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Summary

Eukaryotic genomes are organised as the DNA-protein complex, chromatin within 

the cell nucleus. The fundamental subunit of chromatin is the nucleosome, which 

comprises 146 base pairs of DNA wrapped around an octamer of histone 

proteins. This structure is generally repressive to any process that requires 

access to the DNA. However, chromatin can undergo changes in its structure 

that can alter its function, including the addition of numerous histone post- 

translational modifications (PTMs) to the histone proteins. The best- 

characterised histone PTMs include acetylation, methylation, and ubiquitylation. 

These PTMs and the complexes involved in their addition and removal are highly 

conserved in eukaryotes, from yeast to mammals. The role of many of these 

PTMs in cellular processes including transcription, replication and DNA damage 

repair, have been studied in detail in actively growing cells. However, little is 

known about the fate of chromatin during stationary phase (SP).

The historical view of SP in the budding yeast, Saccharomyces cerevisiae 

described two main characteristics: chromosomes condensation and a general 

shutdown in transcription. More recent work has shown that upon entry into SP, 

cultures of S. cerevisiae form two distinct populations of cells with divergent 

developmental fates. SP cultures comprise young daughter cells that enter a 

unique stage of the cell cycle called quiescence (Q) or Go and non-quiescent 

(NQ) older mother cells that undergo apoptosis and necrosis, rapidly losing 

viability over time. Importantly, the quiescent population of cells maintains long

term viability and the ability to asynchronously re-enter the cell cycle upon 

nutrient replenishment.

The aim of this research was to investigate histone PTMs, their regulation, and 

their correlation with transcription during the development of the quiescent 

population of cells that form during entry into SP. A systematic Western blot 

analysis approach using histone PTM-specific antibodies investigated the histone 

PTM abundance during the development of Q cells. Our analysis revealed that in 

contrast to the dramatic loss of H2B ubiquitylation and H3 and H4 acetylation, 

methylation levels of lysine (K) residues 4, 36 and 79 of histone H3 were retained
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throughout Q cell development. Interestingly, this approach also identified a 

unique H3K79 methylation profile that distinguishes Q cells from actively growing 

cells and the NQ populations of cells. The identification of the persistence of the 

transcription-dependent H3 methylation prompted us to investigate RNA 

polymerase II (RNAP I!) abundance in Q cells. Western blot analysis of RNAP II 

revealed that while RNAP II protein levels persisted in the quiescent population of 

cells, it appeared to be in an inactive form.

The genome-wide distribution of H3 methylation and RNAP I! was investigated 

using high resolution ChlP-chip analysis. This showed that while the patterns of 

H3K4me3, H3K36me3 and H3K79me3 were remarkably similar in Q cells and 

actively growing mid-log phase cells, RNAP II was redistributed throughout the 

genome during Q cell development. Two distinct mechanisms were revealed as 

playing a role in establishing the quiescent histone methylation landscape in Q 

cells: (i) epigenetic inheritance of histone methylation and (ii) Q cell-specific 

transcription-dependent methylation. Finally, histone PTMs were identified as 

playing distinct roles in the formation and maintenance of Q cells in response to 

nutrient limitation.

Taken together, this work provides an insight into the mechanisms and 

epigenetic events that establish the histone methylation landscape of quiescent 

S. cerevisiae cells and the roles it plays in Q cell formation and maintenance.
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1.1 Overview

Eukaryotic cells contain a large amount of DNA within their nucleus. Cells 

require a mechanism that enables packaging and maintenance of this DNA. 

Eukaryotic genomes are organised as a DNA-protein complex called chromatin, 

the fundamental subunit of which is the nucleosome. The nucleosome is 

comprised of an octameric protein complex around which 146 base pairs (bp) of 

DNA are wrapped. The protein octamer is made up of small positively charged 

proteins known as histones. The interaction of histone proteins with DNA

facilitates its folding and packaging. Four types of core histones that make up

the nucleosome octamer have been described: H2A, H2B, H3 and H4. These 

histones organize as a single (H3-H4)2 tetramer and two H2A-H2B dimers. 

There are 14 individual contact points between the histone proteins and DNA 

making the nucleosome one of the most stable DNA-protein complexes (Luger et 

al., 1997). Studies and sequence alignments show that the core histones of the 

nucleosome are highly conserved across all eukaryotes (Baxevanis and 

Landsman, 1998).

Chromatin structure is generally repressive to any process that requires direct 

access to and interaction with DNA, including transcription, replication, 

recombination and DNA damage repair (Kornberg and Lorch, 1999; Recht et al., 

1996). However chromatin is a dynamic structure and can undergo structural 

changes that alter its function. Transcription repression due to chromatin can be 

opposed by “chromatin remodelling”, which allows access to DNA by RNA 

polymerase I! (RNAP I!) and associated factors. There are several processes 

that may result in either local or more extensive chromatin remodelling. The 

major mechanisms involved in remodelling include incorporation of histone

variants, alteration of histone-DNA contacts by ATP-dependent chromatin

remodelling, and the addition of histone post-translational modifications (PTMs) 

(Kouzarides, 2007; Redon et al., 2002). This work has focused on the third of 

these mechanisms, histone PTMs. Histone PTM-dependent alteration of 

chromatin structure involves the addition of a multitude of small molecules, or 

even proteins to residues within the histone proteins. The best-characterised 

PTMs include histone acetylation, methylation and ubiquitylation. Many amino

20



acid residues within histone proteins have the intrinsic ability to be modified, but 

lysine residues found in the N- and C-terminal tails that protrude from the 

nucleosome core are the most prominently modified residues due to the ease of 

accessibility by modifying enzymes. However, residues within the nucleosome 

core can also be modified, for example lysine 79 on histone H3 (van Leeuwen et 

a l„ 2002).

Histone post-translational modifications and the complexes involved in their 

addition and removal are highly conserved in eukaryotes from yeast to mammals. 

Because of its low histone gene copy number and ease of genetic manipulations, 

the budding yeast Saccharomyces cerevisiae is an ideal model organism for in 

depth study of these modifications. Many PTMs have been studied in S 

cerevisiae, and their functions in transcription have been elucidated in depth. 

While these studies have lead to a good understanding of PTMs and their roles in 

transcription in actively growing cells, little is known about the abundance and 

roles of these modifications in quiescent cells, which are in a non-dividing state 

but remain viable. Stationary phase (SP) in S. cerevisiae is an ideal model 

organism for studying the non-dividing quiescent state, which characterises a 

large proportion of SP cells. Increasing our understanding of this non-dividing 

state is considered important as most eukaryotic cells, whether they exist as 

single-celled or multicellular organisms, reside in this state (Gray et al., 2004). 

These cells are maintained in this non-dividing state and are poised to re-enter 

the cell cycle and proliferate, thus playing a crucial role in maintaining population 

levels whether its that of a single-celled organism or a specific cell type in more 

complex multi-cellular organisms.

