" is first cleaved into NAM and ADPR (ADP-ribose). The latter accepts the
acetyl group transferred from the lysine residue of histones and forms acetyl-ADPR. In

budding yeast, Sir2 and the other four sirtuins are required for heterochromatin silencing

(Dang 2014).
Homo sapiens — Drosophila melano-  Saccharomyces — Schizosaccharomyces
(Hs) gaster (Dm) cerevisiae (S¢c)  pombe (Sp)
Class I HDACI1 Rpd3 Rpd3 Clr6
HDAC2 HDAC3 Hosl Phdl
HDAC3 Hos2
HDAC8
ClassIT A HDAC4 HDAC4 Hdal Clr3
HDACS Hos3
HDAC7
HDAC9
B HDAC6 HDAC6
HDAC10
Class I 1 SIRT1 Sir2 Sir2 Sir2
SIRT2 Sirt2 Hstl Hst2
SIRT3 Hst2 Hst4
Hst3
Hst4
II  SIRT4 Sirt4
I SIRTS
IV SIRT6 Sirt6
SIRT7 Sirt7
Class IV HDACI1 HDACX

Table 1.3 The four main classes of lysine deacetylases. The homologs in human, fly, budding
yeast and fission yeast are listed in separated columns.

Generally, HDACs do not have a strong specificity for their targets. For instance, most histone
acetylation marks on all the four core histone proteins can be removed by yeast Rpd3. Hdal
has a preference for both histone H3 and H2B, while Hos2 has its deacetylation activity on

histone both H3 and H4 (Robyr et al. 2002). Actually, HDACs can also deacetylate non-histone
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proteins. They are also referred to as KDACs (lysine deacetylases). However, there are some
exceptions in the Sirtuin group. Yeast Hst2 has a strong preference for H4K16ac (Vaquero et
al. 2006). Mammalian sirtuin, SIRT6 and SIRT7, can deacetylate H3K9ac and H3K18ac

specifically (Barber et al. 2012; Michishita et al. 2008).

Like HATs, the enzymatic activities of HDACs can also be affected by the concentrations of
cellular metabolites. Because of the different catalytic mechanisms, here the classical HDACs
and the sirtuins are discussed separately. In terms of the classical HDACs, many of them can
be strongly inhibited by butyrate and beta-hydroxybutyrate. The former is produced by
bacteria in the gut via fermenting dietary fibre and is a normal energy source for the
colonocytes. The latter is a type of ketone body which is produced by breaking down fatty
acids during starvation (Etchegaray & Mostoslavsky 2016). Administering beta-
hydroxybutyrate to mice can cause elevated H3K9ac and H3K14ac and changes in gene
expression (Shimazu et al. 2013). In terms of the sirtuins, like HATs, their activities can be
influenced by the availability of their substrate, NAD*, because the Kq of several sirtuins, such
as SIRT1 (95uM (Cantd et al. 2015)) and SIRT2 (83uM (Canté et al. 2015)) are close to the
concentration of NAD+ in the nucleus (109uM (Cambronne et al. 2016)). NAD* is a metabolite
participating in the redox reactions in oxidative phosphorylation. It can be generated de novo
or recycled via the salvage pathway. Hence, the cellular levels of NAD* can be influenced by
both the diet composition and the calorie intake. Both the high fat diet and diabetes can
decrease cellular levels of NAD+. Reduced activity of sirtuins has been observed in these
conditions (Yoon et al. 2015; Gomes et al. 2013; Yoshino et al. 2011). Furthermore, the
activities of sirtuins can be inhibited allosterically by NAM (Menzies et al. 2016) (converted
from NAD* after protein deacetylation), while free fatty acids are shown to increase the

activities of sirtuins (Feldman et al. 2013).
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1.6.3 Bromodomains: histone acetylation reader

Histone acetylation marks can recruit other protein factors via interaction with
bromodomains. The general structure of a bromodomain is a bundle structure comprised of
4 helices (aA, aB, aC and aZ). The BC and ZA loops constitute a hydrophobic binding pocket
for the acetylated lysine residue, which has a neutralized charge (Brownlee et al. 2012). In
human, 61 bromodomains have been found in a total of 46 proteins (Fujisawa &
Filippakopoulos 2017), while budding yeast has 15 bromodomains found in 10 proteins (Zhang
et al. 2010). For budding yeast, its bromodomains fall into 4 major groups. Rsc1, Rsc2 and Rsc4
(bromodomain 1) belong to the same group, while Bdfl, Bdf2 and Gcn5 belong to another
group. Spt7 and Rsc4 (bromodomain 2) are in two separate groups as well (Zhang et al. 2010).
Most of these bromodomain containing proteins are regulators of transcription, including

subunits of chromatin remodelling complexes, chromatin modifiers and transcription factors.

Different bromodomains can have narrow or wide specificities for acetylated lysine residues.
For instance, yeast Snf2 is able to bind both acetylated H3 and H4 peptides, while the
bromodomain of Spt7 only exhibits a weak interaction with acetylated H3 (Hassan et al. 2006).
The cooperation with other domains can increase the binding specificity of bromodomains. A
typical example is human protein TRIM33. It has a bromodomain connected to a PHD domain,
which recognizes H3K9me3. As a result, its bromodomain can specifically recognize H3K18ac,
which is close to H3K9me3. This arrangement also allows for a specific binding orientation of

TRIM33 (Xi et al. 2011).

The binding affinity of bromodomains to acetylated lysine residues can be enhanced by the
avidity effect. Specifically, tandem bromodomain can bind multiple acetylated lysine residues
more strongly. For example, human TAF1 protein has a tandem bromodomain. It has a
stronger interaction with multiple acetylated histone H4 than single acetylated H4 (Jacobson

et al. 2000).
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Most histone acetylation binders are bromodomains. However, there are few exceptions. For
example, the DPF (double PHD finger) domain of Dpf3 can interact with both acetylated
histone H3 and H4 (Lange et al. 2008). The PH (Pleckstrin Homology) domain of Rtt106 is able

to bind H3K56ac (Su et al. 2012).

1.6.4 The cellular concentration of acetyl-CoA can fluctuate and it is often

associated with changes in protein acetylation

Unlike cellular ATP levels, which are tightly regulated, the cellular concentration of acetyl-CoA
can fluctuate in different physiological and pathological conditions. There is some evidence
suggesting that the acetyl-CoA concentration of the nucleocytosolic pool is more subject to
variations than that of the mitochondrial pool (Marifio et al. 2014). Ideally, the changes in the
acetyl-CoA concentrations in the two pools should be discussed separately. However, due to
the technical limitations, the majority of the measurements on acetyl-CoA concentrations
cannot distinguish different subcellular compartments. Hence, the discussion in this section is

mainly based on whole cells or whole organs.

Generally, the cellular level of acetyl-CoA is low in the starved/fast states and high in the fed
states. For budding yeast cells, the acetyl-CoA level is maintained at a high level during the log
phase of growth when carbon sources and nutrients are abundant, which is associated with
high levels of histone acetylation (Cai et al. 2011). Once Acs2 (responsible for synthesizing
acetyl-CoA in the nucleocytosolic pool) is inactivated, there is a dramatic decrease in histone
acetylation (Takahashi et al. 2006). After the diauxic shift, the cells have consumed the
majority of the carbon sources. The acetyl-CoA level is reduced to a low level, which is also
associated with histone hypoacetylation (Galdieri et al. 2010). The YMC is an ideal system to
demonstrate the fluctuation of acetyl-CoA in various cellular metabolic states. This will be
discussed in details in section 1.9 and section 3.1.1. Mammalian cell lines also exhibit a similar

phenomenon. After refeeding the immortalized mouse fibroblasts, an ACLY-mediated
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increase in acetyl-CoA in the nucleocytosolic pool is associated with histone acetylation
(Wellen et al. 2009). Marino et al in 2014 reported a rapid decrease in acetyl-CoA levels in
cancer cell lines after switching the culture medium to the nutrient-free medium. Furthermore,
this phenomenon can be suppressed by supplementing metabolites upstream of acetyl-CoA
or reproduced in the normal rich medium by disturbing the synthesis of nucleocytosolic acetyl-
CoA (Marifio et al. 2014). Apart from the experiments on cells, the fluctuations in acetyl-CoA
levels are also observed on organs by studying the mouse model. After starving the mouse for
24 hours, the acetyl-CoA and protein acetylation levels in many organs experience a dramatic
decrease (Marifo et al. 2014). The molecular mechanism behind it is suggested to be both the
reduced cellular glucose uptake and the reduced ACLY phosphorylation (required for its
enzymatic activity of producing acetyl-CoA) (Lee, Haas, et al. 2014). To sum up, the cellular
concentrations of acetyl-CoA can respond to the nutrient states and influence protein

acetylation, including histone acetylation.

1.6.5 Histone acetylation is associated with active gene expression

It is widely accepted that histone acetylation is associated with active gene expression. The
early work done by Robert et al in 2004 showed that the genome wide localization of histone
acetyltransferases, Gen5 and Esal are strongly enriched for the promoters of actively
expressed genes (Robert et al. 2004). Later, many experiments suggested that the SAGA and
NuA4 complex, which harbours Gen5 and Esal respectively, can be recruited to the promoters
of genes by their interaction with transcription activators, such as Gen4 and Tral, which leads
to the acetylation of histones at the promoter regions as well as the activation of transcription
(Kuo et al. 2000; Brown et al. 2001; Knutson & Hahn 2011; Fishburn et al. 2005; Utley et al.
1998). Similarly, p300/CBP, a mammalian HAT, can be found at the promoter regions of
nuclear hormone receptor-dependent genes. Its binding at these promoters correlates with

both the acetylation of histones and the activation of gene expression (Chakravarti et al. 1996).
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Tropberger et al in 2013 showed that one of the targeted residues of p300/CBP is the lysine
122 residue of histone H3, which is positioned at the lateral surface of histone octamers. The
acetylation of this residue is found to be sufficient for transcription initiation (Tropberger et
al. 2013). Interestingly, the deletion of RPD3, which is an HDAC, can lead to histone
hyperacetylation in the gene bodies. This aberrant histone hyperacetylation is associated with
the transcription initiation of cryptic unstable transcripts in the gene bodies (Carrozza, Li, et

al. 2005; Smolle et al. 2013).

Although currently it is not strictly proven that histone acetylation leads to active gene
expression, it is believed that the associated gene activation effects of histone acetylation are
linked to the increased mobility of nucleosomes which can negatively regulate transcription
by preventing the formation of the pre-initiation complex. Two mechanisms have been
proposed to explain why histone acetylation can increase nucleosome mobility. One is the
charge neutralization effect (Allfrey et al. 1964). The positive charges on the histone N-
terminal tails conferred by multiple lysine residues can create a strong electrostatic
interaction with the negatively charged DNA. The addition of the acetyl group reduces the
positive charges on the lysine residue, which loosens the interaction and increases
nucleosome mobility. The other mechanism is that histone acetylation may increase
nucleosome mobility by recruiting other functional factors, such as histone chaperones and
chromatin remodelling factors (Yang 2004; Hassan et al. 2002a; Dhalluin et al. 1999; Haynes
et al. 1992). Several chromatin remodelling complexes, including the RSC complex, the
SWI/SNF complex and the SWR1 complex, have subunits that contain bromodomains, which
can target them to the histone acetylated regions. The chromatin remodelling factors can then
consume ATP to provide energy for sliding or removing nucleosomes. They will be discussed

in more detail in the next section.
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1.7 Chromatin remodelers

As was mentioned before, the eukaryotic DNA is wound around numerous histone octamers
to form a beads-on-a-string structure. The chromatin remodeler is a class of chromatin
regulatory proteins or protein complexes that can utilize the energy provided by the hydrolysis
of ATP to move, evict, deposit or edit nucleosomes on the DNA (‘edit’ means changing the
histone compositions of nucleosomes). All the known chromatin remodelers have three
shared features (Clapier & Cairns 2014). First, they have a higher affinity for histones than
DNA. Second, they all have a catalytic subunit, which contains an ATPase domain for
hydrolysing ATP that is converted into mechanical energy to disrupt the contacts between
DNA and nucleosomes. The ATPase domain is further divided into two RecA-like lobes, called
DExx and HELICc respectively. Between the two lobes, there is an insertion of variable size.
Third, chromatin remodelers have various regulatory domains or subunits which can
modulate the ATPase domain, bind certain histone modifications or interact with other
functional factors, such as transcription factors and histone chaperones. These features allow

chromatin remodelers to recognize various chromatin features and execute their functions.

1.7.1 The three main functions of chromatin remodelers

Chromatin remodelers are involved in three major functions: assembling and spacing
nucleosomes, modulating chromatin accessibility and performing nucleosome editing.
Chromatin remodelers realize these functions by depositing, moving, evicting and editing
nucleosomes (Clapier et al. 2017). Each remodeler can be involved in one or more of these
functions. Nucleosome assembly and spacing happens extensively during DNA replication,
when the newly synthesized DNA is wound around histone octamers to form nucleosomes.
Chromatin remodelers can facilitate the formation of nucleosomes and adjust their spacing to
form a periodic array by moving nucleosomes. Chromatin accessibility has a great impact on

transcription. Normally, nucleosomes limit the access of various protein factors required for
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transcription to their binding sites on the DNA. Chromatin remodelers can activate or repress
transcription by increasing or decreasing the accessibility of chromatin via moving and eviting
nucleosomes. Finally, chromatin remodelers can edit nucleosomes. That is, the canonical
histones (H3, H4, H2A and H2B) of the nucleosomes at certain locations can be replaced with
certain noncanonical histones, such as H2A.Z, CENPA and H3.3. This can result in various
consequences, including changes in nucleosome stability and interactions between
nucleosomes and other factors. Although chromatin remodelers can perform various
manipulations on nucleosomes, a lot of evidence shows that their molecular mechanisms have
a shared prototype. Different manipulations are achieved by slight modifications to that

prototype (Clapier et al. 2017).

1.7.2 The four families of chromatin remodelers

Based on the structures of the catalytic subunits as well as the compositions of the accessory
subunits, chromatin remodelers can be divided into four families, ISWI, CHD, INO80 and
SWI/SNF. Generally, assembling and spacing nucleosomes involves the ISWI and CHD family,
while the SWI/SNF and INO80 families mainly regulate chromatin accessibility and perform
nucleosome editing respectively (Clapier et al. 2017). The characteristic features of the
catalytic subunits of the four families are shown in figure 1.4. Within each family, there are a
lot of subtypes which may have altered ATPase domains or different subunit compositions.
For example, BAF and PBAF are both subtypes of the SWI/SNF family. For simplicity, the

following paragraphs will mainly focus on the most conserved features within each family.
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Figure 1.4 The domain arrangements of the catalytic subunits of the four families of
chromatin remodelers. Dexx and HELICc are the two RecA-like lobes of the ATPase domain.
Some abbreviations: HSS (Hand-Sant-Slide) domain, Tandem Chromo (Chromodomain), DBD
(DNA binding domain), HAS (helicase/SANT-associated) domain, SnAC (Snf2-ATP coupling)
domain, Bromo (Bromodomain). (Modified from Clapier C. R. and Cairns B. R. 2014)

In terms of the ISWI family, the HSS domain near the c-terminus of its catalytic subunit can
interact with both histones and DNA (Dang & Bartholomew 2007; Boyer et al. 2004). The
ATPase domain is flanked by another two domains, AutoN and NegC. The two domains
together with the HSS domain modulate the catalytic activity of the ATPase domain (Mueller-
Planitz et al. 2013; Clapier & Cairns 2012; Griine et al. 2003). Remodelers in the ISWI family
are mainly involved in transcription repression. They can move nucleosomes and are essential
for the establishment and the maintenance of a periodic nucleosome array, which can occlude
the sites on the DNA required for the binding of transcription factors and the formation of the
preinitiation complex (Yadon et al. 2010; Moreau et al. 2003; Alén et al. 2002; Whitehouse &
Tsukiyama 2006). In fact, the ISWI remodelers often collaborate with HDACs to repress gene

expression (Sugiyama et al. 2007; Burgio et al. 2008).

In terms of the CHD family, the catalytic subunit has tandem chromodomains near the N-

terminus, which can interact with methylated histone H3 (Flanagan et al. 2005). There exist
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some similarities between the ISWI and the CHD family, in terms of the domains in their
catalytic subunits. The CDH family also has the NegC domain. The DBD (DNA-binding) domain
in the CHD family is actually a part of the HSS domain in the ISWI family (Ryan et al. 2011). As
its name suggests, the DBD domain can bind to DNA. The CHD family has diverse subtypes.
They can participate in all the three functions of chromatin remodelers. Their influence on
transcription can be promotive or repressive, depending on the subtypes. It is worth to note
here that chromatin remodelers are not essentially protein complexes, because the CHD
remodeler in budding yeast can perform its function with its single catalytic subunit (Flanagan

et al. 2005).

In terms of the INO80 family, the long insertion between the two RecA lobes is the unique
feature of this family (Eustermann et al. 2018). It can bind various proteins, including several
ARPs (actin related proteins). Both this insert and the N-terminal HSA domain can interact
with ARPs (Kapoor et al. 2013; Zhang et al. 2018). These ARPs can positively regulate the
functions of remodelers in the INO80 family by enhancing the activity of the ATPase domain
as well as the affinity for DNA and histones (Szerlong et al. 2008; Shen et al. 2003; Saravanan
et al. 2012; Jonsson et al. 2004). Chromatin remodelers in this family are mainly implicated in
nucleosome editing. It is partially mediated by these ARPs. The yeast SWR1 complex (a
member of the INO80 family) can exchange the histone H3 in the +1 nucleosome for histone
H2A.Z. One of the ARPs in the SWR1 complex is called Arp6. It can promote the physical
interaction between the SWR1 complex and H2A.Z (Wu et al. 2005). This editing preferentially
appears on inactive but inducible promoters (Zhang et al. 2005a; Guillemette et al. 2005;

Santisteban et al. 2000; Adam et al. 2001).

The SWI/SNF family is similar to the INO8O family in that it has the HSA domain and can be
regulated by ARPs (Szerlong et al. 2003; Mizuguchi et al. 2004a; Szerlong et al. 2008). Apart

from that, the SWI/SNF family also have many unique features. The c-terminus of the catalytic
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subunit in this family contains a bromodomain, which can bind to acetylated histones. The c-
terminal AT-hook is a motif that can interact with DNA minor grooves (Clapier & Cairns 2014).
The most typical function of remodelers in this family is regulating chromatin accessibility.
They can induce transcription via sliding or removing nucleosomes to expose certain binding
sites on the DNA. The composition of remodelers in this family can be highly variable, which
allows them to modulate gene expression in a cell type specific and developmental stage

specific manner (Clapier & Cairns 2014).

1.7.3 The chromatin remodelers in the SWI/SNF family contain one or more

bromodomains

Most bromodomain containing remodelers are members of the SWI/SNF family. As was
mentioned in the previous section, remodelers in this family at least have a bromodomain in
the c-terminus of their catalytic subunit (Tang et al. 2010). This bromodomain is required for
the optimal remodelling activities of the yeast SWI/SNF complex as well as its physical
interaction with acetylated histone H3 and H4 (Awad & Hassan 2008b). In fact, depending on
whether multiple bromodomains are present in the non-catalytic subunits of the remodelers,
this family can be divided into two subfamilies. Most species have at least one member in
each of the two subfamilies. For example, yeast possesses the RSC complex and the SWI/SNF
complex. Both of them belong to the SWI/SNF family, however the former contains tandemly
arranged bromodomains in many of its subunits. Their mammalian counterparts are the PBAF
complex and the BAF complex respectively (Wang 2003). The BAF180 subunit of the PBAF
complex contains six bromodomains arranged in tandem (Brownlee et al. 2012). Apart from
the SWI/SNF family, some member of the INO80 family also contains bromodomains. The Bdfl
and Bdf2 subunits of yeast SWR1 complex have two bromodomains respectively. They can be
recruited by acetylated histone H4, which targets the SWR1 complex to the nucleosomes for

editing (Ladurner et al. 2003).
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1.7.4 The SWI/SNF family and gene expression

The SWI/SNF family chromatin remodeler can be associated with active transcription. It was
originally shown by Winston and Carlson that some subunits of the SWI/SNF complex are
required for transcription (Winston & Carlson 1992). Their results also suggested that the
complex can counteract the transcription suppressive effects of nucleosomes. Later in 1991,
it was found that the yeast SWI/SNF complex can be recruited by transcription activators, such
as Swi5 and Gen4 (Yoon et al. 2003; Cosma et al. 1999). In 2002, Armstrong et al showed that
the SWI/SNF complex is associated with the increased occupancy of RNAPIl on genes
(Armstrong et al. 2002). In 2008, Bryant G.O et al found that the SWI/SNF complex can
promote the removal of nucleosomes in the promoter regions, which is important for the fast

induction of inducible genes (Bryant et al. 2008).

There is both in vitro and in vivo evidence suggesting that the SWI/SNF family chromatin
remodeling complexes, especially the RSC complex, is also associated with the transcription
elongation step. Nucleosomes are one of the major barriers for RNAPII during the process of
transcription elongation. It was originally found in 2006 by an in vitro transcription elongation
assay that the RSC complex can help RNAPII overcome the mono-nucleosome barrier in a
histone acetylation dependent manner (Carey et al. 2006). In a later study, the c-terminal
residues of the Rsc4 subunit of the RSC complex were shown to be able to bind to the Rpb5
subunit of RNA polymerase Il and the RSC complex can coimmunoprecipitate with RNAPII
(Soularue et al. 2006). It was found that the RSC complex can be recruited to the gene bodies
of actively transcribed genes (Spain et al. 2014). The recruitment requires the histone
acetyltransferase activities of the SAGA and NuA4 complexes. Additionally, this process is also

facilitated by kinases targeting the serine 2 position of the CTD of RNAPII (Spain et al. 2014).
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1.8 An introduction to the yeast metabolic cycle

In nutrient-limited conditions, budding yeast (S.cerevisiae) cells, can exhibit a highly
synchronized and periodic oscillation between two different metabolic states, which are
named the high oxygen consumption (HOC) phase and the low oxygen consumption (LOC)
phase (Satroutdinov et al. 1992). This phenomenon is referred to as the yeast metabolic cycle
(YMC). In most cases, the YMC is achieved by growing cells in a chemostat in a fermenter (For
more details about the fermenter, please refer to section 3.1.1.1). It was found that cellular
metabolism and the cell cycle are synchronized and periodic during the YMC (Tu et al. 2005;
Burnetti et al. 2016). Moreover, many molecular events, including gene expression and
histone modifications have highly dynamic temporal changes (Kuang et al. 2014). All these
make the YMC an excellent system to study various research topics, including the relationship

between metabolism, epigenetics and gene expression.
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Figure 1.5 A schematic diagram showing the expression of genes during a typical cycle of the
YMC. The upper panel shows the changes in the cellular oxygen consumption rates. The red
and blue colours denote the high and low oxygen consumption phases respectively. The lower
panel shows the typical changes in the transcript levels of the genes in the three clusters.
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The YMC as a phenomenon was first documented in 1964 (CHANCE et al. 1964). However, it
was not studied at the molecular level until 2005, when the temporal profile of gene
expression during the YMC was measured genome-wide by microarray (Tu et al. 2005). It was
found that at least 60% of all yeast genes have highly dynamic and periodic changes in their
transcript levels. Furthermore, the temporal expression profiles of different genes also exhibit
diverse shapes. Based on the different shapes, genes are roughly grouped into 3 clusters
(Figure 1.5). The first cluster mainly contains the growth related genes, such as amino acid
synthesis genes and ribosome biogenesis genes. Their transcript levels exhibit a sharp peak
shortly after the cells enters the HOC phase. Notably, based on the normalized high temporal
resolution RNA-seq data in this study, their transcript levels can increase by 3 folds within
10mins and then return to the original ground level in 10mins. Genes in the second cluster
have a relatively broad peak of transcript levels in the late stage of the HOC phase. The second
cluster is significantly enriched for genes related to the cell cycle and mitochondria. In fact,
DNA replication also happens in a similar time. In the third cluster, the genes are mostly
associated with autophagy, stress responses and anabolism. Typically, the expression of these
genes seems to have two states. That is, they maintain high and low levels of transcripts during
the LOC and HOC phase respectively. The clustering above is a rather general characterization
of gene expression during the YMC. Actually, in terms of the expression profiles, genes in each
individual cluster still have a lot of differences. In a later study, the YMC was studied with RNA-
seq. The three clusters are further divided into several sub-clusters (Kuang et al. 2014). In this
study, all the genes are divided into 16 clusters. A larger number of clusters decreases the
granularity, which enables a finer characterization of gene expression during the YMC. To sum

up, different genes have diverse temporal profiles of transcript levels during the YMC.

Apart from the transcript levels, more omics tools, such as mass spectrometry (MS) and ChIP-
seq, were also applied to the YMC. The MS quantified the changes in the levels of 167 cellular
metabolites during the YMC (Tu et al. 2007). Most of these metabolites, including acetyl-CoA
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(the substrate for protein deacetylation), have periodic changes in their levels during the YMC.
The ChlIP-seq analysed the genome-wide levels of several histone acetylation and methylation
marks at multiple time points during the YMC (Kuang et al. 2014). It reveals that some histone
modifications are also highly dynamic during the YMC. For the same histone modification,
different genes can have different temporal changes. For the same gene, different histone
modifications also show different profiles. Notably, most of the genes in the first cluster (the
growth related genes) mentioned above have a preceding peak of histone acetylation. In this

study, both the MS data and the ChIP-seq will be utilized for bioinformatic analysis.

The YMC is an excellent experimental system to study the relationship between acetyl-CoA
metabolism, chromatin acetylation and gene expression, for two major reasons. First, all the
key factors of this research topic (including acetyl-CoA, histone acetylation and transcripts
levels) show dynamic temporal profiles during the YMC and the relevant MS and ChlP-seq
datasets are available in the literature. Second, the YMC is highly periodic and reproducible,
which is indicated by the fact that the oxygen consumption curves of different YMC cycles can
almost completely overlap (For details, please refer to section 3.1.1.4). Furthermore, the
dissolved oxygen level measured by the sensor in real time can guide the sampling time
accurately, which is hard to achieve by other ways. This feature of the YMC not only allows
the biological repeats to be taken from different cycles, but also enables various datasets from
different studies to be mapped to a uniform time axis (For details, please refer to section 3.2.9).
As a result, it is possible to differentiate the temporal sequences of various changes in
metabolism, epigenetics and gene expression, which may even give some indications of the

potential causal relationship.

The YMC may also be a better system to study the impact of a gene deletion on the
transcriptome than batch cultures, for two reasons. First, the cell cycle is largely synchronized

in the YMC. It can reduce the averaging effect associated with the asynchronized cell cycle in
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batch cultures. For example, if the transcriptomes of cells in different cell cycle stages respond
to a gene deletion differently, the sequencing data from batch cultures will become an
average of the transcriptomes in different cell cycle stages (Dolatabadi et al. 2017).
Furthermore, if certain genes are only expressed at a particular cell cycle stage and a gene
deletion can change the length of different cell cycle stages, the increased or decreased
expression levels seen in batch cultures can be an artefact of changing the length of cell cycle
stages (Marguerat et al. 2014). Because the cell cycle and cellular metabolic states are largely
synchronized during the YMC, the averaging effect is relatively small, comparing to batch
cultures. Although there are other methods to synchronize cells, such as using drugs to arrest
the cell cycle or changing the medium, these treatments can cause cellular stress responses,
which may be undesirable in many experiments. Second, by taking multiple samples across
the YMC and comparing the wild-type and the deletion mutant, the changes in the transcript
levels of individual genes can be located to specific time windows during the YMC. The time
window may be associated with certain changes in cellular metabolites and histone
modifications. Due to the availability of various other YMC datasets (metabolome, ChlP-seq,
MNase-seq (Nocetti & Whitehouse 2016) and NET-seq), the impact of a gene deletion can be

studied in relation to various molecular events.

1.9 Using the YMC to study the relationship between transcription and transcripts

The YMC could potentially also be a system to study the relationship between transcription
and the levels of transcripts. It is already known that the transcript levels during the YMC are
highly dynamic and can change dramatically in a short period of time (Kuang et al. 2014). The
cellular mRNA levels can be regulated by various mechanisms, including transcription and
mRNA turnover. A study on the gene expression changes in dendritic cells after LPS
(lipopolysaccharide) stimulation showed that transcription is the dominant factor that

influences the transcript levels of the majority of genes (Rabani et al. 2014). Another study on
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S.pombe suggested that the mRNA turnover can work in concert with transcription to achieve
steeper changes in mRNA levels (Marguerat et al. 2014). Recently, it was also found that RNA
degradation by the exosome plays an important role in the downregulation of transcripts
during the differentiation process of embryonic stem cells (Lloret-Llinares et al. 2018).
Currently, it is still not known how different mechanisms work together to shape the temporal

profiles of transcripts during the YMC.

The mRNA turnover rate normally cannot be measured directly. To answer this question, it is
necessary to measure the activities of transcription or the levels of nascent RNA during the
YMC by sequencing. Currently, there are three major strategies to study nascent RNA. They
are the nucleotide labelling methods, the RNAPII co-IP methods and the direct isolation
methods. Their major differences lie in the purification of the nascent RNA. The nucleotide
labelling methods, such as 4SU-seq, PRO-seq and GRO-seq, need to incubate the cells or the
nuclei with the modified nucleotides (Core et al. 2008; H. Kwak et al. 2013; Rabani et al. 2011).
Once the nucleotides are incorporated into the nascent RNA by RNA polymerases, the nascent
RNA can be purified in the later procedures by pulling down the modified nucleotides. In terms
of RNAPII co-IP, NET-seq is the most typical method (Nojima et al. 2015; Churchman &
Weissman 2011). It uses an antibody to pull down RNAPII, which can co-precipitate the
nascent RNA. The direct isolation methods, such as nascent-seq, use various methods to
isolate the chromatin and extract the chromatin associated RNA, which is believed to be

mostly nascent RNA (Khodor et al. 2011).

Between these three strategies, the RNAPII co-IP method, which is NET-seq, is more applicable
to the YMC. The direct isolation methods require the purification of the chromatin. As budding
yeast cells have the cell wall, which has to be digested by enzymes first, it takes a relatively
long time (at least 15 mins, based on the protocol in Mellor lab) to isolate the chromatin.

Considering the rapid changes in transcript levels during the YMC, the nascent RNA isolated
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after 15 mins is unlikely to reflect the original transcription levels at the time point of sampling.
The nucleotide labelling methods also cannot be applied, because most of these methods
require the cellular nucleotide synthesis enzymes to convert the labelled precursors (such as
4-thiouracil and 4-thiouridine) into the labelled nucleotides. It is already known that the
expression of the genes coding those enzymes are highly temporal specific during the YMC
(Kuang et al. 2014). Hence, the levels of nascent RNA measured by the nucleotide labelling
methods are very likely to be biased at certain time points during the YMC. Although PRO-seq
uses the biotin labelled nucleotides directly, it requires cell permeabilization or nuclear
isolation steps, which has the same problem as the direct isolation methods (Mahat et al.
2016). The sampling procedure of yeast NET-seq is quick (within 3mins). Furthermore, by
pulling down RNAPII with epitope tags, the transcription levels can be measured in a relatively
unbiased manner. Hence, NET-seq is more suitable than other methods for studying

transcription during the YMC.

However, before studying the relationship between transcription and transcripts during the
YMC, there are two things that still need to be improved. First, the original protocol of yeast
NET-seq has a relatively high non-specific background. It can complicate the analysis, because
the background is mainly mature RNA and can change periodically during the YMC. Actually,
a preliminary experiment has been performed on the YMC by using the original protocol of
NET-seq (Please refer to appendix section S1-3). Due to the presence of the high background,
it was hard to obtain conclusive results for this research topic. Hence, the current protocol of
yeast NET-seq needs to be improved, in order to reduce the background. Second, there are
still many unannotated transcription units in the yeast genome. Without knowledge of their
transcription start sites (TSS), it is difficult to quantify their expression levels and perform
other analysis. Although it is possible to ignore these unannotated transcription units and
focus only on annotated ones, including unannotated transcription units in the analysis may
bring a more comprehensive view of the transcription changes during the YMC.
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1.10 The two aims of this thesis

This study has two major aims. The first one is to use the YMC system to study the relationship
between acetyl-CoA metabolism, histone acetylation and gene expression. Currently, it is
known that histones can be acetylated in response to an increase in the cellular levels of
acetyl-CoA. Histone acetylation is associated with gene expression and many chromatin
remodeling factors recruited by histone acetylation can regulate gene expression. There are
three remaining issues. First, it is still not entirely clear how histone acetylation is linked to
gene expression. Second, it is not known whether chromatin remodeling factors are involved
in the interplay between acetyl-CoA metabolism, histone acetylation and gene expression.
Third, it is not clear whether the gene expression associated with histone acetylation can
regulate cell metabolism. In other words, is there a reciprocal regulation between cell
metabolism and gene expression, which is bridged by acetyl-CoA and histone acetylation? The
background knowledge of these questions will be further introduced in the context of the YMC
system in section 3.1.2. The experiments for answering these questions are mainly covered

by the third chapter of this thesis.

The second aim of this study is to pave the way for using the YMC system to study the
relationship between transcription and transcript levels by developing two techniques. The
first technique is called ultra-low background NET-seq. It can solve the high background issue
of the NET-seq. The second one is called size-fractionated NET-seq. It uses a completely
different strategy to map the positions of TSS in a sensitive, reliable and relatively unbiased
manner. It has determined the positions of more than 9000 TSS. More than one-third of them
have been missed by other TSS mapping techniques. The two techniques will be covered by

the fourth chapter of this thesis.
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Chapter 2.

Materials and methods
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2 Materials and methods

2.1 Strain construction

All the yeast strains used in this study are listed in Table 2.1. The strain construction was based

on homologous recombination and involves three major steps, making DNA constructs, yeast

transformation and strain verification.

Name in this study Origin Genotype Nutrient
requirement
wild-type From CENPK113-7D MATa, URAS3, Prototroph
Euroscarf HIS3, LEU2, TRP1, mal2-8c, SUC2

RPB3-3xFLAG wild-type RPB3-3xFLAG::KanMX6 Prototroph
sth1-BDA wild-type sth1A1273-1359::KanMX6 Prototroph
rsc4-Y225AY226A wild-type rsc4-Y225AY226A::KanMX6 Prototroph
rsc2-BD1A wild-type rsc2A17-131::KanMX6 Prototroph
rsc2-BD2A wild-type rsc2A282-378::KanMX6 Prototroph
rsc2-BAHA wild-type rsc2A431-536::KanMX6 Prototroph
rsc2-CT1A wild-type rsc2A541-646::KanMX6 Prototroph
rsclA RPB3-3FLAG rsc1::hphMX6 Prototroph
rsc2A RPB3-3FLAG rsc2::hphMX6 Prototroph
aco2A wild-type aco2::KanMX6 Prototroph

Table 2.1 A list of yeast strains used in this study

The Longtine method (one-step PCR) was followed to make the DNA construct for full length
deletion mutant and epitope tagged strains (Longtine et al. 1998). Both forward and reverse
primers are comprised of two regions. The 5’ side has a 50nts gene specific sequence. For
gene deletion, it maps to the sequence immediately upstream of the start codon or
downstream of the stop codon. For epitope tagging, it maps to both sides of the stop codon.
To make the DNA construct for point mutations or domain deletions, the original Longtine
method was modified by using two-step PCR instead of one-step. The workflow is illustrated
in Figure 2.1. In the 1°* PCR, the point mutation or domain deletion was introduced to the
target gene by primer F1. Primer F2 has one end mapping to the end of the intergenic region
and the other end mapping to the promoter of the marker. After the 1 PCR, the product was
separated on 1% agarose gel and recovered by Monarch DNA gel extraction kit (T1020L, NEB).

The purified 1°* PCR product was then combined with the normal Longtine plasmid carrying
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the appropriate selection marker and primer pairs (F1 and F3) to start the 2" PCR. Primer F3
has its one end mapping to the end of the marker gene, while the other end of F3 maps to the
intergenic region right after the target gene. In this study, it is essential to have F3 and F2
mapping to the upstream and downstream positions of the intergenic region respectively. The
reason is that the PAS of RSC2 is close to the TSS of its downstream gene and the current
arrangement of F2 and F3 can avoid truncating either the terminator of RSC2 or the promoter
of its downstream gene by duplicating the intergenic region after homologous recombination.
After the 2"Y PCR reaction, the product was purified in the same way as the 1 PCR purification.
Then the DNA sequence of the purified product was then checked by Sanger sequencing
provided by Source Bioscience. After confirming there was no mutation except the designed
mutation site, the PCR product was used in the yeast transformation. For a comprehensive list

of primers used in this study, please refer to table 2.2.

F1
H(A Intergenic region

genomic DNA

Gene to be modified << Downstream gene

F2
F1
—X F3

1st PCR product X /

Target gene with mutation Ir?: r?eg?gr? S;Size?;pgftgz

Plasmid carrying
antibiotic selection
marker

2nd PCR product X —

Target gene with mutation Marker gene
Homologous e \ yA
recommbination LA

. . Duplicated
. Intergenic region intergenic region

genomic DNA *
after mutagenesis Target gene with mutation Marker gene Downstream gene

Figure 2.1 The modified workflow of the Longtine method for introducing point mutations.
The intergenic region was duplicated after transformation, which could avoid disturbing the
promoter of the downstream gene. Red, green and blue colors represent the target gene, the
downstream gene and the selection marker respectively. F1, F2 and F3 are primers for PCR
reactions. The same color indicates the sequence homology. The cross represents the point
mutation.
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Table 2.2 A list of primers used in this study

Name

Sequence (from 5’ to 3’)

Rpb3-CTD(tag)-F

AATGGGTAATACTGGATCAGGAGGGTATGATAATGCTTGGCGGATCCCCGGGTTAATTAA

Rpb3-CTD(tag)-R

TTTCGGTTCGTTCACTTGTTTT CCTCTATTACGCCCGAATTCGAGCTCGTTTAAAC

Rpb3-(Chk)1F GTGCAAAGGCTTCGTACCAG

Rpb3-(Chk)1R TCGGTTCGTTCACTTGTTTTT

STH1 bromo AATTGGTGGAAGAAATGCGCGAACAGTTAGATGAGGTAGACTCCCATCCATAACGTTTTCATCACCACATGTTT
deletion F

STH1 bromo GAGCTGCGCACGTCAAGACTGTCAAGGAGGGTATTCTGGGCCTCCATGTCTTGCGGCACTAATAAGCCCAGAG
deletion R A

STH1 HpH tagging R

GAATCGCAAACGGTCGAAGCTAACTGGTCCATCGCCGCCGGGTAATTATTTGAATTCGAGCTCGTTTAAAC

STH1 checking F

CTAAAACTAAATCCAAGTCGCTTGGGA

STH1 checking R

AGCCAAAGGATATTAGTTACTCAAAGA

RSC4 K25A F

GAAAGGCCTAAATACTTGCCGGGAGCACATCCTAAAAACCAAGAGAAAACT

RSC4 K92A93A F

CCAAGTAGGAAGTTTCATCCACAGGCTGCTTACAAGATCCAGCAGCCAATGTCT

RSC4 K225A226A F

GTCGATAAAGATGAACTTCCTGAAGCTGCTGAAATAGTGCATAGCCCCATGGCT

RSC4 bromodomain

GAGCTGCGCACGTCAAGACTGTCAAGGAGGGTATTCTGGGCCTCCATGTCAGTAC TCTTTACGGACGCA

mutation R ACT

RSC4 HpH tagging R GCCATATCCTTACATACATCTTTCCCTACATAACTAACCTACCCATTTTATGAATTCGAGCTCGTTTAAAC
RSC4 chk F TAGAGAGCAAACCAAAGAATAATAGAT

RSC4 chk R GCTCAATATCATTATCAAGAGCAGATA

RSC4 del3 F GAAACGGAATTCATGAATTTCTGGATAAATTGATGACTATCTCTCTCTTCATAGTCTTCC

RSC4 del4d F CATGAAACGGAATTCATGAATTTCTGGATATGATGACTATCTCTCTCTTCATAGTCTTCC

RSC2 BD2 deletion

TAAAGCGTGGGAGACCCCCAATCATCGACTTACCGTATATTCAAAGAATGGCAAGATTCGAACTATCCAAACCT

RSC2 BD1 deletion

GCATGATGCCTGATGACAATTCAAACTCGTCCACTCAAAACTCAAGCGCAGATTTGGGTCCTCTACCCGATGAA

RSC2_BD1_purer

GCATGATGCCTGATGACAATTCAAACTCGTCCACTCAAAACTCAAGCGCAGATTTGGGTCCTCTACCCGATGAA

RSC2_BD1_chk2

GAAATTAAGAGAAAAAGCTGAGGAAG

RSC2_BD1_chk_R

TAGTGGACCTGTTGTCTCTTAATG

RSC2_C_termi_chk

AGGTCATCTATGTCTTTAGAAAACC

RSC2 BAH deletion

ATTGGGCACTTCTTCGAAATCAAAATGATCCTCAAAAACCTATAGTGGGCCGTGATTTGGACGAAGCTACCATT

RSC2 CT deletion

AGATTAGAACCTGGAAGGCTTGCTTACCAGAGGAAATTCGTGATTTGGACTACTCAAGTAGTAAACTATCCAG
TTTAAGA

RSC2_marker_taggi

GAGCTGCGCACGTCAAGACTGTCAAGGAGGGTATTCTGGGCCTCCATGTCGTCCTTGGGGAAGAAATTTT

ng

RSC2 deletion GGAAGATATTATGCTGCCATTGCTTTTACAATAAAGGTGAGAATTCGAGCTCGTTTAAAC
Reverse

RSC2_chk_F2 GGATGCTGATTTTCCTGATTTGAT

RSC2_chk_R2 TTGTAACCTTTGCAATTGGTGTT

CLN3 deletion F

TCTCCC ACTCTCGTTCAAGACACTGATTTGATACGCTTTCTGTACGCGACATGGAGGCCCAGAATA

CLN3 deletion R

TTTGCAAATTTTAATTTATTTGTTGTTAAATGCATTTTTTTTTTGTCGTTGAATTCGAGCTCGTTTAAAC

CLN3_chk_F

TGCTCTCACTGTAATGATCA

CLN3_chk_R

TTAGATAGAGAGGGGCAGAT

RSC2 FLAG tagging F

AAGTTCACGGCGCACAGACTCTCTATGCTGCGGCCTCCTTCGTCGTCTTCAgactacaaggacgacgatgac

RSC2 FLAG tagging R

aaggattacaaagatgacgacgataaggactataaggacgatgatgataaalGATCACCTTTATTGTAAAAGCAATG

RSC2 full length chk
R

GTAGCAACTTACTGGAAAAG

RSC2 FLAG tagging
chk

TAAGACCCTCGGCTAAGTTC

ACO2_deletion_F

TTCGACTTTCTTTAAACATAAAACTCTAAGAGCAATAAGCAAGAGATTCGGGATCCCCGGGTTAATTAA

ACO2_deletion_R

TATGACTATTAAATCGGACTCTTAATTTTTAGCTAATATCTCTTCAGAATTGAATTCGAGCTCGTTTAAAC

ACO2 F chk

TTATTCGATTTGCGCACTTG

ACO2 R chk

TTTGCACCGTCTATATGCAG

RSC1 del new F

CTAGCTACAAAACAGAGATAAAAAAAATTATATTTCA AGCCGACATGGAGGCCCAGAATA

RSC1 deletion R

ATTCTCGTAATCTGAATGCAAGGTATTCAGCGGAA GAATTGAATTCGAGCTCGTTTAAAC

RSC1 checking F

CTTACCCTCTTTCCGTCAAT

RSC1 checking R

AAAACGATTGAGGTCTATCG

RSC2 del new F

AGAACCAGACGAAGCGGAGAATATTCTACATTGAC AGTGCCGACATGGAGGCCCAGAATA

RSC2 deletion R

GGAAGATATTATGCTGCCATTGCTTTTACAATAAAG GTGAGAATTCGAGCTCGTTTAAAC

RSC2 checking F

AGTTCAATACGTGATCAAAT

RSC2 checking R

GTCCTTGGGGAAGAAATTTT
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To carry out transformation, the yeast strain to be transformed was inoculated in 5ml of YPD
and cultured overnight at 30°C. On the next day, 250ul of the overnight culture was diluted
in 25ml of YPD and grown for 6 hours at 30°C. Cells were harvested by spinning down at
3000rpm for 5mins at room temperature. After a brief wash with PBS, cells were suspended
in 450ul of 0.1M sterile LiAc/TE and left at 4°C overnight. On the following day, 100ul of the
cell suspension was mixed with 10ul of calf thymus DNA, 10ul of the purified PCR products
and 700ul of 0.1M LiAc/TE with 40% PEG. The mixture was incubated at 30°C for 30mins. After
adding 50ul of DMSO, the mixture was heat shocked at 42°C for 20mins. Cells were collected
by spinning at 7000rpm for 2mins at room temperature. After washing cells once with
autoclaved miliQ water, cells were suspended in 1ml of YPD and incubated at 30°C for 3 hours.
After that, cells were collected by spinning at 7000rpm for 1min. The cell pellet was suspended
in 100ul of fresh YPD and plated onto either Kanamycin or hygromycin B selection plates.
Depending on the growth rates of the strain and the mutant, colonies normally started to

appear after 3 days, if the transformation was successful.

To screen for positive colonies, the colonies on the selection plates were restreaked onto a
new selection plate. Some cells from each colony were also grown in 1ml of YPD in an
Eppendorf tube overnight. Genomic DNA was extracted from each of the 1ml culture by non-
phenol method (please refer to section 2.5.2). PCR was performed on each genomic DNA
preparation with primers flanking the deleted, inserted or mutated region. For full length
deletion, domain deletion or tagging, a certain size shift of PCR products could be observed, if
the colony was correct. For point mutation, the PCR product for each colony was first purified
with Monarch PCR&DNA cleanup kit (T1030S, NEB). If there was a restriction site at the
mutated position, the PCR product could be digested with the appropriate restriction enzyme
and examined by running a 1% agarose gel. A differential fragmentation pattern could be
observed for correct colonies. If there was no suitable restriction site, the PCR product had to
be sequenced with Sanger sequencing to find out the correct colonies.
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For gene tagging, western blot with the corresponding primary anti-epitope antibody was
performed to further validate the positive colonies. For domain deletion and point mutation,
Sanger sequencing was carried out to examine the DNA sequence of the whole gene, in order
to make sure there was no unexpected mutation. After all the processes above, there were
still multiple correct colonies. The growth rate of each colony was measured by growing cells
in 25ml of YPD and monitoring ODeoo over time. The colonies with growth rates close to wild-

type could be suspended in glycerol/YPD solution and stored at -80°C.

2.2 Operating the fermenter

Before the start of a new run, all major parts of the fermenter vessel need to be dissembled,
washed with MiliQ water thoroughly and autoclaved. After that, 900ml of YMC medium was
prepared in a 1L bottle without adding antifoam 204. For the full recipe, please refer to table
2.3. Then the 900ml| of YMC medium was poured into the fermenter vessel and 0.5ml of
antifoam 204 was added directly to the vessel as well via a 1ml syringe. Once the pH probe
was calibrated with pH standard and the dissolved oxygen probe had its electrolyte replaced,
they were installed onto the fermenter vessel. Then the vessel was autoclaved again. After
autoclave, the condenser should be installed onto the vessel in a flow hood. Then the vessel
was left in room temperature to cool down. Once its temperature was below 60°C, all the
probes and pipes were connected to the controller. The DO probe should be polarized for at
least 7 hours by connecting to the controller before use. On the same day, the 10ml pre-
culture was inoculated by transferring roughly 200milllion cells from the YPDA plate to 10ml
of YPD media. The FALCON tube containing the 10ml medium should be closed tightly and

wrapped with parafilm.

On the next day, the water cooler and compressor were first switched on. The temperature
of the medium in the fermenter was adjusted to 30°C and the pH was raised to above 3.50 by

switching on the base pump which adds NaOH stock solution (10g/L) to the fermenter.
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Aeration and agitation were maintained at 1L/min and 1000rpm respectively. The pre-culture
was checked under the microscope to make sure there was no bacteria contamination. The
ODeoo of the pre-culture was also measured and recorded. After that, the 10ml pre-culture
was injected into the fermenter by a syringe with a 19G needle through the inoculation
membrane. The base pump was switched to the mode of ‘base cascade’ to correct the pH of
the medium, while the feeding pump was switched off. The collection pump was set to ‘level

2’, in order to maintain a constant culture volume.

After inoculation, the cells in the fermenter kept growing until it used up all the glucose in the
medium. Then cells entered the starvation phase in which the level of dissolved oxygen in the
medium was close to saturation. In principle, the cells should be starved for at least 7 hours
to scavenge any residual carbon sources. In this study, the starvation time was roughly 14
hours. Although longer starvation time is also allowed, it is not recommended to starve the
cells for more than 48 hours. After starvation, the feeding pump was switched on and set at a
constant rate of 1.5ml/min. At this point, the ODgg of the cell culture was about 10units per
ml. After 10 hours, the ODgoo should reach 16units per ml. The metabolic cycle should normally

appear 6 hours after turning on the feeding pump.

There are two types of sampling, the small scale (1ml) and the large scale (100ml). The two
types of sampling require different preparation procedures and are used for different
purposes. The 1ml small scale sampling does not disturb the metabolic cycle, so multiple
samples can be taken constitutively within the same metabolic cycle. It can be used for
western blot, RNA-seq, FACS, metabolome, proteome and other biochemical assays. To carry
out the small scale sampling, 5ml of cell culture was taken from the fermenter by a 10ml lure-
lock syringe via the sampling valve. The 5ml of cell culture was first transferred to a 15ml
FALCON tube. It was then further transferred to several Eppendorf tubes with a pipette. Each

Eppendorf tube should contain 1ml of cell culture. Then the tubes were centrifuged at room
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temperature by pressing the quick spin button for exactly 10 secs. The supernatant was
quickly removed by a pipette. The cell pellet was snap frozen in liquid nitrogen. The time of
snap freezing should be recorded as the sampling time. The whole procedure is expected to

be completed within 3mins.

The large scale (100ml) sampling normally disturbs the metabolic cycle, so only one sample
should be taken in a metabolic cycle. It is advised to leave a time interval of at least 8 hours
between two large scale sampling events for the cells to recover. The large scale sampling is
intended for NET-seq, which requires a large amount of starting material. To carry out this
type of sampling, the glass filter unit should be assembled before starting. For details of using
the glass filter, please refer to the NET-seq protocol for yeast published by Stirling Churchman
in 2011. A 50ml lure-lock syringe was used to take 100ml of cell culture from the fermenter.
The cell culture was immediately filtered through the nitrocellulose membrane. A spatula was
used to scrape cells off the membrane. After that, the cell pellet was snap frozen by liquid
nitrogen. The time of snap freezing should be recorded as the sampling time. 100ml of cell
culture from the fermenter normally contains 1.4g of cells, which is enough for one NET-seq
experiment. In order to capture the original transcriptional status of the cells within the

fermenter, the whole process should be completed within 2.5mins.

2.3 Next generation sequencing

2.3.1 Nascent elongating transcripts sequencing (conventional protocol)

In the first step of NET-seq, frozen S.cerevisiae cell pellets were mixed with S.pombe cell
pellets and grounded into fine powder together in the mixer mill. Before starting the
experiment, the grinding chambers, the spatulas and any other equipment that may directly
contact the sample need to be pre-chilled in a clean polystyrene box containing liquid nitrogen.
Then both S.cerevisiae cell pellets and S.pombe cell pellets were transferred from -80°C

freezer to the same polystyrene box. Next, the weight of the empty grinding chamber was
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measured by a balance. A piece of polystyrene was placed in between the balance and the
empty grinding chamber to avoid heating up the grinding chamber. In the following steps, the
chamber should be kept on the balance. S.cerevisiae cell pellets were first added into the
chamber and the changes in weight should be taken down. The amount of S.pombe to be
added was calculated from the weight of S.cerevisiae divided by a fixed ratio. In this study, the
ratio of cerevisiae to pombe was 2.5 to 1. After adding S.pombe, the changes in weight should
be taken down again. Adding slightly more or less S.pombe was not a problem for
normalization, as long as the weights for both S.cerevisiae and S.pombe were taken down
accurately. Once the weighing step was completed, the two grinding chambers were closed
and shaken in the mixer mill. The program for shaking was 15Hz for 3mins. Then the grinding
chamber was placed in liquid nitrogen for 2mins to maintain the low temperature. The above
process was repeated for another 5 times. Fine cell powder was transferred to two pre-chilled
clean 50ml falcon tubes, A and B. Tube A contained 1.40g of cell powder, while tube B
contained the rest of cell powder. Tube A can either be stored at -80°C or used for cell lysis
directly. Tube B can be saved for other applications. All the weighing steps need to be done
as fast as possible, as water vapour may condense on the surface of the grinding chamber and

slightly change the weight.

In the second step of NET-seq, cell power was clarified by lysis buffer. RNAPII and its associated
RNA was isolated from the cell lysate by immunoprecipitation. Normally two samples were
processed in parallel. For most of the steps, the original NET-seq protocol was followed
(Churchman and weissman, 2011). Briefly, the NET-seq lysis buffer was prepared first and
incubated on ice. The anti-FLAG M2 agarose beads (A2220-10ML, Sigma) were washed twice
with the ice cold NET-seq lysis buffer. Next, 12.5ul of SUPERase.In (AM2696, ThermoFisher
Scientific) and 660ul of RQ1 RNase-free DNasel (M6101, Promega) was added to 5ml of ice
cold NET-seq lysis buffer. 1.40g of cell powder taken directly from the -80°C freezer or liquid
nitrogen should be mixed with the lysis buffer above immediately by vigorous shaking and/or
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pipetting up and down. Once there were no obvious clumps seen, the lysate of each sample
was transferred to 7 Eppendorf tubes. The whole procedure should be mostly carried out on
ice. The total incubation time was 20mins, counting from the beginning of mixing the cell
powder and the lysis buffer. After 20mins, the 7 Eppendorf tubes were centrifuged at 16,0008
for 10mins at 4°C. The supernatant was combined and incubated with the washed agarose
affinity beads in a 15ml Falcon tube at 4°C with rotation for 2.5 hours. After that, the
suspension of beads was centrifuged at 1000g, 4°C for 2mins (this setting was used for all the
following centrifugation steps). The supernatant was decanted carefully. The beads were
washed 4 times, each with 10ml of NET-seq wash buffer followed by centrifugation. After
washing, RNAPII was eluted from the beads by incubating the beads with NET-seq elution
buffer at 4°C for 30mins with rotation. Next, the elution buffer was collected and the elution
step was repeated for one more time. After that, the elution buffer was combined. RNA was
purified from the eluate with miRNeasy mini kit (217004, Qiagen). In the last step of the kit,
RNA was eluted from the column by 30ul of MiliQ water. Nanodrop 2000 was used to quantify
the amount of RNA purified. If the sample comes from the YMC, it is expected to yield 1.5~4.5

ug of RNA. If the sample is from batch cultures, normally 3-9ug of RNA is expected.

The third step is library construction, in which the RNA undergoes linker-1 ligation, alkaline
fragmentation, reverse transcription, circularization and PCR amplification sequentially. The
typical amount of starting material was 3ug of RNA purified from the last step. However, it
can also go down to 0.3ug. Most procedures were exactly the same as Churchman 2011 paper.
Here, most library construction procedures are briefly described. Some key or modified
procedures are described in more detail. To perform linker-1 ligation, three 1.5ml non-stick
RNase-free tubes were used. Each tube contained 10ul of heat denatured RNA (100ng/ul,
dissolved in 10mM Tris pH 7.0), 4.8ul of 50% PEG (mol. Wt. 8000), 1.2ul of MiliQ water, 2ul of
RNA ligase buffer (B0216L, NEB), 1ul of linker-1 (S1315S, NEB) and 1ul T4 RNA ligase 2
truncated (M0242L, NEB). If the total amount of starting material is lower than 3ug, at least
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make sure the volume of RNA solution is 10ul in each tube. As the presence of PEG makes the
solution become viscous, a vigorous vortex is needed to fully mix all the reagents. After
incubating the mixture at 37°C for 3 hours, 0.7ul of 0.5M EDTA was added to each tube to
qguench the reaction. To fragment the RNA into the desired size range, 20ul of alkaline
fragmentation buffer was added to each tube. Then the mixture was incubated at 95°C for
40mins (the exact time needs to be calibrated for each batch of alkaline fragmentation buffer).
After fragmentation, RNA was purified by isopropanol precipitation, followed by size selection
on 10% TBE-urea polyacrylamide gel. The excised gel piece was mashed with a 1ml pipette tip
ina 1.5 ml Eppendorf tube. 600ul of MiliQ water was added to the mashed gel piece, followed
by incubation at 70°C for 10mins with vigorous shaking. The supernatant was collected by
Costar Spin-X column. RNA was recovered by isopropanol precipitation for 2 hours in -20°C.
RNA pellet was dissolved in 10ul of 10mM Tris.Cl (pH 7.0). After reverse transcription, the
cDNA was size selected again with 10% TBE-urea polyacrylamide gel and recovered in the
same way as just described. Then cDNA was circularized by CircLigase (CL4111K, epicentre).
To obtain the final product for sequencing, PCR amplification was performed on the
circularized cDNA. A range of PCR cycle numbers should be tested (normally 3-7 cycles). The
PCR product was size selected on an 8% TBE gel. Under the optimal PCR cycle number, the
PCR product should give a bright smear without any high-molecular weight products on the
8% TBE gel. The PCR product with the optimal cycle number was recovered by soaking the
mashed gel pieces in DNA soaking buffer overnight. PCR products can then be precipitated by
isopropanol precipitation from the supernatant. Finally, the PCR product was dissolved in 10ul

of 10mM Tris.Cl (pH 8.0) and was ready for illumina sequencing.

The sequencing was performed on NextSeq 500 by the Biopolymer Facility of Harvard
University. The setting for sequencing was high throughput flow cell, 50 cycles and single-read.

For the data processing of NET-seq, please refer to section 2.6.1.
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2.3.2 Nascent elongating transcripts sequencing (ultra-low background protocol)

This is a new protocol developed in this study. It can greatly reduce the background of NET-
seq. However, because of the lowered background, the vyield of RNA after
immunoprecipitation is also reduced. Extra care must be given when performing the
downstream steps. In this new protocol, the agarose beads were washed for eight more times
with the stringent wash buffer before elution. Specifically, after the four normal washes,
agarose affinity beads were transferred to a COSTAR spin-x column and centrifuged at °C,
1000g for 1min to get rid of residual normal wash buffer. To make the stringent wash buffer,
RNase-free urea was supplemented to the normal wash buffer to make a final concentration
of 1M. 300ul of the stringent wash buffer was added to the column containing beads. It was
then incubated at 4°C for 10 mins with gentle rotation. Next, the column was spun at 4°C,
1000g for 1 min to remove the stringent wash buffer. The two steps above were repeated for
7 additional times. After that, RNAPII can be eluted from the beads as described in the
conventional protocol. miRNeasy Micro kit (217084, Qiagen) was used to extract RNA from
eluate. In the last step, RNA was eluted from the column with 10ul of MiliQ water. The
expected RNA yield of the 1.40g batch culture cell powder is around 0.6ug. Since the yield was
lower than that of the conventional protocol, one tube was used instead of three in the linker
ligation step. All the following steps were the same as the conventional protocol except that

additional two PCR cycles may be required in the final PCR amplification step.

Note that sodium chloride cannot be used to increase the stringency of the normal wash
buffer, because dissolved sodium chloride can dissociate RNAPII and result in the failure of

immunoprecipitation.
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2.3.3 Size fractionated NET-seq

Size fractionated NET-seq, developed in this study, is a new technique of mapping TSS on the
genome. Its procedures are described in this section. For its mechanism, please refer to
section 4.2.2.1. All the steps before linker-1 ligation were performed in the same way as

normal NET-seq (the conventional protocol).

For size fractionated NET-seq, it is recommended to use 6ug of RNA as the starting material
for linker-1 ligation, although 3ug of RNA is also possible. If 6ug of RNA is used, six non-stick
RNase-free tubes should be used instead of three to carry out the ligation reaction. The recipe
for ligation reaction is exactly the same as normal NET-seq (the conventional protocol). After
3 hours incubation at 37°C, the reaction was quenched by adding 0.7ul of 0.5M EDTA to each

tube.

After that, the ligation product was purified and concentrated by isopropanol precipitation,
instead of undergoing alkaline fragmentation directly. Specifically, 0.56ml of RNA
precipitation solution and 0.75ml of isopropanol were added to each tube. After vortex, the
mixture was incubated at -20°C for 2 hours, followed by centrifugation at 4°C, 20,000g for
30mins. Next, the supernatant was removed without disturbing the RNA pellet. The pellet was
then washed once with 0.75ml of 80% ice-cold ethanol. After brief centrifugation, residual
ethanol was carefully removed by pipetting. The pellet was air-dried at room temperature for

10mins. 15ul of 10mM Tris.Cl (pH 7.0) was used to dissolve all the RNA pellets in the six tubes.

The next step is to perform the size selection. The 15ul of RNA solution was mixed with 15ul
of 2x TBU denaturing loading buffer and heat denatured at 80°C for 3 mins. Heat denatured
10bp, 50bp, 100bp and 1kb DNA ladder were loaded onto the 3.5% TBU polyacrylamide gel
first (for the procedures of casting the gel, please refer to Note 1 at the end the current
section). The RNA sample was evenly split into 3 wells of the gel (10ul in each well). It is advised

to leave two empty wells between the ladders and the sample, in order to avoid
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contamination. The 3.5% TBU polyacrylamide gel was assembled into the BioRad
electrophoresis device. The tank of electrophoresis device was filled with ice-cold 1xTBE
running buffer. The whole device was then incubated in ice. After setting up the device, the
electrophoresis was run at 80V for 80mins. Once the electrophoresis was completed, the gel
can be stained for 5mins in 50ml of 1xTBE buffer containing 5ul of SYBR Gold nucleic acid gel
stain (S11494, ThermoFisher Scientific), followed by destaining in 1xTBE buffer for another
5mins. After that, the gel was frozen at -20°C for 15mins. As 3.5% polyacrylamide gel is floppy
and fragile, freezing the gel can make it easier to cut. In this study, five size ranges were
selected. They were 40-100nts, 100-400nts, 400-1Knts, 1K-3Knts and above 3Knts, according
to the DNA ladder. Other size ranges can also be used, however it is advised to keep at least

two small fractions, e.g. 40-100nts and 100-400nts.

To recover the RNA from the gel, electroelution was used. Gel pieces were first mashed in the
same way as described in ordinary NET-seq protocol (please refer to section 2.3.1). The
mashed gel from each size fraction was loaded into separate electroelution devices (For how
to make this device, please refer to note 3 at the end of this section). All the electroelution
devices were placed in the electrophoresis tank. After filling the tank with 1xTBE buffer,
electrophoresis was performed at 80V. To avoid heating up the buffer, the whole
electrophoresis device was placed on wet ice (need more details). In the meantime, the
position of fluorescence should be monitored every 10mins with the transilluminator. Once
the fluorescence moved from the gel to one end of the electroelution device, the
electroelution device was taken out immediately. All the buffer in the electroelution device
should be collected. The time required to electoelute RNA depends heavily on the size of RNA.
For the smallest size fraction, 10mins is normally sufficient, while the largest RNA fragment
may need as long as 2 hours. After electroelution, RNA from each size fraction was normally
dissolved in 600ul of 10mM Tris.Cl (pH 7.0). To purify and concentrate RNA, 2ul of Glycoblue,
50ul of 3M sodium acetate (pH 5.5) and 0.75ml of isopropanol were added. The following
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procedures were the same as the isopropanol precipitation described before. In the end, RNA
pellet of the smallest fraction was dissolved in 10ul of 10mM Tris.Cl (pH 7.0). All the other size

fractions were dissolved in 20ul of the same buffer.

RNA from each fraction is treated as separated samples and is ready to be alkaline fragmented.
As it is not necessary to fragment the smallest fraction, it can proceed directly to reverse
transcription. For the rest of fractions, the same alkaline fragmentation time can be used. All
the following library construction procedures are the same as the ordinary NET-seq protocol.
In the final PCR amplification step, two more PCR cycles might be used to get the products for
sequencing. For the data processing of size fractionated NET-seq library, please refer to

section 2.6.4 and section 4.2.2.1.

Note 1: Casting 3.5% TBU polyacrylamide gel

To minimize the contamination of RNase, all the glass plates for gel casting were first wiped
with 1% SDS and washed thoroughly with MiliQ water. The cleaned glass plates should be kept

for RNA purpose only. To make the gel solution, the following recipe was followed.

For 10ml of gel solution (sufficient for casting one gel):

Urea 4.8g

30% acrylamide solution 1.17ml

10% APS 50uL

10X UltraPure TBE buffer Iml

MiliQ water added to make the total volume become 10ml
TEMED 10ul (added before casting)

The gel should be left in room temperature for at least 1 hour to solidify. After that, the gel is
ready to be used or can be stored at 4°C overnight. Ideally, the gel should be used within 2
days. The 3.5% gel is extremely fragile and must be handled carefully. Due to the presence of

8M urea, 3.5% is the lowest percentage that can be achieved with the protocol above.

Note 2: Pre-run polyacrylamide gel

The TBU gel should be pre-run for 15mins without loading samples. Before loading, a pipette

with a clean tip should be used to flush the wells with 1XTBE buffer several times.
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Note 3: Making the electroelution device

Drill a hole here Drill a hole here
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Fragmented gel
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Figure 2.2 The steps of making an electroelution device from an Eppendorf tube and a Costar
Spin-X tube for the size fractionated NET-seq. The electroelution allows the efficient recovery
of long RNA molecules from polyacrylamide gel. The dialysis membrane and the nitrocellulose
filter membrane are colored red and blue respectively. The TBE buffer is shown in green.

The diagram for making the electroelution device is shown in Figure 2.2. A hole with a
diameter of 7mm was first drilled on the cap of both Eppendorf tube and Costar Spin-X
centrifuge tube respectively. The Eppendorf tube was cut into two at the position shown on
the diagram. Its top half along with the cap was retained. For the Costar Spin-X column, its
inner tube as well as the cap were kept. Then the inner column was inverted and inserted into
the top half of the Eppendorf tube as shown in the middle left of Figure 2.2. After that, two

pieces of dialysis membrane with a MWCO (molecular weight cut off) of 3.5 kDa were excised
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and soaked in 1XTBE. Before assembling the device, the chamber of the device was filled with
1xTBE and the fragmented polyacrylamide gel was loading into the inner tube from the Costar
Spin-X column. After that, both ends of the device were covered with the two pieces of dialysis
membrane and the two caps were attached to both ends to fix the dialysis membranes. Finally,
the electroelution was placed in an electrophoresis tank with 1xTBE. The buffer should be

added until the dialysis membrane is completely immersed.

2.3.4 mRNA 3’end sequencing

This is a method for quantifying the level of mRNA in the sample. tRNA, rRNA and
mitochondrial RNA cannot be studied by this method. Briefly, mRNA is reverse transcribed by

poly-T primer and the complementary strand of cDNA is synthesised by random priming.

First of all, 1ml of culture from the fermenter was centrifuged at room temperature by
pressing the quick spin button for 10 secs. After removing the supernatant, the cell pellet was
snap-frozen by liquid nitrogen. The cell pellet can either be stored at -80°C or proceeded to
the next step straightway. In the following procedures, the sample tubes were kept in dry ice.
To add RNA spikein, an aliquot (Note 4) of frozen S.pombe cell pellet (containing 180 ODego
units of S.pombe cells harvested from a chemostat) was quickly suspended in 12.78ml of ice
cold TE buffer (10mM Tris.HCI pH 7.5, 10mM EDTA). 200ul of the suspension was quickly
transferred to each of the sample tubes. If there is a large number of samples to be spiked in,
the S.pombe cell suspension should be resuspended after adding every 5 samples, in order to
make sure the suspension is homogenous. After adding spikein to all the samples, 200ul of
TES buffer (10mM Tris.HCl pH 7.5, 10mM EDTA, 1%SDS) and 400ul of Acid-Phenol-Chloroform
(AM9722, ThermoFisher) were added to each sample sequentially. The sample mixture was
transferred to a thermomixer and incubated for 20mins at 65°C with vortexing at 1400RMP
for 30 secs every 5mins. After that, it was stored in -80°C freezer for 30mins followed by

centrifugation at 13,000 RMP for 15mins at room temperature. To perform ethanol
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precipitation, the supernatant was mixed with 600ul of freshly made NaOAc/EtOH solution
(2.5ml of 3M NaOAc pH5.2 mixed with 47.5ml of 100% EtOH) and stored at -80°C for 30mins.
After centrifugation at 13,000rpm for 20mins at 4°C, the supernatant was removed and the
RNA pellet was washed with 70% of ethanol. After air dry, the pellet was dissolved in 400ul of
water. The ethanol precipitation procedure was repeated to further improve purity. Finally,
the air dried pellet was dissolved in 100ul of MiliQ water. The expected total RNA yield was

around 200ug with 260/280 ratio higher than 2.4 and 260/230 ratio higher than 2.2.

The purified RNA can be used for library prep. To construct the library, QuantSeq 3 mRNA-
Seq library prep kit for lon Torrent (012.24A, LEXOGEN) was used and its associated protocol
was strictly followed. Once the library is made, its quality and concentration can be checked
with bioanalyzer. The sequencing was performed on lon Proton. With S.pombe spikein, it is
advised to pool 12 mRNA 3’ end sequencing samples on the same sequencing chip, in order
to balance the sequencing depth and cost. For more detailed instruction, please refer to the
manual of lon Proton sequencer. The data processing of mRNA 3’ end sequencing is described

in detail in section 2.6.1.

Note: One such aliquot of S.pombe is sufficient for spiking in 48 samples. The final ODgo ratio
of S.cerevisiae to S.pombe is roughly 6.5 to 1. Normally, the final ratio of reads between the

sample and S.pombe spikein should be around 2.5 to 1. It is possible to use a higher ratio.

2.4 Proteome

It is advised to perform all the procedures on ice. 70 million cells were first resuspended in
1ml of ice cold proteome lysis buffer. For buffer recipe, please refer to table 2.3. The
suspension was transferred to a 2ml tube with a screw cap. 500ul of acid washed glass beads
was added to the 2ml tube. Once all the screw caps were tightened, all the 2ml tubes were
transferred to a Magna Lyser bead miller and shaked for 1min at 6000 rpm, followed by

incubation in ice for 3mins. It was repeated for 7 more times. After that, the tubes were
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centrifuged at 4°C for 10mins at 16,000g to remove cell debris. The supernatant was
transferred to a new tube and stored at -80°C. The protein concentration was measured by
the BCA assay. For more details of the assay, please refer to the manual of Pierce BCA protein
assay kit (23225, ThermoFisher). The mass spectrometry analysis of the samples was
performed by Benedikt Kesseler Lab at the Target Discovery Institute (TDI) in University of
Oxford. Briefly, 100ul from each of the 10 samples were taken and proteins were precipitated
by methanol-chloroform method. The proteins were digested overnight by trypsin. After
digestion, the peptides were further labelled with TMT labels. After pooling all 10 samples

together, the pooled sample was run on the mass spectrometry instrument separately.