This thesis aims to extend our knowledge of the roles of RNAP II and histone 

PTMs in transcription by investigating their regulation during the transition of S. 

cerevisiae from active proliferation and growth to the non dividing state indicative 

of SP. Given that the roles of many histone modifications are well defined in 

actively growing cells, we sought to identify whether these modifications were 

present in SP cells and if they performed roles similar to their roles in growing 

cells. This introduction provides background on histone lysine PTMs and current 

models for their roles in transcription. This chapter will also introduce yeast SP
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and discuss the characteristics associated with this poorly understood and 

underappreciated phase of the cell cycle.

1.2 RNA polymerase II and active transcription

Transcription is the first step in eukaryotic gene expression and it is arguably the 

mostly highly regulated step. The transcription cycle of RNA polymerase I! 

(RNAP II) is generally divided into three distinct phases each with its own 

programme of regulation (Buratowski, 2009). Initially, RNAP II is recruited to the 

promoter along with associated initiation factors and RNA synthesis begins. This 

first step of transcription is termed initiation, and it is followed by the elongation 

phase, during which RNAP II travels along the body of the gene in collaboration 

with elongation factors to accurately synthesize the RNA transcript. The final step 

in this process is termination. During the termination step, RNAP II and the 

transcript uncouple from the DNA template. The transcript is then processed and 

the RNAP II complex is recycled and may re-enter the transcription cycle once 

again (Nechaev and Adelman, 2011).

These processes are highly conserved from bacteria to mammalian cells and 

orthologs of many factors associated with each of the phases of the transcription 

cycle have been identified. The conservation of these events and their regulators 

has allowed for collaborative investigations of eukaryotic transcription across 

organisms, from mammals to the budding yeast S. cerevisiae. Initiation, 

elongation and termination are highly coordinated events that are complex in 

nature. However many studies have investigated these processes and detailed 

models for each phase of the transcription cycle have been proposed. The 

following section describes the distinct transcriptional phases and the regulatory 

factors involved.

1.2.1 Initiation: the first step of transcription

Transcription by RNAP II is initiated by the binding of activator proteins upstream 

of the core promoter. Many gene promoters in yeast contain a nucleosome free 

region (NFR) flanked by two well-positioned nucleosomes that are referred to as
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nucleosome -1 and +1 respectively (Figure 1.1). The length of an NFR can vary 

in size but the average size is about 200 base pairs in lenght (bp). (Jiang and 

Pugh, 2009). In S. cerevisiae, the +1 nucleosome occupies a position starting 

about 13 bp upstream of the transcription start site (TSS), obstructing gene 

activation (Mavrich et al., 2008). However the NFR allows access to sequence- 

specific transcription factor (TF) binding sites upstream of transcriptional start 

sites (Li et al., 2007). Binding of activators to this region in the promoter signals 

for recruitment of co-activators such as Mediator, the Spt-Ada-Gcn5 histone 

acetyltransferase (SAGA) complex and ATP-dependent chromatin remodellers. 

Together, these factors function to alter local chromatin structure, promoting 

stronger binding of activators, and increasing DNA accessibility (Figure 1.1). This 

sequence of events is required for the assembly of the general transcription 

machinery (Smolle and Workman, 2013).
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Figure 1.1: Activators recruit complexes required for transcription to the 

nucleosome free region upstream of the TSS. Many gene promoters in yeast 

contain a nucleosome free region (NFR) that is flanked by two well-positioned 

nucleosomes (-1 and +1). Activators have the ability to bind in this region 

upstream of the transcriptional start site (black arrow) and recruit co-activator 

complexes. These complexes play a role in local chromatin remodelling which 

increases DNA accessibility.
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1.2.2 Formation of the pre-initiation complex promotes transcription

A series of protein-protein interactions results in the recruitment of RNAP II and 

the general transcription factors (GTFs) that form the pre-initiation complex (PIC). 

The minimum set of factors required for PIC formation includes RNAP II 

(including Rpb3 and Rpb1) and the GTFs, TFIIB, TFIID (which includes the 

TATA-binding protein, TBP), TFIIE, TFIIF and TFIIH (Nechaev and Adelman, 

2011). A recent study used technical advances in cryo-electron microscopy (cryo- 

EM) and chemical cross-linking to report the structure of the PIC assembled with 

RNAP II and promoter DNA for the first time (Murakami et al., 2013). A section 

through the cyro-EM structure of the complete PIC and its interaction with 

promoter DNA are shown in Figure 1.2 A. Many subunits of the PIC interact 

directly with the promoter DNA, including the TFIID (TBP) protein that can 

associate with the TATA box in gene promoters region. Interestingly, there are 

also subsets of genes in S. cerevisiae that do not contain a TATA box in their 

promoters.

Genome wide occupancy profiling of many of the factors associated with 

transcription in proliferating yeast by Mayer et al. (2010) showed that the GTFs, 

TFIIB, TFIIH (Kin28) and TFIIF displayed a single strong peak 50-30 nucleotides 

(nt) upstream of the transcriptional start site (TSS) with an abrupt decline in 

occupancy in the open reading frame (ORF). Following PIC formation local DNA 

melting occurs, initially upstream of the TSS before progressing into the region 

containing the TSS (Figure 1.2 B). This initial DNA melting is driven by the 

Rad25 component of TFIIH, and allows RNAP II to access the single stranded 

DNA template (Smolle and Workman, 2013).
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Figure 1.2: The location of general transcription factors and promoter DNA 

in the pre-initiation complex. (A) A cross section through the cryo-EM structure 

of the entire PIC. The location of RNAP I! (pol II) and the GTFs including TFIIA, 

TFIIB (C-terminal domain), TBP subunit of TFIID, TFIIE, TFIIK subunits Ssl2 

(helicase module) and TFIIK (kinase module) are indicated. The location of the 

DNA is indicated by the double helix. TFIIF is not present in this section. (B) The 

interaction between members of the PIC and the yeast HIS4 promoter region. 

The promoter DNA is depicted in gray with positions relative to the transcription 

start site (TSS) indicated. The TATA box spans positions from -63 to -56 while 

the dashed box indicates the transcription bubble formed upon initial promoter 

melting. Red shading indicates putative interactions. Figures taken from 

Murakami et al. (2013)
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1.2.3 Dynamic Rbp1 phosphorylation coordinates the transcription cycle

Rpb1, the largest subunit of RNAP II, contains a C-terminal repeat domain 

(CTD). This domain is highly conserved among eukaryotes, spanning between 

25 and 52 tandem repeats comprised of the consensus heptad repeat sequence 

Tyr1-Ser2-Pro3-Thr4-Ser5-Pro6-Ser7. The CTD of S. cerevisiae has 26 repeats, 

nearly all of which obey the consensus sequence (Meinhart et al., 2005). Studies 

have shown that while the CTD is dispensable for RNAP II activity, any deletion 

of CTD repeats, alteration of sequence, or extensive truncations of the CTD is 

lethal (Heidemann et al., 2013; Phatnani and Greenleaf, 2006). During the 

transcription cycle the CTD provides a docking site for a multitude of factors 

(Buratowski, 2009). The dynamic nature of CTD modifications facilitates the 

coordinated binding of factors across the gene body. All seven residues within 

the heptad repeat can be modified. Tyrosine (Tyr), threonine (Thr) and all three 

senne (Ser) residues are subject to phosphorylation, and both proline (Pro) 

residues can switch between a cis- and frans-confirmation via an isomerization 

event (Heidemann et al., 2013).