2.5 Biochemical assays

2.5.1 Western blot

A yeast cell pellet containing roughly 290 million cells was quickly mixed with 300ul of 8M
urea, 240ul of western blot loading buffer and 100ul of acid-washed glass beads. If a large
number of samples need to be processed, it is advised to perform the procedure above on ice.
Then the mixture was vortexed for 3mins, followed by incubation at 95°C for 5mins. After
centrifugation at 16,000g for 10mins at room temperature, the supernatant was transferred
to a new Eppendorf tube. 10ul of the supernatant was saved to carry out the BCA assay. The
rest was mixed with 60ul of 1M DTT and 10ul of 3% bromophenol blue stock solution, followed
by 5mins incubation at 95°C. The loading volume of each sample should be calculated
according to the measured protein concentration of each sample, in order to make sure the
same amount of protein is loaded in each well. For the recipe of hand-made polyacrylamide
gel, please refer to table 2.3. After loading the gel, the electrophoresis was first performed at
80V for 1 hour, followed by 160V until the marker reached the bottom of the gel. Then the
separated protein was transferred to nitrocellulose membrane by the semi-try method. The

electrophoresis of semi-dry transfer was run at 15V for 45mins. On the next day, the
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nitrocellulose membrane was blocked with 5% BSA in TBST for 1 hour. Then the membrane
was incubated in 2.5% BSA/TBST with primary antibody for 1 hour. After 3 quick washes
(1mins each) and 3 long washes (10 mins each), the membrane was incubated with secondary
antibody in 2.5% BSA/TBST for 45mins. The washing procedures were repeated. After
incubating the membrane in Pico ECL mix at room temperature for 3mins, the membrane can
be exposed to a film in a dark room. Normally, the exposure time of 10secs, 1min, 5mins and
overnight can be used. For checking RNAPII pull down in NET-seq experiment, 1sec exposure

time was used, as the signal for RNAPII was normally extremely strong.

2.5.2 Non-phenol genomic DNA extraction

The cells were collected from the 1ml overnight culture by spinning down at 13,000rpm for
1min. Then the cell pellet was suspended in 100ul of 200mM LiOAc/1%SDS and incubated at
65°C for 5 mins. After mixing with 300ul of 100% EtOH, the mixture was centrifuged at
13,000rpm for 3mins. The supernatant was discarded and the pellet was washed with 100ul
of 70% EtOH, followed by centrifugation at 13,000rpm for 1min. After removing the
supernatant, the pellet was suspended in 100ul of MiliQ water and incubated at 65°C for 5
mins. After centrifugation at 13,000rpm for 15 secs, the supernatant was collected and was

ready for downstream applications.

2.6 Bioinformatics

2.6.1 The processing of the raw sequencing data

The sequencing of NET-seq libraries was performed on the illumina NEXTseq 500 sequencer
with the high throughput flow cell, single end reads and 50 cycles. With the original protocol,
NET-seq normally requires 100 million reads to obtain a good coverage on each S.pombe

spiked S.cerevisiae sample. With the new protocol, 50 million reads are enough. The adapter

sequence ‘ATCTCGTATGCCGTCTTCTGCTTG’ was first trimmed from the raw reads by
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running cutadapt. Then bowtie was utilized to align the reads to the hybrid genome of
S.pombe and S.cerevisiae with the following settings: ‘-q-p 16 -S-m1-n1-e70-128 -k 1 --
best --phred33-quals’. The uniquely aligned sam files were eventually converted into the

bedgraph files by samtools, bamtobed and genomecov.

The sequencing of RNA-seq libraries was performed on the lon Proton sequencer with lon Pl
Chip v3. The 3’end sequencing of S.pombe spiked S.cerevisiae sample requires 6 million reads.
The raw reads were aligned by STAR without using cutadapt. The settings for STAR were: ‘—
runThreadN 2’, "—alignintronMax 2500’ and ‘—outSJfilterReads Unique’. All the downstream

data format conversions for RNA-seq were performed the same as those for NET-seq.

2.6.2 Pearson correlation, K-means clustering, statistical tests and plotting

metagene

The Pearson correlation coefficient was calculated by using the MATLAB function ‘corr’. The
K-means clustering was performed by using the MATLAB function ‘kmeans’ with 16 clusters,
1000 maximal iterations and 500 replicates. The Kolmogorov-Smirnov test and the single sided
Fisher’s test were carried out by using the MATLAB functions ‘kstest2’ and ‘fishertest’
respectively. Metagenes were plotted by following the procedures described by Churchman

and Weissman 2011.

2.6.3 Mapping time points to the wild-type time axis

The Smoothing spline fitting was first performed on the 22 wild-type RNA-seq data points for
each gene by the MATLAB function ‘fit’. Specifically, the “fittype’ parameter was specified as
‘smoothingspline’ and the smoothing parameter was set at 0.166. The function returned a fit
object. Using time as the input, the fit object returned the estimated expression data at the
time point during the YMC. Once all the genes were fit to smoothing spline curves. The

transcriptome was estimated at any time points during the YMC. The fit objects for all the
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genes in the wild-type were sampled every 1mins during the YMC, which produced 180
estimated wild-type transcriptomes. The Pearson correlation coefficients between the 180
estimated wild-type transcriptomes and RNA-seq data to be mapped were calculated, which
gave 180 Pearson correlation coefficients on the time axis of the wild-type. The same
smoothing spline fitting was applied to the 180 coefficients. By using MATLAB function
‘findpeaks’, the position of the peak in the curve was determined. The peak position was the
estimated time point on the wild-type time axis. All the RNA-seq samples including the
mutants were mapped in the same way. The NET-seq and ChIP-seq samples have their

companion RNA-seq samples, which allows NET-seq and ChIP-seq data to be mapped as well.

2.6.4 The dry lab part of size-fractionated NET-seq

The normal NET-seq alignment method should be used. For fraction I, which was the smallest
size fraction, the reads trimming by ‘genomecov’ was performed on either the 3’ ends and the
5’ ends of reads, which produced two sets of bedgraph files for fraction I. The bedgraph files
for track A, B, C and D were imported into MATLAB and smoothed by zero-phase digital
filtering algorithm ‘filtfilt’. Specifically, the digital filter was first set up by using function
‘designfilt’ with the following parameters: 'lowpassiir', 'FilterOrder', 12, 'HalfPowerFrequency',
0.05, 'DesignMethod', 'butter'. It returned a digital filter object, which was used as one of the
inputs of the ‘filtfilt’ function together with the data on track A, B, C and D. The output data
were the smoothed data for track A, B, C and D. The TIF-seq annotation was then utilized to
generate a metagene for each of the smoothed track A, B, Cand D. The data of the first 400bps
downstream of TSS of the four metagenes were combined, which was the reference pattern.
At each nucleotide position on the genome, the data of the 400bps downstream of that
position for all four data track were combined as well, which was the pattern to be tested. The
Pearson correlation coefficient was calculated between the reference pattern and the pattern

to be tested. As a result, all positions on the genome had a Pearson correlation coefficient,
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which was plotted as a curve. The x-axis of the curve was the position on the genome. The
position of the peaks on the curve was called by using ‘findpeaks’ with the minimal peak height
of 0.34 and the minimal peak distance of 50bps. The positions of the peaks were the positions
of the TSS. A TSS was filtered if the total read number in its downstream 100bp region of all
four data tracks was lower than 10. The mapped TSS were compared to several existing
annotations. A TSS was assigned to the existing annotation, if their distance was smaller than

70bps.

2.6.5 Motif enrichment analysis

The motif enrichment analysis was performed on the MEME server version 5.01. Specifically,
the differential enrichment mode was used. The size distribution was set as ‘zero or one
occurrence per sequence’. The number of motif to find was set at 5. ‘O-order model of
sequences’ was chosen as the background model. The width of motifs was set between 6 and
50bps. Tick the box for searching given strand only but do not tick the box for searching

palindromes only.

2.6.6 Gene ontology (GO) analysis

The GO analysis was performed on the GORILLA server (http://cbl-gorilla.cs.technion.ac.il/).

The organism was Saccharomyces cerevisiae. The running mode was ‘Two unranked lists of
genes’. The gene names in each cluster were pasted into the box of ‘Target set’. The gene
names of all 5579 genes were pasted into the box of ‘Background set’. All the ontology terms,
including ‘Process’, ‘Function’ and ‘Component’ were chosen. All the other settings were set

as default.
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Chapter 3.
Investigating the role of the RSC complex
during the YMC
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3 Investigating the role of the RSC complex during the YMC

3.1 Introduction
3.1.1 An introduction to the YMC system

3.1.1.1 The basics of the fermenter

In this study, the fermenter was the device that provided the chemostatic growth conditions
required for maintaining the YMC. Specifically, prototrophic S.cerevisiae cells were grown at
a high cell density in the culture vessel of the fermenter. Under the control of the fermenter,
the fresh medium containing 1% of glucose was added to the vessel dropwise at a constant
speed. Within the vessel, the rapid rotation of the stirrer ensured quick and efficient mixing.
At the same time, the fermenter also maintained the constant pH, temperature, aeration and
volume of the cell culture. These growth conditions for maintaining the YMC are referred to

as the YMC conditions in the later discussions.

The general components of the fermenter are depicted in figure 3.1. It is composed of two
major parts, which are the culture vessel and the control unit. The culture vessel has several
sensors to monitor cellular growth conditions. The readings from these sensors are sent to
the control unit. The control unit has pre-set values for pH, temperature and the culture
volume. That is, when the sensors detect deviations from the pre-set values, the control unit
will activate the corresponding effectors to correct the deviations. The detailed mechanisms
for maintaining the constant pH, temperature, aeration and culture volume are explained

below.
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Figure 3.1 A schematic diagram of the fermenter. The fermenter is composed of two parts,
the culture vessel and the control unit. The culture vessel is installed both the sensors (green
for the level sensor, blue for the pH sensor and purple for the temperature sensor) and the
effectors. The sensors detect changes in the medium and send the readings to the control unit,
which instructs the effectors to counteract those changes. In this study, the pH, temperature
and culture volume are maintained constant through the feedback loop above.

The cells were grown at a constant pH of 3.5. However, the pH of the medium in the vessel
always had a tendency to drop, mainly because of two reasons. First, the fresh medium being
constantly added to the vessel had a pH of around 2.7 (The low pH can inhibit bacteria growth
in the feeding bottle). Second, the cells produced metabolites that could acidify the medium
during the course of the YMC. To maintain a constant pH of 3.5, the pH of the medium was
monitored by the pH sensor. If the pH fell below 3.5, the corresponding pump was activated
to add the NaOH solution to the vessel. As the effect of acidification caused by the addition of
the fresh medium was constant, the changes in the activity of the base pump were mostly

caused by the production rate of the acidic metabolites by the cells. The temperature and the
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cell culture volume were maintained in a similar way. Any decrease or increase in the
temperature was monitored by the temperature probe, which instructed the heat exchanger
to heat up or cool down the cell culture. For the culture volume, as the fresh medium and the
NaOH solution were added to the vessel, the liquid volume in the vessel tended to increase.
Once it reached the tip of the liquid level sensor, the corresponding pump was turned on to
remove the cell culture from the vessel, which suppressed any further increase in the cell

culture volume.

The dissolved oxygen (DO) sensor monitored the DO levels in the medium throughout the
time. The DO levels could be converted to the cellular oxygen consumption rates by
performing calibrations (For details, please refer to section 3.1.1.3). In this study, the oxygen

consumption rate was the major indicator for different metabolic states during the YMC.

3.1.1.2 The changes in the DO levels of the medium during a typical fermenter run

During the typical course of a fermenter run, the cell growth will experience three stages,
which can be indicated by the changes in the DO readings (Figure 3.2). The first stage starts
from inoculating the cells from the overnight pre-culture. In this stage, the cell population in
the vessel experiences rapid growth and the cell density keeps increasing, while the DO values
decrease. Typically, the cells will use up the majority of the glucose for aerobic metabolism
after 18 hours, which correlates with the sudden increases in the DO values of the culture
medium. At this point, the cell density normally has 10 units of ODego. Then the cell population
enters the second phase, in which the cell population is starved and only has a low level of
aerobic metabolism to use up the residual carbon sources. Theoretically, as long as the fresh
YMC medium is not added to the cell culture, the cell population will stay in this stage. In
practice, the cells are left in this stage for at least 14 hours but not longer than 48 hours. Once
the feeding pump is turned on, the cells enter the third stage, which is the chemostatic stage.

The cell density will keep increasing at the beginning and eventually reaches the saturation
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level, which is about 16 units of ODgoo. Some mutants may have a slightly lower saturation
level. Normally, the YMC starts to appear after the ODggo unit reaches 13. Once the YMC

appears, its frequency and amplitude will gradually stabilize.
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Figure 3.2 The changes in the dissolved oxygen (DO) of the medium during a typical
fermenter run of the wild-type. This figure shows the raw readings from the DO sensor. It is
also directly displayed on the monitor of the fermenter during the experiment. Lower readings
of DO indicate higher oxygen consumption rates of the cells. The data will be converted to the
level of oxygen consumption rate in the later analysis. The growth of cells can be divided into
three stages. Stage | starts from inoculating cells and ends when the majority of glucose is
used up. Once the cells are fed with the fresh glucose containing medium, they enter the
chemostatic stage (stage Ill) and exhibit the yeast metabolic cycle.

3.1.1.3The DO level measured by the DO sensor can be converted to the cellular

oxygen consumption rate by performing calibration

The DO (dissolved oxygen) sensor measures the amount of oxygen dissolved in the medium
and uses the DO value as the direct output. The DO value is the percentage of saturation of
oxygen in the culturing media. The cellular metabolic state should be indicated by the cellular
oxygen consumption rate. It can be converted from the DO value by performing calibration of

the DO probe, which will be explained below.

First of all, there exists the following equation at any time points during the YMC:
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The change rate of the DO level = oxygen dissolution rate — oxygen consumption rate of the

cell population Equation 1

Equation 1 can be rearranged as below:

Oxygen consumption rate of the cell population = oxygen dissolution rate - the change rate of

the DO level Equation 2

The oxygen dissolution rate is mainly affected by three factors, the air flow rate, the rotation
speed of the stirrer and the current DO level. The former two factors are both set at fixed
values throughout the course of the YMC. Hence, the oxygen dissolution rate becomes a
function of the current DO level. Governed by the basic physical rules, the higher the current
DO level is, the lower the oxygen dissolution rate will be. The relationship between the current
DO level and the oxygen dissolution rate can be directly calibrated by examining the DO curve

of the culture medium in the absence of cells. In this case, Equation 2 will become as below:

Oxygen dissolution rate = the change rate of the DO level Equation 3

To perform the calibration, the fermenter was first aerated with pure nitrogen gas to remove
all the dissolved oxygen, which made the DO value become zero. Then the gas supply was
switched to air and all parameters were set as they were during the course of the YMC. It
produced a curve of the DO levels (Figure 3.3a). At each point of the curve, the slope
represents the oxygen dissolution rate at that particular DO level. Then the relationship
between the oxygen dissolution rate and the DO level can be plotted as a new curve in figure
3.3b. Hence, the cellular oxygen consumption rate at any time points during the YMC can be
deduced by combining this relationship and equation 2. In the following sections, all the DO

readings have already been converted to the oxygen consumption rates.
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Figure 3.3 The raw dissolved oxygen values can be converted into the levels of oxygen
consumption rate by performing the calibration. a. The gas supply was switched from
nitrogen to air, in order to obtain the relationship between the oxygen dissolution rate and
the dissolved oxygen values. b. The curve shows the functional relationship between the y-
value and the slope at every point of figure a.

3.1.1.4 The typical oxygen consumption profile of the YMC

The typical periodic changes in the DO of the medium during the YMC is shown in Figure 3.4a.
After calibration, the DO values of the medium were converted into the cellular oxygen
consumption rates (Figure 3.4b, note the change in the unit of the Y-axis). The characteristic
changes in the cellular oxygen consumption rate were revealed by overlaying multiple cycles
of the YMC of the wild-type strain (Figure 3.4c). The YMC can be first divided into two phases,
the high oxygen consumption (HOC) phase (red) and the low oxygen consumption (LOC) phase
(blue). This study mainly focuses on the HOC phase. Upon entering the HOC phase, the oxygen
consumption rate keeps increasing at the beginning. When a specific level is reached, the
oxygen consumption rate is held at that level for 3 mins before it further increases. This
feature appears in all the YMC cycles in different studies (Tu et al. 2005; Kuang et al. 2014;
Blank et al. 2009; Henry et al. 2010). A number of changes in metabolism, epigenetics and
gene expression can happen around this particular time point. Its biological significance is
further demonstrated in this chapter. For simplicity, it is referred to as “point B” in all the

following discussions. After passing point B, the oxygen consumption rate further increases,
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until it reaches the maximal point (point A hereafter). Then it starts to decrease and hits the
lowest point (point C hereafter) before it re-enters the LOC phase. To simplify the discussion
in the following sections, the HOC phase is further divided into three phases (HOC-1, HOC-2
and HOC-3). Point B is the boundary between HOC-1 and HOC-2. Point D separates HOC-2
and HOC-3. It has the same oxygen consumption rate as point B. Although these phases are
separated based on the oxygen consumption rates, the RNA-seq data shown in section 3.2.9

and 3.2.10 agree with this phase separation.

a Wild-type at high dilution rate (0.1 hr-1)

-

.

<

-

c

[}

o

>

3

3 C

2 6

2 :

2 Point A

=]

h ) 55
o 4 8 12 16 20
Time (hour) g ' :
- 5 L .
b * Calibration s< Point B Point D
0 : :
Wild-type at high dilution rate (0.1 hr-1) .‘9_, ﬁ \ b
¢ Boas |

~ c
% E 5.5 a g
- : g E
sSu 0o 4
£79 Overlay s
Ec 45 multiple cycles g;

o .
as | —> &E35 | Point C
oL /

3.5 L ,
gs s 3 L ' 1 hour )
3E
25 = B + 2.5 1
o 4 8 12 16 20
Time (hour) toc HOC-1 HOC-2 HOC-3 p||.1¢:a)ts:e
phase

Figure 3.4 The workflow of obtaining the overlaid curve of the yeast metabolic cycle (YMC).
a. The raw readings from the dissolved oxygen (DO) sensor. b. The raw DO values were
converted into the oxygen consumption rate by the calibration. (Note the difference in the y-
axis). c. After overlaying multiple cycles, the YMC can be divided into four phases, LOC (low
oxygen consumption, blue color), HOC-1, HOC-2 and HOC-3 (high oxygen consumption, red
color). Some critical points on the curve are named with A, B, C and D.
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3.1.1.5 Cells in the LOC phase can be induced to enter the HOC phase

When the cells are in the LOC phase of the YMC, they can be induced to enter the HOC phase
prematurely by many methods. The primary method is injecting extra carbon sources such as
ethanol, acetaldehyde, acetate, lactose and glucose to the cell culture (Robertson et al. 2008;
Murray et al. 2003). Acetate has been used on both the wild-type and the gcn5A4 strain (Cai et
al. 2011). Although the gcn5A strain is unable to show the YMC and its curve of oxygen
consumption rates is almost a flat line, injecting acetate still induced a HOC-like response.
Apart from extra carbon sources, some chemicals seem to have similar effects. For example,
either injecting hydrogen peroxide or briefly aerating the cells with carbon monoxide can
induce the cells to enter the HOC phase in the wild-type strain (Chen et al. 2007; Tu &

McKnight 2009).

The cells can be induced to enter the HOC phase
by removing 150ml of the cell culture
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Figure 3.5 The cells can be induced to enter the HOC phase by removing 150ml of the culture

In this work, it was found that the cells can be induced to enter the HOC phase by suddenly
removing 150ml (1/7 of the total volume) of the cell culture from the vessel. As is shown in
Figure 3.5, after a transient decrease in the oxygen consumption rate, the cells enter the HOC
phase of the YMC. The shape of the induced HOC phase is highly similar to the previous cycles.
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Specifically, the point B of the induced HOC phase has at a similar level of oxygen consumption

rate, while the point A of the induced HOC phase is lower.

Currently, it is not known why the remaining cells will enter the HOC phase by removing 150ml
of the cell culture. One explanation is that this procedure suddenly reduces the culture volume
but the rate of adding fresh glucose-containing YMC medium remains the same. It effectively
increases the availability of carbon sources for the remaining cells, which might mimic the
effect of injecting extra carbon sources. In this chapter, this method of inducing the HOC phase

is utilized to study the mutants that do not exhibit the YMC.

3.1.2 Anintroduction to the research question
3.1.2.1 The current understanding of the relationship between acetyl-CoA, histone

acetylation and gene expression during the HOC phase of the YMC

It is already known that the transcript levels of more than 60% of genes exhibit periodic
oscillations during the YMC (Tu et al. 2005). The levels of various metabolites and histone
modifications also show clear periodicities (Cai et al. 2011; Tu et al. 2007; Kuang et al. 2014).
This feature of the YMC makes it become a good system to study the relationship between
acetyl-CoA, histone acetylation and gene expression. This section will first summarize the
current understanding of this topic in the context of the YMC and then introduce the unsolved

issue as well as the hypothesis of this study.

First of all, the intracellular level of acetyl-CoA changes periodically during the YMC.
Specifically, it starts to increase from the beginning of the HOC-1 phase, where the oxygen
consumption rate of the cells also starts to rise. Then it reaches the maximum at point B. This
phenomenon was initially found in the metabolome datasets across the YMC (Tu et al. 2007).
Later, the isotope tracing experiment suggested that this peak of acetyl-CoA is produced by
the increased intracellular levels of carbon sources at the beginning of the HOC-1 phase (Cai

et al. 2011). The relevant metabolic pathways in this process are shown in Figure 3.6.
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Interestingly, disrupting the production of acetyl-CoA by mutating ACS1 and ACS2 can cause

the loss of the YMC (Cai et al. 2011).

Glucose

Ethanol

P R —

Pyruvate —— Acetaldehyde

1 Acs1/Acs2 l
<—— Acetyl-CoA <—— Acetate
Acol/

Aco2
TCA cycle

Histone
acetylation

Figure 3.6 Acetate can be converted into acetyl-CoA, which is the substrate for histone
acetylation.

The increased intracellular level of acetyl-CoA is associated with the acetylation of both
histones and non-histone proteins. The overall acetylation levels on different histone H3 and
H4 lysine residues were first shown by the western blot (Cai et al. 2011). Particularly, the levels
of H3K14,18,23,27Ac are elevated from point B and remain high throughout the HOC-2 phase.
H3K9 seems to be acetylated from point B and the level is further increased in the HOC-2
phase. The increases in the acetylation levels of histone H3 was found to be dependent on
lysine acetyltransferase Gcn5, which is normally recruited to the promoter as a part of the
SAGA complex (Cai et al. 2011). Apart from histones, several other subunits of the SAGA
complex, including Ada3, Sgf73 and Spt7 were also shown to be acetylated (Cai et al. 2011).
Notably, both the deletion of GCN5 and the point mutation that inactivates the catalytic
activities of Gen5 can lead to the abortion of the YMC (Cai et al. 2011). Besides, the penta-
lysine-to-arginine mutations (K9,14,18,23,27R) on histone H3 also causes the loss of the YMC

(Kuang et al. 2014).
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Histone H3 acetylation was found to be highly specific in terms of both its genomic
localizations and timing. Furthermore, these acetylation marks have strong associations with
gene expression. Initially, by performing ChIP-qPCR at RPS11B, RPL33B and SHM2 loci, it was
found that their promoter regions have much higher levels of histone H3 acetylation in the
HOC phase of the YMC. The transcript levels of these genes also have a sharp peak during the
HOC phase and the deletion of GCN5 can disrupt that peak (Cai et al. 2011). Similar
observations were also made on the G1/S cyclin gene, CLN3 (Shi & Tu 2013). The histone H3
acetylation levels at the promoter region of CLN3 was examined by ChIP-qPCR with a relatively
high temporal resolution. It revealed that H3K9, 14, 18 and 23 all have a sharp peak at point
B (Shi & Tu 2013). Later, the genome-wide changes in histone acetylation levels and gene
expression were both investigated at a high temporal resolution during the YMC, which also
allowed the measurement of the relative timing between histone H3 acetylation and gene
expression (Kuang et al. 2014). Particularly, on growth related genes, including ribosomal
protein genes, rRNA processing genes and amino acid synthesis genes, there are peaks of
H3K9Ac and H3K14Ac appearing at point B. The levels of their corresponding transcripts peak
few minutes after histone H3 acetylation. All these studies show that the peak of histone H3

acetylation has a strong association with gene expression.

However, it is still not known how the expression of genes can happen after the acetylation
of histone H3 during the YMC. It was suggested that acetylation can neutralize the positive
charges of the lysine residues on histone H3, which could loosen the interaction between DNA
and histones and further induce gene expression. This study will examine a different possibility.
That is, the acetylation marks on histone H3 can recruit a certain chromatin remodeler, which
further activates the expression of genes. Luckily, in a preliminary experiment, deleting RSC2,
which encodes a bromodomain containing subunit of the RSC chromatin remodelling complex,
was found to cause the loss of the YMC, which suggests that the RSC complex may be a
candidate of the chromatin remodeler mentioned above. Hence, this study will focus on the
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RSC complex. In budding yeast, another two chromatin remodelling complexes, the SWR1
complex and the SWI/SNF complex, also have subunits containing bromodomains. Due to the
limitation of time, they were not investigated in this study. Some future experiments about

them are suggested in section 3.3.5.1 and 3.3.5.2.

3.1.2.2 The RSC complex

The RSC complex is a member of the SWI/SNF family of the chromatin remodelling complex.
It harbours more than half of all the bromodomains in budding yeast and bromodomains can
bind acetylated histones. Budding yeast is found to have 15 bromodomains among all its
proteins, while the RSC complex possesses 8 of them (Zhang et al. 2010). The RSC complex has
17 subunits (Tang et al. 2010). Among them, 5 of them have bromodomains. Specifically, Rsc1,
Rsc2 and Rsc4 each contain two bromodomains, while Rsc58 and Sthl have a single
bromodomain. The SWI/SNF chromatin remodeling complex, which is homologous to the RSC
complex, also contains a single bromodomain in its Snf2 subunit (the catalytic subunit of the
SWI/SNF complex). However, unlike the RSC complex, the SWI/SNF complex is not essential
for budding yeast (Cairns 1998). Furthermore, the abundance of the RSC complex is ten times
higher than that of the SWI/SNF complex (Cairns et al. 1996; Coté et al. 1994; Cairns et al.

1994).

The RSC complex can interact with acetylated histone H3. In an early study, the affinity of the
RSC complex for nucleosomes was found to be greatly increased by tetra-acetylated histone
H3 (at lysine 9, 14, 18 and 23 residues) but not by tetra-acetylated histone H4 (Chatterjee et
al. 2011). Later, it was shown that the two bromodomains of yeast expressed Rsc4 can bind
to H3K14Ac (Kasten et al. 2004; VanDemark, Kasten, Ferris, Heroux, Hill, Cairns, et al. 2007).
Specifically, the second bromodomain have a higher affinity. A dot blot assay of bacterially
expressed yeast bromodomains suggested that the bromodomains of different RSC subunits

can bind acetylated histones with various affinities and specificities. The bromodomains of
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Rscl and Rsc2 have weak affinities for histone H3 acetylation, while the bromodomains of
Rsc4 can bind to acetylated histone H3, particularly H3K14Ac. The bromodomain of Sth1 can
bind H3K115Ac, in addition to H3K14Ac (Zhang et al. 2010; Josling et al. 2012). The affinities
of bromodomains in this study are generally lower than the previous studies. It might be

related to the differences between protein expression methods.

The RSC complex can be recruited to the promoters of more than 700 genes and has been
shown to be required for the expression of many genes (Ng et al. 2002). For example, the Rscl
isoform of the RSC complex can activate ATG8, which is associated with autophagy during
nitrogen starvation (Yu et al. 2015). The deletion of either RSC1 or RSC2 can impair the
expression of certain sporulation specific genes (Bungard et al. 2004). Sth1 is the enzymatic
subunit of the RSC complex. It consumes ATP and can activate gene expression by moving or
evicting nucleosomes. In an early microarray experiment, the transcriptomes of the
temperature sensitive mutant of Sthl and the wild-type were compared. It was found that
the RSC complex is required for the normal expression levels of mitochondrial related genes
and carbohydrate metabolism genes (Tsuchiya et al. 2015). The deletome data from Holstege
lab also shows that more than 1000 genes can be down-regulated by deleting RSC1 or RSC2

(Kemmeren et al. 2014).

To sum up, the RSC complex may have the potential to bind to the acetylated histone H3 at

point B and further activate genes required for the HOC-2 phase of the YMC.

3.1.2.3 The structures and functions of Rscl, Rsc2 and Rsc4

Among all the subunits of the RSC complex, only the Rscl and Rsc2 subunits are mutually
exclusive. The presence of Rscl or Rsc2 in the RSC complex defines two different isoforms of
the complex (Cairns et al. 1999). The two isoforms of the RSC complex have overlapping but
non-identical functions. For example, the growth rates of the rsc14 and rsc24 strains can be

similar or quite different, depending on the types of stress conditions (Cairns et al. 1999). The
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two subunits cannot complement each other by an extra copy of the same gene in certain
stress conditions (Chambers et al. 2012). Double deletion of RSC1 and RSC2 can cause lethality

(Chambers et al. 2012).
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Figure 3.7 The schematic structures of several bromodomain containing proteins.

Rscl and Rsc2 have some similarities in terms of their amino acid sequences and domain
arrangements (Cairns et al. 1999) (Figure 3.7). Both Rscl1 and Rsc2 have two bromodomains
(BD1 and BD2), a BAH domain and two C-terminal domains (CT1 and CT2). An AT hook motif
is found in between the bromodomains for both proteins. It preferably binds to the minor
groove of DNA in the AT-rich regions. Some domains are essential for the functions of Rscl or
Rsc2, while others are only required for certain functions (Cairns et al. 1999). For both Rscl
and Rsc2, their BD2, BAH and the C-terminal domains are essential for all their functions
tested (Cairns et al. 1999). BD1 is not required for Rscl, but it is required for the function of
Rsc2 in strains growing on the plate containing 15mM of caffeine, which impairs the cAMP
signaling (Cairns et al. 1999). The AT hook is only required for Rsc1 but not Rsc2 (Cairns et al.
1999). Furthermore, the minimal construct required for cell viability is the presence of
BD2+AThook+BAH+CT1+CT2 in either Rscl or Rsc2. For the AT hook, having one in either Rscl
or Rsc2 is enough for cell viability (Cairns et al. 1999). Among all the domains, only the c-
terminal domains are required for assembling Rsc1 or Rsc2 into the corresponding isoforms

of the RSC complex (Cairns et al. 1999). The BAH domains of both Rsc1 and Rsc2 have affinities
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for histone H3 (Chambers et al. 2013). This binding is independent of acetylation and only
contribute partially to the overall binding affinity of Rscl and Rsc2 to the nucleosomes
(Chambers et al. 2013). The swapping of the BAH domains between Rscl and Rsc2 seems to

alter the functions of Rscl and Rsc2 (Chambers et al. 2012).

The Rsc4 subunit of the RSC complex has two bromodomains (BD1 and BD2) (Figure 3.7).
Deleting either BD1 or BD2 is lethal. Both bromodomains can bind to H3K14Ac and BD2 has a
stronger binding affinity. Such binding can be abolished by introducing the point mutation

Y92F to BD1 or Y225F to BD2. The double point mutation is also lethal (Kasten et al. 2004).

Interestingly, Rscl, Rsc2 and Rsc4 are homologous to the mammalian BAF180 (BRG1-
associated factor 180)/PB1 (Protein polybromo-1) subunit of the BRG1/PBAF complex

(Brownlee et al. 2012). BAF180 contains 6 bromodomains and 2 BAH domains (Figure 3.7).

3.1.2.4 The hypothesized acetylation-recruitment pathway and plans for testing

the hypothesis

Based on the previous discussions, the following hypothesis is proposed. The RSC complex
may play an important role in the YMC. At point B, the acetylation of the lysine residues on
histone H3 may recruit the RSC complex to the promoters of certain genes via the
bromodomains of the RSC complex. The recruited RSC complex could then activate the
expression of these genes. The activated genes may further upregulate the cellular aerobic
respiration in the HOC-2 phase. For simplicity, this pathway will be referred to as the
acetylation-recruitment pathway (Figure 3.8). Although this pathway is not directly reported
for the RSC complex, an early study suggested that the acetylation of histones is both a
prerequisite and a determinant of the following nucleosome remodeling by the SWI/SNF

complex at the gene PHOS8 (Reinke et al. 2001).
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Figure 3.8 The hypothesized acetylation-recruitment pathway. Upon entering the HOC-1
phase, there is anincrease in the level of acetyl-CoA, which leads to the acetylation of histones.
The acetylated histones recruit the RSC complex via the interaction with bromodomains at
point B, which leads to gene expression and the entry of the HOC-2 phase. The red, green and
white bubbles represent the RSC complex, the bromodomains and acetyl-CoA respectively.

This chapter will attempt to examine this hypothesis by answering three key questions. First,
does the RSC complex play a role during the YMC? To answer this question, the yeast strains
carrying deletions or mutations of various bromodomain containing subunits of the RSC
complex were tested in the YMC conditions individually. The RSC complex may play a role
during the YMC, if some of these mutants show YMC defects. The results are shown in section

3.2.1-3.2.6.

If the answer to the first question is yes, the second question will be whether there exist genes
that are activated in the HOC-2 phase by the RSC complex via the hypothesized acetylation-
recruitment pathway. To answer this question, the temporal changes in transcripts during the
YMC were compared between the wild-type and the RSC mutant, which could abolish certain
function sof the RSC complex. After combining the data of histone H3 acetylation measured
by ChlP-seq, several statistical tests were utilized to test if there was a significant positive
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association between histone H3 acetylation and the gene expression changes in response to
the loss of the function of the RSC complex. Individual genes were checked in detail to find
the candidate to test in the third question below. The results are shown from section 3.2.8 to

3.2.15.

Third, are the genes identified from the second question important for the entry of the HOC-
2 phase? To answer this question, the strain carrying the deletion of the gene was constructed
and tested in the YMC conditions. If it was required for the entry of the HOC-2 phase, the
strain might exhibit defects in the HOC-2 phase during the YMC. The results are shown from

section 3.2.16 to 3.2.19.
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3.2 Results

3.2.1 The rsc24 strain has a fluctuating oxygen consumption profile instead of the
normal YMC, while no obvious defects can be seen in the rsc14 strain

As was mentioned before, the RSC complex has two forms, depending on whether it is
associated with its Rsc1 or Rsc2 subunit (Cairns et al. 1999). To examine if either Rsc1 or Rsc2
could be required for the YMC, both the rsc1A strain and the rsc2A strain were tested in the
same YMC conditions at the high dilution rate (0.1 hr-1). The results are shown in Figure 3.9

and 3.10.
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Figure 3.9 The oxygen consumption profiles for the wild-type strain (Figure a) and the rsc1A
strain (Figure b) at the high dilution rate. The profiles of the rsc14 strain (the red curves in
the overlay) can almost overlap with the wild-type (the black curves in the overlay). The black
bars represent the length of one hour for the wild-type. The spikes seen in the trace of the
rscl1A strain are not biological relevant. They are the electrical noise of the DO sensor.

The loss of Rscl does not seem to disturb the cellular oxygen consumption profile. This is
evidenced by the fact that the oxygen consumption curves of the rscl1A strain almost

completely overlap with that of the wild-type. This result strongly suggests that Rscl is not
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required for the YMC, unless the rsc1A strain has certain YMC defects which cannot be

manifested by the curve of cellular oxygen consumption rate.
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Figure 3.10 The oxygen consumption profiles for the rsc24 strain at different dilution rates.
a. the high dilution rate. b. The medium dilution rate. c. The low dilution rate. d. The wild-type
profile at the high dilution rate. e. The cells of the rsc2A strain can be induced to enter the
HOC phase, however, the maximum oxygen consumption rate is lower than the wild-type,

which is indicated by the red dashed line. f. The cells of the rsc2A strain can also be induced
to enter the HOC phase at the medium dilution rate.

Strikingly, the loss of Rsc2 does cause strong defects in the YMC. In the same conditions as
the rsc1A strain, instead of the normal YMC, the rsc24 strain can only produce small random
fluctuations in the oxygen consumption rate (Figure 3.10a), which is reminiscent of the
phenotype of the gcn5A strain as well as the strain bearing penta-lysine-to-arginine mutations
on histone H3 (Cai et al. 2011; Kuang et al. 2014). Considering the wild-type can also lose the
YMC at a much higher dilution rate (0.2 hr-1), there is a possibility that the current dilution
rate (0.1 hr-1) is too high for the rsc2A strain. To test this possibility, the strain was grown at
the medium and low feeding rates (0.067 hr-1 and 0.05 hr-1) as well. The rsc2A strain still

produces fluctuations instead of the normal YMC at both feeding rates (Figure 3.10b,c), albeit
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the medium feeding rate seems to have a slightly higher amplitude of fluctuations than the

high and low feeding rates.