During the formation of the PIC the CTD remains largely unmodified. However, 

during initiation the protein kinase Kin28 phosphorylates the Ser5 residue (Figure 

1.3). This destabilises the PIC and enables RNAP II escape into early elongation 

(Smolle and Workman, 2013). Ser5 phosphorylation (Ser5-P) occupancy shows 

a broad peak at around 120 bp downstream of the TSS followed by depletion 

towards the 3’ end of genes (Mayer et al., 2010). Interestingly, the mRNA 

capping enzyme Cetl shows a similar pattern of distribution to Ser5-P. It has 

been suggested that this may provide evidence for the coupling of Rpbl CTD 

phosphorylation and the capping process (Mayer et al., 2010). Ser5-P also plays 

a role in linking transcription and methylation at lysine 4 on histone H3 (H3K4). 

Ser5-P has been shown to recruit the H3K4-specific histone methyltransferase 

(HMT), S e tl, to the 5’ end of genes. Another factor necessary for H3K4 

methylation is the evolutionary conserved PAF complex, a transcription 

elongation factor that also interacts with Ser5-P (Ng et al., 2003) (Section 1.3). 

Proper progression through the transcription cycle requires both the addition and 

removal of all three phosphorylation marks on the CTD at specific stages of the
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cycle. The phosphatase Ssu72 has been identified as the primary Ser5-P 

phosphatase, which dephosphorylates Ser5 (Heidemann et al., 2013).

Kin28 also phosphorylates Ser7 at the 5’ end of genes. However, unlike Ser5-P, 

Ser7 phosphorylation (Ser7-P) is present across the entire body of the gene. This 

pattern of distribution is facilitated by another kinase. Burl. Burl travels with 

elongating RNAP II during transcription and phosphorylates Ser7 across the 

entire body of the gene during elongation. The exact function of Ser7-P remains 

unclear but the discovery of Ssu72 as its primary phosphatase highlights a close 

connection between Ser5-P and Ser7-P and a possible functional overlap 

(Heidemann et al., 2013).

1.2.4 Elongation and termination of transcription

Transcription elongation begins following the Kin28-dependent release of RNAP 

I! from the GTFs and its progression into the ORF. The transition from initiation 

to the elongation phase of the transcription cycle requires serine 2 

phosphorylation. Ser5-P mediates the recruitment of two more kinases to the 

CTD, both of which contribute to promote Ser2 phosphorylation (Ser2-P) in S. 

cerevisiae (Figure 1.3). The Ser7-P kinase, Burl, which is recruited directly by 

Ser5-P also phosphorylates Ser2 in collaboration with the Ctk1/Ctk2 kinase pair 

(Heidemann et al., 2013).

Ser2 CTD phosphorylation (Ser2-P) provides a platform for the assembly of a 

number of complexes that travel along the gene with elongating RNAP II. 

Factors recruited by Ser2-P include both elongation and termination factors such 

as the histone methyltransferase (HMT) enzyme, Set2, and the polyadenylation 

factor, P c fll (Buratowski, 2009; Nechaev and Adelman, 2011). Consistent with 

its role in the recruitment of elongation and termination factors, Ser2-P is present 

across the transcribed region and peaks at the 3’ end of the gene (Figure 1.3). 

The Ser2-specific kinases Burl and Ctkl share similar enrichment profiles to 

Ser2-P itself, and they are enriched during the 5’ transition to elongation and 

persist across the transcribed region (Mayer et al., 2010). Similar to Ser5-P, 

Ser2-P plays a role in establishing histone PTM profiles across transcribed
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regions. Specifically, Ser2-P recruits the histone H3 lysine 36 (H3K36) -specific 

HMT, Set2, resulting in H3K36 methylation (Krogan et al., 2003). The interplay 

between Set2 and Ser2-P confines H3K36 methylation within the ORF of actively 

transcribed with a distinct bias towards the 3’ end of these genes (Section 1.3).

The phosphatase Fcp1 also travels with RNAP I! along the transcribed region. 

When the transcription machinery reaches the end of the gene, Fcp1 actively 

removes Ser2-P (Heidemann et al., 2013). Termination of most full-length RNAP 

II transcripts occurs via the canonical cleavage and polyadenylation pathway, but 

other distinct pathways have also been identified. Following cleavage and 

termination, the hypo-phosphorylated RNAP II can by recycled and may enter 

another round of transcription (Nechaev and Adelman, 2011).
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Figure 1.3: Dynamic C-terminal domain phosphorylation of Rbp1 plays a 

role throughout the transcription cycle. The RNAP II complex (blue oval) is 

recruited to the promoter region upstream of the TSS at which point the Rpb1 

subunit (lilac oval) has an unmodified C-terminal domain (black line). During 

transcription initiation the CTD of Rbp1 becomes phosphorylated at Ser5 in the 

heptad repeat (red circle). As RNAP II transitions to its elongation form, Ser2 

becomes phosphorylated (blue circle) and thus a hyper-phosphorylated CTD Is 

present. As RNAP II moves from the centre of the gene to the 3’ end, Ser 5 

phosphorylation is actively removed. These unique phosphorylation profiles 

allow distinct phases of the transcription cycle to be identified. Figure adapted 

from Phatnani and Greenleaf (2006)
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1.3 Chromatin as a barrier to transcription

It has long been known that chromatin structure is generally antagonistic to 

transcription. The nucleosome is the primary subunit of chromatin and is made 

up of 146 bp of DNA wrapped around a core protein octamer (Figure 1.4). The 

protein octamer is made up of four unique histone proteins in the form of a single 

(H3-H4)2 tetramer and two H2A-H2B dimers. There are 14 individual points of 

contact between the histone octamer and the double-stranded DNA template 

(Luger et al., 1997). This multitude of interactions makes the nucleosome one of 

the most stable protein-DNA complexes under physiological conditions. The high 

stability of the histone-DNA interactions assists in the packaging of DNA but also 

acts a barrier to events that require access to the DNA, including transcription. 

However, the structure of local and more extensive regions of chromatin can be 

altered enabling access to the underlying DNA to allow processes such as 

transcription to take place (Li et al., 2007).

There are three main mechanisms by which the alteration or “remodelling” of the 

repressive nucleosome structure can occur (Figure 1.5). Firstly, chromatin- 

remodelling enzymes may slide or evict individual histones or entire nucleosomes 

by breaking the DNA-protein contacts (Figure 1.5 B) (Struhl and Segal, 2013). 

This process enables RNAP II and its associated factors access to the DNA 

template. Importantly, many of these remodelling complexes contain subunits 

with histone chaperone activity or subunits that associate with histone 

chaperones. This assists subsequent reassembly of nucleosomes, which is 

required in the wake of transcription to maintain chromatin integrity (Clapier and 

Cairns, 2009).

Another mechanism to alter chromatin structure is the incorporation of histone 

variants (Figure 1.5 C). Histone H2A.Z is an important highly conserved histone 

variant (Redon et al., 2002). The H2A histone variant in S. cerevisiae is called 

H tz l. The presence of H tzl in nucleosomes around the TSS in the promoter of 

genes is inversely proportional to the transcription rate, and it has been 

suggested that the presence of H tzl at gene promoters may poise them for 

activation (Zhang et al., 2005). The incorporation and removal of H tzl is tightly
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regulated by the antagonistic activities of the chromatin remodelling complexes 

Swr1 and Ino80, respectively (Smolle and Workman, 2013; Zhang et al., 2005). 

Another non-canonical histone that acts as a barrier to transcription is the H1-like 

linker histone, Hho1. In S. cerevisiae the exact role of Hho1 is not clear. 

However, Hho1 has been shown to play a role in chromatin compaction during 

stationary phase thus providing another obstacle to DNA access (Schafer et al., 

2008).

The third major mechanism that can lead to either increased or decreased 

accessibility to DNA by RNAP II is the post-translation modification of histones 

(Figure 1.5 D). Post-translational modifications (PTMs) have the ability to directly 

remodel local chromatin structure or can recruit additional factors with the ability 

to alter chromatin. Many residues within the nucleosome core and the protruding 

histone tails have the ability to be modified, with lysine residues particularly 

susceptible to modification (Li et al., 2007; Shilatifard, 2006; Smolle and 

Workman, 2013). The following section discusses in more detail the regulation 

and role of multiple important histone modifications.
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H3 □ H4 □ H2A □ H2B □
Figure 1.4: The nucleosome is a liiglily stable structure due to multiple 

protein-DNA interactions. In 1997 a high-resolution crystal structure of the 

nucleosome was published (Luger et al.). This study identified 14 unique 

proteins-DNA interactions that give rise to the highly stable nucleosome 

structure. Ribbon traces depict the DNA backbones (brown and turquoise) and 

the eight histone protein main chains (H3; blue, H4; green, H2A; yellow and H4; 

red). Figure adapted from Luger e ta l. (1997)
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Figure 1.5: Mechanisms of chromatin remodelling. (A) Chromatin structure 

and nucleosomes (blue cylinders) are generally considered repressive and act as 

a barrier to transcription and other events which require access to the DNA. 

Black lines represent DNA with black arrows representing transcriptional start 

sites. (B) ATP-dependent chromatin remodelling complexes have the ability to 

dismantle, slide or evict individual histones or entire nucleosomes by breaking 

DNA-protein contacts. This exposes regions of DNA such as the TSS and 

promoter region, increasing accessibility. (C) The incorporation of the H2A 

histone variant Htz1 has been suggested to alter promoter chromatin structure 

and poise genes for activation. The antagonistic interplay between the chromatin 

remodellers Swr1 and Ino80 controls this event. (D) Post-translation modification 

of histones tails by the addition of small molecules including acetyl- and methyl- 

groups by regulatory enzymes alters local chromatin structure. The interplay 

between positive and negative regulators of PTMs allows for dynamic changes in 

localized regions. Blue and orange lines represent acetylated and methylated 

histone tails respectively.
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1.4 Histone post-translational modifications in S. cerevisiae

Lysine residues in both N- and C- terminal tail regions as well as the globular 

domain of histone proteins are subject to post-translational modifications. The 

most common and well-studied lysine modifications are acetylation, methylation 

and ubiquitylation (Figure 1.6). These histone PTMs are known to play a vital role 

in many processes including, transcription. At actively transcribed genes, PTMs 

are known to alter local chromatin structure to allow access to DNA and to 

provide a scaffold to which other proteins and modifying enzymes can bind (Li et 

al., 2007; Shilatifard, 2006). This change in chromatin structure and recruitment 

of factors can lead to gene activation.

Histone PTMs can also have repressive roles including mediating the re

deposition and recycling of histones to prevent cryptic transcription. For 

example, histone H2B lysine 123 mono-ubiquitylation (H2Bub1) is required for 

the efficient reassembly of nucleosomes in the wake of elongating RNAP II, and 

histone H3 lysine 56 acetylation (H3K56ac) has a role in deposition of newly 

synthesized histones during replication (Fleming et al., 2008; Li et al., 2008). 

Histone PTMs are dynamic, and their addition and removal is tightly regulated by 

a multitude of factors. The following sections describe the regulation of a number 

of key histone lysine PTMs and their roles in transcription.
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Figure 1.6: Key histone post-translation modifications in S. cerevisiae.

Residues within both the N- and C- terminal tails (dashed lines) of histones and 

the histone globular domains are the substrate for histone post-translation 

modifications. Lysine (K) residues are the predominant sites of these 

modification and the best-studied PTMs associated with transcription. These 

residues can be acetylated (light blue circle), methylated (green circle) and 

ubiquitylated (orange circle), amongst other modifications. The modifications 

shown above only represent the subset of PTMs under investigation in this 

project (Millar and Grunstein, 2006).
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1.4.1 Acetylation of histones H3 and H4

N-terminal tails of histones H3 and H4 can be acetylated at multiple conserved 

lysine residues neutralizing the associated positive charge (Workman and 

Kingston, 1998). Neutralizing the charge of lysine residues has the potential to 

unfold chromatin by disrupting histone-DNA interactions, thus allowing easier 

access to the DNA during transcription. In general, active genes are enriched for 

acetylated histones predominately at the promoter region and TSS. Acetylation 

then drops significantly across the open reading frames (ORFs) (Pokholok et al., 

2005).

Yeast contains many histone acetyltransferase enzymes (HATs) that catalyse the 

addition of acetyl moieties to lysine residues. The HATs, Gcn5 and Esa1, are the 

catalytic subunits of the SAGA and NuA4 complexes, respectively, and acetylate 

histones in the promoter region of genes (Allard et al., 1999; Grant et al., 1997). 