It is already found that a YMC-like response can be induced in the gcn5A strain (which does
not exhibit the normal YMC) (Cai et al. 2011). To see whether the YMC-like response can also
be induced in the rsc2A strain, 150ml of cell culture was removed from the fermenter, which
has a similar effect to the injection of the carbon sources (For details, please refer to section
3.1.1.5). The treatment does induce a YMC-like response, however the maximal oxygen
consumption rate is much lower than that of the normal YMC (Figure 3.10e). To further test
the maximal oxygen consumption rate of the rsc2A strain, a large dose of carbon sources (5ml
of 20% glucose solution) was injected into the cell culture (Figure 3.10f). In the beginning, the
oxygen consumption rate rises sharply. After that, it reaches a plateau. The plateau is higher
than the previous YMC-like response, but still lower than the level of point B in the normal
YMC. After 4 hours, the oxygen consumption rate eventually returns to the ground level. The
presence of the plateau indicates that the maximal oxygen consumption rate of the cells is
unlikely to be further elevated by injecting a larger dose of glucose. It also suggests that there
may exist certain defects in the rsc24 strain that can cause it to be unable to further increase

the oxygen consumption rate.

To conclude, based on the oxygen consumption profiles, Rsc2 but not Rscl is required for the
normal YMC. However, it is not known whether Rsc2 regulates the YMC on its own or via the

RSC complex during the YMC.

3.2.2 The Rsc2 isoform of the RSC complex is required for the YMC

The c-terminal domain of Rsc2 has been shown to be responsible for its assembly into the RSC
complex and the c-terminal domain deletion did not influence the protein level of Rsc2 (Cairns
et al. 1999). If the deletion of the c-terminal domain can cause a phenotype that mimics rsc24,

Rsc2 may function as a subunit of the RSC complex during the YMC rather than on its own.
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The rsc2-CT1A strain was tested at both high (0.1 hr-1) and medium (0.067 hr-1) dilution rates.
The curve of oxygen consumption rates shows almost a flat line with small fluctuations for
both conditions, which is similar to the phenotype of the rsc2A strain (Figure 3.11). This result
supports the view that the interaction between Rsc2 and the rest of the RSC complex is

required for the YMC.
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Figure 3.11 The oxygen consumption profiles for the rsc2-CT1A strain at the high and
medium dilution rates. The black bar represent the length of one hour.

This result also indicates that the remodelling function of the RSC complex may be required
for the YMC. To test this, an experiment can be designed to disturb the function of Sth1 (the
catalytic subunit of the RSC complex, required for chromatin remodelling) and observe the
phenotype in the YMC conditions. Since the direct deletion of STH1 can cause lethality, certain
knockdown systems, such as the auxin-degron system or the anchor-away technique, may

need to be used instead (Nishimura et al. 2009; Haruki et al. 2008).

So far, the first question in section 3.1.2.4 has been answered. The Rsc2 isoform of the RSC
complex is required for the YMC. Apart from the c-terminal domain, Rsc2 also contains two
bromodomains (BD1 and BD2) and a BAH domain. In order to obtain more mechanistic
insights, the strains carrying deletions of other domains of Rsc2 were tested under the YMC

conditions. The results are shown in the following sections.
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3.2.3 The loss of Rsc2 bromodomain 1 results in defects in the HOC-2 phase

Based on the growth tests in various stress conditions, the BD1 domain of Rsc2 is known to be
required for the growth on caffeine containing plate but not required for other the functions
of Rsc2 (Cairns et al. 1999). In order to know whether it is required for the YMC, the rsc2-BD1A

strain was grown in the YMC conditions at the high dilution rate (0.1 hr-1).
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Figure 3.12 The oxygen consumption profiles for the rsc2-BD1A strain at the high dilution
rate. In the right panel, the red curves are the profiles of the rsc2-BD1A strain, while the black
curves are profiles of the wild-type at the same dilution rate. The black arrow indicates how

the curves of the rsc2-BD1A strain change with time. The black bar represents the length of
one hour.

As is shown in Figure 3.12, although the mutant is able to exhibit the periodicity of the YMC,
defects in the HOC-2 phase of the YMC develop progressively after the YMC appears.
Specifically, compared to the wild-type, the HOC-2 phase of the mutant is relatively flat. The
maximal oxygen consumption rate of the mutant also fails to reach the same level as the wild-
type. Due to the limited testing time, it is not known whether these defects will further
develop or stabilize at certain states. This experiment needs to be repeated in future in order

to get the answer.

To conclude, unlike the full length deletion of Rsc2, the bromodomain 1 of Rsc2 is required for

the HOC-2 phase of the YMC, but not the periodicity of the YMC.
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3.2.4 The rsc2-BD2A strain cannot exhibit the YMC at the high dilution rate

The study in the literature suggests the BD2 domain is required for most of the functions of
Rsc2 (Cairns et al. 1999). To find out whether it is required for the YMC, the rsc2-BD2A strain

was first tested at the high dilution rate (0.1hr-1).
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Figure 3.13 The oxygen consumption profiles for the rsc2-BD2A strain at the high (left panel)
and medium (middle panel) dilution rate. In the right panel, the curves of the rsc2-BD2A
strain (red) at the medium dilution rate is overlaid with that of the wild-type (black) at the
same dilution rate. The black bar represents the length of one hour.

As is shown in Figure 3.13, the rsc2-BD2A strain has an almost flat profile of the oxygen
consumption rate, which is highly similar to the observations on the strain rsc2A under the
same condition. To test whether this strain is also similar to the rsc2A strain at a lower dilution
rate, it was further grown at the medium dilution rate (0.067 hr-1). Interestingly, it exhibits an
almost normal YMC profile, which suggests that the maximal permissive dilution rate of the

rsc2-BD2A strain is lower that of the wild-type.

Although the mechanism behind such a difference is not known, one explanation can be the
underexpression of a certain metabolic enzyme in the central metabolic pathway. At the high
dilution rate, the substrate of this enzyme may exceed its maximal capacity. The accumulation
of the substrate may further disturb the metabolic flux and the progression of the YMC, which

leads to the loss of the YMC. It can be supported by two facts. First, the wild-type can also lose
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the YMC if the dilution rate is too high (data not shown). Second, constantly adding a small

amount of ethanol to the culture medium is enough to suppress the YMC (data not shown).

To summarize, the deletion of the BD2 domain of Rsc2 can cause the loss of the YMC at the

high but not the medium dilution rate.

3.2.5 The rsc2-BAHA strain has defects in the HOC-2 phase of the YMC as well

Like the BD2 domain, the BAH domain was shown to be responsible for the majority of the
functions of Rsc2 (Cairns et al. 1999). To test whether the YMC also requires the BAH domain
of Rsc2, the rsc2-BAHA strain was grown in the YMC conditions at the high dilution rate (0.1

hr-1).

Unlike the rsc24, rsc2-CT1A and rsc2-BD2A strain, the rsc2-BAHA strain does exhibit periodic
changes in its oxygen consumption rate. However, the shape of its oxygen consumption curve
is different from that of the wild-type (Figure 3.14). During the LOC phase, the oxygen
consumption rate of the wild-type is mostly maintained at a stable level, while the rsc2-BAHA
strain seems to have an extra peak of oxygen consumption. In the HOC-2 phase, the oxygen
consumption curve of the rsc2-BAHA strain is more flattened than that of the wild-type.
Furthermore, on the oxygen consumption curve, the highest point of this strain is also lower
than that of the wild-type. Both features are reminiscent of the phenotype of the rsc2-BD1A

strain.

To sum up, the rsc2-BAHA strain is similar to the rsc2-BD1A strain. It shows periodic changes

in the oxygen consumption rate, but has defects in the HOC-2 phase.
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Figure 3.14 The oxygen consumption profiles for the rsc2-BAHA strain at the high dilution
rate. In the right panel, the curves of the rsc2-BD2A strain (red) at the high dilution rate is
overlaid with that of the wild-type(black) at the same dilution rate. The black bar represents
the length of one hour.

3.2.6 No obvious YMC defects can be seen in either sth1-BDA or rsc4-Y225AY226A

This study also tested the bromodomains for the Sth1 and Rsc4 subunits of the RSC complex.
For Sth1, the only bromodomain of it was deleted directly. There is a paper suggesting that
this mutant is temperature sensitive and has abnormal cell shapes (Du et al. 1998). However,
such phenotype was not observed in the prototrophic sth1-BDA strain (based on CEN.PK113-
7D) used in this study. In the other strain, rsc4-Y225AY226A, the two key residues of the
second bromodomain of Rsc4 were mutated, which can weaken the interaction between the

bromodomain and H3K14Ac (Kasten et al. 2004).

Both strains were tested under the YMC conditions at the high dilution rate (0.1 hr-1). The
results are shown in Figure 3.15. Both strains have an almost wild-type temporal profile of the
oxygen consumption rate. It suggests that the bromodomain of Sthl or the second
bromodomain of Rsc4 is dispensable for the YMC, however, it is not known if a combination

of Sth1 bromodomain deletion and Rsc4 bromodomain mutation can cause defects.
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Figure 3.15 The oxygen consumption profiles for the sth1-BDA (upper panels) and rsc4-
Y225AY226A (lower panel) strain at the high dilution rate. In the right panels, the mutant
strains (red) are overlaid with the wild-type (black). The black bar represents the length of one
hour.

3.2.7 A summary for the answer to the first question

The Rsc2 isoform of the RSC complex is required for the YMC. All domains of Rsc2 are required
for the normal YMC. Specifically, the BD1 and BAH domains of Rsc2 are required for the HOC-
2 phase of the YMC. The bromodomains of Rscl and Sth1 as well as the second bromodomain

of Rsc4 seem to be dispensable for the YMC.

The only two bromodomains of the RSC complex, which were not tested, are the
bromodomain of Rsc58 subunit and the first bromodomain of Rsc4 subunit. They should also
be tested in future experiments. The first bromodomain of Rsc4 can be tested by mutating its
tyrosine 92 and 93 residues to alanine, which disrupts its interaction with H3K14Ac (Kasten et
al. 2004). For Rsc58, the full length deletion is known to cause lethality (Giaever et al. 2002).
Currently, it is not known whether its bromodomain deletion is also lethal. If yes, conditional

knock-down methods, such as the degron system (Natsume & Kanemaki 2017), may be used.
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Currently, histone H3 acetylation is hypothesized to recruit the Rsc2 isoform of the RSC
complex. However, it is worth to note that the current evidence is still not enough to prove
this hypothesis. Other possibilities also exist. For example, acetylated non-histone proteins
might be able to recruit the RSC complex. To validate this hypothesis, a possible experimental
plan is proposed in section 3.3.1. The following sections focuses on checking the genes

downstream of and dependent on the Rsc2 isoform of the RSC complex during the YMC.

3.2.8 RNA-seq samples are taken from the induced YMC-like response of the rsc2A

strain and the normal YMC of the wild-type

More than 60% of genes have highly dynamic changes in their transcripts levels during the
YMC (Tu et al. 2005). To test the hypothesized acetylation-recruitment pathway, it is
important to answer two questions first. Question one: what genes may require the Rsc2
isoform of the RSC complex for their expression? Question two: when does the Rsc2 isoform
of the RSC complex induce their expression during the YMC? If the acetylation-recruitment
hypothesis is correct, the genes requiring the RSC complex for their expression at a certain
time during the YMC should have a preceding peak of histone acetylation just before that time.
It can be examined by statistical tests. Here, to answer the two questions, the temporal
profiles of gene expression in the rsc2A strain were compared to those in the wild-type by

performing RNA-seq on samples taken from both strains.

As shown in section 3.2.1, the rsc2A strain does not exhibit the YMC. However, a YMC-like
response could still be induced in this strain by quickly removing 150ml of the cell culture (out
of the total volume of 1050ml) from the fermenter (Figure 3.16a,b). 10 samples were taken
from the rsc24 strain, which covered the whole induced YMC-like response. For the wild-type,
the whole YMC cycle was sampled at 22 different time points. As most of the dynamic changes
in gene expression happen in the HOC phase, the HOC phase was sampled at a higher

frequency (every 5mins). To enable a quantitative comparison between gene expression
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profiles, all the samples were spiked in with the same batch of S.pombe cells. Finally, RNA-seq

libraries were constructed from all the samples.
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Figure 3.16 The sampling time points and the Pearson correlation matrix of the RNA-seq
samples from the wild-type and the rsc2A strain. a. 22 samples were taken from a normal
YMC of the wild-type. Different HOC phases are marked with different colors. b. 10 samples
were taken from the induced YMC-like response of the rsc2A strain. c. The heat map visualizes
the self-correlation matrix of the 22 wild-type RNA-seq samples. Warms colors represent high
correlations and similarities, while cold colors indicates low correlations and low similarities.
d. The heat map visualizes the correlation matrix between the 22 RNA-seq samples of the
wild-type and the 10 RNA-seq samples of the rsc2A strain.

It is worth to bear in mind that the induced YMC-like response can be different from the
normal YMC in many aspects. Although many results in the later sections suggest they are
similar in general, certain specific differences may still exist. The following sections attempt

to find the changes in mRNA levels that may be associated with the deletion of RSC2. However,
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there always exists two alternative possibilities. First, the observed differential gene
expression is associated with the difference between the induced YMC-like response and the
normal YMC, rather than the deletion of RSC2. Second, the changes in mRNA level can always
be the indirect effects of RSC2 deletion, such as the stress response or certain compensatory
effects. For the sake of brevity, the two possibilities are mentioned repeatedly in the following

sections.

3.2.9 The matrix of Pearson correlation coefficient maps the sampling points of the
rsc2A strain to the time axis of the wild-type and also largely agrees with the

phases of the YMC

Before comparing the gene expression profiles between the wild-type and the rsc2A strain, it
is necessary to map the sampling time points of the rsc24 strain to the time axis of the wild-
type. One way is to find the most similar time point among all the wild-type sampling points
for each of the rsc2 samples. Pearson correlation coefficient is a good metric for assessing the
degree of similarity between the genome-wide gene expression levels of two RNA-seq
samples. It may be possible to map each rsc2 sample to the time axis of the wild-type by

finding the wild-type time point where the maximal Pearson correlation coefficient is achieved.

This mapping method was first tested by calculating the Pearson correlation coefficients
between every two wild-type RNA-seq samples. If the mapping method works, for each wild-
type sample, the highest Pearson correlation coefficient should be achieved at its temporally
closest sample. Figure 3.16c visualizes the 22-by-22 matrix of Pearson correlation coefficients
with a heat map. Obviously, the values on the diagonal line are always 1, because the samples
were compared to themselves. Importantly, for each sample, the second highest value of the

coefficient is always achieved by its most adjacent sample, which justifies this method.

Interestingly, the degree of similarity of genome-wide gene expression profiles largely agrees

with the YMC phases defined by the curve of oxygen consumption rates (Figure 3.16c). Wild-
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type samples from 7 to 12 have relatively high levels Pearson correlation coefficient for their
gene expression. They cover the whole HOC-2 phase. Likewise, wild-type samples from 13 to
15, which covers the whole HOC-3 phase, are also similar in terms of their gene expression.
Strikingly, the gene expression profiles between the LOC phase and the HOC-1 phase are
highly similar, although the two phases are significantly different in terms of their cellular
oxygen consumption profiles. It suggests that the increase in the oxygen consumption rates
upon entering the HOC-1 phase is not accompanied by genome-wide remodeling of gene
expression. The entry of the HOC-1 phase from the LOC phase is more likely to be driven by

changes in the transcription of few genes or purely by post-transcriptional events.

To find the corresponding YMC phases of the rsc2 samples, the matrix of Pearson correlation
coefficient between the samples of the rsc2A strain and the wild-type was generated and
visualized (Figure 3.16d). The pairs of samples with high correlation coefficients also form a
diagonal line on the heat map. It suggests that the progressive changes in the genome-wide
gene expression profiles of the induced YMC-like response of the rsc2A strain generally follow
the same temporal sequence as the normal YMC in the wild-type. By matching the best
correlated wild-type counterpart for each rsc2 sample, it is found that rsc2 samples 1-2, 3-6
and 7-9 belong to the HOC-1 phase, the HOC-2 phase and the HOC-3 phase respectively.
Interestingly, the oxygen consumption curve of the rsc2A strain also largely fits such a phase
separation. The major difference between the wild-type and the rsc24 strain lines in the HOC-
2 phase. The oxygen consumption rate is further increased upon entering the HOC-2 phase in
the wild-type but not in the rsc2A strain. It implies that the Rsc2 isoform of the RSC complex

may be required for the entry of the HOC-2 phase.
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Figure 3.17 Different datasets were mapped to a uniform time axis. a. The workflow of
mapping the time points of multiple datasets to the time axis of the wild-type. b. The
estimated time points of NET-seq (green dots), ChIP-seq (yellow dots) and rsc2 RNA-seq (red
dots) on the time axis of the wild-type strain.

Before progressing to the analysis of gene expression profiles, it is critical to obtain the best
estimates for the timings of each rsc24 sample on the time axis of the normal wild-type YMC.
The major difficulty was that all the data points were discrete, so there was no direct
information for the gene expression profiles between two adjacent wild-type samples. To
circumvent it, a smooth curve was fitted to the 22 discrete wild-type data points for each gene
by smoothing spline algorithm (Figure 3.17a). After that, the wild-type genome-wide gene
expression profiles at any points on the time axis were estimated. Although the estimation
has the risk of underrepresenting the potential rapid gene expression changes between two
adjacent samples, this risk was minimized by the high sampling density (roughly every 5 mins)
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of the wild-type. For each rsc2A sample, the exact point where the maximal Pearson
correlation coefficient was achieved could be found on the time axis of the wild-type normal
YMC. After that, all the rsc2A sample and the wild-type samples could be mapped to a uniform
time axis of the normal YMC. NET-seq (For details, please refer to appendix section S1) and
ChlP-seq (data from Kuang et al. 2014) datasets all have their companion RNA-seq datasets
prepared from the same samples, which allows the wild-type YMC NET-seq and the wild-type
YMC ChIP-seq datasets to be mapped to the same uniform time axis by the same method
(Figure 3.17b). Now, it is possible to examine the differences in their temporal profiles of gene
expression. It is worth noting here that these yeast NET-seq libraries were prepared before
the ultra-low background yeast NET-seq (chapter 4.1) was developed, so the NET-seq libraries

may still contain 10-30% non-specific background from mature RNA.

3.2.10 There are two particular time windows in the HOC phase where the peaks of

the transcripts of certain genes are not seen in the rsc24 strain

To provide an overview of the impact of the RSC2 deletion on the transcriptome during the
YMC, genes were categorized into different clusters, according to the shapes of their temporal
expression profiles in both the wild-type and the rsc2A strain. This section attempts to provide
a general answer to two important questions. First, what kinds of genes are affected by the

deletion of RSC2? Second, when are these genes affected during the YMC?

Specifically, the YMC time-course RNA-seq datasets of both the wild-type and the rsc2A strain
were utilized to carry out the analysis. 4499 genes were retained after filtering lowly
expressed genes. Before performing the clustering algorithm, the time course data for each
gene were subtracted by their median and then divided by their standard deviation. It allows
all the genes to have a median equal to zero for both wild-type and the rsc24 strain. The
expression changes were transformed into the number of standard deviation from the median.

These procedures are required for the K-means clustering and allow the algorithm to focus on
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the shape differences between the temporal profiles of the wild-type and the rsc24 strain.
Then a total of 16 clusters were created by the K-means clustering algorithm. Each cluster
contains around 280 genes and has a characteristic temporal profile of gene expression for
the wild-type, which is indicated by the light blue curves. The corresponding characteristic
gene expression profile of the rsc2A strain for each cluster is plotted with pink curves (Figure

3.18).
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Figure 3.18 Genes were categorized into 16 clusters based on their temporal expression
profiles in both the wild-type and the rsc2A strain. The characteristic profiles of the wild-type
and the rsc2A strain in each cluster are colored blue and red respectively. The upper and lower
bounds of a characteristic profile are the top and bottom 10 percent of the gene expression
levels in a cluster. The median level in each cluster is represented with a thick black curve. The
name of the cluster and the number of genes in the cluster are labelled at the bottom-left and
top-right corners respectively.

In each cluster, the characteristic gene expression profile of the wild-type was compared to
that of the rsc2A strain. It is found that the general shapes of the profiles of both strains are

similar for most of the clusters. It indicates that the induced YMC-like response in the rsc2A
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strain is largely comparable to the normal YMC of the wild-type and the deletion of RSC2 does

not lead to a complete change in the temporal profiles of gene expression.

However, in many clusters, the peak of transcripts appearing right after point B or point D in
the wild-type seems to be lost in the rsc2A strain. In Figure 3.19, the clusters are rearranged
into four groups (A-D). Group A contains cluster 4, 7, 8, 12 and 15. They have a peak of
transcripts in the wild-type strain after point B, while this peak is greatly reduced or lost in the
rsc2A strain (Figure 3.19 Group A). The peak normally spans the 18mins after point B. In the
following discussion, this time window is referred to as TW1 (time window 1). In group A,
cluster 4 and 8 are significantly enriched for ribosome biogenesis genes and translation
related genes. Interestingly, these are the genes that are known to have a peak of histone
acetylation at point B and their expression can be induced by injecting acetate, which can
cause histone acetylation (Cai et al. 2011; Kuang et al. 2014). Similarly, Cluster 1, 3, 6, 11 and
16 have a peak of transcripts after point D (Figure 3.19 Group B). This peak is also not seen in
the rsc24 strain. It normally spans the 10mins after point B. This time window will be referred
to as TW2 (time window 2). In group B, cluster 6 is enriched for genes associated with
proteasomal degradation, while cluster 1 and 16 have significantly more mitochondrial
function related genes than the background. The rest of the clusters which do not show
obvious differences in neither TW1 nor TW1 are grouped into C and D, according to the
similarities in their general shapes (Figure 3.19 Group C and D). Clusters in group D have a ‘U’

shape. They have a strong association with aerobic respiration.

95



TW1 Gene ontology P-values TW2 Gene ontology P-values
3 3
2b } s Ribosome biogenesis 1.81x107-88 2 e
; d ! rBNA processing ) 2.77x107-75 f_ /MQ/ No significantly
i+ ~~ .. Ribosomal subunit export 2.54x107-11 2 R enriched GO
2} lcusters Ribosome assembly 6.03x107-11 2} (Cluster1t
S —
20 40 60 80 20 40 60 80
i 302 ; 233 cytosolic proteasome 8.89x107-12
it Cytoplasmic translation 5.90x107-30 1 a/ complex
0 P’k RNA processing 3.67x107-11 PR A \.  Ubiquitin-dependent  5.33x104-9
o} Lcusters N proteolysis

No significantly

40 60
199
2|
: ’\J\‘/\ No significantly
°[; N~ enriched GO

1 .
! . - enriched GO
g i R
Emuu 2p 1Cluster3
S S —
0 “0 60 80 20 60 80

No significantly
§ - enriched GO

Transcript levels (A.U.)
Transcript levels (A.U.)

f

Mitochondrial membrane 5.88x107-10
organization

Cluster1

)

ﬁ/\ Mitochondrial translation 9.47x107-45
60

2 382
I 2
e 1 No significantly ' l/\ Inner mitochondrial 4.61x107-10
’ A ~ enriched GO 0 4\‘/\“\—\ membrane complex
2| |Cluster1s 2} lcwsterts
e —— ey
(0 40 0 2 0
e L |

[E——
* HOC-2 +HOC-3 % HOC-2 +HOC-3
point B point D point B point D

8

40 60

®
g

Time (minutes) Time (minutes)
Group C Gene ontology P-values Group D Gene ontology P-values

* 313 -~ 3

2 5 o

1 ‘\ Cytoplasmic translation 2.12x107-20 < N \_// Fatty acid metabolic process  6.75x107-12

‘j ) rRNA export 9.17x107-9 ~ 0 ¥ Lipid oxidation 1.28x107-9

=2 Cluster2 % ; ClusterS

20 40 60 80 q>; ol % e s
ol 2

J P . . . o A

<_ ) 3 No significantly 5. B M|toclhondr|al rzlsplratorychaln 1.10x107-9
s . : enriched GO @ o complex assembly
w ~ £ .
D 2 Custens ; 2 Cluster1o
et P
il 291 A HOC-2 $Hoc-3
5 \/\:\ No significantly point B point D
2 °r ! enriched GO Time (minutes)
E 2 Clus(:vM a
- oa—

20 40 50 80

3

2 292

1 i/ No significantly

0 JA\ enriched GO

-1

2p Cluster9

o

| B

* HOC-2 *HOC-3
point B point D

Time (minutes)

Figure 3.19 The 16 clusters were categorized into four groups (A, B, C and D). The gene
ontology terms and corresponding p-values are listed on the right side of each cluster. Group
A has the loss of transcript peaks in TW1, while group B has the loss of transcript peaks in TW2.
The rest of clusters are grouped into C and D which differ in their general shapes of profiles.
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Besides the two time windows, all clusters seem to gain an additional peak of transcript levels
just before point D in the rsc24 strain. It could be a point where the RSC complex exerts its
transcriptional suppressive functions. However, it is more likely to be an artefact, because this
peak is only represented by a single RNA-seq sample and it almost appears in all clusters. It
can be explained by the error of adding less S.pombe cells to that sample of the rsc2A strain,

which can lead to the global overestimation of gene expression at that point.

To summarize, there are two time windows (TW1 and TW2) where the peaks of transcripts
seen in the wild-type are lost in the rsc2A strain. The two time windows are located right at
the beginning of the HOC-2 and HOC-3 phase respectively. Some clusters having peaks lost in

TW1 are known to have peaks of histone acetylation at point B (just before TW1).

3.2.11 Genes losing their peaks of transcripts in TW1 in the rsc24 strain have a
strong positive association with a peak of H3K9Ac, H3K14Ac, H3K18Ac or

H4K5Ac at point B

If the genes losing their peaks of transcripts in either/both time windows after deleting RSC2
are regulated by the acetylation recruitment mechanism, these genes, in the wild-type should
be significantly associated with a peak of histone acetylation (particularly histone H3
acetylation, because the RSC complex is shown to bind to acetylated H3 rather than H4) before

their peaks of transcripts.

To test the hypothesis, the single sided Fisher’s exact test was performed to check the
potential association between histone H3 acetylation near point B/D and the responsiveness
to the deletion of RSC2 in TW1/TW2. Genes were selected, if they had a peak of mMRNA in TW1
in the wild-type. These genes were divided into 4 groups, based on two dimensions. The first
dimension was whether they had a peak of histone H3 acetylation near point B. The second
dimension was whether their peaks of mRNA levels in TW1 were lost in the rsc2A strain (the

responsiveness to the deletion of RSC2). The contingency table for the statistical test was
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created by counting the number of genes in each group. Finally, Fisher’s exact test was
performed on the contingency table and the p-values were calculated. The same procedures
were repeated for point D and TW2. The level of histone H4 acetylation, histone H3

methylation and the total level of histone H3 were also tested as controls in this analysis.

All the p-values are summarized in Table 3.1. This analysis includes three H3 acetylation marks
(H3K9Ac, H3K14Ac and H3K18Ac) which are known to have physical interactions with the RSC
complex in the literature. For TW1, all the three histone H3 acetylation marks have a highly
significant positive correlation with the responsiveness of rsc24 in TW1. Interestingly, H4K5Ac
also has a low p-value for TW1. Except for H4K5Ac, none of the other controls have significant
positive associations for TW1. Hence, the results for TW1 support the acetylation-recruitment
pathway. For TW2, none of the tested histone modifications are significant. In other words,
no significant positive association can be observed between the tested histone modifications
near point D and the loss of mRNA peaks in TW2 in the rsc2A strain. It indicates that the peaks
of mMRNA in TW2 in the wild-type might be activated by the RSC complex through a different
pathway or the loss of the peaks is an indirect effect of deleting RSC2. It could even just be the

inherent difference between the induced YMC-like response and the normal YMC.

The preceding p-values
peaks of histone
modifications at

either point B or D Loss transcript peaks in TW1 Loss transcript peaks in TW2
H3 0.99 0.95

H3K9Ac 1.74x10-20 0.25

H3K14Ac 2.94x107%6 0.73

H3K18Ac 3.05x10% 1.79x103

H3K56Ac 0.15 0.74

H3K4Me3 1.99x104 0.11

H3K36Me3 0.85 0.49

H4KS5Ac 2.94x10% 0.92

H4K16Ac 0.98 0.44

Table 3.1 Testing the positive correlation between the responsiveness to RSC2 deletion and
the presence of a preceding peak of various histone modifications by single sided Fisher’s
tests. The p-values for all the combinations are listed. The combinations that show a
significant (p<107) positive correlation are colored red.
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To further test the acetylation-recruitment hypothesis, the single sided Fisher’s exact test was
performed on the 16 individual clusters (in section 3.2.10) to check whether they were
enriched for genes that had a peak of H3 acetylation near point B or D. The results are shown
in Table 3.2a and 3.2b. Clusters in group A are significantly more likely to have a peak of
H3K9Ac, H3K14Ac, H3K18Ac and H4K5Ac at point B. At the same time, they are the clusters
showing the loss of the peaks of transcripts in TW1 after deleting RSC2. Hence, this result also
supports the acetylation-recruitment pathway. On the contrary, most clusters do not have
significant enrichment for the peaks of any histone modification marks near point D. There
are only two clusters (1 and 10) showing the significant enrichment for H3K18Ac near point D,

however, they do not have significant enrichment for other H3 acetylation marks.
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a Histone modifications peaks at point B

H3 H3K9Ac H3K14Ac  H3K18Ac _ H3K56Ac _ H3K4Me3  H3K36Me3 H4KSAc H4K16Ac
Clusters 1.00 2.10x10%  2.24x109  2.71x1092  0.20 9.04x108  0.10 2.24x10113  1.00
Group A (peaks Cluster4 1.00 5.49x107  8.52x10%6  6.91x1065  1.04x1097  3.44x10°  0.82 1.98x1067  1.00
lostin Tw1) Clusteriz  0.99 1.15x102%  2.51x1021  1.08x10?7  2.42x10%°  0.94 0.06 3.60x102°  0.92
Cluster7 0.60 2.23x1019  1.42x10%3  1.59x10%¢  0.74 0.30 0.80 2.11x1013  0.36
Clusterls  1.00 4.57x1010  1.38x100°  2.09x1012  1.55x1003  0.75 0.39 2.05x1011  0.37
Clusterll  0.72 0.03 0.93 0.56 0.99 0.50 0.22 1.00 0.69
Group B (peaks clusters 0.19 1.00 1.00 1.00 1.00 0.01 0.01 1.00 0.32
lostin TW2) cCluster3 0.38 0.95 0.89 0.94 0.99 0.99 0.25 1.00 0.47
Clusterl 0.01 1.00 1.00 1.00 1.00 0.95 0.96 1.00 0.04
Clusterl6  0.01 1.00 1.00 1.00 1.00 1.00 0.73 1.00 0.53
Cluster2 1.00 0.01 0.01 0.01 1.23x10%  0.02 0.05 0.44 0.13
Group C
Clusterl3  0.08 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.05
Clusterl4  0.30 0.04 0.90 0.48 1.00 0.73 033 0.78 1.00
Cluster9 0.26 1.00 1.00 1.00 0.99 0.89 0.39 1.00 0.58
Group D Clusters 0.02 1.00 1.00 1.00 7.38x10%¢  0.95 0.93 1.00 4.09x100
Clusterl0  1.44x1003 _ 1.00 1.00 1.00 0.53 0.17 0.57 1.00 2.47x10-03
b Histone modifications peaks at point D
H3 H3K9AC H3K14Ac  H3K18Ac  H3K56Ac _ H3K4Me3  H3K36Me3 H4K5Ac H4K16Ac
Cluster8 0.89 1.00 1.00 1.00 0.08 1.00 1.00 1.00 0.88
Group A (peaks Clusterd 0.01 1.00 1.00 1.00 0.40 0.99 0.34 1.00 0.01
lostin TW1) Clusterl2  0.61 0.75 0.46 1.00 1.00 0.99 0.82 0.26 0.27
Cluster7 0.22 0.92 1.00 1.00 0.14 0.01 0.32 0.94 0.31
Clusterl5  0.01 1.00 0.97 0.96 0.58 0.32 0.05 0.57 0.21
Clusterll  0.37 0.87 0.59 0.95 0.10 0.23 0.58 0.78 0.42
Group B (peaks  ¢jysters 0.22 0.09 0.33 0.02 0.04 1.00 0.49 0.52 0.67
lostin TW2)  clusters 0.29 0.87 0.69 0.54 0.97 0.02 0.03 0.33 0.07
Clusterl 0.53 4.99x10%¢  0.07 1.78x101°  0.04 0.70 0.78 0.01 0.69
Clusterlé  0.74 0.01 0.19 0.16 0.43 0.00 0.04 3.99x1005  0.66
Group C Cluster2 0.05 1.00 0.99 1.00 1.00 0.02 0.07 1.00 0.06
Clusterl3  0.71 0.09 0.06 0.55 0.23 2.05x10°¢  3.40x1003  0.02 1.00
Clusterl4  0.91 0.85 0.83 0.88 0.02 0.31 0.92 0.98 0.15
Cluster9 0.75 0.07 0.02 7.17x10%%  0.65 0.99 0.65 7.06x10%  0.77
Group D
Cluster5 0.92 0.59 0.03 7.65x10%¢  1.00 0.99 1.00 0.25 0.94
Clusterl0 _ 1.00 4.00x1093  1.76x10% _ 2.91x107 _ 0.94 1.00 0.97 0.17 0.86

Table 3.2 a and b. Testing whether the 16 clusters were enriched for genes having a peak of
certain histone modification at point B (Table a) or point D (Table b) by single sided Fisher’s
test. The p-values for all the combinations are listed. The combinations showing a significant
(p<107) positive correlation are colored red.

To summarize, if a gene has a peak of mMRNA in TW1 and a peak of H3 acetylation near point
B, its expression is significantly more likely to be affected by RSC2 deletion. Hence, the results
for TW1 support the acetylation-recruitment hypothesis introduced in section 3.1.2.4.
However, the strong positive correlation between histone H3 acetylation and rsc2A

responsiveness seen in this study does not essentially mean that they have a causative
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relationship. More experiments are required to examine whether they have a causative

relationship. This is discussed in more detail in section 3.3.1.

The following sections try to check if the genes that are controlled by the hypothesized
acetylation-recruitment pathway can have some functional implications on the cellular
metabolism during the YMC. There were 906 genes whose peak of transcripts in TW1 is lost
after deleting RSC2 and also has a preceding peak of H3 acetylation near point B. Ideally, to
see their functional implications on the YMC, all the 906 genes should be deleted and tested
in the fermenter one by one. Based on the current throughput of the fermenter, this is
impossible to achieve (The fermenter can test up to 15 mutants per year in its ideal condition).
To solve this problem, | propose a high throughput screening experiment as shown in section
3.3.5.2. However, due to time limitations, this screening experiment cannot be accomplished
in this DPhil study. Therefore, in order to narrow down the targets and find at least one or
more genes to test in the fermenter, this study focused on the G1/S cyclin gene CLN3 (section
3.2.12) and genes involved in the central metabolic pathway (section 3.2.13-19). The rationale

for choosing them is provided in their corresponding sections.

3.2.12 The expression of CLN3 is Rsc2 dependent during the HOC-2 phase

CLN3 is the yeast G1/S cyclin. It has been shown that after injecting acetate into the fermenter,
the cellular acetyl-CoA level increases dramatically. At the same time, histone H3 is found to
be acetylated at the promoter of CLN3. A corresponding peak of the CLN3 transcript is also
seen after point B (Shi & Tu 2013). Apart from regulating the entry of a cell cycle, CIn3 is also
found to upregulate catabolism via activating cyclin kinase Cdk1, which can promote the
utilization of the stored trehalose by phosphorylating Nth1 (neutral trehalase 1) (Zhao et al.
2016). These findings make CLN3 an attractive target to test, because of two reasons. First,

the data suggest it is likely to be the downstream player of the hypothesis of the acetylation-
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recruitment pathway. Second, it may have some regulatory role in the cell cycle and cellular

metabolism during the YMC.