Histone H3 lysine 9 acetylation (H3K9ac) and lysine 14 acetylation (H3K14ac) 

are among the modifications added by Gcn5. E sa l, on the other hand, 

acetylates four lysine residues (K5, -K8, -K12 and -K16) on the N-terminal tail of 

histone H4. There is a positive correlation between histone acetylation, Esal 

and Gcn5, and transcriptional activity. Both acetylation and the HATs are 

enriched at the promoter and the 5’ ends of the genes of transcriptionally active 

genes, with the enrichment decreasing across the gene body (Figure 1.7) 

(Pokholok et al., 2005; Robert et al., 2004). Studies of classic yeast genes such 

as P H 05  and GAL1 have shown that DNA binding factors actively recruit the 

Gcn5 and Esal containing complexes to nucleosomes located in gene promoter 

regions (Barbaric et al., 2003; Dhasarathy and Kladde, 2005; Nourani et al., 

2004).

Histone acetylation, like other modifications is dynamic and is regulated by the 

opposing activities of HATs and histone deacetylases (HDACs), which remove 

acetyl marks (Figure 1.8). This antagonistic relationship between HATs and 

HDACs plays an important role in transcription regulation. Studies have shown 

that HDACs are recruited to specific subsets of genes with distinct cellular 

functions, which has been suggested to be in contrast to the more promiscuous 

nature of HATs (Bernstein et al., 2000). In S. cerevisiae there are three main
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classes of HDACs. The class I family of HDACs contains three members (Rpd3, 

Hos2 and Hos1); there are two class I! HDACs (Hda1 and Hos3); and a number 

of class III HDACs also termed Sirtuins, which include Sir2 (Ekwall, 2005). A 

study by Bernstein et al. (2000) found that Rpd3, Hda1 and Sir2 have 

overlapping and distinct roles in transcription. This study showed that Hda1, but 

not Rpd3 or Sir2, plays a role in repression of genes associated with carbon 

metabolite and carbohydrate utilization and transport genes. Rpd3, on the other 

hand, has a distinct role in the regulation of a subset of genes that fluctuate 

during cell cycle progression.

Histone acetylation, HATs and HDACs also have important roles in gene 

silencing and DNA replication (Moazed, 2001; Suka et al., 2002). Sir2, the first 

sirtuin to be identified in S. cerevisiae, establishes and maintains gene silencing 

within yeast heterochromatin-like regions, including telomeres, ribosomal DNA 

(rDNA) repeats, and the silenced mating-type loci {HML and HML) by actively 

removing H4 lysine 16 acetylation (H4K16ac) and recruiting silencing proteins 

(Moazed, 2001). The antagonistic interaction between Sir2 HDAC and the Sas2 

HAT creates a gradient of histone acetylation that acts as a barrier to regulate 

gene silencing (Suka et al., 2002).

Acetylation of lysine 56 on histone H3 has been implicated in nucleosome 

dynamics during DNA replication, DNA damage repair and during gene 

transcription (Chen et al., 2008; Li et al., 2008; Williams et al., 2008). During 

transcription-dependent disassembly of promoter nucleosomes, the histone 

acetyl transferase, Rtt109, and the histone chaperone A s fl co-operate to 

acetylate the evicted H3 on lysine 56 (H3K56ac) (Williams et al., 2008). This 

acetylation event facilitates the re-deposition of histones and the levels of 

H3K56ac are then dramatically reduced during nucleosome reassembly in the 

wake elongating RNAP II. Similar mechanisms are utilized during DNA 

replication and repair. For example, double strand break (DSB) repair is 

completed by the Asf1-dependent acetylation of H3K56 via Rtt109 following 

eviction of H3 from the site at which the DSB occurs, an event that promotes 

chromatin reassembly (Chen et al., 2008). Finally, during DNA replication 

H3K56ac promotes the assembly of newly synthesized histones onto replicated
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DNA to form nucleosomes (Li et al., 2008). H3K56ac plays a role in this process 

by increasing the affinity of the chromatin assembly factor 1, CAF1, for histone 

H3 prior to the CAF1-mediated re-deposition of H3 onto DNA. This process is 

critical for maintaining genome stability during DNA replication.
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Figure 1.7: Histone PTMs show unique distribution profiles across gene 

promoters and coding region. Schematic showing the classic distribution of 

key histone modifications across a gene promoter, and the open reading frame 

(ORF). The promoter and the 5’ and 3’ of the ORF are labelled. The shaded 

rectangle or triangles denote PTM profiles. Dashed lines represent the 

transcription start and termination sites (TSS and TTS respectively). H3 and H4 

acetylation is enriched within the promoter and displays a 5’ bias within the ORF. 

H2B ubiquitylation is enriched throughout the coding region whereas H3K4me3 

and H3K36me3 have distinct 5’ and 3’ ORF enrichment pattern. H3K79 

methylation in enriched throughout the ORF irrespective of methylation state. 

Figure adapted from Li et al. (2007).
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Figure 1.8: Histone lysine acetylation at promoter regions plays a role in 

gene activation. Chromatin can be remodelled by acetylation of histone N- 

terminal tails (orange lines) at actively transcribed genes, with acetylation 

showing a bias towards nucleosomes in promoter regions. Histone tail 

acetylation neutralizes the positive charge of the proteins, leading to a less 

compact chromatin structure and increasing DNA accessibility. Acetylation is 

dynamic in nature and catalysed by the antagonistic interplay between HATs and 

HDACs. A black arrow represents the TSS and a red cross depicts transcription 

repression.
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1.4.2 Histone monoubiquitylation is an important modification required for 

histone reassembly and histone “crosstalk”

The large 76 amino acid protein, ubiquitin, can be attached to proteins by a 

pathway involving a series of enzymatic reactions (Osley, 2006). The process 

starts with the ATP-dependent activation of ubiquitin by an ubiquitin-activating 

enzyme (E1). Activated ubiquitin is then conjugated to an ubiquitin-conjugating 

enzyme (E2) via a thioester bond. During the final step of the reaction, ubiquitin 

is transferred to a lysine residue on a particular substrate with the help of a 

ubiquitin ligase (E3) (Osley, 2006). Proteins can be mono- or polyubiquitylated, 

and the cellular fates of each of the differently modified proteins are distinct. 

Polyubiquitylated proteins are generally marked for degradation by the 26S 

proteasome. However, mono-ubiquitylated proteins remain stable and the 

ubiquitin-modified proteins can play a regulatory role. All four core histones, 

histone H1 and histone variants including H2A.Z can be monoubiquitylated in 

vertebrates (Jason et al., 2002). However, in S. cerevisiae, only 

monoubiquitylated histone H2B (H2Bub1) has been identified (Robzyk et al., 

2000). Yeast H2B is monoubiquitylated in the C-terminal tail at lysine residue 

123 (H2BK123ub), and remains a stable component of chromatin. In higher 

eukaryotes H2B is monoubiquitylated on lysine 120 of histone H3.

In S. cerevisiae the E2 and E3 enzymes, Rad6 and Brel respectively, control the 

addition of ubiquitin to H2B lysine 123 (Hwang et al., 2003; Robzyk et al., 2000). 

Rad6 and Brel are recruited to promoter regions through their interaction with 

transcriptional activators, but they initially remain inactive (Kao et al., 2004). 