CLN3
2500 35 2
o R . 8
s é w00 e é ~WT NETseq (this study)
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Figure 3.20 The temporal changes in the levels of transcription, transcripts and histone
acetylation of CLN3 during the YMC. The levels of transcription for the wild-type (blue curve)
were assessed by NET-seq. The amounts of transcripts for the wild-type (blue curve) and the
rsc2A mutant (red curve) were measured by RNA-seq. The transcript levels for the wild-type
and the rsc2A mutant are comparable, because of the normalization by RNA spike-in. The
signals of NET-seq and RNA-seq are expressed as the number of reads (the y-axis on the left
hand side). The ChIP-seq signals for histone acetylation (Kuang et al. 2014) are expressed as
the number of standard deviations from the median (the y-axis on the right hand side).

To examine CLN3, its temporal profiles of histone H3 acetylation, transcription and mRNA
levels are plotted together in Figure 3.20. There is a clear peak of histone H3 acetylation at
point B, which is associated with a rapid increase in the levels of transcription, measured by
NET-seq. For the wild-type, the mRNA level of CLN3 starts to increase after point B, while it
largely remains as a flat line in the rsc24 strain. It means that the expression of CLN3 requires
Rsc2, which suggests that the Rsc2 isoform of the RSC complex may read the histone H3

acetylation marks and activate the expression of CLN3.

To conclude, the observations on CLN3 support the hypothesis of the acetylation-recruitment
pathway. To see the functional implications of the acetylation-recruitment pathway to cell

metabolism during the YMC, CLN3 could be a potential candidate to test in the fermenter.
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3.2.13 Afew genes have their expression patterns changed in the rsc24 strain; ACO2
is most likely to be the downstream of the hypothesized acetylation-

recruitment pathway

As is shown in section 3.2.1, 3.2.8 and 3.2.9, the rsc2A strain has defects in further increasing
oxygen consumption rates after passing point B, so the oxygen consumption curve of the HOC-
2 phase of the rsc2A strain looks like a flat platform rather than the peak seen in the wild-type.
One possibility is that the rsc2A strain may have defects in expressing genes in the central
metabolic pathway, including glycolysis and TCA cycle. These genes may be upregulated by
the hypothesized acetylation-recruitment mechanism after point B, which allows the aerobic
respiration to increase. After deleting RSC2, these genes may fail to be expressed after point
B, which causes the defects seen in the oxygen consumption curve of the HOC-2 phase of the
rsc2A strain. To check it, the temporal profiles of genes in the central metabolic pathway were

compared between the wild-type and the rsc2A strain.

The heat map (Figure 3.21 b) provides an overview of the log2 fold gene expression changes
in each of the sampling points of the rsc2A strain, with respect to the estimated gene
expression levels of the wild-type at the same time point (The estimation method is the same
as described in the section 3.2.9). Among all genes, PDC6 and ACO2 have the most prominent
reduction in their transcripts levels just after passing point B, which is similar to CLN3 shown
in the previous section. Interestingly, except for ACO2, most TCA cycle genes have slightly
elevated expression in their first four sampling points. In terms of glycolysis related genes,
some of them seem to be moderately decreased in the first few sampling points. Some genes,
such as HXK1, PDC5, ALD4 and CIT1 appear to have large fold increases at certain time points.
Calculating log2 fold changes allows the overall patterns to be assessed and highlights the
most significant changes. However, it does not show the actual levels of gene expression.

Artefacts may appear, if there exists some inaccuracies in the mapping of time points or some
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denominators (the WT levels) are small values. Next, the shapes of the temporal profiles of

multiple sequencing datasets, including ChIP-seq, RNA-seq and NET-seq are assessed for each

gene.
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Figure 3.21 Changes in the expression of genes involved in the central metabolic pathways
during the YMC after deleting RSC2. a. A diagram of the central metabolic pathways.
Metabolites in the glycolysis, ethanol metabolism and TCA cycle are represented with blue,
red and green bubbles. The genes coding the enzymes are written in bold italics. b. The heat
map visualizes the log2 fold changes in the transcript levels of the rsc2A samples relative to
the wild-type samples. Glycolysis, ethanol metabolism and TCA cycle related genes are written
in blue, red and green respectively. The bright and dark colours of the heatmap represent
overexpression and underexpression respectively. ACO2 and PDC6 show obvious reduction in
gene expression at the boundary between HOC-1 and HOC-2 phases, so they are highlighted
by the black boxes.
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For each gene, the temporal profiles of histone H3 acetylation (yellow and grey curves),
transcription (green curves) and transcript levels (blue for the wild-type; red for the rsc24
strain) are plotted together in Figure S6 (appendix). Some genes, such as GLK1, TDH1, TDH3
and IDP2, do not have obvious changes in their temporal profiles of transcripts in the rsc2A
strain (Figure 3.22). This suggests that the rsc2A samples are mapped to the time axis of the
wild-type correctly and the induced YMC-like response is largely comparable to the normal
YMC. After checking all 61 genes of the central metabolic pathway, three of them (PDC6, ACO2
and ADH4) were found to lose (or at least reduce) their peak of transcripts in the rsc24 strain
after point B (Figure 3.23). ACO2 and PDC6 have a dramatic peak of transcripts in the wild-
type and the peak seems to be completely lost in the rsc2A strain. ADH4 only has a small peak
of transcripts in the wild-type after passing point B. Although this peak is also suppressed, the
change in transcript levels is less than 2 fold. By checking the wild-type temporal profiles of
NET-seq across the YMC, a peak of transcription activities could be found at point B for all
three genes. This suggests that their transcript peaks are produced by transcription. By
checking the ChlIP-seq data for histone acetylation, both ACO2 and ADH4 were found to have
a corresponding peak of histone H3 acetylation at point B. However, PDC6 does not seem to
have a peak of H3 acetylation, which suggests that it is not the downstream target of the
hypothesized acetylation-recruitment pathway. To conclude, among the 61 genes involved in
the central metabolism, ACO2 is most likely to be the downstream target of the RSC complex

in the acetylation-recruitment pathway.

Apart from the loss of the transcript peak after passing point B, there are three major
differences in the transcripts temporal profiles of the rsc2A strain. First, many genes seem to
have a lowered peak of transcripts after passing point D. Moreover, these peaks do not seem
to be associated with a preceding peak of histone H3 acetylation. This is consistent with the
statistical tests in section 3.2.11. The typical examples are ALD6, ACS2, PYC1, ACO1, KGD1 and
KGD2 (Figure 3.24). It implies that the Rsc2 isoform of the RSC complex might participate in
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gene expression after point D via a mechanism which is different from the putative
acetylation-recruitment pathway. Second, some glycolysis related genes, such as PYK1 and
PFK2, show general reduction in mRNA levels (Figure 3.25). In other words, the reduction is
not temporally specific. The third difference is that some genes appeared to overexpress after
deleting RSC2. The most typical example is PDC5 (Figure 3.26). As mentioned before, some
TCA cycles genes also show slightly higher levels of mRNA in the first sample of the rsc2A strain.
They could be the secondary effects of deleting RSC2. One explanation is that some genes may
be upregulated to compensate for the loss of function of certain genes. Alternatively, the RSC
complex may also have inhibitory effects on transcription. All these observations suggest that
the Rsc2 isoform of the RSC complex may influence gene expression via multiple mechanisms.

For a more detailed discussion, please refer to section 3.3.2.

To conclude, the deletion of RSC2 can cause changes in the temporal mRNA profiles of many
genes in the central metabolic pathway. Among them, ACO2 is most likely to be the

downstream target in the acetylation-recruitment pathway.
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Figure 3.23 The temporal changes in the levels of transcription, transcripts and histone
acetylation of ACO2, PDC6 and ADH4 during the YMC. The levels of transcription for the wild-
type (blue curve) were assessed by NET-seq. The amounts of transcripts for the wild-type (blue
curve) and the rsc2A mutant (red curve) were measured by RNA-seq. The transcript levels for
the wild-type and the rsc2A mutant are comparable, because of the normalization by RNA
spike-in. The signals of NET-seq and RNA-seq are expressed as the number of reads (the y-axis
on the left hand side). The ChlIP-seq signals for histone acetylation (Kuang et al. 2014) are
expressed as the number of standard deviations from the median (the y-axis on the right hand
side).
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Figure 3.25 The temporal changes in the levels of transcription, transcripts and histone
acetylation of PYK1 and PFK2 during the YMC. The levels of transcription for the wild-type
(blue curve) were assessed by NET-seq. The amounts of transcripts for the wild-type (blue
curve) and the rsc2A mutant (red curve) were measured by RNA-seq. The transcript levels for
the wild-type and the rsc2A mutant are comparable, because of the normalization by RNA
spike-in. The signals of NET-seq and RNA-seq are expressed as the number of reads (the y-axis
on the left hand side). The ChlIP-seq signals for histone acetylation (Kuang et al. 2014) are
expressed as the number of standard deviations from the median (the y-axis on the right hand
side).
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Figure 3.26 The temporal changes in the levels of transcription, transcripts and histone
acetylation of PDC5 during the YMC. The levels of transcription for the wild-type (blue curve)
were assessed by NET-seq. The amounts of transcripts for the wild-type (blue curve) and the
rsc2A mutant (red curve) were measured by RNA-seq. The transcript levels for the wild-type
and the rsc2A mutant are comparable, because of the normalization by RNA spike-in. The
signals of NET-seq and RNA-seq are expressed as the number of reads (the y-axis on the left
hand side). The ChlIP-seq signals for histone acetylation (Kuang et al. 2014) are expressed as
the number of standard deviations from the median (the y-axis on the right hand side).
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3.2.14 The expression of ACO2 is sensitive to the deletion of genes required for

histone H3 acetylation

To further test whether ACO2 is downstream of the hypothesized acetylation-recruitment
pathway, this section investigated whether the expression of ACO2 was downregulated if
genes required for histone H3 acetylation were deleted. Histone H3 can be acetylated by the
SAGA/ADA complex. The deletion of several subunits of the SAGA complex, including Ada2,
Gcen5, Spt20 and Nggl, is known to greatly reduce the cellular levels of histone H3 acetylation
(Peng et al. 2008). Additionally, the deletion of NOT4 has also been shown to cause
hypoacetylation of histone H3 at lysine 9, 14, 18 and 23, where the RSC complex can bind
(Peng et al. 2008). If ACO2 is downstream of the hypothesized acetylation-recruitment
pathway, the deletion of any one of the five genes (ADA2, GCN5, SPT20, NGG1 and NOT4)

should lead to significant downregulation of the transcript level of ACO2.

The transcriptomes of the five null mutants were found in the deletome of budding yeast
published by Holstege lab in 2014 (Kemmeren et al. 2014). The transcriptome of each mutant
strain was measured three times by microarray analysis to determine the significance level for
each gene. The log2 fold changes for genes in the central metabolic pathway are summarized
in Figure 3.27. To minimize the false positive rate, only changes with a p-value smaller than
1X107 were considered significant. Significantly overexpressed or underexpressed genes in
each mutant are highlighted with blue and red colours respectively. Strikingly, the expression
of ACO2 is significantly decreased in all five mutants. None of the other genes in glycolysis and
TCA cycle have the same behaviour as ACO2. Many TCA cycle genes are even significantly
overexpressed rather than underexpressed in some of the mutants, which is consistent with
their elevated mRNA levels observed in the initial four sampling points of the rsc24 strain.
These data suggest that the expression of ACO2 is more sensitive to the deletion of gene

required for histone H3 acetylation than most of genes in the central metabolic pathway.
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Figure 3.27 The log2 fold changes in the expression levels of genes in the central metabolic
pathways in response to the deletions that perturb histone acetylation. The significantly
(p<107-7) overexpressed or underexpressed genes in a certain deletion mutant are colored
blue and red respectively.
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3.2.15 The protein levels of Aco2p is increased after passing point B and returned to

the ground level after point C

So far, the expression of ACO2 has been examined at the level of transcription and transcripts.
However, it is not known whether the protein level of Aco2 increases after passing point B.
Some of the literature shows that an increase in mRNA is not always translated into a
corresponding increase in its corresponding protein, particularly when its protein is highly
abundant (Lahtvee et al. 2017). Hence, it is important to examine the expression of ACO2

across the YMC at the level of protein.

In this study, 9 samples were taken across a cycle of the HOC phase (Figure 3.28a). The
proteome of each sample was measured by mass spectrometry with tandem mass tag (TMT)
labelling (Thompson et al. 2003). The TMT system labeled the peptides from the 9 samples
with 9 different chemical tags which share the same structure but have different masses due
to the presence of isotopes. It allowed the relative quantification of protein levels across
different samples. The levels of Aco2 are shown in Figure 3.28b. In the beginning, there are
no obvious changes in the protein levels of Aco2 from sample 1 to sample 3, although the
oxygen consumption rate of the cells has increased by 38%. After passing point B, sample 4
shows a rapid increase in the protein level of Aco2, which is consistent with the dramatic
increase in the ACO2 mRNA level demonstrated in section 3.2.13. Albeit a slight decrease from
sample 4 to 6, Aco2 protein is still maintained at a relatively high level. Following that, both
the cellular oxygen consumption rate and the Aco2 protein levels decrease dramatically from

sample 6 to 8 and eventually reach their ground levels.

To summarize, the elevation of Aco2 protein levels coincides with the dramatic increase in its
transcript level. Furthermore, after passing the point B, the changes in Aco2 protein levels
seem to correlate with the changes in cellular oxygen consumption rates. Both indicate that

Aco2 might be downstream of the acetylation-recruitment pathway.
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a b The protein level of aconitase measured
by MS with TMT labelling
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Figure 3.28 The protein levels of Aco2 during the YMC were measured by mass spectrometry
with TMT labeling. a. The sampling time points during the YMC. b. The protein levels of Aco2
during the YMC.

AACO2 at high dilution rate
(0.1 hr-1) Overlay with the wild-type

o

6

wn
w
T
w
w
T

1 hour

w
T
w

>

n
T
»
0

»
T
»

o
]

(mg/(10 billion cells)/hr)
w
«n

Oxygen consumption rate
Oxygen consumption rate
(mg/(10 billion cells)/hr)

w
w

2.5

£:3 r 8 12 16
Time (hour)

Figure 3.29 The oxygen consumption profiles for the aco2A strain at the high dilution
rate. In the right panel, the curves of the aco2A strain (indigo) at the high dilution rate
is overlaid with that of the wild-type(black) at the same dilution rate. The black bar
represents the length of one hour.
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3.2.16 The aco2A strain is unable to further increase cellular oxygen consumption

rates after passing point B

To check whether Aco2 has certain functions in the HOC-2 phase, the aco2A strain was grown
in the YMC conditions at the high dilution rate (0.01 hr?). Its curve of oxygen consumption
rate was compared to that of the wild-type (Figure 3.29). Interestingly, the maximal oxygen
consumption rate of the aco2A strain cannot reach the level marked by point B of the wild-
type, which is reminiscent of the phenotypes of rsc2-BD1A and rsc2-BAHA. In addition, the
LOC phase of the aco2A strain has a small peak of oxygen consumption rate, which is also
similar to the rsc2-BAHA strain. To summarize, Aco2 is required for the HOC-2 phase of the
YMC. The similarity between the phenotypes of the aco2A strain and some RSC2 mutants

supports the view that ACO2 is one of the downstream targets of the RSC complex.

3.2.17 The defects seen in the aco2A strain can be partially rescued by adding excess
ferrous ions

Aco?2 is an aconitase primarily localized in the mitochondria of S.cerevisiae and can bind to
iron-sulfur clusters (Huh et al. 2003; Bradley et al. 2019). In mammals, it has been shown that
the cytosolic aconitase has multiple functions. It can function as a metabolic enzyme when it
binds to iron-sulfur clusters, or as a regulator of cellular ferrous iron levels, when it dissociates
with iron-sulfur clusters (Narahari et al. 2000; Kennedy et al. 1992). To further investigate the
role of Aco2 during the HOC-2 phase, excess ferrous ions were added to the culture medium

of the aco2A strain.

Interestingly, the defective HOC-2 phase seen in the aco2A strain can be partially rescued by
adding excess ferrous ions (Figure 3.30). After the treatment, the maximal oxygen
consumption rate gradually increases in the following 10 hours and then the YMC stabilizes.
In the presence of excess ferrous ions, the oxygen consumption rate is able to further increase
after passing point B. However, before arriving at point A of the wild-type, the oxygen
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consumption level of the aco2A strain starts to decrease prematurely. In the rest of the HOC-
2 phase, the oxygen consumption level of the aco2A strain is always lower than that of the
wild-type until the HOC-3 phase starts. All these observations suggest that the function of
Aco? in the early HOC-2 phase might be related to the regulation of intracellular levels of
ferrous ions. The partial rescue result indicates that regulating cellular ferrous ion levels is
probably not the only way for Aco2 to regulate the oxygen consumption rate during the HOC-

2 phase.
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Figure 3.30 The responses of the aco2A strain to the addition of excess ferrous (Fe2+) ions.
In the left panel, the time point when the Fe2+ solution was added is marked by a black arrow.
In the right panel, the oxygen consumption curves for the aco2A strain before (indigo) and
after (green) adding the Fe2+ solution are overlaid with the wild-type curves (black). The black
bar represents the length of one hour.

3.2.18 Chelating extracellular Fe?*/Fe3* ions in the wild-type strain can mimic the

effect of deleting ACO2

If enough ferrous ions are required for the further increase in the cellular oxygen consumption
rate after passing point B, it is reasonable to hypothesize that removing extracellular Fe**/Fe®*
ions may produce a phenotype that is similar to the aco24 strain. To test this hypothesis, the
iron chelator, deferiprone, was added to the culturing medium of the wild-type in a
stoichiometric ratio of the extracellular concentration of Fe**/Fe®" ions. Deferiprone can

chelate Fe?*/Fe3 ions and prevent the cells from uptaking these ions (Hider & Hoffbrand 2018).
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After the addition of deferiprone, the maximal oxygen consumption rate is reduced in the next
cycle of the YMC, which is similar to the phenotypes of aco24, rsc2-BD1A and rsc2-BAHA.
Apart from that, the cycling frequency of the wild-type also seems to be increased.
Interestingly, once excess ferrous ions are added, these defects can be corrected in the
following cycle of the YMC (Figure 3.31). Hence, Fe*/Fe® ions are required for the HOC-2

phase.
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Figure 3.31 The responses of the wild-type to the removal and addition of Fe2+ to the culture
medium. The points of adding iron chelator and the Fe?* solution are marked by two arrows.

This experiment was carried out on an old fermenter. The electrical noise of the DO sensor
was too high to perform the overlay procedure.

3.2.19 Excess ferrous ions can rescue rsc2-BD1A and rsc2-BAHA as well

aco24, rsc2-BD1A and rsc2-BAHA have similar phenotypes during the YMC. Excess ferrous ions
can partially rescue aco2A. It is reasonable to hypothesize that ACO2 is the downstream target
of the RSC complex and the phenotypes of rsc2-BD1A and rsc2-BAHA are caused by the
disrupted ACO2 expression. To test this hypothesis, excess ferrous ions were added to the

medium of rsc2-BD1A and rsc2-BAHA to see if the defective HOC-2 phase could be corrected.
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Figure 3.32 The responses of the RSC mutants to the addition of the Fe2+ solution. a. The
responses of the rsc2-BD1A strain to the addition of the Fe2+ solution. b. The responses of the
rsc2-BAHA strain to the addition of the Fe2+ solution. In the right panels, the oxygen
consumption profiles of the RSC mutants before (red) and after (blue) adding Fe2+ are
compared to the wild-type (black).

The results largely support the hypothesis. For rsc2-BD1A (Figure 3.32a), adding excess ferrous
ions to the culture medium allows the maximal oxygen consumption rate to gradually restore
the level of the wild-type, which is similar to the response seen in the aco24 strain. However,
instead of the partial rescuing effect seen in the aco2A strain, adding excess ferrous ions
almost enables the HOC-2 phase of rsc2-BD1A to overlap with that of the wild-type. The
difference can be explained by the residual level of Aco2p in the rsc2-BD1A strain. For rsc2-
BAHA (Figure 3.32b), the addition of ferrous ions seems to elevate the maximal level of oxygen
consumption rate as well. However, the YMC of the cells was stabilized until the end of the
experiment. Itis hard to conclude whether the addition of ferrous ions can achieve a complete

rescue of the rsc2-BAHA strain. For mutants which show the complete loss of the YMC, such
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as rsc2-CT1A and rsc24, adding excess ferrous ions do not seem to produce any effects (data
not shown), which indicates that the RSC complex may have some other downstream targets
which are critical for the periodic metabolic oscillation and they cannot be rescued by adding

ferrous ions.

To conclude, the experimental results support the view that ACO2 expression is activated via

the acetylation recruitment pathway to regulate the entry of the HOC-2 phase.
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3.3 Discussion
3.3.1 The possible mechanisms of the RSC complex in bridging acetylation and

gene expression

In this study, the importance of the Rsc2 isoform of the RSC complex for the YMC was first
identified by testing yeast strains bearing various mutations (domain deletions, full-length
deletions and point mutations) on the subunits of the RSC complex in the YMC conditions. The
strong YMC defects seen in the rsc2A strain but not in the rsc1A strain justified the hypothesis
that the Rsc2 subunit of the RSC complex is required for the YMC. Furthermore, by examining
the c-terminal domain deletion of Rsc2 (which is responsible for the physical interaction
between the Rsc2 subunit and the RSC complex), it was found that the Rsc2 subunit itself can
not support the YMC and the rest of the RSC complex was required. Following that, yeast
strains carrying individual domain deletions of Rsc2 were tested in the YMC conditions. All of
them have YMC defects of various degrees, but none had the same severity as the full-length
deletion (For more discussion of this, please refer to section 3.3.3). Particularly, the deletion
of either the first bromodomain or the BAH domain of Rsc2 could lead to defects in the HOC-
2 phase of the YMC. These results suggest that all domains of Rsc2 are required for the YMC,
but none are deterministic. The strong YMC defects of the full-length deletion are likely to be
a combinatorial effect of the individual domain deletions of Rsc2. To summarize, the Rsc2

isoform of the RSC complex plays an important role in the YMC.

ACO2 and CLN3 were found to be potential downstream players of the Rsc2 isoform of the
RSC complex during the YMC by comparing the temporally resolved transcriptome of the wild-
type and the rsc2A strain. Further experiments were carried out to validate ACO2 as one of
the downstream targets of the RSC complex as well as its importance for the YMC. Like the
rsc2-BD1A and rsc2-BAHA strain, the aco2A strain also had a defect in entering the HOC-2

phase of the YMC. Importantly, this defect of all the three strains could be either completely
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or at least partially rescued by adding excess ferrous ions to the culture medium. This strongly
supports two arguments. First, ACO2 is one of the downstream targets of the Rsc2 isoform of
the RSC complex during the YMC. Second, Aco2 may be required for the entry of the HOC-2
phase of the YMC or the further increase in cellular oxygen consumption rates. Currently, the
exact mechanism downstream of Aco2 is not known. One possibility is that Aco2 may increase
cellular oxygen consumption rates by upregulating the cellular availability of ferrous ions.

More investigations are required to find out the function of Aco2 during the HOC-2 phase.

In terms of upstream factors of the RSC complex during the YMC, three hypotheses are
proposed here. The first hypothesis is that, at the end of the HOC-1 phase, the increased
acetylation levels on histone H3 recruits the RSC complex to the target genes. Then the RSC
complex activates the expression of these genes. Although currently there is no direct
evidence to prove it, this hypothesis is favored by some experiments in the literature and the
bioinformatic analysis carried out in this study. First, a lot of studies have shown that the RSC
complex can bind to acetylated histone H3, particularly at the acetylated K9, K14, K18 and K23
residues (VanDemark, Kasten, Ferris, Heroux, Hill & Cairns 2007; Kasten et al. 2004; Othman
et al. 2007; Chatterjee et al. 2011). Second, both the penta-lysine-to-arginine mutations
(mimicking the nonacetylated state) on histone H3 and the deletion of GCN5 can produce the
same phenotype as the rsc2A strain (Kuang et al. 2014; Cai et al. 2011). Third, there are peaks
of histone H3K9, 14 and 18 acetylation in the promoter regions of more than 1000 genes at
the end of the HOC-1 phase, which has been revealed by the ChIP-seq data (Cai et al. 2011;
Kuang et al. 2014). Fourth, the loss of the bromodomain of Rsc2 can cause defects in the entry
of the HOC-2 phase. Fifth, the bioinformatic analysis in this study shows that if a gene has a
peak of H3K9, 14 and 18Ac at point B, its peak of transcripts at the beginning of the HOC-2
phase is significantly more likely to be lost in the rsc2A strain. Although these are five pieces

of indirect supporting evidence, the direct evidence is still missing.
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The second hypothesis is that the RSC complex is recruited to the chromatin via acetylated
non-histone proteins, such as the acetylated SAGA complex or certain acetylated transcription
factors. The SAGA complex can also be acetylated by Gen5 at its Ada3, Sgf73 and Spt7 subunits
(Cai et al. 2011). If the acetylation marks on the SAGA complex can always co-occur with
histone H3 acetylation during the YMC, five out of the six pieces of the indirect evidence of
the first hypothesis can still be easily explained. However, it is hard to use this hypothesis to
explain why the YMC is abolished in the strain carrying the penta-lysine-to-arginine mutations
on histone H3. Apart from the SAGA complex, transcription factors can potentially be the
acetylated non-histone protein in this hypothesis as well. Although not in budding yeast, there
are some examples in mammals showing the physical interaction between bromodomains
and acetylated transcription factors. For instance, the acetylated transcription factor GATA1
can be recognized by the bromodomain of Brd3, which recruits GATA1 to the chromatin

(Lamonica et al. 2011).

The third hypothesis assumes that the recruitment of the RSC complex to the chromatin is not
significantly changed during the YMC. Instead, the remodeling activity of the RSC complex is
upregulated by histone H3 acetylation at the end of the HOC-1 phase. There is some in vitro
evidence showing that the acetylated histone tails can enhance the remodeling activity of the
RSC complex (Chatterjee et al. 2011; Skiniotis et al. 2007; Ferreira et al. 2007). Although most
of the evidence for the first hypothesis can still be explained, this hypothesis still has a major
problem, which makes it become less attractive. The remodeling activity of the RSC complex
is only shown to be slightly elevated by the acetylated histone tail (Chatterjee et al. 2011). If
it is the major mechanism, it is hard to explain why the transcript level of ACO2 is dramatically
increased upon entering the HOC-2 phase in the wild-type strain. A more likely scenario could
be that the enhancement of remodeling activity is an additional but minor mechanism in the

former two hypotheses to achieve tighter temporal control of gene expression.
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To test the three hypotheses, a ChIP-seq experiment is proposed here. Its experimental design
is briefly described below. First, the Rsc2 subunit of the RSC complex in both the wild-type and
the histone H3 penta-lysine-to-arginine mutant (the K-to-R strain hereafter) needs to be
tagged by the FLAG peptide. Then for the wild-type, the HOC-1 and HOC-2 phases of the YMC
are sampled at multiple time points. Each of the samples is split into two parts immediately
after being taken from the fermenter. One part is used for making RNA-seq libraries, which
can be used to map the sampling time points to a uniform time axis. The other part is
immediately crosslinked for 5 mins by formaldehyde. After that, the Rsc2 ChIP-seq library can
be constructed by utilizing anti-FLAG M2 antibody. For the K-to-R strain, it does not normally
exhibit the YMC. However, it may be possible to induce a YMC-like response by simply
removing some medium, like the treatment performed on the rsc2A strain in section 3.2.8.
After the treatment, several samples can be taken in the same way. Both RNA-seq and ChlIP-
seq libraries are constructed for each sample as well. After sequencing and normalizing all the
libraries, it is possible to obtain a temporal profile quantifying the binding of Rsc2 on the
chromatin for both strains. By comparing both strains, there could be at least three possible
outcomes. If the binding of Rsc2 at the promoter region of ACO2 does not change for both
strains, it indicates that the third hypothesis may be correct. That is, the activation of the
downstream gene is not regulated by the recruitment of the RSC complex. If the ChlIP-seq
signals of Rsc2 show a peak before entering the HOC-2 phase for the wild-type but not for the
K-to-R strain, it supports the first hypothesis. The RSC complex is recruited to the chromatin
via histone H3 acetylation. If the ChlIP-seq signals have a peak for both strains, the second
hypothesis may be correct. The recruitment of the RSC complex to the chromatin could be

mediated by acetylated non-histone proteins.
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3.3.2 The RSC complex may activate genes in three different modes

Apart from ACO2, many genes also have their temporal profiles of transcripts changed in the
rsc24 strain. Based on the observations and analysis in the previous sections, these genes may
be categorized into at least three classes. Each class will be discussed in the following
paragraphs. The three classes of genes may be associated with three potential modes that the
RSC complex could influence the expression of genes. The hypothesized acetylation-

recruitment pathway could merely be one of the three modes.

In terms of genes in this first class, their expression during the YMC is temporally-controlled
by the RSC complex and is associated with histone H3 acetylation. Specifically, their temporal
profiles of transcript levels have a narrow peak at TW1 (right after entering the HOC-2 phase)
in the wild-type but not in the rsc2A strain. This peak often has a preceding peak of histone
H3 acetylation. Their expression mechanism can be explained by the acetylation-recruitment
pathway. That is, the acetylation of certain chromatin bound proteins (which could be histone
H3 or other chromatin associated factors) causes the recruitment of the Rsc2 isoform of the
RSC complex to the promoter of the genes in the first class, which further activates their

expression. ACO2 is a typical example of genes in this class (Figure 3.23).

Genes in the second class have a peak of transcript levels in TW2 and this peak is also lost in
the rsc2A strain. However, the peak of transcripts does not seem to be associated with a
preceding peak of histone H3 acetylation. In other words, the expression of genes in the
second class is temporally-controlled by the RSC complex but not associated with histone H3
acetylation. ALDG6 is an example of genes in the second class (Figure 3.24). As mentioned in
section 3.2.8, there is a possibility that the differential expression of these genes may just be
a natural difference between the normal YMC and the induced YMC-like response, which is
not related to the deletion of RSC2. However, if the expression of genes in the second class

does require Rsc2, there may exist at least three possible explanations for their gene
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expression mechanism. The first explanation is that the Rsc2 isoform of the RSC complex is
recruited to the promoters of these genes by certain acetylated non-histone-H3 chromatin
bound factors and histone H3 does not have a peak of acetylation. It can explain why a peak
of histone H3 acetylation is not seen. However, it cannot explain why the non-histone factor
is acetylated but histone H3 is not. The second explanation is that the Rsc2 isoform of the RSC
complex is recruited to the promoter of these genes via an acetylation independent pathway.
Rsc2 also has an AT-hook motif, which can bind DNA directly. The weakness of this explanation
is that it cannot explain why the expression of genes in the second class is temporally-
controlled. In the third explanation, these genes are indirectly controlled by the Rsc2 isoform
of the RSC complex. That is, certain transcription factors are underexpressed in the rsc2A
strain and they are responsible for the temporally controlled expression of the genes in the

second class. More experiments are required to test all these explanations.

For genes in the third class, they seem to be underexpressed at most of the time points in the
rsc24 strain. In other words, the expression of these genes is not temporally controlled by the
Rsc2 isoform of the RSC complex. A good example is PFK2 (Figure 3.25). It is possible that the
Rsc2 isoform of the RSC complex can bind the promoters of genes in this class and activate

their gene expression continuously.

To summarize, the Rsc2 isoform of the RSC complex could potentially activate gene expression
in three different modes: H3 acetylation associated and temporally controlled (the first class
of genes), not associated with H3 acetylation but temporally-controlled (the second class of
genes) and not temporally-controlled (the third class of genes). This classification may help

understand the phenotypes of the YMC mutants in this study.
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3.3.3 The possible explanations for the RSC mutants showing defects in the YMC

This study has reported 6 strains showing obvious YMC defects. They are rsc24, rsc2-CT1A,
rsc2-BD1A, rsc2-BD2A, rsc2-BAHA and aco2A. According to the severity of the defects, they
can be divided into three groups. Starting from the group showing the mildest defects, the
first group contains rsc2-BD1A, rsc2-BAHA and aco2A. They have periodic oscillations between
the HOC and LOC phases, but they seem to have difficulties in entering the HOC-2 phase. This
defect can be rescued by adding excess ferrous ions. rsc2-BD2A belongs to the second group.
It can exhibit the periodic oscillations at the medium but not the high dilution rate. The third
group contains rsc2A and rsc2-CT1A. They completely lose the periodic oscillations. Their
maximal oxygen consumption rates cannot even reach the level at point B. The defects in the

second and the third group cannot be rescued by adding ferrous ions.

For mutants in the first group, it seems that the loss of ACO2 expression after passing point B
is enough to explain their phenotypes. ACO2 belongs to the first class of gene described in the
previous section. It implies that both BD1 and BAH domains might be required for the first
mode of gene activation by the RSC complex (H3 acetylation associated and temporally
controlled). For mutants in the second group, currently the molecular mechanism for
producing such a phenotype is completely elusive. However, based on the analysis on the
genes in the central metabolic pathways, one possible explanation is that the loss of the BD2
domain of Rsc2 may lead to the underexpression of certain glycolytic genes (such as PFK1 and
PFK2, which belong to the third class of genes in the previous section). The underexpression
of these genes may limit and disrupt the flux of glucose through glycolysis during the HOC
phase at the high dilution rate, which might further cause the loss of the periodicity. At the
medium dilution rate, the flux of glucose through glycolysis during the HOC phase may be
lower. Even if these genes are slightly underexpressed, they do not limit the flux at the

medium dilution rate. In terms of the third group, these glycolytic genes may be
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underexpressed to a greater extent, probably due to the loss of more domains of Rsc2.
Consequently, they may become the limit of the flux of glucose through glycolysis at all three
dilution rates. Based on this explanation, the BD2 domain of Rsc2 could be the major
requirement for the normal expression of these glycolytic genes, while the BD1 and BAH

domains may only have minor contributions.

It is not known why the deletion of the different domains of Rsc2 can influence the expression
of different genes and lead to different phenotypes. It is possible that the BD1, BD2 and BAH
domains of Rsc2 have different contributions to the three different modes of gene activation
described in the previous section. Based on the limited information, it is too early to make

more interpretations.

3.3.4 The ‘Sozu’ model and the molecular mechanism behind the YMC

Although the YMC has been studied by many high throughput techniques, the mechanism of
the YMC itself is still largely elusive. Some mathematical models and the potentially important
factors have been proposed for the YMC (Sdnchez-Gaya et al. 2018; Rao & Pellegrini 2011),

however, an integrative mechanistic explanation for the YMC is still missing.

To explain the mechanism of the YMC, there are two major questions that need to be
answered. First, how can the cells in the YMC maintain periodic oscillations in a constant
environment lacking obvious external periodical entraining factors? During the YMC, both the
metabolic cycle and the cell cycle exhibit periodicity at the population level. Normally, the
periodicity of a cell population requires the entrainment and synchronization by a periodical
environmental cue. In other periodical oscillatory systems such as the circadian rhythm, a
periodic environmental factor such as the light is required to set the phases of oscillators in
different cells back to zeros at the beginning of a new cycle, which synchronizes the oscillators
in different cells (Golombek & Rosenstein 2010; Husse et al. 2015). Without such entraining

factors, the oscillators in different cells may start to accumulate phase differences, which can
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eventually lead to the loss of the synchronization and the macroscopic periodic behaviour
(Welsh et al. 2004; Carr & Whitmore 2005; Nagoshi et al. 2004). However, the fermenter
provides constant aeration, pH, volume, temperature and dilution rate. There is no obvious
periodical environmental factor. How is the accumulation of cell-by-cell phase differences
controlled during the YMC? Second, what can cause the cells to adopt higher oxygen
consumption rates during the HOC phase of the YMC? It can be further broken down into
three smaller questions. That is, what causes the entry of the HOC-1 phase from the LOC phase?
What is happening at the point B? And what is happening before the exit of the HOC phase?
Based on all the results in this study and the findings in the literature, here | attempt to
propose a testable model for the YMC, called the ‘Sozu’ model. Many parts of the model are
based on indirect evidence, so the model is still a hypothesis and requires more experiments
to validate. The following paragraphs start by introducing the ‘Sozu’ and how it is analogous

to the YMC, followed by the molecular mechanisms at different phases of the YMC.