However, during transcription initiation Rad6 and Brel associate with RNAP II via 

the PAF complex and become active. The PAF complex tethers Rad6 and Brel 

to elongating RNAP II resulting in ubiquitylation in the promoter region and 

across the ORF of highly active genes (Xiao et al., 2005).

H2B ubiquitylation is dynamically regulated at promoters and coding regions 

during transcription in yeast. In S. cerevisiae, the ubiquitin protease (Ubp) Ubp8, 

catalyses the removal of ubiquitin from H2B at actively transcribed genes. Ubp8 

is a subunit of the Spt-Ada-Gcn5 acetyltransferase (SAGA) complex, which
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tracks with elongating RNAP II. Thus, the machinery regulating both the addition 

and removal of H2Bub accompany RNAP II during transcription elongation, 

resulting in the transient ubiquitylation of H2B across highly transcribed genes. 

Interestingly, both the addition and removal of H2Bub1 are required for the 

efficient transcription of target genes (Henry et al., 2003).

A second Ubp, Ubp10, preferentially targets regions associated with 

transcriptional silencing, such as telomere-proximal regions for H2B 

deubiquitylation (Osley, 2006). However, a recent study by Schulze et al. (2011) 

proposed a model in which a division of labour between Ubp8 and Ubp10 

removes H2Bub1 from longer genes. In this model Ubp8, is associated with 

deubiquitylation in the promoter and 5’ region of the ORF, whereas Ubp10 

actively removes ubiquitin in the 3’ region of the gene. Recruitment of Ubp8 to 

promoter regions is thought to occur via its interaction with Susi, another subunit 

of the SAGA complex (Kohler et al., 2006). However, UbpIO has yet to be 

identified as part of a complex and the mechanism of its recruitment to chromatin 

remains to be determined (Weake and Workman, 2008).

H2Bub1 has been associated with active transcription in both yeast and humans 

(Fleming et al., 2008; Minsky et a!., 2008; Pavri et al., 2006). During the initiation 

to elongation transition the PAF complex recruits the ubiquitylation machinery 

and the FACT complex. H2Bub1 facilitates FACT dependent H2A/H2B dimer 

displacement enabling RNAP II progression (Pavri et al., 2006). Evidence 

suggests that H2B ubiquitylation also plays a role in regulation of nucleosome 

reassembly in the wake of elongating RNAP II. This is proposed to occur via the 

functional interaction of H2Bub1 with the histone chaperone Spt16, which 

enables the restoration of chromatin structure during elongation thus preventing 

cryptic transcription (Fleming et a!., 2008). Interestingly, H2Bub1 has also been 

implicated in increased nucleosome stability during transcription due to the 

retention of H2A-H2B during elongation (Chandrasekharan et al., 2009).

Carbohydrates have been shown to be potent inducers of H2B monoubquitylation 

in yeast, thus linking the metabolic state of the cell and regulation of histone 

PTMs (Dong and Xu, 2004). Conversely, in response to the depletion of glucose
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prior to stationary phase, global deubiquitylation of H2B occurs (Dong and Xu, 

2004; Osley, 2006). However, the Ubps responsible for the removal of H2Bub 

during stationary phase are not currently known. Indeed, single gene deletions of 

each of the sixteen Ubps found in yeast does not prevent the loss of H2Bub 

during stationary phase (personal communication with Mary Ann Osley).

Interestingly, H2Bub1 plays a role in the unidirectional regulation of histone H3 

methylation of lysine 4 (K4) and 79 (K79) via a mechanism known as trans- 

histone crosstalk (Nakanishi et al., 2009). Models for this are discussed in the 

following sections. In summary, the addition and removal of H2B ubiquitylation is 

pivotal in the regulation of transcription either directly, or via the activity of other 

histone modifications and proteins.

1.4.3 Histone methylation is coupled with active transcription

Histones can be methylated on either arginine or lysine residues. Histone lysine 

residues are methylated by either SET domain- or non-SET domain-containing 

enzymes called lysine histone methyltransferases (HMTs). The addition of 

methyl groups to histones is achieved by the enzymatic transfer from the donor 

S-adenosylmethionine (SAM) to the exposed nitrogen molecule on the side-chain 

of lysine residues (Figure 1.9) (Kouzarides, 2007). HMTs have been grouped 

into several classes including SET domain containing HMTs that target lysines 4, 

9, 27, and 36 of histone H3 and the non-SET domain containing HMT Dot1 

involved in methylating lysine 79 of histone H3 (Kouzarides, 2007; Shilatifard, 

2006). Methylation at many specific histone residues correlates strongly with 

either activation or repression of transcription. For example, H3K4, H3K36 and 

H3K79 methylation are present at high levels at actively transcribed genes, while 

conversely, transcriptionally inactive regions are enriched in H3K9, H3K27 and 

H4K20 methylation (Kim and Buratowski, 2009). Extra complexity is provided at 

these residues as methylation can be found in three forms: mono-, di- or 

trimethylation. The many residues that are targets for histone methylation, 

combined with the three methylation states, leads to a complex methylation 

landscape that permits a wide range of functional diversity.
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Figure 1.9: Structure of the unmodified and the methylated forms of the 

lysine residue. The exposed nitrogen (NHa'") on the side chains of lysine 

residues can be mono-, di- or trimethylated by lysine specific histone 

methyltransferases (KHMT). Figure adapted from Shilatifard (2006)
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1.4.3.1 H3K4 methylation occurs at promoters of actively transcribed genes

Histone H3 lysine 4 (H3K4) is a well-studied histone residue targeted for 

nnethylation. Studies have shown the innportance of H3K4 methylation (H3K4me) 

in many biological processes in a wide variety of species. The localization and 

function of H3K4 methylation is highly conserved throughout many organisms. In 

budding yeast the Set1 enzyme catalyses the methylation of H3K4 (Figure 1.10). 

Setl is the catalytic subunit of the COMPASS (complex proteins associated with 

S e tl)  complex and it is recruited to genes during the transition of RNAP II from its 

initiating to elongating form (Li et al., 2007; Shilatifard, 2006). Setl recruitment is 

dependent on both the RAF complex and TFIIH-dependent phosphorylation of 

the RNAP II CTD at serine 5 by Kin28. H3K4me enrichment has been shown to 

occur at gene promoters and in the 5’ end of ORFs (Figure 1.7). The 5’ bias of 

CTD Ser5-P limits H3K4me to this region of the gene. The transition from Ser5-P 

to Ser2-P associated with elongating RNAP II leads to the dissociation of Setl 

and the absence of H3K4me from the 3’ gene regions (Ng et al., 2003).

Pokholok et al. (2005) showed that peaks of histone H3K4 trimethylation 

(H3K4me3) occurred at the 5’ end of actively transcribed genes with the profiles 

of mono- and di-methylated histones showing distinct patterns of enrichment. 