LOC phase, anabolism HOC phase, catabolism
Accumulation of trehalose Consumption of trehalose

Low oxygen consumption rates High oxygen consumption rates

g o e
¥ Bt

Periodic
oscillations

o
State A
Storing water

State B
Pouring stored water

Figure 3.33 The yeast metabolic cycle is analogous to the ‘Sozu’, which can oscillate between
two states (A and B) periodically without external entraining factors. State A is similar to
the LOC phase of the YMC, while state B is similar to the HOC phase of the YMC. The ‘Sozu’ is
analogous to the cells in the culture vessel of the fermenter.
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The Sozu is a water powered device commonly used for decorating Japanese gardens (Figure
3.33). It is also referred to as ‘Shishi-odoshi’ or ‘scaredeer’, because it can frighten away
animals like deers by hitting a stone and making a sound periodically. The Sozu is comprised
of two major parts, a rotatable bamboo container resting on a rack and a bamboo pipe which
directs water with a constant flow rate into the bamboo container. The gravity centre of the
bamboo container and its rotation axis are carefully designed, so that the bamboo container
can adopt two states of balance (A and B) depending on whether the amount of water in the
container is above a certain threshold or not. To compare the Sozu and the YMC, the working
process of the Sozu is described in the next paragraph and the corresponding concepts in the

YMC are put in brackets.

At the balance state A, which is analogous to the LOC phase of the YMC, the bamboo container
(the cells in the fermenter) adopts the balance state which allows water (freshly added glucose)
to flow into the container. Then the water level in the container gradually increases. (Glucose
is converted into trehalose and glycogen, which gradually accumulates in the cells.) In state A,
the water is largely stored (anabolism and a relatively low oxygen consumption rate) rather
than consumed (catabolism). After a fixed amount of time, the water level (carbon source
storage) in the container will reach the threshold and change the balance to state B, which
allows the bamboo container to rotate and pour the stored water out (catabolism and the
increased oxygen consumption rates). Now, the balance state B is analogous to the HOC phase
of the cell. After a while, as the amount of water in the bamboo container is reduced, it will
stop further pouring water and restores the balance state A and start accumulating water

again (Exiting the HOC phase and entering the LOC phase), which initiates a new cycle.

The Sozu is analogous to the YMC in three major aspects. First, both the Sozu and the YMC are
exposed to a constant environment, but both of them can exhibit periodicity. Second, the

length of the LOC phase of the YMC has been shown to be inversely proportional to the
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feeding rate, while the length of the HOC phase is relatively constant at various feeding rates
(Burnetti et al. 2016). Similarly, for the Sozu, the length of the balance state A is also inversely
proportional to the water flow rate, while the length of the balance state B is relatively
independent of the water flow rate. Finally, the cellular trehalose and glycogen levels
gradually increase during the LOC phase and reach the maximum before entering the HOC
phase. After that, it keeps decreasing until it reaches the minimum just before exiting the HOC
phase. The increased flow of carbon sources into the central metabolic pathway can explain
the increased oxygen consumption rate during the HOC phase (Shi et al. 2010). In terms of the
Sozu, the temporal changes in the water levels in the bamboo container are also similar to the
changes in the cellular trehalose and glycogen level during the YMC. Next, the molecular

mechanism of the ‘Sozu’ model is discussed (Figure 3.34).

Throughout the YMC, the glucose within the fresh medium is immediately absorbed by the
cells, after being added to the cell culture. It is evidenced by the fact that the glucose level in
the culture is extremely low during the YMC (Porro et al. 1988; Miiller et al. 2003). In the LOC
phase of the YMC, part of the absorbed glucose is converted to trehalose or glycogen, which
are stored in the vacuole. It is supported by the increased levels of trehalose during the LOC
phase (Shi et al. 2010; Miiller et al. 2003). The rest of the glucose is fed into the central
metabolic pathway, which can explain the relatively low oxygen consumption rate during the
LOC phase. The cellular capacity of storing trehalose has an upper limit. It was originally
proposed by Futcher in 2006, albeit the existence of such a limit still requires more direct
evidence to prove (Futcher 2006). Once the limited capacity is reached, a part of the absorbed
glucose that is originally destined to be stored may lead to a spike of the cellular glucose level
in the HOC-1 phase. As expected, such a spike of glucose can be clearly seen from both the
glucose assay data and the metabolome data of YMC (Miiller et al. 2003; Tu et al. 2007). The
spike of glucose in the cell can trigger the cAMP signalling pathway and activate protein kinase
A, which further phosphorylates and activates Nth1 (neutral trehalose hydrolase 1) (Gancedo
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2008; Tamaki 2007; Robertson & Fink 1998; Cerevisiae Graphical et al. 2016). It is also
supported by the spike of cAMP concentration and the upregulated Nth1 activity observed in
the HOC-1 phase (Miiller et al. 2003; Shi et al. 2010). The activated Nth1 can degrade trehalose
and release more glucose from it, which may further activate the cAMP signalling and trigger
a positive feedback loop. The sharp increase in the oxygen consumption rate during the HOC-
1 phase may be caused by the suddenly increased flux of glucose for aerobic metabolism. Here,
the increased substrate level caused by post-translational regulation is enough to explain the
increased oxygen consumption rate at this stage (Note that section 3.2.9 shows that the entry

of the HOC-1 phase is not accompanied by an obvious change in transcript levels).

The increased glucose flux also raises the intracellular levels of acetyl-CoA. Apart from being
the substrate for the TCA cycle, it is also the substrate of histone acetyltransferase, such as
Gcen5 and Esal. Section 3.1.2.1 has introduced that the increased level of acetyl-CoA can lead
to the acetylation of histone H3 and H4 at the promoters of a large number of genes (Cai et
al. 2011). Based on the hypothesized acetylation-recruitment pathway, the increases in the
acetylation of H3K9, 14 and 18 at the promoter regions may recruit the RSC complex. The RSC
complex can then activate the transcription of a set of genes, including CLN3 and ACO2. They
may upregulate cellular oxygen consumption rates and allow the entry of the HOC-2 phase.
However, as is shown in supplementary Figure S5 (In Appendix), there is a short time delay
between the peak of transcription and the peak of transcripts. Even though the transcription
of CLN3 and ACO2 has been activated, the cells cannot upregulate the oxygen consumption

rate and enter the HOC-2 phase immediately.
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Figure 3.34 The ‘Sozu’ model for the molecular mechanism behind the yeast metabolic cycle.
In the top and middle panels, the known or measured changes in chromatin and cellular
metabolites are plotted with the solid lines in different colors, while the predicted or
hypothesized changes are plotted in dashed lines. In the bottom panel, the three diagrams
illustrate the key interplays between cellular metabolism, epigenetics and gene expression
during the YMC

Then the cells encounter point B, where the increases in oxygen consumption rate experience
a brief stagnation. In this model, it can be explained by the limited capacity of the TCA cycle.
Although the flux of glucose through glycolysis is still increasing, the enzymatic activities of
one or more TCA enzymes are saturated, which limits the further increase in the oxygen
consumption rate. One of its direct outcomes is that certain upstream metabolites may

accumulate before encountering point B. Actually, the level of ethanol was found to increase
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sharply just before encountering the point B (Porro et al. 1988). Ethanol is converted from
pyruvate via acetaldehyde. The production of ethanol in the aerobic conditions is referred to
as the Crabtree effect (De Deken 1966). Both the overload of glucose and the limited capacity
of the TCA cycle have been shown to be able to cause the Crabtree effect (Boulton & Quain
2001). Although the Crabtree phenotype normally happens at a relatively high glucose
concentration, a pulse of glucose in the glucose limited environment has also been shown to
induce the short term Crabtree effect (Hagman et al. 2014). Once the time delay between the
transcription and transcripts of ACO2 and CLN3 has passed, the cells will leave this stagnation

point and enter the HOC-2 phase.

The expression of ACO2 can explain the further increase in the oxygen consumption rate after
the point B, which is evidenced by the fact that the deletion of ACO2 can prevent the further
increase in the oxygen consumption rate after the point B. Aco2 is one of the two aconitases
in budding yeast that can catalyse the conversion from citrate to isocitrate at the beginning of
the TCA cycle (Bradley et al. 2019). In mammals, the cytosolic aconitase can also regulate the
levels of ferrous ions in the cells (Narahari et al. 2000; Kennedy et al. 1992). During the HOC-
2 phase of the YMC, the exact mechanism of Aco2 upregulating the oxygen consumption rate
is not known. However, experiments in this study suggest that Aco2 may function both as the
iron regulator and the aconitase, because excess ferrous ions in the medium can but only
partially rescue the phenotype of aco2A. More experiments are needed to uncover the exact

mechanisms.

CIn3 is one of the earliest G1/M cyclins. It can bind to and activate Cdk1, which further
activates the expression of CLN1 and CLN2. Here, the activated Cdk1 has two main functions.
First, based on the findings in the literature, it can further phosphorylate and activate Nth1l,
which further promotes the consumption of the stored trehalose (Ewald et al. 2016;

Cerevisiae Graphical et al. 2016). Second, it allows the cells to pass the START point and enter

133



the cell cycle (Wijnen et al. 2002). Actually, its timing is consistent with the start point of DNA
replication revealed by the flow cytometer results of propidium iodide staining (Burnetti et al.
2016). However, one weakness here is that it cannot explain why only less than 30% of the

cells enter the cell cycle in each cycle of the YMC.

Currently, it is unknown how the cells exit the HOC phase and re-enter the LOC phase. One
possibility is that the exit of the HOC phase is triggered by the low cAMP level. The low cAMP
signalling might limit the degradation of trehalose by reducing the activity of Tpkl which can
phosphorylate and activate Nth1. All the explanations above need to be tested by more

experiments.

3.3.5 Other experiments that may help understand the mechanism of the YMC

3.3.5.1 Checking other bromodomain containing chromatin remodelling complexes

So far, the importance of the RSC complex in budding yeast has been tested during the YMC.
However, the RSC complex is not the only chromatin remodelling complex in yeast that
contains bromodomains. The SWR1 complex also contains two bromodomains in each of its
Bdfl and Bdf2 subunit. The SWR1 complex is able to perform nucleosome editing by replacing
the canonical H2A-H2B dimers with the H2A.Z-H2B dimers, which makes the nucleosomes
become less stable (Kobor et al. 2004; Krogan et al. 2003; Zhang et al. 2005b; Mizuguchi et al.
2004b). Some evidence suggests that Bdfl mainly binds to acetylated histone H4
(Matangkasombut & Buratowski 2003). The batch culture experiments have shown that the
yeast strain having BDF1 deletion is unable to grow on nonfermentable carbon sources (Fu et
al. 2013). In other words, the deletion of BDF1 may cause defects in aerobic respiration. In
fact, the deletion of RSC2 can also reduce the ability of the cells to undergo aerobic respiration
in batch cultures (Tigano et al. 2015). Due to this similarity, it is still worth testing the
phenotype of BDF1 deletion under the YMC conditions. The SWI/SNF complex belongs to the

same family of remodeling complexes as the RSC complex. It has a bromodomain in its
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catalytic subunit Snf2. In this study, the Rsc2 isoform of the RSC complex has been shown to
be required for the YMC, however it is not known whether the RSC complex is enough for the
YMC. Although the function of the SWI/SNF complex seems to be less important for budding
yeast than the RSC complex (The deletion of STH1 is lethal, however the strain carrying SNF2
deletion is viable (Cairns 1998)), an early work indicates that its bromodomain can anchor it
to the acetylated promoter nucleosome (Awad & Hassan 2008a). Hence, it is still worth
examining whether the SWI/SNF complex is also required for the YMC by deleting SNF2
directly. If the full-length deletion can cause YMC defects, it may be even necessary to check

the phenotype of the Snf2 bromodomain deletion mutant.

It may also be worth investigating other bromodomain containing proteins as well, particularly
Gcen5, which is the lysine acetyltransferase and is also a subunit of the SAGA complex.
Although the deletion of GCN5 can abolish the YMC (Cai et al. 2011), it is not known whether
deleting its bromodomain is enough to cause defects for the YMC. There is some evidence
suggesting the bromodomain of Gcn5 can target the SAGA complex to the acetylated
promoter nucleosome (Hassan et al. 2002b; Li & Shogren-Knaak 2009). Hence, it is worth

deleting the bromodomain of Gen5 and checking the phenotype in the fermenter.

3.3.5.2 High throughput screening of mutants that show defects in the YMC

In the past 15 years, a few YMC mutants have been identified by individual experiments, which
are summarized in a recent review (Mellor 2016). They have pointed out genes that are
important for the YMC and illuminated some aspects of the mechanism of the YMC. However,
due to the limited number of YMC mutants, it is hard to draft an overall picture of the YMC in
a bias-free manner. The ‘Sozu’ model proposed in the last section is still largely based on
indirect evidence. One way is to develop a high throughput assay to screen for mutants

showing defects in the YMC.
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However, unlike other phenotypes, the YMC is hard to test in a high throughput manner.
Currently, in order to check the YMC phenotype, the strain needs to be grown in a 1L culture
in the fermenter with the growth conditions carefully controlled. Only one strain can be tested
at a time. The whole process, including the preparation of the fermenter, takes at least one
week. Although some fermenter models have multiple (often 4) growth chambers, the
increase in the throughput is still limited and the cost of such models are significantly higher.
Hence, in the current setting, it is not practical to test a large number of strains within a

reasonable amount of time, energy and spending.

In order to develop a high throughput assay, it is necessary to find a simpler method to
observe the YMC. It has been showed that a YMC-like periodic oscillation of cellular oxygen
consumption can be observed in a batch culture mode (Slavov & Botstein 2011). Instead of
growing cells in the normal YMC medium (containing 1% of glucose), the cells were inoculated
into the ethanol containing phosphate-limited media. After a period of exponential growth,
the cells started to exhibit oscillations of oxygen consumption. Importantly, during the whole
process, no fresh medium was added. Although is not known whether such periodic
oscillations are the same as the normal YMC observed in this study, it provides a solution to
observe the phenotype of the YMC with a relatively simple setting and by a potentially
fermenter-independent manner. However, in the paper, the YMC was still reported as a trace
of readings from the DO sensor. A better reporter method is needed in order to fit the high

throughput settings.

A possible solution is to utilize fluorescence to monitor and report the YMC. Here, | propose
three different methods to achieve this. The first one is the direct monitoring of oxygen levels
in the medium. It could be achieved by special fluorescent dyes which can respond to the
levels of molecular oxygen by changing their fluorescence spectra. One example is [Ru-

(dpp)3]2+. It has been applied to monitor the intracellular levels of molecular oxygen in rat Cé6
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glioma cells (Miller et al. 2002). The second method is to monitor the fluorescence of certain
metabolites. The levels of NADH have been shown to oscillate during the YMC and can reflect
the cellular redox states. It can absorb light of 340nm and emit fluorescence at 460nm. The
oscillatory fluorescence levels of NADH can indicate its intracellular levels and further reflect
the phases of the YMC (Papagiannakis et al. 2017). Finally, the phases of the YMC can also be
indicated by short half-life fluorescent proteins. Two fluorescent protein genes (such as GFP
and RFP) can be placed under the regulation of a HOC phase gene promoter and a LOC phase
gene promoter respectively. The relative intensities of fluorescence from two channels can be
utilized to indicate the phase of the YMC. Actually, as long as there are enough channels to
record the fluorescence, the three methods are not mutually exclusive. They can potentially
be combined to provide a more reliable indication of the YMC phases and even reflect more

cell physiological states.

With the batch mode YMC and the fluorescent reporter, the experimental design for the high
throughput screening of YMC related genes is proposed below. The prototrophic yeast
deletion mutant collection is commercially available from Euroscarf. Individual deletion
mutants can be inoculated into each well of the 96-well plate containing the ethanol YMC
media. The cells on the 96-well plate can be grown at 30°C in the PHERAstar microplate reader
(a device to measure the fluorescence levels in a high throughput manner) with constant
shaking. Accordingly, this condition should be enough for the cells to exhibit the YMC (Slavov
& Botstein 2011). The oxygen consumption rates or the phases of the YMC in each well of the
96-well plate can be monitored in real time by recording the fluorescence in various channels.
Eventually, multiple traces of signals can be obtained from each well of the plate. They are
further compared to the normal YMC signals recorded from the wild-type. Abnormal signals
imply that the deleted gene in the corresponding well on the plate could be YMC relevant.
Further validation experiments can then be performed on that mutant under the normal YMC
conditions. With this approach, it may be possible to screen all viable deletions within a few
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months. Once a large number of YMC relevant genes are identified, it may be even possible
to perform data mining in an unbiased way. For example, certain signalling pathways could be

important for the YMC, if they are significantly enriched for the YMC relevant genes.

3.3.5.3 C*2 metabolic flux analysis

The ‘Sozu’ model proposed here describes an oscillation between the anabolic and catabolic
metabolism. Specifically, there are two carbon sources, the constantly-added fresh glucose-
containing medium and the cells own carbon source storage (trehalose and glycogen). During
the LOC phase, the cells limit their consumption of glucose from the fresh medium and store
itin the form of trehalose and glycogen. Once the carbon storage reaches a certain threshold,
the cells enter the HOC phase, where the cells switch from anabolism to catabolism and
consume the carbon source storage in addition to the glucose in the fresh media, in order to
fuel the cell cycle and other energy demanding cellular processes. Currently, it is still a
hypothesis built on indirect evidence. To test this hypothesis, it is critical to know how the
cells utilize the two carbon sources in different phases of the YMC. The C* metabolic flux
analysis might be a method to answer this question. The general experimental design is

described below.

In the middle of the LOC phase, the supply of the fresh medium is transiently switched from
the normal glucose containing medium to the C'®labelled glucose containing medium. After
that, a series of samples are taken every two minutes in the initial 20 minutes. Then samples
are taken every 15 mins before entering the HOC phase. Once the oxygen consumption rate
starts to increase, the samples are taken every 2 mins during the HOC phase. The abundances
of CBin the major metabolites in each sample are quantified by mass spectrometry. This
experiment can potentially illuminate two things. First, it can tell how the glucose is fluxed
into various metabolic pathways during the LOC phase by measuring the changes in the

abundances of C*3 for each metabolite in the initial 20 mins. Second, it can tell how carbon
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storage is utilized during the HOC phase. After the addition of C*3 labelled glucose in the LOC
phase, some trehalose and glycogen may be labelled with C*3 as well. Once they are utilized
in the HOC phase, the abundances of C*3 in the central metabolic pathway may increase, even
if C*3 labelled glucose is no longer added. The above is one C*3* metabolic flux analysis on the
LOC phase. The same analysis can then be performed on the HOC-1, HOC-2 and HOC-3 phases

by adding the C*3 labelled glucose containing medium to the corresponding phases.

3.3.5.4 Phosphoproteome and Acetylome

The YMC mechanism described by the ‘Sozu’ model involves a lot of post-translational
modifications, such as the activation of the cAMP signaling pathway, the phosphorylation of
Nth1 and the upregulation of lysine acetylation. To test this hypothesis in an unbiased manner,
it may be important to obtain the phosphoproteome and acetylome and study their temporal
changes during the YMC. In this study, the phosphoproteome of 9 samples during the YMC
was measured once in collaboration with Kessler lab. However, limited by the depth of the
phosphoproteome, the phosphorylation levels of only few proteins could be quantified during
the YMC, so it was difficult to get meaningful insights from that dataset. To improve the depth,
there are two methods. First, the number of samples needs to be reduced. Because the
samples need to be pooled together before quantification by mass spectrometry, the
complexity of the final sample is greatly increased, if the more samples are pooled together.
The high complexity can reduce the depth of the phosphoproteome. In this study, the 9
samples covered the whole YMC. It may be better to use fewer samples to study one phase
of the YMC at a time. Second, during the fractionation of the samples by the HILIC column,
the eluate needs to be split into more fractions. Mass spectrometry needs to be performed

on each of the fractions.
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4 Technical development of yeast NET-seq

4.1 Ultra-low background NET-seq, a new protocol for yeast NET-seq
4.1.1 Introduction

4.1.1.1 The high background is a major technical limitation for yeast NET-seq

In this chapter, NET-seq specifically refers to the yeast NET-seq developed in Churchman lab
(Churchman & Weissman 2011). Mammalian NET-seq developed in Proudfoot lab does not
have the problem of the high background (Nojima et al. 2015). In NET-seq, the nascent RNA is
extracted from the whole cell lysate by immunoprecipitating RNAPII. Then the extracted
nascent RNA proceeds to library construction, sequencing and downstream bioinformatic
analysis. As nascent RNA only constitutes a small proportion of the total RNA in the cell,
efficient removal of the non-nascent background is critical for using NET-seq to study

transcription.

The major problem of the current yeast NET-seq protocol is that the final library still contains
a significant amount of non-nascent background. It is evidenced by both the results of the
bioanalyzer and the analysis of sequencing reads (Figure 4.1a,b). When the RNA extracted by
RNAPIlI immunoprecipitation is examined by a bioanalyzer, the strong peaks of 5.8s, 18s and
25s rRNA can be clearly seen. It implies that mature RNA still constitutes a vast majority of the
extracted RNA. On the contrary, the peak of U1 snRNA is almost negligible. U1 snRNA is one
of the spliceosomal RNA species. Spliceosomes can bind to the CTD of RNAPII, so U1 snRNA
normally co-precipitates with RNAPII and nascent RNA (Nojima et al. 2018). The small peak of
U1 snRNA indicates that the proportion of nascent RNA in the extracted RNA is relatively low
in the library, at least by comparing their fluorescence signals. Furthermore, when the
sequencing reads of NET-seq is examined, 73% of all the reads actually map to rRNA and tRNA.
These reads normally cannot be uniquely aligned to the genome, so they are filtered at the
alignment stage. Among the uniquely aligned reads, around 33% corresponds to mature RNA,

which is estimated by checking the number of S.cerevisiae reads in a spike-in normalized mock
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IP library. (The mock IP library is produced by performing immunoprecipitation on the same
strain except having untagged RNAPII, so it is purely non-nascent background. The mock IP
library can be normalized to the real IP library by read counts of either the SCR1 gene
(transcribed by RNAPIII rather than RNAPII, so the reads mapping to it are purely background)
or the total reads of S.pombe.) In other words, only 18% of all the sequenced reads of NET-
seq are actually nascent. Even if the rRNA and tRNA reads can be filtered, 33% of the final
uniquely aligned library is still the background of mature RNA. The amount of background can

be seen in Figure 4.1c.
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Figure 4.1 The original protocol of yeast NET-seq has a high background. a. The Bioanalyzer
result of the eluted RNA after immunoprecipitating RNAPIIl with the original protocol. b. The
composition of the reads in a NET-seq library prepared by the original protocol. c. The
sequenced libraries prepared by the real IP and the mock IP are compared in IGV.

Currently, to remove the 33% of the background in the final sequencing data, the signals in
each of the real IP library needs to be subtracted by the signals of its corresponding mock IP
library. Although this method can remove the background of mature RNA, there are still

several caveats.
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First, it greatly increases the complexity, labour and expense of NET-seq. In order to check a
mutant with NET-seq, its corresponding untagged strain has to be constructed. Then the same
NET-seq library construction and sequencing procedures need to be repeated on that strain
as well, which directly doubles the time and expense of NET-seq. After the subtraction
between the two libraries, there is only one library with 18% of reads left. Because of the low
usage rate of reads, the NET-seq libraries have to be sequenced more deeply, which further

increases the cost of NET-seq.

Second, it is critical but also difficult to perform a proper normalization between the real IP
and mock IP libraries for the same strain as well as between libraries of different strains. As
the background subtraction procedure removes a large proportion of reads from the library,
the results after background subtraction can be strongly dependent on the normalization,
particularly when the actual signals of nascent RNA are weak and the signal to noise ratio is
low. Also, after subtraction, a large number of nucleotide positions on the genome will have
negative read counts, which can cause problems in the downstream bioinformatic analysis.
On the other hand, a perfect normalization can be difficult to achieve, because it is subject to
a lot of variation. For example, the batch differences in the efficiency of the washing step of
NET-seq immunoprecipitation can directly lead to the variations of background in different
samples. As a result, the sensitivity and difficulty of normalization can be a limiting factor for

NET-seq to be used in a more quantitative scenario.

Third, the high background limits the development of other NET-seq variants. TEF-seq
(Transcription elongation factor sequencing) is a variant of NET-seq developed in Mellor lab
(Fischl et al. 2017). It pulls down various transcription elongation factors which can co-
precipitate with RNAPII and nascent RNA, so it can be a powerful tool to study the interaction
between RNAPII and transcription elongation factors with single nucleotide resolution during

the process of transcription elongation. However, because of the indirect
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immunoprecipitation of RNAPII, the signals in TEF-seq are normally lower than those in NET-
seq, while its background level is still similar to NET-seq. As a result, for certain transcription
elongation factors which only weakly interact with RNAPII, the signal to noise ratio will be too
low to produce a usable TEF-seq library. Hence, the high background levels restrict the

application of TEF-seq.

4.1.1.2 The possible causes of the high background and the potential solutions

After cell lysis, the original cellular structures are disturbed. RNAPII can be exposed to many
other proteins and RNA molecules which RNAPII normally does not contact. At the same time,
RNA molecules have the ability to bind to various surfaces non-specifically. The non-specific
RNA eventually becomes the background in RNA immunoprecipitation. Hence, to minimize
the background, there are two general strategies. First, the background can be reduced by
retaining the original cellular and molecular structures, which reduces the exposure to non-
specific RNA. Second, the background can be reduced by lowing the capability of non-specific

RNA binding. The two strategies will be discussed separately.

Nuclear or chromatin extraction is a common method of the first strategy. The majority of
non-specific RNA species in NET-seq experiments are tRNA, rRNA and mRNA. Most of these
RNA molecules are present in the cytoplasm rather than the nucleus, while the nucleus is the
major place of transcription. In theory, by extracting the nucleus rather than lysing and
homogenizing the whole cell, the chance of RNAPII getting in contact with non-specific RNA
from the cytoplasm is minimized. Then, the background can be reduced. For example,
mammalian NET-seq developed in the Proudfoot lab has cell fractionation steps to extract the
cell nuclei (Nojima et al. 2015). However, this method is not suitable for yeast NET-seq

experiment, because yeast cells have cell walls, which makes nuclear extraction difficult.

UV crosslinking can also be considered as a method of the first strategy. Performing UV

crosslinking while the cells are still intact can retain those in vivo physical interactions. The
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non-specific RNA binding during cell lysis and immunoprecipitation can be removed by using
a more stringent wash buffer. Furthermore, the crosslinking can produce CIMS (crosslinking
induced mutation sites) on RNA, which can be easily identified by sequencing (Zhang & Darnell
2011). It is utilized in CLIP experiments to identify in vivo RNA binding sites. However, similar
to nuclear extraction, transcription may be changed during the UV crosslinking step. Hence,

this method may not be desirable for NET-seq.
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Figure 4.2 A schematic diagram showing the potential binding sites for the non-specific
mature RNA. The non-specific mature RNA is represented by a ball of string. Its four potential
binding sites are: 1. the surface of the agarose beads 2. The body of the attached antibody 3.
The complementarity determining regions of the antibody 4. the surface of RNAPII and
nascent RNA.

In terms of the second strategy, there are many different methods to reduce the binding
capability of non-specific RNA. The choice of methods also depends on the major binding
places of the non-specific RNA. In the NET-seq experiment, the binding places are
demonstrated in Figure 4.2. They can be the surface of agarose which is the material of the
immunoprecipitation beads, the complementarity determining regions (CDRs) of anti-FLAG
M2 antibody, the remaining part of the antibody and the outer surface of RNAPII along with

its associated factors. There have been many attempts to reduce this non-specific binding.
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First, it was hypothesized that the bead material (agarose) was the major source of nonspecific
RNA binding. The reason was that the agarose beads were porous, which could give rise to a
high binding capacity, but might also increase non-specific binding (suggested by the
manufacturer). If this hypothesis was correct, the background should be reduced by
performing the immunoprecipitation with Dynabeads, which generally had less nonspecific
binding than agarose beads. The Dynabeads were tested in the NET-seq experiments,
however, no obvious improvement in terms of the background could be observed
(unpublished data from Vasilieva lab in University of Oxford). It indicates that the surface of

the bead material is unlikely to be the primary binding place for the non-specific RNA.

Second, the CDR of the anti-FLAG M2 antibody might have the potential to bind RNA non-
specifically. As the FLAG epitope is heavily negatively charged, there is a possibility that the
CDR of anti-FLAG M2 antibody might be positively charged, which may bind the negatively
charged RNA non-specifically during immunoprecipitation. If this hypothesis was correct,
changing the epitope might reduce the background. However, the anti-FLAG and anti-HA
double pull down experiment does not support this hypothesis. The background level was
even increased, compared to single pull down NET-seq (unpublished data from Mellor lab in
University of Oxford). In this experiment, RNAPIl was tagged by both FLAG and HA epitope
tags. Unlike the FLAG peptide, the HA peptide is uncharged. The CDR of anti-HA antibody is
unlikely to have the same spectrum of non-specific binding as the anti-FLAG M2 antibody. It

suggests the CDR of the antibodies are not the major source of the background of NET-seq.

Third, the non-CDR region of the antibody could be a binding site for non-specific RNA as well.
As the anti-HA and anti-FLAG M2 antibodies in the double pull-down experiment share a
similar non-CDR region, it cannot exclude the possibility that the non-CDR region is the major
source of the non-specific background. If this is true, affinity purification methods that are not

based on antibodies need to be used. There are a range of non-antibody purification systems,
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such as SpyTag-SpyCatcher system, StrepTag-StrepTactin system, PolyhistidineTag-IMAC
system and CBP-calmodulin system. After balancing all the factors, twin-strep tag was chosen
to purify RNAPIL. It has a high affinity to StrepTactinXT and can also be eluted in a mild
condition with neutral pH. The Twin-Strep tag is only 28 amino acids long, which reduces the
chance of disrupting the functions of RNAPII. However, performing double-pull down with
both anti-FLAG M2 antibody and the TwinStrepTag-StrepTactinXT system only produced a
small reduction in the background (unpublished data from Mellor lab in University of Oxford).
This indicates that the background may be hard to reduce by merely changing the protein

purification system without increasing the stringency of the wash buffer.

The last potential place for non-specific RNA binding is the RNAPII itself. During the process of
transcription, RNAPII can also be associated with a lot of factors, such as Dst1, Spt4/5, Pafl
complex, spliceosome and FACT complex (Mason & Struhl 2003; Jaehning 2010; Martinez-
Rucobo et al. 2011; Kim et al. 2007; Nojima et al. 2018). Many of them have a large surface
area and some even have RNA binding capabilities, so RNAPII itself can be a good candidate
for the binding site of non-specific RNA. If this is true, there are two options. One is to use a
certain nuclease to digest all RNA exposed and leave a footprint (16-20nts) of RNAPII at the 3’
end of nascent RNA. The other option is to use more stringent wash buffers, such as buffers
containing SDS, high concentrations of salt or chaotropic agents. This study tested the second
option. Specifically, in order to reduce the binding of non-specific RNA, the stringency of the

NET-seq wash buffer was increased by adding the chaotropic agent, urea.

4.1.1.3 Urea can potentially be used in NET-seq to increase the stringency of the

wash step

After checking all the common reagents for increasing the stringency of the wash step, urea
appeared to be a good choice, for three main reasons. First, wash buffers containing 1M of

urea has been used in other RNA immunoprecipitation experiments such as iCLIP (Huppertz
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et al. 2014). It has been demonstrated to reduce the background. Second, the FLAG peptide
and anti-FLAG M2 antibody were also used in those CLIP experiments, so the interaction
between FLAG peptide and the antibody was not disrupted in the presence of 1M urea
(Huppertz et al. 2014). Third, RNAPII for both S.cerevisiae and S.pombe has been shown to be
able to tolerate at least 2M of urea without detectable disintegration (Kimura et al. n.d.;
Edwards et al. 1991). This indicates that nascent RNA could be immunoprecipitated after
washing with buffers containing 2M of urea. To conclude, adding 1M of urea to the wash

buffer of NET-seq can potentially be a solution to the binding of non-specific RNA in NET-seq.

4.1.1.4 Aims and plans

The aim of this chapter is to test if the background of NET-seq can be reduced by adding 1M
of urea to its wash buffer (the new wash buffer). In the later discussion, this modification to
the original NET-seq protocol is referred to as the ‘new protocol’. First of all, western blot was
performed to check if RNAPII and the interaction between the FLAG epitope and its antibody
could withstand the increased stringency during the wash step. Then the background level
was examined by comparing the S.pombe normalized sequencing data of the real NET-seq
(RNAPII tagged by FLAG) and the mock NET-seq (RNAPII untagged). If the new protocol could
reduce the background, the signals in the mock NET-seq library should be reduced. Finally,
other than the background reduction, the new protocol should not introduce obvious
unexpected changes to the data. To test this, the metagenes were compared between the
NET-seq data prepared by the new protocol and the background subtracted data prepared by

the original protocol.
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4.1.2 Results
4.1.2.1 Both the FLAG-epitope-antibody interaction and RNAPII can tolerate the

stringency of the new wash buffer

To check if RNAPII and the binding between the FLAG epitope and its antibody can tolerate
the stringency of 1M urea during the wash step, untagged S.cerevisiae and Rpb3-FLAG tagged
S.cerevisiae samples were processed with the new immunoprecipitation protocol. For details
of the new protocol, please refer to section 2.3.2. A western blot was performed to check the
presence of Rpb3-FLAG and Rpb1 in different fractions of the immunoprecipitation (Both Rpb1
and Rpb3 are subunits of RNAPII). The loading volume of each well was proportional to the
total volume of its corresponding fraction so that the signals in the western blot should be
proportional to the total amounts of their corresponding proteins in the fractions. Rpb1 and
Rpb3-FLAG were probed with anti-Rpb1S5P (04-1672-1, Sigma) and anti-FLAG M2 (F3165,

Sigma) antibody respectively.

In Figure 4.3, both Rpb1 and Rpb3 give clear bands in the input fraction, while the flow through
does not show any signal. It indicates that RNAPII has been efficiently captured by the anti-
FLAG M2 beads rather than being lost in the flow through. In the new wash buffer, none of
the two proteins can be detected. However, they can be seen in the elution buffer. It means
that the new wash buffer does not significantly disturb the interaction between the FLAG
epitope and anti-FLAG M2 antibody. Furthermore, the co-precipitation of Rpb1 suggests the

nascent RNA is likely to co-precipitate as well after the wash steps.
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Figure 4.3 The presence of Rpbl and Rpb3 in different fractions of new NET-seq
immunoprecipitation procedure was checked by western blot. Rpb1l was probed by anti-
Rpb1Ser5P antibody. Rpb3 was tagged at its c-terminus with the 3xFLAG epitope. It was
probed by the anti-FLAG M2 antibody. The whole immunoprecipitation procedure took 10-11
hours. The wash buffer used in the 8 stringent wash steps contained 1M of urea. In the 2 mild
wash steps, the original NET-seq wash buffer was used.

To sum up, the FLAG-epitope-antibody interaction can tolerate the stringency of the new
wash buffer and the nascent RNA is likely to co-precipitate after the stringent washes. It is

worth to proceed to the following tests.

4.1.2.2 The new protocol can greatly reduce the background of NET-seq

To check if the nascent RNA can be co-precipitated and the non-specific RNA background can
be reduced by the new protocol, both the Rpb3-FLAG tagged S.cerevisiae (Sample A hereafter)
and the untagged S.cerevisiae (Sample B hereafter) were spiked-in with the Rpb9-FLAG tagged
S.pombe at the same ratio. Considering the signals from the untagged S.cerevisiae sample may
be low if the background was efficiently removed, a very low spike-in ratio was used. That is,
0.05g of S.pombe grindate was added to every gram of S.cerevisiae. Both samples were
processed with the new NET-seq procedures, including the immunoprecipitation, library

preparation and sequencing.

Before library construction, the yields of RNA from the eluates after the immunoprecipitation
step were first examined. It was found that if the new protocol was used, the total yields of

RNA after immunoprecipitation were reduced and the yield for the tagged strain was higher
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than that for the untagged one. Normally, with the original protocol, 7-9ug of RNA was
expected from the same amount of cells for both Rpb3 tagged and untagged S.cerevisiae and
the yields of RNA did not show a dramatic difference between the tagged and untagged strains.
However, the new protocol produced 1.1ug of RNA for sample A (tagged) and 0.07ug of RNA
for sample B (untagged). During the library construction, the RNA from sample A and B was
alkaline fragmented into small pieces respectively, which gave the smear shown in Figure 4.4a.
The fluorescence intensity of the smear for sample A was much stronger than that for sample
B, which was consistent with the results of the Nanodrop. Although S.pombe in sample B was
tagged at Rpb9, due to the low spike-in ratio, it could not contribute a significant amount of
RNA. To sum up, as the background is known to constitute the majority of the RNA prepared
by the original protocol, the lower yield for the new protocol and the differential yields
between sample A and B suggest that the new protocol can remove the background more

efficiently.
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Figure 4.4 a. The yields of RNA after immunoprecipitation were revealed at the alkaline
fragmentation steps. Sample A contained tagged S.cereviaise RNAPII, while sample B had
untagged S.cerevisiae RNAPII. b. The Bioanalyzer results of the immunoprecipitated RNA
samples prepared by the original protocol and the new protocol were compared. The sizes
and identities of some peaks have been marked.

As most of the nascent RNA is being transcribed, its sizes are generally smaller than those for

mature RNA (the non-specific background). If the background was reduced by the new
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protocol, a larger proportion of small size RNA should be seen. To check this, the RNA was
further examined by the Bioanalyzer (Figure 4.4b, the middle and bottom panels). For
comparison, the Bioanalyzer result for the tagged sample prepared by the original protocol is
also displayed (Figure 4.4b, the top panel). Generally, sample B is similar to the tagged sample
prepared by the original protocol. High peaks of rRNA can be seen, while the peak that has
the same size as U1 snRNA is low. This supports the view that the majority of RNA from the
original protocol is non-specific background. Sample A contains a much larger proportion of
RNA with smaller size (below 500bps) than the other two samples. This is unlikely to be caused
by RNA degradation, because sample B does not have such enrichment in small size RNA.
Moreover, in sample A, the proportion of rRNA is also much lower and the peaks that have
the same sizes as Ul and U2 snRNA can be clearly seen. These results indicate that the

background can be reduced by the new protocol.

To validate the fore findings, library A and B were constructed from sample A and B
respectively. After sequencing, reads were aligned to both S.cerevisiae and S.pombe genomes.
Only uniquely aligned reads were retained. As S.cerevisiae cells in sample B were untagged,
library B was predicted to mainly consist of reads S.pombe, which was tagged at Rpb9 (a
subunit of RNAPII). Actually, the results are consistent with this prediction. Although S.pombe
cells are added to sample A and B at the same ratio, the percentage of S.pombe reads in library
Ais 4.8%, which is much smaller than that in sample B (87.6%). The 12.4% S.cerevisiae reads
in library B should be completely non-specific background. In order to obtain the proportion
of background in S.cerevisiae reads of library A, the S.pombe read counts of library A and B
were utilized to normalize their S.cerevisiae read counts. After normalization, sample A,
prepared by the new NET-seq protocol, is estimated to contain 0.7% of non-specific
background (Figure 4.5a). For comparison, the same analysis was performed on two libraries
(tagged and untagged S.cerevisiae, both spiked-in with tagged S.pombe) prepare by the
original protocol in the past. The overall background level for the original NET-seq protocol is
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32% (Figure 4.6a). Hence, the new protocol can reduce the background of NET-seq from 32%

to 0.7%.
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Figure 4.5 Comparing the background levels of the new and original protocols. The upper
and lower panels are the results for the new and original protocols respectively. a. The total
amount of background reads in the NET-seq library is revealed by the mock IP. b. The
histogram for the percentage of background reads on individual genes. c. The NET-seq data is
visualized by IGV. The untagged library shows the amount of background. Both the tagged and
untagged libraries have been normalized.

To investigate the background levels in more detail, the background levels of individual genes
were calculated and displayed by histograms (Figure 4.5b). The distribution profiles of the
background levels of both protocols show a single and nearly symmetrical peak. For the new
protocol, the median background level of all protein coding genes is 0.5%. Also, 99% of the
genes have background levels lower than 2.6%. The highest background level, 13%, is found

on the gene ‘SNF6’. Except for this gene, all the background levels are lower than 10%. For the
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original protocol, the background levels are much higher. The median background level for all
protein coding genes is 29%. Furthermore, 95% of genes have their background levels

exceeding 10%. There even exists 182 genes whose background levels are higher than 50%.

In order to get a more direct understanding of the background levels, the libraries are
visualized in IGV (Integrative Genome Viewer). It is clearly seen that the background of the
new protocol is extremely low, which is indicated by an almost flat line on its background track.
On the contrary, a significant amount of reads can still be seen in the background track for the

original protocol (Figure 4.5c).

To conclude, the results from Nanodrop, Bioanalyzer and sequencing show that the new NET-

seq protocol has a much lower background than the original protocol.

4.1.2.3 The metagene profile of the library prepared by the new protocol is similar
to that of the background subtracted library prepared by the conventional

protocol

Without the new protocol, the conventional method for removing the background was to
perform a background subtraction with the mock-IP library, as mentioned in section 4.1.1.1.
To investigate whether the library prepared by the new protocol was similar to the
background subtracted library prepared by the original protocol, their metagene profiles were
plotted and compared. A metagene is one of the most basic ways of analysing NET-seq data.
However, it can be heavily influenced by the background. This is because the distribution of
RNAPII is biased towards the proximal regions of genes, while the background is evenly
distributed on genes. If the library contains a higher level of background, the final metagene

profile can become more flattened.

As is shown in Figure 4.6, if there is no background subtraction, the library prepared by the

original protocol produces a more flattened metagene profile than the one prepared by the
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new protocol. Interestingly, after background subtraction, the two metagene profiles almost
completely overlap. It suggests that the new protocol does not introduce obvious systematic

errors or at least the error is not seen on the metagene.

1
g 1 The original protocol without backgrdund subtraction
] The new protocol
;’ 12|
'_g 10|
Before o
"}
background g °
]
subtraction £
z , —w
2 TSS 100 200 300 400 500 600 700 PAS
Positions relative to TSS (bps)
16
14 The original protocol after backgrognd subtraction
After : The new protocol
d 12
background o
. £ 10
subtraction o
; 8
[
'._"' 6
& ~J
z . i e——eten 'M
2

TSS 100 200 300 400 500 600 700 PAS
Positions relative to TSS (bps)

Figure 4.6 Comparing the metagene profiles of libraries prepared by the new (red) and the
original (black) protocols. The upper and low panels show the metagene profiles before and
after background subtraction. TSS (Transcription start sites); PAS (Polyadenylation sites)

4.1.3 Discussion

4.1.3.1 The advantages and possible applications of the new protocol

First of all, the current test of the new protocol suggests that it can eliminate the hassle of
making the mock IP libraries and performing background subtractions at least for log-phase
batch culture experiments. Obviously, the new protocol has an advantage on saving a great
amount of time and energy spent on constructing the corresponding untagged strains,
growing the untagged cells, performing the mock immunoprecipitation, constructing and
sequencing the mock IP library. More than that, the mock IP NET-seq libraries can sometimes
be very difficult to obtain in some time-resolved experiments. The YMC is a typical example.
In the YMC, the levels of transcripts can change by several folds within few mins particularly
in the HOC-2 phase. It means that the background levels of NET-seq may also vary in a highly
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temporally sensitive way. To study the transcription during the YMC with NET-seq, the mock
IP libraries can be critical, if the original protocol of NET-seq is used. To get the mock IP NET-
seq library for background subtraction, the corresponding untagged strain needs to be grown
in the YMC conditions as well and all the samplings have to be performed again on exactly the
same time points. In practice, this is hard to achieve. The same problem might also exist for
performing NET-seq in other time-resolved experimental systems, such as cell cycles, Glu-Gal
shift and temperature shift experiments. Although the new protocol is only tested for log-
phase batch culture cells, it has the potential to be applied to other systems and save the

trouble of making the mock IP libraries.

Second, the new protocol allows NET-seq to achieve a higher signal-to-noise ratio by lowering
the background. It can potentially be utilized to improve other NET-seq based techniques,
such as TEF-seq (Fischl et al. 2017) and size-fractionated NET-seq (discussed in Chapter 4.2).
As mentioned before, the high background of TEF-seq prevents weakly associated
transcription factors to be studied by this technique. For factors that have a relatively strong
association with RNAPII, the metagene analysis, which combines the features from a large
number of genes, can still be performed. However, it may still be challenging to carry out
investigations on individual genes or particular positions on the genome. To improve TEF-seq
with this new protocol, considering the binding between the transcription elongation factor
and RNAPII may not be strong enough to tolerate the new urea containing wash buffer, the
HA-tagged transcription elongation factor together with its associated RNAPII should be
enriched first from the whole cell lysate by the original NET-seq protocol. Then in the second
immunoprecipitation against the FLAG tag on Rpb3, RNAPII is further purified from the
previous eluate with the new protocol. The other technique that can be improved is size-
fractionated NET-seq. The mature RNA background often exists as RNA fragments of variable
sizes. They can be captured by each size fraction and eventually mapped to random places of
a gene, which complicates the latter bioinformatic analysis. As the size selection step is
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performed at the downstream of the new protocol, the new protocol can be directly applied

to size-fraction NET-seq.

Third, the new protocol can potentially be applied to other species. Although the background
reduction efficiency is not assessed for S.pombe, the enrichment of S.pombe reads in library

B indicates that the new protocol may also work for S.pombe.

4.1.3.2 The limitations and possible improvements of the new protocol

In terms of the protocol itself, there are two main weakness. First, because of the eight extra
urea wash steps, the new protocol is more time consuming and labour intensive than the
original one. Reducing the number of urea washes and increasing the volume of urea wash
buffer used may solve this problem without compromising the quality of the library. Second,
as the new protocol removes the majority of the background, the final yield of RNA after
immunoprecipitation is much lower than the yield of the original protocol, so all the
downstream library construction steps have to be performed more carefully. Particularly,
after reverse transcription, cDNA need to be size selected on a polyacrylamide gel. Due to the
low RNA input at the beginning of the library construction, the fluorescence of cDONA may not
be visible on the gel. Hence, the region of the gel to be excised can only be estimated. It may
be challenging for people with little experience in NET-seq. One way to circumvent it is to
increase the initial amount of cells. In this case, all the reagents in the immunoprecipitation

may have to be scaled up as well.

In terms of the data, one concern is whether RNAPII of all the states (including pausing,
elongating and backtracking states) are equally represented after the stringent washes. If
RNAPII in a certain state is less stable during the urea wash steps, it may get lost. The NET-seq
signals originated from RNAPII in that state may be underrepresented in the final sequencing
data. Currently, based on the western blot and the comparison between metagene profiles,

it does not seem to be the case.
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4.2 Size-fractionated NET-seq, a new method for mapping transcription start sites

4.2.1 Introduction

There are still a lot of unannotated transcription units on the genome of S.cerevisiae. To study
their expression patterns and regulation, it is important to obtain their accurate transcription
start sites (TSS). In this section, | used a new NET-seq based sequencing method to map the

TSS for those unannotated transcription units in a relatively unbiased way.

4.2.1.1 The current methods for mapping TSS

Currently, there are a variety of sequencing methods for genome-wide TSS mapping. They
normally involve three relatively independent steps. First, RNA is isolated from the relevant
biological material. Second, the 5 ends of RNA is captured for library construction and
sequencing. Third, since the 5’ ends of RNA are sequenced, a peak of sequencing reads is
produced on the TSS of genes. The TSS can then be mapped by looking for the positions of the
peaks of sequencing reads. The first step defines the type of the input RNA material for library
construction. It determines the ranges of TSS that can be mapped. In the second step, the
method for capturing RNA 5’ ends can largely influence the sensitivity and precision of TSS

mapping. The two steps will be discussed separately in this section.

The input RNA material for library construction can be either nascent RNA or mature RNA.
Mature RNA is easy to obtain, but the drawback is that the TSS of many unstable transcripts
may be underrepresented, if mature RNA is chosen to be the input material. It is because
those unstable transcripts, such as CUTs, XUTs and NUTs, are quickly degraded and are only
present in small quantities in the mature RNA fraction (Schulz et al. 2013a; van Dijk et al. 2011;
Wyers et al. 2005). Although disturbing the RNA nuclear surveillance pathway or cytosolic
degradation system by certain deletions or mutations can allow a subset of unstable
transcripts to increase their cellular concentrations, it may not be applicable in some

experiments. Nascent RNA can be isolated from total RNA by three main methods, including
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nucleotide labelling (4SU-seq, TT-seq, GRO-seq and PRO-seq), immunoprecipitation (NET-seq,
mNET-seq) and direct chromatin isolation (nascent-seq) (Core et al. 2008; H. Kwak et al. 2013;
Rabani et al. 2011; Nojima et al. 2015; Churchman & Weissman 2011; Khodor et al. 2011;
Schwalb et al. 2016). Although nascent RNA requires many more steps for isolation, it allows
the TSS for both stable and unstable transcripts to be mapped in a relatively unbiased way.
Here, the word ‘relatively’ is used, because even nascent RNA is limited by the growth
conditions of the cell. Different growth conditions allow different subsets of genes to be
expressed. For example, log phase fast growing cells have different transcription profiles from
stationary phase cells or cells in stress conditions. HXT6, which encodes the high-affinity
glucose transporter, is not expressed in log phase cells in the YPD medium (Liang & Gaber
1996). GAL genes are expressed in the galactose medium (Hovland et al. 1989). Obviously, if
a gene is not expressed in a certain condition, it is challenging to map its TSS in that condition.
To obtain a comprehensive mapping of transcription start sites, sequencing might need to be
performed in several different growth conditions. The YMC may be an ideal system to study
gene expression. During a typical cycle of the YMC, the cells can experience various metabolic
states. As a result, more genes have the chance to be expressed at the different time points

during the YMC.

In terms of the second step, which is the library construction, there are three major strategies.
They are oligo-capping, cap-trapping and template switching (Harbers & Kahl 2011). All the
strategies aim to capture and sequence the 5" ends of RNA. Normally, the isolated RNA is
comprised of two species, the 5’ capped and the 5’ uncapped RNA. The former reflects the
positions of TSS and needs to be retained. The latter needs to be removed, because it is mostly
RNA degradation products and does not reflect the real TSS positions. The oligo-capping and
cap-trapping strategies can distinguish the two species by enzymatic reactions and direct

chemical modifications respectively. The template switching strategy does not distinguish
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them, so it normally has more artefacts and is less used. The three strategies are briefly

introduced below.
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Figure 4.7 The three existing library construction strategies for mapping TSS. a. Oligo capping.
b. Cap trapping c. Template switching. The RNA, DNA and adapters are represented by red,
blue and green lines. The brown bubble with a capital ‘B’ denotes the covalently linked biotin

molecules.

Oligo-capping

This method for capturing the 5’ ends of RNA was initially published in 1994 by Maruyama and

Sugano (Maruyama & Sugano 1994). Currently it is one of the most frequently used methods.

A lot of sequencing methods for annotating TSS are based on it. For example, GRO-cap (Core

et al. 2014), PRO-cap (Hojoong Kwak et al. 2013), START-seq (Nechaev et al. 2010) and 5’GRO-

seq (Lam et al. 2013) use nascent RNA as the input for oligo-capping, whereas TSS-seq
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(Tsuchihara et al. 2009), TIF-seq (Pelechano et al. 2013), CapSeq (Gu et al. 2012) and TL-seq

(Arribere & Gilbert 2013) use mature RNA.

The general workflow for oligo-capping is illustrated in Figure 4.7a. Different sequencing
techniques may vary slightly in different ways, but the principle is the same. First of all, this
method removes the uncapped RNA by treating the sample with either alkaline phosphatase.
The capped RNA is not affected by the enzymatic reaction due to protection by the 5’ cap.
However, the uncapped RNA is dephosphorylated by the alkaline phosphatase. As the
following 5’ adapter ligation requires a monophosphate group at the 5’ end of the RNA, this
enzymatic treatment prevents the uncapped RNA from proceeding to the following library
construction steps. Then the sample is treated with tobacco acid pyrophosphatase (TAP),
which removes the 5’ cap from the capped RNA and leaves a monophosphate group at the 5’
end. This makes the originally capped RNA permissive for 5’ adapter ligation. After ligation,
the adapter provides an anchor for the 5’ end of the originally capped RNA, which allows a
library to be constructed based on the 5’ end of the capped RNA. After sequencing the library,

the TSS can be found by mapping the positions of the RNA 5’ end on the genome.

Cap-trapping

Cap-trapping is a collection of methods that can pull down the 5’ caps of RNA, which allows
the 5’ ends of RNA to be sequenced. Then the TSS can be mapped based on those RNA 5’ end
tags. Diol oxidation followed by biotinylation is the most common way to pull down the 5’
caps of RNA. It is utilized by Cap analysis of gene expression (CAGE). CAGE was initially
developed by Shiraki et al in 2003 (Arribere & Gilbert 2013). In recent years, some improved
versions of CAGE have been developed, such as nAnT-iCAGE (Murata et al. 2014) and SLIC-

CAGE (Cvetesic et al. 2018), but their general principles are the same as the original CAGE.

Figure 4.7b illustrates the workflow of CAGE. First of all, the cDNA is synthesized by random

priming. As reverse transcription is not 100% efficient, not all the 3’ ends of cDNA can reach
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the cap. Those cDNA molecules that fail to reach the cap will be removed in the later steps.
After cDNA synthesis, the RNA-DNA hybrids are treated with NalO4, which can oxidize the diol
group on the RNA 5’ cap to the dialdehyde group. The dialdehyde group can further react with
biotin hydrazide, which attaches biotin molecules to the RNA 5’ caps. After this step, if an RNA
molecule has a 5’ cap, it will be biotinylated at two places, its cap and its 3’ end. Otherwise, it
will only be biotinylated at its 3° end. DNA is not biotinylated at all. In the next step,
biotinylated RNA-DNA hybrids are captured by streptavidin beads and treated with RNase I.
After several rounds of washes, only those RNA-DNA hybrids in which the RNA has the 5’ cap
and cDNA reaches the 5’ end of the RNA will remain on the streptavidin beads. As a result,
CAGE can selectively sequence the 5’ end of the capped RNA, which reflects the positions of

TSS.

Template switching

Moloney murine leukaemia virus (MMLV) is a reverse transcriptase, which synthesizes cDNA
from RNA. When it reaches the 5’ end of RNA, it will exhibit the terminal transferase activity
and add a short stretch of deoxycytidine to the 3’ end of cDNA. This 3’ overhang of cDNA will
be further hybridized to a template switching oligo, which allows the downstream library
construction steps to happen (Figure 4.7c). Template switching does not distinguish the
capped and uncapped RNA, so more artefacts are expected. The typical sequencing
techniques that utilize template switching are nanoCAGE (Although it is called nanoCAGE, it
actually uses template switching), 5 SAGE and SMART-seq (Ramskold et al. 2012; Hashimoto
et al. 2004; Salimullah et al. 2011). There is some evidence showing that template switching
has sequence biases (Zajac et al. 2013; Tang et al. 2013). TSS starts with G are more likely to
be found in the library prepared by template switching. Some studies have made more
detailed comparisons between template switching and other methods (Adiconis et al. 2018).

Generally, template switching is less frequently used for mapping TSS.
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4.2.1.2 The limitation for the current TSS mapping methods and the potential

solution

Most of the existing methods map TSS by sequencing RNA 5’ ends, which can produce a single
peak of sequencing reads at the TSS of genes. Then the TSS can be identified by finding those
peaks. To distinguish them from the background peaks, a threshold is normally applied. That
is, a peak is regarded as a TSS, only when its height exceeds a certain threshold. As a result,
the quality or the confidence of the TSS mapping can be strongly dependent on gene
expression levels. Highly expressed genes will produce a high peak at their TSS, which can be
easily distinguished from the background. However, lowly expressed genes do not have
enough reads at the TSS. Distinguishing them from the background peaks can be hard. Raising
the threshold of peak height may cause the loss of the TSS of lowly expressed genes. On the
other hand, reducing the threshold will face the risk of artefacts. Hence, the current TSS

mapping methods have a bias towards the highly expressed genes.

Is it possible to find a way of mapping TSS which is more independent of gene expression
levels? One of the essential features of an active TSS is that RNAPII can initiate transcription
from it and move further away in one direction. If the nascent RNA is not spliced, the distance
between the TSS and each RNAPII should be equal to the size of the nascent RNA associated
with that RNAPII. Actually, it is particularly true for budding yeast genome, because most
budding yeast genes do not have introns. There are more than 6000 annotated genes in the
yeast genome and only 345 of them contain introns (based on the statistics from SGD). Most
of the intron containing genes are ribosomal protein genes. Hence, once the position of
RNAPII and the length of the associated nascent RNA are known, the position of the TSS can
be deduced. The position of RNAPII can be mapped accurately with NET-seq. The difficulty is
to know the length of nascent RNA for each of the corresponding RNAPII. To assign the RNA

size information to the RNAPII signals in NET-seq, a size selection step was added to the NET-

164



seq protocol. After isolating nascent RNA by RNAPIl immunoprecipitation, PAGE gel
electrophoresis was utilized to split the nascent RNA into several fractions. Each fraction had
a defined size range. A NET-seq library was constructed from the nascent RNA in each of the
fractions. Although the size information for each RNAPII position was a range rather than a
defined number, a characteristic pattern of NET-seq signals should be seen downstream of
each TSS, if the NET-seq signals for all the size fractions were visualized (Figure 4.8). Then
bioinformatic methods could be applied to map TSS by finding and matching the characteristic

pattern of NET-seq signals on the genome.

Transcription
start site

— o o-o0-0-6-6-0—0

size selection Estimated TSS
on polyacrylamide gel library of long nascent RNA (>1000bps)

Ladder nascent RNA

more than 1000 bps downstream of TSS

library of median nascent RNA (200-1000bps)

h Mmum I

library of short nascent RNA (20-200bps)

20-200 bps downstream of TSS —

Figure 4.8 A schematic diagram showing the mechanism of the size-fractionated NET-seq.
Size-fractionated NET-seq maps TSS by encoding the information of TSS positions into
different size fractions and constructing NET-seq libraries from each fraction.

This method has two potential advantages. First, this method may allow the TSS of the lowly
expressed genes to be mapped more easily, because it finds and matches the pattern of NET-
seq signals associated with a TSS rather than finding single peaks. The pattern of NET-seq
signals is largely independent of the gene expression levels. Second, this method is based on
NET-seq, so it uses nascent RNA as the input material. It has the potential to map the TSS of

those unstable transcripts.
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4.2.1.3 Aims and plans

This chapter aims to report size-fractionated NET-seq as a new TSS annotation method. The
result sections can be divided into two parts. The first part (section 4.2.2.1-4.2.2.3) is to
characterize the technique and compare the TSS annotated by this technique to existing
annotations of TSS. In the second part (section 4.2.2.4-4.2.2.8), three different bioinformatic
analysis will be carried out to show how the new TSS annotation can be used, including the de
novo identification of enriched DNA motifs, the screening of enriched genomic features and

the metagene analysis. The analysis in this chapter is mainly data-driven.

4.2.2 Results

4.2.2.1 The workflow of size-fractionated NET-seq for annotating TSS

The workflow of size-fractionated NET-seq was divided into two parts, the wet lab part and
the dry lab part (Figure 4.9). In the wet lab part, the nascent RNA was first isolated from the
cell lysate by the original NET-seq immunoprecipitation protocols. The 3’ ends of the nascent
RNA molecules were immediately ligated with the 3’ adapter, which marks the original 3’ ends
of nascent RNA. Then, by performing polyacrylamide gel electrophoresis, the 3’ adapter
ligated nascent RNA molecules were split into 5 fractions with different size ranges (Figure
4.9a). Next, the rest of the NET-seq library construction procedures were performed on each
of the 5 fractions respectively. Finally, all the five barcoded libraries were pooled and
sequenced on an illumina sequencer, which was the end of the wet lab part. The data output
was the nucleotide sequences at the 3’ ends of nascent RNA. Because the sequencing depths
of fraction IV and V were too low, this study only used the sequencing data from fraction |, Il

and Ill. The three fractions were found to be sufficient for generating a high quality TSS map.
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Figure 4.9 The workflow of the size-fractionated NET-seq. a. After linker ligation, the RNA
molecules of different sizes were separated by the polyacrylamide gel and divided into five
fractions (from | to V). b. The sequencing data from fraction | to Il were visualized by IGV after
alignment. Track A and B were both from fraction I. Track A represents the 5’ ends of reads,
while track B represents the 3’ ends of reads. c. The data after being smoothed by the digital
filter are visualized. d. The annotations of TSS produced by TIF-seq were utilized to plot the
metagenes for track A, B, C and D. The four metagenes constituted the reference pattern. e.
The correlation coefficients on all genome positions are visualized, which is a smooth curve
with peaks. The positions of the peaks are the genomic positons of TSS. f. Peak calling
algorithms were applied to find the positions of the peaks, which gave the positions of TSS.
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The dry lab part was further divided into two stages, the pre-treatment and the TSS calling. In
the pre-treatment, all the reads were first processed by the standard NET-seq data processing
protocols (Churchman & Weissman 2011). The reads from fraction | were trimmed to either
5’ ends or 3’ ends, which generated two data tracks, A and B, respectively. The reads from
fraction Il and Il were both trimmed to 3’ ends, which generated the corresponding data track
Cand D (Figure 4.9b). Actually, because the RNA size of fraction | was shorter than the maximal
read length of the illumina sequencer, peaks in track A should directly map to the TSS. In other
data tracks, a cluster of NET-seq signals can be seen at a certain distance downstream of each
TSS. Before starting TSS calling, each data track was smoothed by applying a low pass digital
filter. It can remove the spikes but retain the general shapes of the peaks, which can reduce
artefacts in the following TSS calling steps. After that, each data track should look like Figure

4.9c.

In the TSS calling stage, a metagene was first plotted for each of the four data track by using
the existing TSS annotation created by TIF-seq (Pelechano et al. 2013) (Figure 4.9d). All the
four metagenes together gave the reference pattern. If a certain nucleotide position on the
genome was a TSS, the reference pattern was expected to be seen in its downstream positions.
To search for the TSS on the genome, downstream NET-seq signals of each nucleotide position
were compared to the reference pattern by calculating the Pearson correlation coefficient.
After this step, each nucleotide position on the genome was given a Pearson correlation
coefficient. When all the Pearson correlation coefficients were plotted, a smooth curve should
be seen (Figure 4.9e). The TSS can be mapped by finding the peaks of this smooth curve (Figure
4.9f). Here, the heights of the peaks were largely independent of the gene expression levels.
Certain thresholds can be applied to balance the sensitivity and specificity of TSS calling. In
this study, the false discovery rate was set at 10”-3. In other words, one false positive was

expected in every 1000 mapped TSS.
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4.2.2.2 Size fractionated NET-seq can identify different type of TSS accurately,

specifically and efficiently

The size fractionated NET-seq identified 9637 putative TSS in total from log phase cells grown
in YPD. To check the identities of the TSS found by size fractionated NET-seq, the TSS positions
were first compared to several existing TSS annotations. Specifically, if a putative TSS fell
within a = 70bps window of its closest existing annotation, the putative TSS was assigned the
identity of that existing annotation. It is found that 6430 of those putative TSS have been
annotated. 4509 of them are TSS of protein coding genes (Figure 4.10a), while 1921 of them
are TSS of known non-coding transcripts, including 344 CUTs (cryptic unstable transcript), 374
SUTs (stable uncharacterized transcripts), 704 XUTs (Xrn1-sensitive unstable transcript), 470
NUTs (Nrd1-dependent unterminated transcript) and 29 snRNA (Figure 4.10b) (Pelechano et

al. 2013; Wery et al. 2016; Schulz et al. 2013b; Xu et al. 2009).

a TIF-seq TSS b . .
TSS identified annotations for 953_7 TS_S identified
in this study protein coding genes in this study I Protein coding genes

I CUTs (Steinmetz 2009),
I sUTs (Steinmetz 2009)
I NUTS (Schulz 2013)
XUTs (Wery 2016)
SNRNA
Unannotated TSS

n=9637 n=5579

Common TSS
n=4509

- o
4% a%°> "

Figure 4.10 The identities of the TSS mapped by the size-fractionated NET-seq. a. The Venn
diagram shows the degree of overlap between the TSS identified by size-fractionated NET-seq
and the TSS found by TIF-seq. b. The pie chart reveals the composition of the TSS of different
types of transcription units. 33% of the 9637 TSS found by size-fractionated NET-seq are not
annotated.

The annotation accuracy was examined by calculating the relative distances between the TSS
positions determined in this study and the existing annotations. As is shown in Figure 4.11,

the deviations in positions are plotted as histograms for various types of transcription units.
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The positive deviations mean the TSS determined in this study are downstream of their
existing annotations, while the negative deviations mean the opposite. Generally, all
histograms have a unimodal distribution centred near the zero point. The distributions for
protein coding genes, SUTs and CUTs are nearly symmetrical. Although XUTs and NUTs have
slightly biased distribution, their degrees of bias are not high and the centres of the peaks are
still close to the zero point. These results indicate that there is no obvious systematic error for
the TSS positions determined by size fractionated NET-seq. Furthermore, it is worth to note
that there are only few transcription units located at both extremities of the distribution. It
means that it is unlikely to assign more existing annotations to the putative TSS identified in
this study via further increasing the size of the window (the current size is + 70bps). It suggests
that the small window size is not an explanation for the remaining 3208 unannotated TSS,
which comprises 33% of all TSS identified in this study. To sum up, the TSS positions

determined by size fractionated NET-seq is accurate.
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Figure 4.11 Comparing the TSS positons mapped by size-fractionated NET-seq to the existing
annotations. The x-axis of each histogram is the deviations of TSS positions. The positive
deviations mean the TSS determined in this study are downstream of their existing
annotations, while the negative deviations mean the opposite. The median deviation for each
type of TSS is written in brackets.
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Figure 4.12 Histograms of the log2fold ratios between the downstream reads and the
upstream reads of the TSS. The annotated noncoding TSS and the unannotated noncoding
TSS (identified in this study) are colored yellow and red respectively. For comparison, the
distribution for random genomic positions is plotted with the blue color. The Kolmogorov-
Smirnov test is utilized to check whether two distributions are significantly different. The p-
values are marked between the corresponding distributions.

As size fractionated NET-seq is not 5’'cap-dependent, it is worth checking whether those
unannotated TSS are RNA cleavage points or random artefacts. PAS (polyadenylation sites)
and splicing sites are the major known RNA cleavage points in budding yeast. Actually, among
all the 3208 unannotated TSS, only 68 and 27 of them can be assigned to PAS and splicing sites
respectively. It implies that the vast majority of those unannotated TSS are not RNA cleavage
points, although there is still a possibility that they are cleavage points which are not reported
before. To further check whether these unannotated TSS were real TSS or RNA cleavage points,
the reads of ultra-low background NET-seq were counted on both sides of those unannotated
TSS. A real TSS should have more reads on its downstream side. The log transformed ratios
of downstream to upstream reads for all the unannotated TSS are plotted as a histogram in
Figure 4.12. Although the ratios for the unannotated TSS are not as high as the ratios for the
TSS of annotated noncoding genes, they are significantly higher than the ratios for random

positions on the genome (p=4.72x107-235). It indicates that size fractionated NET-seq can
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identify TSS specifically and most of the remaining 3113 unannotated TSS are real TSS rather

than RNA cleavage points or random artefacts.

To check the efficiency of TSS mapping, size fractionated NET-seq data are visualized in IGV
and compared to PRO-cap. As was mentioned in section 4.2.1.1, PRO-cap is a TSS mapping
method that is also based on the nascent RNA and has been applied to yeast S.cerevisiae
before (Mahat et al. 2016). TSS for both protein coding genes and various types of non-coding
transcription units, including those lowly expressed transcription units, have been annotated
efficiently by size fractionated NET-seq (Figure 4.13). Some previously unannotated TSS
(highlighted with red circles) are also clearly identified. The green lane, which is the normal
NET-seq, shows that the S.cerevisiae genome is pervasively transcribed and the genes are
close to each other. Hence, it can be difficult to tell where each RNAPII signal in normal NET-
seq originates (Figure 4.14). After size fractionation, many adjacent or overlapping
transcription units can be separated (Figure 4.14). In comparison, PRO-cap almost has signals
appearing everywhere on the genome. The signals in the regions where TSS are expected to
be found is only moderately higher than those in other regions. For lowly expressed genes,
the signals can be indistinguishable from the background. For some TSS, the PRO-cap signals
are even completely absent in the expected region. For highly expressed genes, strong
background covers the whole gene body (Figure 4.13). To conclude, size fractionated NET-seq

performs better than PRO-cap and can map different types of TSS efficiently.

To summarize, size fractionated NET-seq can identify different type of TSS accurately,
specifically and efficiently. In the following sections, several analysis will be performed on

these TSS to explore their distributions and properties.
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Figure 4.14 The size fractionated NET-seq can map the TSS of tandemly arranged genes. The
read through events from the upstream gene make it difficult to tell the TSS of the
downstream gene by normal NET-seq

4.2.2.3 The distributions of TSS around protein coding genes can be revealed by size

fractionated NET-seq

All the 9637 TSS were divided into three groups, TSS for protein coding genes, TSS for
annotated noncoding transcription units (previously identified in the literature) and TSS for
unannotated noncoding transcription units (identified in this study by size fractionated NET-
seq). Their distributions on both strands near the TSS and PAS of protein coding genes are
displayed in Figure 4.15. Seven regions (from region A to G) of protein coding genes (n=5579)
were examined. Regions A-D are on the sense strand of the protein coding genes, while

regions E-G are on the antisense strand.

Generally, the distributions of annotated and unannotated noncoding TSS are similar, except
in region A and C. The similar distribution indicates that most of the unannotated noncoding
TSS are real TSS rather than random artefacts. Those unannotated noncoding TSS might
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belong to some of the categories of already annotated noncoding TSS, but for some reasons,
they failed to be detected previously. Major differences can be seen between the distributions
of TSS for protein coding genes and noncoding transcription units in most of the regions,
except in region E. Next, the distributions near the TSS and the PAS of protein coding genes

are discussed sequentially.
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Figure 4.15 Metagenes showing the distributions of TSS around protein coding genes. The
upstream and downstream of TSS and PAS on both strands were examined, which produced
the metagene plots for the 7 regions from A to G. The coverage of each region on the protein
coding genes is represented with the purple bars. The frequently found TSS positions relative
to the protein coding genes are represented with green arrows. For each plot, the y-axis is the
percentage of protein coding genes having TSS at each single nucleotide position. The x-axis
is the relative distance to TSS or PAS. The distances for downstream and upstream positions
are denoted with positive and negative values respectively. It is worth to note that the scales
of y-axis are variable for each small plot.

Region A, B, C, E and F are near the TSS for protein coding genes. In region A (Figure 4.15), the
distribution for those unannotated noncoding TSS (red line) has a peak spanning a region
between -275bps and -190bps, followed by a trough between -190bps and -125bps. This
feature is not seen for the annotated noncoding TSS (blue line). This result indicates that there
might be a previously unidentified class of noncoding TSS, which is located at about 240bp
upstream of some protein coding genes. On the opposite strand, in region E, all three

distributions are similar. They all have a peak at around -200bps. The peak for annotated
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noncoding TSS (blue line) is slightly higher. In region C and F, which are the gene body, many
more noncoding TSS (blue and red lines) can be found than coding TSS (black line), although
there are not many TSS in either region. Interestingly, the unannotated noncoding TSS in
region C seem to be arranged in clusters. The clusters seem to have a periodicity of 160bps,
which is similar to the periodicity of nucleosome dyads. A similar pattern of TSS is also

observed in mammalian cells by CoOPRO (Tome et al. 2018).