Dimethylated H3K4 (H3K4me2) was most enriched in the middle coding regions 

and monomethylated (H3K4me1) showed a 3’ gene bias (See Figure 1.7). One 

hypothesis to account for this distribution is that H3K4me1 occurs at a basal 

level, uncoupled from RNAP II. The association of Setl with elongating RNAP II 

at the beginning of the ORF allows conversion of H3K4me1 into H3K4me2 and 

eventually into H3K4me3 (Li et al., 2007). A study by Dehe et al. (2005) 

supported this model by showing that in the absence of a functional PAF complex 

H3K4me2 and H3K4me3 were eliminated from genes but H3K4me1 was 

unaffected, and in fact increased at 5’ ORF regions. Therefore, Setl can catalyse 

H3K4me1 independent of PAF, but both PAF and the Ser5-P form of RNAP II are 

essential for H3K4me2 and H3K4me3.

In studies by Dover et al. (2002) and Sun and Allis (2002), Rad6, the E2 

ubiquitin-conjugating enzyme involved in catalysing H2BKub1 was shown to be
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required for H3K4me2 and H3K4me3. A variety of other mutants, including 

BRE1 and PAF1 deletion mutants, that prevent H2Bub1 were also shown to 

abolish histone H3K4 di- and tri-methylation (Hwang et al., 2003; Wood et al., 

2003). This process, whereby one PTM has a role in the regulation of another, 

has been termed “histone crosstalk” . At least three evidence-based models for 

the mechanism of H2Bub1 dependent H3K4 methylation have been suggested. 

First, H2Bub1 may change the configuration of the nucleosome making the H3 

tail more accessible to Set1. A second model suggests H2Bub1 may tether Set1 

to the nucleosome to increase its residency time. The third model suggests a 

direct interaction between H2Bub1 and Set1 that alters enzyme activity (Soares 

and Buratowski, 2013). Two recent studies carried out in vitro using 

reconstituted yeast COMPASS or its mammalian homologue MML1 suggested 

that H2Bub1 enhanced Set1 methyltransferase activity (Kim et al., 2013; Wu et 

al., 2013). A conclusive argument for a single mechanism of regulation has yet 

to be presented. Thus, it may be the case that all of the models are valid.

Initially, H3K4 methylation was thought to be a stable histone modification. 

However, since the discovery of the first lysine specific histone demethylase, 

LSD1, nearly a decade ago, the dynamic nature of this modification is becoming 

clearer (Shi et al., 2004). The discovery of LSD1 demonstrated that histone 

methylation was enzymatically reversible and highly dynamic. LSD1 was shown 

to be highly specific to mono- and di- methylated H3 lysine 4 histones, and was 

conserved from fungi (excluding S. cerevisiae species) to mammals (Shi et al., 

2004; Shi and Whetstine, 2007). Subsequently, a second class of histone lysine 

demethylases capably of targeting di- and tri-methylated histones was 

discovered. These histone demethylases were unique in that they contained 

Jumonji (JmjC) domains.

Currently no LSD1 homolog has been identified in S. cerevisiae. However, the 

JmjC domain containing protein Jhd2 was identified as the yeast H3K4-specific 

demethylase (Figure 1.10) (Seward et al., 2007). In S. cerevisiae, Jhd2 targets 

both di- and tri-methylated H3K4 histones, although its activity can only be 

observed in the absence of Setl. This highlights that in yeast, histone H3K4 

demethylation is normally continuously countered by on-going methylation by
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Set1. A further level of H3K4 methylation regulation involving H3K14 acetylation 

has also recently been identified (Maltby et al., 2012). The data suggest that 

acetylation of H3K14 in the promoter region of actively transcribed genes 

negatively regulates demethylation by Jhd2, ultimately yielding increased H3K4 

methylation levels. It has been proposed that the interplay between H3K4 

demethylation and histone acetylation could be a means of fine-tuning 

methylation profiles at actively transcribed genes.
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Figure 1.10: Histone methylation is dynamically regulated by histone 

methylating and de-methylating enzymes. During transcription lysine residues 

within the both the N-terminal tails and the globular domains of H3 histones 

become methylated (blue, green and red lines). This process is regulated by the 

antagonistic interplay of histone methyltransferase and histone demethylase 

enzymes. H3K4 is methylated (blue lines) by Set1 and demethylated by the Jhd2 

demethylase. H3K36 methylation by Set2 (green lines) is antagonized by the 

H3K36 specific demethylases, Rph1 and Jhd1. There is no known H3K79 

specific demethylase that antagonizes the Dot1 dependent methylation process 

(red lines).
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1.4.3.2 H3K4 methylation has positive and negative roles in transcription

H3K4 methylation has long been linked to transcription but the exact nature of 

this relationship is poorly understood. However, Set1-mediated H3K4 

methylation has now been assigned both positive and negative roles in regulating 

transcription of specific subsets of genes. For example, H3K4me positively 

regulates a subset of genes that includes IN01 and MET16, but negatively 

regulates another subset of genes containing PH05  and GAL1-10 (Carvin and 

Kladde, 2004; Santos-Rosa et al., 2002).

Some chromatin-remodelling and histone-modification complexes contain 

subunits with PHD domains that recognize H3K4 methylation leading to their 

recruitment. This recruitment of complexes can result in either the activation or 

repression of transcription (Zhang, 2006). H3K4me has recently been implicated 

in the short-term memory of transcription at inducible genes. It has been 

suggested that transient H3K4me established by recent transcription reduces the 

possibility of gene reactivation through recruitment of the Isw1 chromatin 

remodelling complex, which establishes a repressive chromatin structure (Zhou 

and Zhou, 2011). In addition, H3K4me2 has been shown to promote recruitment 

of the Set3 HDAC complex to 5’ transcribed regions. This 5’ specific Set3- 

mediated deacetylation again establishes a repressive chromatin structure, which 

inhibits cryptic transcription initiation from within genes (Kim and Buratowski, 

2009; Kim et al., 2012). It is also important to mention that in higher eukaryotes 

including mammals, H3K4me1 is most enriched at enhancer elements and is 

involved in the recruitment of gene specific activators (Heintzman et al., 2007; Hu 

et al., 2013). The recruitment of activators to enhancer elements can lead to 

activation of genes up to 1 Mega bp away (Pennacchio et al., 2013).

1.4.3.3 H3K36 methylation has a role in preventing cryptic transcription

Histone H3 lysine 36 methylation (H3K36me) is another methylation event driven 

by a member of the SET-domain-containing family of HMTs, Set2 (Figure 1.10). 