Region D and G map to the PAS of protein coding genes. In region D, the TSS for protein coding
genes (black line) give a high peak centring at +150bps of the PAS, while the peaks for
noncoding TSS (blue and red lines) are much lower and positioned slightly downstream. As
those false ‘TSS’ mapping to PAS were not excluded in this analysis, all three distributions have
a small peak at the PAS in region D. In region G, noncoding TSS (blue and red lines) but not
coding TSS (black line) have a peak spanning the region between -140bps and -60bps. To
summarize, the TSS for noncoding antisense and coding sense transcripts are preferentially

found at particular positions upstream and downstream of PAS respectively.

Now, there are two questions regarding region D and G. First, is there any relationship
between the peaks in both regions? Second, what genomic features can be associated with

these peaks? The following sections attempt to answer the two questions.

178



4.2.2.41n the region flanking PAS, an upstream noncoding antisense TSS and a

downstream coding sense TSS have a strong tendency to co-occur

To investigate the potential relationship between the peaks of coding and noncoding TSS seen
in region D and G respectively, a single-sided Fisher’s test was performed to examine whether
there exists certain co-occurrence relationship between different types of TSS flanking the
PAS of protein coding genes. As the distributions for annotated and unannotated coding TSS
are similar, they were pooled together as a single group in all the following analysis. The null
hypothesis for the statistical test is that there is no co-occurrence relationship between the
upstream TSS and the downstream TSS. The p-values for each of the four combinations are

summarized in Table 4.1.

P-values Downstream Downstream
coding noncoding

Upstream coding 5.11 X 107-05 1.32 X 107-08

Upstream noncoding 1.51 X10A-311  9.15 X 107-12

Table 4.1 The positive correlations between an upstream (relative to the PAS)
coding/noncoding TSS and a downstream (relative to the PAS) coding/noncoding TSS were
tested by single sided Fisher’s tests. The p-values for all four combinations are shown in the
table. The combination with a highly significantly positive correlation is highlighted in bold.

P-values Downstream coding Downstream annotated Downstream unannotated
noncoding noncoding

Upstream 5.11 X 107-05 1.57 X 107-06 0.000907585

coding

Upstream 4.67 X 10n-159 0.140176503 0.000390385

annotated

noncoding

Upstream 4.09 X 10n-96 0.01240602 3.38 X 107-06

unannotated

noncoding

Table 4.2 Similar to Table 4.1, but the noncoding TSS was further divided into the annotated
and unannotated noncoding TSS, which produced nine combinations in total. The p-values for
all nine combinations are shown in the table. The combination with a highly significantly
positive correlation is highlighted in bold.
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All four combinations give low p-values, which means that there is a general correlation
between the upstream and the downstream TSS. In other words, the TSS flanking a PAS has a
tendency to occur in pairs. Notably, the p-value for the combination of an upstream noncoding
TSS and a downstream coding TSS is much lower than the other three combinations. In fact,
if the annotated and unannotated noncoding TSS are not pooled together, the results remain
the same (Table 4.2). Both the upstream annotated and the upstream unannotated noncoding
TSS strongly correlate with the downstream coding TSS. It also supports the view that the
unannotated noncoding TSS identified in this study are real TSS rather than artefacts. All these
results show that in the region flanking a PAS, an upstream noncoding TSS has a strong
tendency to co-occur with a downstream coding TSS. Although currently it is not known
whether such pairs of TSS are divergent promoters, the word ‘divergent promoter’ is still used,

in order to denote such an arrangement of TSS near the PAS of protein coding genes.

4.2.2.5 The DNA sequences of divergent promoters are significantly enriched for the

motif of the Reb1 binding site

To check whether there are any DNA sequences preferentially associated with the PAS regions
having divergent promoters, the MEME (Multiple Em for Motif Elicitation) server was utilized
to perform a de novo discovery of enriched DNA sequences for the PAS regions having
divergent promoters (Bailey et al. 2009). MEME is based on the Hidden Markov Model (HMM)
and does not rely on the prior knowledge of DNA binding sequences of DNA binding factors.

Although its sensitivity is low, it can discover motifs in a de novo and unbiased way.

Specifically, a total of 5579 PAS regions of protein coding genes were considered. For
comparison, these PAS regions were divided into 4 groups, depending on whether they had
an upstream noncoding TSS and whether they had a downstream coding TSS. The MEME was
performed on the DNA sequences in each group to discover the enriched DNA motifs relative

to the total 5579 PAS regions (Figure 4.16). To further control for the false discovery of motifs,
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a fifth group of 400 randomly selected PAS regions from the total 5579 PAS regions was

analysed by the MEME server in the same way (Figure 4.17).
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Figure 4.16 The enriched motifs for the four different types of PAS regions. Depending on
whether the PAS regions had an upstream noncoding TSS and/or a downstream coding TSS,
all the PAS regions were be divided into four different types. The number of PAS regions for
each type is indicated in the bottom-right corner. The upper left is the PAS regions associated
with the divergent promoter (both an upstream noncoding TSS and a downstream coding TSS).
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Figure 4.17 The enriched motifs for randomly selected PAS regions.

Several significantly enriched motifs are found for all five groups. Among them, the

polyadenosine and polythymidine motifs are found in all five groups, including the fifth

random control group, which suggests that these two motifs are false discoveries or simply
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the sequences of the polyadenylation signals. Although the AT alternating motif is not found
in the control group, it lacks specificity in the four experimental groups, so it is not considered
for further analysis. However, there are three motifs that are only found in individual groups.
They are CGGGTAA, TTACCCG and a GC-rich motif. Interestingly, the first and the second
motifs are actually complementary sequences and are only found in the group for the
divergent promoters. Both of them have very high information contents indicated by the
heights of their sequence logos, which implies that they are well conserved. By searching the
sequence of the complementary motifs in the YEASTRACT (Yeast Search for Transcriptional
Regulators and Consensus Tracking) database (Teixeira et al. 2018), it is found that the
complementary motifs are actually Reb1 binding sites. Reb1 is a transcription factor that has
been shown to act as a roadblock on the DNA to terminate the transcription of RNAPII
(Candelli et al. 2018; Colin et al. 2014). It can also create a nucleosome depleted region by
recruiting chromatin remodelers (Krietenstein et al. 2016; Hartley & Madhani 2009; Bai et al.
2011). The median positions of the two complementary motifs are 28bps and 35bps
downstream of the PAS respectively. Interestingly, both motifs are very close to the middle
position between the upstream peak of the noncoding TSS (-60bps) and the downstream peak
of the coding TSS (+140bps). The third GC-rich motif is only found in the group with an
upstream noncoding TSS but without a downstream coding TSS. Its median starting position
is about 44bps downstream of the PAS. Unlike the Rebl binding site, this motif is not well

conserved, as its information content is relatively low.

To conclude, the divergent promoters are significantly associated with the motif of the Reb1

binding site.

4.2.2.6 The divergent promoters are associated with Reb1 binding

To further examine whether the binding of Reb1 protein was significantly associated with the

PAS regions with divergent promoters, the Rebl ChlP-seq signals (Bosio et al. 2017) were
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calculated for each of the four experimental groups in Figure 4.16. The metagene of Rebl
ChlP-seq signals flanking the PAS was plotted for each of the four groups (red lines in Figure
4.18). To indicate the significance of the peaks for each group, the same number of PAS
regions were randomly selected from the total 5579 PAS regions. For each group, this process
was repeated 500 times to simulate the background levels. The median background levels are
represented with the blue line, while the top and bottom 1% of the background simulations

are indicated by the black and green lines.
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Figure 4.18 The Rebl ChIP-seq signals in each of the four types of PAS regions. The upper
left one is the PAS regions associated with a divergent promoter. It is significantly enriched for
Rebl ChIP-seq signals (p=107-5). The black, blue and green curves represent the ChlIP-seq
signals of the top 1%, median and bottom 1% of the one million random simulations. The
ChlPseq data was retrieved from the GEO database of NCBI (accession number: GSM2143115,
(Bosio et al. 2017)).

For the group of PAS regions with divergent promoters, its Reb1 ChlP-seq signals are much
stronger than the top 1% random simulation. Actually, after simulating the background for
1000000 times, it is estimated that the p value for this group is 10”-5. The ChIP-seq signal of
Reb1 peaks at 40bps downstream of the PAS, which is consistent with the positions of Reb1

binding motifs reported in the previous section. For the groups only having a downstream
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coding TSS or an upstream noncoding TSS, their signals are not significantly higher than the
background (p>0.01). Interestingly, for the fourth group, its signal is close to the bottom 1%
of random simulation, which indicates that the binding of Reb1 is less likely to be associated
with a PAS without surrounding TSS. To sum up, the results suggest that PAS regions with

divergent promoters are associated with the Reb1 binding.

4.2.2.7 Coding and noncoding TSS are associated with different genomic features

In section 4.2.2.3, region E shows that both coding and noncoding TSS can appear at 200bps
upstream of protein coding TSS. One question is whether these coding and noncoding TSS in
region E are associated with different genomic features in their promoter regions. To answer
this question, this section uses statistical tests to check the differential enrichment of various

genomic features in the promoter regions of the coding and noncoding TSS in region E.

In region E of Figure 4.15, there are 1015 and 739 promoter regions (from -300 to -100 in
region E) that are associated with the coding and noncoding TSS respectively. The noncoding
transcription units are much more likely to have a PAS nearby (Figure 4.15, region G). To avoid
finding genomic features that were actually related to PAS rather than noncoding TSS, if the
TSS had PAS within their promoter regions, it was excluded from the analysis. In the analysis,
there were 1453 different genomic features to be tested (based on the datasets collected and
organized by Mellor lab), including various histone modifications and chromatin associated
factors. Each genomic feature has a value to indicate its amount in the promoter region for
each TSS. As a result, both coding and noncoding TSS have a distribution of values for each
genomic feature in their promoter regions. For a certain genomic feature, if its distribution of
values is significantly higher or lower for the coding or noncoding TSS, this genomic feature
may be of interest, because it indicates that this genomic feature is enriched/depleted for
coding or noncoding TSS. A two-sample Kolmogorov-Smirnov test was utilized to examine

whether a genomic feature was enriched or depleted in the promoter regions of coding or
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noncoding TSS. The threshold for the significance test was set at the p-value of 1X10/-5. Any
genomic features having their p-values lower than that were considered significantly enriched
for coding or noncoding TSS. This p-value was equivalent to an E-value of 0.015. In other words,

it was expected to get 0.015 genomic feature by chance from the analysis.

p-values p-values
a (Enriched for b (Enriched for

GO coding) GO noncoding)
H3K4me3 1.12E-102 H3K4me1l 1.18E-70
H3K79me3 8.76E-68 H3R2me2 4.00E-30
H2BK123ub 3.09E-32 H3 acetylation 1.54€E-27
Htzl 1.89E-26 H3K4me2 3.28E-26
H3K14ac 1.01E-20 Iswl 3.55E-25
Swrl 2.79E-19 H3K4ac 4.22E-21

2.14E-12 H4K20me 1.27€-20
H3K36me3 1.89E-11 H3K56ac 1.83E-20
H4K12ac 2.63E-10 Rscl 3.87E-18
H4K5ac 1.66E-09 Spnl 1.64E-14
Aorl 2.88E-09 Histone turnover 9.04E-14
NFR sizes 2.17E-08 H4 acetylation 1.35€-13
H2AKS5ac 2.25E-08 4.39E-13

3.10E-08 1.12€-12

1.18€-07 H3K27ac 1.16E-07
H4K8ac 1.21€-07 Rsc9 1.35E-06
Spp1 2.64E-07 H2A.ZK14ac 1.87E-06
H3K79me2 2.94E-07 3.93E-06

6.70E-07 Nhp6a 4.84E-06

7.06E-07 H3K9ac 6.63E-06
H3K23ac 8.38E-07
H4ac 9.27€-07
Vps72 1.24E-06

2.20E-06

2.85E-06
Itcl 2.98E-06

3.61E-06

4.51E-06

9.57E-06

Table 4.3 The promoter regions of the coding (a) and noncoding (b) transcription units are
enriched for different genomic features. The different types of genomic features are marked
with different colours. Red, blue and yellow represent chromatin remodelling factors, histone
modifications and RNAPII transcription related factors respectively.

Table 4.3 a and b show the genomic features that are significantly enriched for coding TSS and
noncoding TSS respectively. Based on the current threshold of significance levels, there are 29
and 20 genomic features significantly enriched for coding and noncoding TSS respectively. For
coding TSS, they are most strongly enriched for H3K4me3. Byel, which has been shown to

interact with H3K4me3, also has a higher level for coding TSS (Kinkelin et al. 2013). In addition,
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coding TSS are also associated with H3K79me3, H3K36me3, H2bK123ub, H3K14Ac, H4K12Ac
and Htz1. In terms of chromatin remodelling complexes, coding genes also enrich for several
components of SWR1 complex, which exchanges Htzl for H2A. In terms of transcription,
coding TSS have more Pafl, which is consistent with the literature (Fischl et al. 2017). In terms
of noncoding TSS, they are enriched for H3K4me1/2 rather than H3K4me3. Apart from that,
H3R2me2a, H4K20me, H3K4Ac and H3K56Ac are also strongly associated with noncoding TSS.
In terms of chromatin remodelling factors, Iswl and Rsc1 are enriched for noncoding TSS. For
transcription associated factors, noncoding TSS have slightly more Spt4 binding. Spt4 has been
shown to promote RNAPII transcription elongation and the spt4A strain has a higher promoter
proximal pausing than the wild-type (Churchman & Weissman 2011). The enrichment of Spt4
for noncoding TSS suggests that noncoding transcription units might have less promoter
proximal pausing for RNAPII transcription. It is tested in the next section by examining the
metagene profiles of NET-seq. Finally, Nrd1 is also found to be enriched for those noncoding
TSS, which is as expected, because those noncoding TSS contain a significant proportion of

NUTSs.

To conclude, coding and noncoding TSS are associated with different genomic features,

including histone modifications, chromatin remodelling factors and transcription factors.

4.2.2.8 Coding and noncoding transcription units have a similar distribution of

RNAPII in their promoter proximal regions

Many transcription elongation factors, such as Pafl, Dstl and Spt4 have been shown to
influence the distribution of RNAPII in the proximal region of genes (Churchman & Weissman
2011; Fischl et al. 2017). The last section shows that coding and noncoding TSS have
differential enrichment for elongation factors and other genomic features. To explore
whether these differential enrichment of genomic features were associated with different

RNAPII distribution profiles, metagene profiles of NET-seq were plotted for both coding and
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noncoding TSS in various regions of Figure 4.15. Section 4.2.2.3 has already shown that
noncoding TSS is more likely to overlap with other transcription units, which may influence
the metagene profiles for noncoding TSS. Hence, during the metagene analysis, TSS were

excluded if they have other downstream transcription units on either strand.
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Figure 4.19 The comparison between the metagene profiles of the coding and noncoding
transcription units. ‘Region E’ and ‘Region D’ mean that the corresponding plot is assessing
the metagene profiles of TSS in ‘Region E’ or ‘Region D’ of Figure 4.15.

Interestingly, the metagene profiles of the downstream regions of coding and noncoding TSS
are similar. The metagenes for all coding and noncoding TSS are plotted in Figure 4.19.
Generally, they have a highly similar proximal biased RNAPII distribution with periodic peaks.
However, the peaks downstream of noncoding TSS are fuzzier than those for coding TSS and
start to diminish after 3 peaks. It could be explained by the shorter lengths and lower
expression levels of noncoding transcription units. As is shown in 4.2.2.3, TSS may have
different surrounding environments. A TSS can be next to a PAS or another TSS. Hence, the
overall metagene plots may not be able to represent the situations in different regions of

Figure 4.15. To further examine the distributions of RNAPII downstream of coding and
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noncoding TSS, the NET-seq metagene profiles were plotted for TSS in regions E and D
respectively. In region E, no obvious differences can be found between coding and noncoding
TSS, which is consistent with the observation made from the overall metagenes. In region D,
the noncoding TSS has slightly fewer signals in the gene body than the coding TSS. However,

the profile of the noncoding TSS does not seem to be more flattened.

To sum up, except the noncoding TSS in region D, the NET-seq metagene profiles for both
coding and noncoding TSS are highly similar. It implies that the proximal biased RNAPII
distribution profile is relatively robust and cannot be significantly influenced by the
differential enrichment of genomic features between coding and noncoding TSS as well as the

different surrounding environments of TSS.

4.2.3 Discussion

4.2.3.1 The advantages of the size fractionated NET-seq

Size fractionated NET-seq maps TSS by looking for a particular pattern among several libraries
rather than merely finding peaks higher than a threshold in a single library. It allows lowly
expressed transcription units to be detected with equally high sensitivity and confidence. In
fact, the majority of the 3113 newly identified TSS are noncoding TSS and have lower
transcription levels in the log phase batch culture condition than other annotated TSS. It might

be the reason why they are not annotated in previous studies.

As the starting material of size fractionated NET-seq is nascent RNA, the identification of TSS
is relatively less influenced by the nuclear surveillance and cytoplasmic degradation pathways.
The majority of noncoding TSS, including NUTs, SUTs, CUTs and XUTs, can be detected in the
wild-type condition. It allows the TSS of unstable transcripts to be determined without
mutating the cellular RNA degradation systems, which can avoid the potential artefacts and

stress responses caused by mutating RNA degradation factors. Although PRO-cap also uses

188



nascent RNA, size fractionated NET-seq outperforms it in terms of the specificity and

sensitivity.

4.2.3.2 The limitations and future improvements

The size fractionated NET-seq is not dependent on the 5’'cap, which can make it difficult to
distinguish the real TSS from co-transcriptional cleavage events, such as splicing at the intron-
exon boundaries and the cleavage at the PAS. In this study, they are not major issues, because
the genome of budding yeast does not have many genes containing introns and section 4.2.2.2
has found that only few putative TSS correspond to the two types of cleavage. However, there
is still a possibility that the unannotated TSS identified in this study are some unknown RNA
cleavage points. To perform a cross check, it may be possible to divide the starting material of
size-fractionated NET-seq into two parts. One part is performed with the normal size
fractionated NET-seq. The other part can be used for constructing the CAGE library. The CAGE
library only maps the 5’ ends of nascent RNA that have a cap. The TSS mapped by both parts

can be compared to further increase the accuracy and specificity of TSS annotation.

As the size-fractionated NET-seq technique was developed before the ultra-low background
protocol of NET-seq, the size fractionated NET-seq discussed in this chapter is still based on
the original NET-seq protocol, which has a high background. The direct consequence of the
high background was that the longest fraction (fraction V) failed to align uniquely. Actually,
more than 95% of the reads in fraction V mapped to rRNA, because its size range overlapped
with rRNA. If the new NET-seq immunoprecipitation protocol can be applied, the longest
fraction may produce enough usable reads to study the transcription read through events
(Nguyen et al. 2014; Mellor et al. 2016). For example, if a significant number of reads from the
longest fraction are found in the promoter proximal region of a gene and the gene has an
upstream gene in the same direction, those reads are very likely to reflect the read through

transcription events from the upstream gene. Without size fractionation, it can be difficult to
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tell whether the signals of NET-seq in the promoter proximal region of a gene actually
originate from its TSS or the TSS of its upstream gene. In addition, as the new NET-seq protocol
greatly reduces the background and increases the proportion of nascent RNA in the starting
material, the sensitivity of size fractionated NET-seq may be further improved. Because the
size fractionation step is performed after immunoprecipitation, there is no obvious

obstruction for applying the new NET-seq protocol to size-fractionated NET-seq.

The growth condition of yeast cells can largely determine the spectrum of TSS to be mapped.
It can be a limitation for the TSS annotation produced in this study, although it is not a limit
for the technique itself. Currently, the cells are harvested from the log phase batch culture in
the rich medium. The expression of some transcription units may only happen in special
culturing conditions, such as various stress conditions. To generate a more comprehensive
map of TSS, size fractionated NET-seq may need to be performed on cells grown in various
culture conditions. One solution is to perform this technique on samples taken from various
phases of the YMC, where yeast cells experience different physiological states and have

dramatically different transcription profiles.

4.2.3.3 The possibility of using the same size selection method to annotate the

mammalian genome

Currently, size fractionated NET-seq is mainly designed for mapping TSS on the yeast genome.
To further apply it to other genomes, such as the mammalian genome, there are two major
problems. The first problem is that unlike budding yeast genome, introns are much more
prevalent on the mammalian genome. The presence of introns not only increases the false
discovery rate but also makes the length of nascent RNA not equal to the distance between
RNAPII and the TSS, due to co-transcriptional splicing. The potential solution is to take
fractions of small sizes to make the library, such as 50nts-75nts, 75nts-100nts and 100nts-

125nts. In these short fractions, the nascent RNA for most genes have not encountered the
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first exon-intron boundary. The length of the nascent RNA is still equal to the distance
between RNAPII and the TSS. Although those intron-exon junctions will still be mapped, they
can be excluded either bioinformatically or via comparing to the CAGE library as mentioned in
section 4.2.3.2. The second problem is that mammalian genes are much longer than the yeast
genes. It means there is much less mammalian nascent RNA falling into the same size range
than yeast nascent RNA. For example, if 1ug of nascent RNA is isolated from the mammalian
cells and the yeast cells respectively and the same size range of 100-200nts is selected after
PAGE electrophoresis, much less RNA will be obtained from the mammalian nascent RNA,
because the 1ug of mammalian nascent RNA contains any sizes from dozens of nucleotides to
hundreds of thousands of nucleotides. On the contrary, the median length of yeast genes is
only 1000 nucleotides. To solve this problem, the more mammalian cells need to be harvested
and the library construction method has to be improved to handle a small quantity of nascent

RNA.

If the two problems above can be solved, the potential way of using the size selection method
to annotate the mammalian genome is to combine it with 4sU-seq. The nascent RNA isolated
by 4sU labelling can be fractionated into different size ranges. After 3’end linker ligation,
libraries can be constructed from each of the size ranges to sequence to 3’ ends of the 45U

labelled RNA.
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5 Discussion

5.1 Future plan

5.1.1 Developing precise run-on NET-seq/TEF-seq

PRO-seq and NET-seq are currently the two major ways of studying transcription with single
nucleotide resolution (Churchman & Weissman 2012; Hojoong Kwak et al. 2013). The
information they provide is complementary and allows the assessment of different aspects of
transcription. NET-seq utilizes immunoprecipitation to isolate nascent RNA. By using different
antibodies, it can selectively enrich signals from a particular state of RNAPII. For example, it
can select RNAPII with different post-translational modifications on its CTD by using antibodies,
such as anti-Rpb1Ser5P and anti-Rpb1Ser2P (Nojima et al. 2015). Moreover, by tagging a
certain transcription elongation factor with an epitope tag, RNAPII in a state where it is
associated with that particular elongation factor can be isolated, which is the TEF-seq
(transcription elongation factor sequencing) developed in Mellor lab (Fischl et al. 2017).
However, NET-seq normally cannot tell whether the RNAPII is pausing or elongating. On the
contrary, PRO-seq uses run-on reactions to tag elongating RNAPII with biotinylated
nucleotides, so it mainly enriches elongation competent RNAPII (Hojoong Kwak et al. 2013),
albeit there is a debate on, to what extent, the in situ run-on reaction conditions of PRO-seq
can reflect the in vivo transcription elongation conditions. Without immunoprecipitation, it
can be hard to directly relate the elongating or pausing states to different CTD modifications
or transcription elongation factors. When the two techniques are performed on budding yeast,
the metagene profiles from the two techniques can be quite different. NET-seq produces a
metagene profile with a broad promoter proximal peak, while the profile for PRO-seq is almost
flat (Booth et al. 2016; Churchman & Weissman 2011; Fischl et al. 2017). It can be explained

by RNAPII being more likely in the pausing state in the promoter proximal region. However,
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the protocols for the two techniques are also dramatically different. There is a chance that

the different procedures of the two techniques may also lead to different metagene profiles.

Here | propose a technique called ‘Precise run-on NET-seq’, which can be a potential way of
unifying and drawing on the strengths of both techniques (Figure 5.1). In the first step, the
biotin run-on of PRO-seq and the cell harvesting of NET-seq are performed separately, which
produces two batches of cells. Ideally, all the cells should be subjected to the biotin run-on
reaction. However, it might be expensive to do so, because NET-seq requires many more cells
as the starting material. In the second step, the cells from both batches are mixed together
and proceeded to the normal immunoprecipitation procedures of NET-seq or TEF-seq. The
isolated nascent RNA will be ligated with the 3’end linker. As the elongating competent RNAPII
produces 3’ end biotin tagged nascent RNA during the biotin run-on, these nascent RNA can
be separated by streptavidin beads after the 3’ end linker ligation. The flow through of this
purification step will also be retained. Then two libraries will be constructed separately from
the eluate and the flow through. After sequencing both libraries, the proportion of elongating
RNAPII at each nucleotide position can be revealed by the ratios of signals from the two
libraries. In this way, the technical differences between NET-seq and PRO-seq can be

minimized.

Biotin-NTPs Normal Biotin-NTPs Normal
run-on cells cell pellet run-on cells cell pellet
\/ | Enrich RNAPII |
| Enrich RNAPII | I
1 | Enrich elongation factor |
Adapter ligated l
Nascent RNA

Adapter ligated

/\ Nascent RNA

Tagged Flow
nascent RNA through Tagged Flow
1 l nascent RNA through
PRO-seq NET-seq PRO-seq TEF-seq
library library library library
Precise run-on NET-seq Precise run-on TEF-seq

Figure 5.1 The general workflows of the precise run-on NET-seq and the precise run-on TEF-
seq
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Furthermore, precise run-on NET-seq/TEF-seq can potentially study the relationship between
RNAPII kinetic states (pausing or elongating) and RNAPII protein associations or modifications
(the binding of transcription elongation factors and the modifications on Rpb1-CTD). For
example, certain antibodies can be used during the immunoprecipitation step to enrich
RNAPII associated with a particular transcription elongation factor. The ratios of the two
libraries (from the eluate and the flow through mentioned in the last paragraph) can be
compared to those obtained by using general anti RNAPII antibodies. If the proportion of
elongating RNAPII is significantly higher or lower in the libraries enriched for the transcription
elongation factor. The elongation factor may be associated with elongating or pausing RNAPII.
Different genes such as coding and noncoding genes can be clustered to see whether there is

a difference in the function of a particular transcription elongation factor on different genes.
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5.2 Concluding remarks

This study investigates the relationship between acetyl-CoA metabolism, chromatin
acetylation and gene expression. Four main achievements associated with this topic have
been made. First, this study uses the YMC system as an example to illustrate that a chromatin
remodelling complex can play an important role in the interplay between cellular metabolism
and gene expression. Second, the identification of ACO2 as the downstream effector of the
hypothesized acetylation-recruitment pathway shows that there exists a reciprocal regulation
between cellular metabolism and gene expression. Third, although it has not been proved, the
results in this study support the view that histone acetylation marks can activate gene
expression via recruiting the bromodomain containing chromatin remodelling complex, the
RSC complex. Finally, this study also integrates the experimental results from this study and
the literature to propose the ‘Sozu’ model, which can shed light on the molecular mechanism

behind the phenomenon of the YMC.

Two new techniques are also developed in this study. First, the ultra-low background protocol
of yeast NET-seq can successfully suppress the background of yeast NET-seq, which can reduce
the cost and increase the usability of yeast NET-seq. Second, the size fractionated NET-seq
brings a new strategy of mapping TSS and has successfully identified 9637 TSS in budding yeast
genome. More than 30% of them are new. Both techniques can pave the way for using the

YMC to study the relationship between transcription and transcripts.
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Appendix

S1 At the global level, there is no obvious change in the distribution of RNA
polymerase Il on genes

Section 3.2.11 has shown that genes having a peak of histone H3 acetylation at point B are
significantly more likely to lose the peak of transcripts in TW1 by deleting RSC2. Currently, it
is not known whether the RSC complex activates gene expression via increasing transcription
initiation or promoting transcription elongation. In section 1.7.4, some evidence suggests that
the RSC complex can regulate transcription elongation, such as helping RNAPIl overcome the
barrier of nucleosomes. Normally, if RNAPII is affected at the elongation stage, the metagene
profiles of NET-seq would show some changes (Fischl et al. 2017; Churchman & Weissman
2011). In this study, the YMC was sampled at 11 time points (Figure S1a). To enable the
guantitative comparison between samples, the same batch of S.pombe cells was added to
each of the samples at the same ratio. NET-seq libraries were prepared from the 11 S.pombe
spiked samples. It is worth to note here that the yeast NET-seq libraries were prepared before
the ultra-low background NET-seq was developed, so these NET-seq libraries may contain 10-

30% non-specific background from mature RNA.

The metagene profiles of S.cerevisiae reads for all the samples are plotted in Figure S1b. To
control for the technical variations, the metagene profiles of S.pombe reads for all the samples
are plotted in Figure Slc. Generally, at the global level, no obvious differences in the
distribution of RNAPII can be seen on the metagene plot at neither the 5’ nor the 3’ ends of
genes. The small differences in the metagene plot are mainly due to the technical variations.
At the 5’ end, the distribution of RNAPII is biased towards the transcription start sites. Several
peaks can be seen in the first 600bps. They seem to have the same spacing as the nucleosomes.
Some samples have slight variations in the heights of peaks. However, the same differences

can be seen in the S.pombe control as well, which means they are technical variations rather
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than real differences in the distribution of RNAPII. At the 3’ end, the only obvious variation is
in the region just before the PAS. However, like the 5’ end, it can also be seen in the S.pombe
control, so it is probably a technical variation as well. The heat map (Figure S1d) also agrees
with the observations on the metagene. To sum up, at least at a global level, there are no
obvious changes in the distribution of RNAPII on genes, which does not support the RSC

complex regulating the global transcription elongation during the YMC.

~s
H S.cerevisiae
a 1 8. | 10 g9 b 3.
~ ‘ Z,
@
e g A
A g, v
=]
2.
z
3 o
A W
c 3¢
2 S.pombe (spikein)
.
s
Zos
2
g o
°
5 e
e
&
« o
2 kbps i~
d f— Relative distance to TSS/PAS (bps)
Sorted by

TSS

Figure S1 The distributions of RNAPII on genes were examined by NET-seq across the YMC.
a. The YMC was sampled at 11 time points. The NET-seq and RNA-seq libraries were
constructed from each sample. b. The metagene profiles based on the S.cerevisiae reads of
NET-seq. The metagenes of the 11 NET-seq libraries were overlaid. c. The metagene profiles
based on the S.pombe reads of NET-seq. The metagenes of the 11 NET-seq libraries were
overlaid. d. A heatmap showing the distribution of RNAPII on each S.cerevisiae gene.

S2 The levels of transcripts are dominantly regulated by transcription

Section 1.9 suggests that the YMC may also be utilized to study the relationship between
transcription and transcripts. In this study, a preliminary experiment was performed on this
research topic by using NET-seq and RNA-seq to check the levels of transcription and

transcripts during the YMC. It is worth noting here that this experiment was performed before
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the development of the ultra-low background protocol of NET-seq, so the NET-seq reads may

still contain a significant amount of signals from mature RNA.
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Figure S2 Comparing the temporal profiles of transcription and transcripts during the YMC.
The number on the upper right corner of each small plot shows the number of genes in each
cluster.

Specifically, the number of NET-seq reads in the first 400bps of each gene was used as the
metric of the transcription activity for the gene. To assess the transcript levels at each time
points, RNA-seq libraries were prepared from the same samples as the NET-seq libraries.
Hence, both the activity of transcription and the transcript level could be measured for each
gene at each of the 11 sampling points. In other words, each gene had a temporal profile for
both transcription activity and transcripts levels across the YMC. Following that, the K-means
clustering algorithm categorized all the 3240 genes into 36 small groups by taking into account
their temporal profiles of both transcription and transcripts. Each group contained about 100

genes. In this analysis, in order to minimize the chance of missing certain patterns of
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transcription and transcript, a relatively large number of groups (36 groups) was chosen to

perform the k-means clustering algorithm.

The characteristic profiles for transcription activities as well as the transcript levels are plotted
for each cluster in Figure S2. Generally, in most of the clusters, the changes in transcription
activity correlate with the changes in transcript levels. In many cases, a peak or a trough of
transcripts can be found right after the peak or trough of transcription. A good example is
cluster 12. Its peak of transcription is followed by a peak of transcripts with a small time delay.
It suggests that transcription plays a dominant role in regulating the levels of transcripts in
most clusters. However, there are some exceptions. In cluster 8, the increase in transcript
levels happens earlier than the increase in transcription. It suggests that the initial increase in
the transcript levels may be caused by mechanisms other than transcription. One candidate
could be the regulated reduction in the degradation of transcripts in this cluster. Conversely,
in cluster 13, 19 and 35, the peak of transcription is not accompanied by a delayed peak of
transcripts. One possibility is that the nascent RNA might be degraded cotranscriptionally

through the NNS pathway, before turning into mRNA.

To summarize, generally, the changes in transcript levels are primarily caused by the changes
in transcription. However, for certain genes, the temporal profiles of transcript levels can be

modulated by other mechanisms.

S3 Genes with introns have a slightly longer time delay between transcription and
transcripts than genes without introns

The previous section has shown that genes in cluster 12 have a peak of transcript lagging
behind the peak of transcription. Actually, most intron containing genes of S.cerevisiae are
found in this cluster (Figure S3a). If genes with introns are separated from genes without
intron, cluster 12 can be further divided into two subclusters, cluster 12A (with introns) and

12B (without intron). The temporal profiles of transcription and transcripts are plotted for
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both subclusters (Figure S3b). The time delay between transcription and transcripts for genes

in cluster 12A seems to be slightly longer than that for genes in cluster 12B.
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Figure S3 a. The number of intron-containing genes in each of the 36 clusters of figure S2.
The x-axis is the cluster number from 1 to 36. The y-axis is the number of intron-containing
genes. Most intron containing genes are in cluster 12. b. Comparing the temporal profiles of
transcription and transcripts in cluster 12A and 12B. Genes in cluster 12A contain introns,
while genes in cluster 12B do not have introns.

To examine the time delay in a slightly more quantitative way, the peaking time points of
transcription and transcripts were estimated from the discrete data points by using smoothing
spline algorithm. The workflow is illustrated in Figure S4. Specifically, for each gene in the two
subclusters, the 11 discrete data points of both NET-seq and RNA-seq were fitted with smooth
spline curves respectively, which produced a smooth curve for transcription activity and
transcript levels respectively. The peak calling algorithm was then applied to find the local
maximal point for each of the smooth curves. Finally, the exact time delay between

transcription and transcripts can be estimated for each gene.
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The median time delay for cluster 12A and 12B are 4.95+0.53 mins and 3.30+£0.32 mins
respectively (Figure S5). Intron-containing genes have a longer time delay between
transcription and transcripts than genes without introns. Notably, the time delay for cluster
12A agrees with the measurement in the literature. Instead of using NET-seq, Kuang et al used
RT-gPCR to measure the time delay between unspliced and spliced transcripts. They have
reported that the time delay for ribosomal protein genes (which contain introns) is 5mins

(Kuang et al. 2014).

A kinetic model in the literature has shown that the differential time delay can be caused by
two factors (Honkela et al. 2015). The first is the processing time of intron splicing. If the genes
do not have introns, the nascent RNA of these genes may take less time to become mRNA.
The second factor is the RNA degradation rate. If the genes have higher RNA turnover rates,
the peak of the transcript will be closer to the peak of transcription activity. Currently, it is
hard to tell which factor causes the differential time delay between genes in cluster 12A and

12B.
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Figure S6 The temporal changes in the levels of transcription, transcripts and histone
acetylation of central metabolic genes during the YMC. The levels of transcription for the
wild-type (blue curve) were assessed by NET-seq. The amounts of transcripts for the wild-type
(blue curve) and the rsc2A mutant (red curve) were measured by RNA-seq. The transcript
levels for the wild-type and the rsc2A mutant are comparable, because of the normalization
by RNA spike-in. The signals of NET-seq and RNA-seq are expressed as the number of reads
(the y-axis on the left). The ChIP-seq signals for histone acetylation (Kuang et al. 2014) are
expressed as the number of standard deviations from the median (the y-axis on the right).
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Figure S6 continued
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