In yeast, Set2 is non-essential and performs all three methylation reactions at 

H3K36. Interestingly, mammalian H3K36me is catalysed by a number of HMTs
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with differing methylation state bias (Wagner and Carpenter, 2012). Like 

H3K4me, methylation of H3K36 has been linked with transcription via the 

interaction of Set2 with RNAP II. Set2 associates with the Ser2-P form of 

elongating RNAP I! in an interaction that is dependent on the PAF complex and 

the RNAP II specific kinase Ctk1 (Krogan et al., 2003; Wagner and Carpenter, 

2012). Set2 is recruited during transcription elongation via the hyper- 

phosphorylated CTD of Rbpl. It is thought that both Ser5 and Ser2 CTD 

phosphorylation are required for optimal H3K36me (Krogan et al., 2003). 

Genome-wide analysis of H3K36me enrichment has shown that in contrast to the 

pattern observed for H3K4me, H3K36 trimethylation (H3K36me3) is enriched 

across the gene coding regions, peaking near the 3’ region of genes (Figure 1.7) 

(Pokholok et al., 2005). Dimethylation of H3K36 appears to be uniformly 

distributed across the gene but is not correlated with transcription. On the other 

hand, the H3K36me3 3’ ORF bias is positively correlated with the rate of 

transcription. This suggests that the levels of H3K36 methylation and the distinct 

enrichment patterns might reflect distinct roles for the two modification states 

(Fuchs et al., 2012).

In S. cerevisiae two H3K36me-specific demethylases have been identified 

(Figure 1.10). Rphi and Jhdl, are H3K36me-specific demethylases that are 

members of the same family of JmjC domain-containing proteins as Jhd2. Rphi 

is specific for the di-methylated form of H3K36 whereas Jhdl targets both the di- 

and tri-methylated forms of H3K36 (Kim and Buratowski, 2007; Tsukada et al., 

2006). The antagonistic relationship between Set2 and the H3K36 demethylases 

has provided valuable insight into the function of this histone modification.

One well established function of Set2 mediated H3K36me is the repression of 

spurious transcription initiation from within coding sequences. H3K36 

methylation recruits the Rpd3S deacetylase complex to intragenic regions via the 

chromodomain containing subunit Eaf1. Rpd3S then deacetylates intragenic 

histones in the wake of elongating RNAP II, enabling restoration of a repressive 

chromatin structure and thus preventing cryptic transcription initiation (Carrozza 

et al., 2005; Joshi and Struhl, 2005). A study by Li et al. (2009) showed Rpd3S 

had a high affinity for both the di- and tri-methylated states of H3K36 but did not
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bind monomethylated H3K36. This study also suggested that although 

H3K36me2 and H3K36me3 might play redundant role in recruiting Rpd3S, they 

might also have distinct biological roles. Although H3K36me2 and H3K36me3 

both correlated with actively transcribed regions, only H3K36me3 levels were 

affected by transcriptional frequency (Li et al., 2009).

1.4.3.4 H3K79 methylation occurs in the globular domain of H3

While H3K4 and H3K36 methylation occurs in the exposed H3 N-terminal tail of 

histone H3, lysine residue 79 of histone H3 (H3K79) lies within the nucleosome 

core and can also be methylated. Dot1 (disrupter of telomeric silencing) has 

been identified as the enzyme responsible for H3K79 methylation (van Leeuwen 

et al., 2002). Dot1 was first recognized as playing a role in gene silencing during 

a large genetic screen in yeast that identified genes whose overexpression led to 

disruption of silencing at telomeres (Singer et al., 1998). However, it was not 

initially understood how it functioned. A study by van Leeuwen et al. (2002) 

showed that Dot1 was responsible for the methylation of H3K79, and that 

methylation only occurred in a nucleosomal context. This study also identified 

Dot1 as the sole histone methyltransferase responsible for H3K79 methylation. 

In actively growing cells approximately 90% of all nucleosomes contain H3 

methylated at K79, and these H3K79 methylated histones are found 

predominantly in regions of active chromatin (San-Segundo and Roeder, 2000; 

van Leeuwen et a!., 2002). Importantly, it has been shown that H2Bub1 is 

essential for efficient H3K79 trimethylation (H3K79me3) (Nakanishi et al., 2009; 

Ng e ta l., 2002b).

Interestingly, Dot1 is a member of a unique family of HMTs that do not contain 

SET domains (Feng et al., 2002). It has been documented that Dot1-mediated 

H3K79 methylation occurs via a non-processive or distributive mechanism 

(Frederiks et al., 2008). Unlike the distinct patterns of the mono-, di- and tri- 

methylated states of both H3K4 and H3K36 observed across genes, the classical 

model for H3K79 methylation suggests that mono-, di-, and trimethylated states 

co-localize across ORFs (Figures 1.7 and 1.10). These distribution patterns 

suggest that H3K79 mono-, di- and tri-methylation may act in a functionally
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redundant manner (Frederiks et al., 2008). Another unique feature of H3K79 

methylation is that a demethylase responsible for its removal has yet to be 

discovered. If an H3K79me specific demethylase is absent it would suggest that 

H3K79me, in contrast to both H3K4me and H3K36me, may remain relatively 

stable. However, the replication-dependent deposition of unmethylated H3 has 

been suggested as a potential mechanism for controlling or altering levels of 

H3K79 methylation (De Vos et a!., 2011).

The basic model for the role of Dot1 in silencing suggests that Dot1 and the Sir 

silencing proteins compete for the same region of histone H3. It is thought that 

H3K79 methylation inhibits the binding and spreading of silencing proteins to 

regions of euchromatin (Ng et al., 2002a). Interestingly, the correct balance 

between H3K79 methylation and Sir protein binding needs to arise for 

appropriate site-specific silencing to take place (Figure 1.10) (van Leeuwen et al., 

2002). In wild type strains, DNA binding proteins such as Rapi or the origin 

replication complex (ORC) recruit Sir protein complexes to silent domains. Loci 

that are bound by these recruiters of Sir proteins are found throughout the 

genome, and it is the methylation of H3K79 that prevents Sir protein binding. At 

silent domains Sir proteins interact with histone H3 that is hypo-methylated at 

H3K79. The alteration of H3K79 methylation patterns leads to a redistribution of 

Sir proteins. For example, in a D0T1  mutant {dot1A) H3K79 methylation is 

abolished. This has an effect on the genome in two ways; (i) Loci in which Sir 

protein recruitment was obstructed by H3K79 methylation now become 

accessible to the Sir proteins and (ii) normally silenced regions are de-repressed 

due to the reduced availability of the Sir proteins. Overexpression of D0T1  

results in hypermethylation of H3K79 throughout the genome leading to inhibition 

of Sir protein binding and a general loss of silencing. Mutation of histone H3 at 

lysine K79 {H3-K79A) abolishes H3-Sir protein interactions, resulting in a severe 

global loss of SIR-mediated silencing (van Leeuwen et al., 2002). This data 

highlights the importance of maintaining the balance between the Sir proteins 

and H3K79me throughout the genome.

Although the classical model suggests functional redundancy between H3K79 

methylation states, a recent study has challenged this and proposed distinct roles
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for di- and tri-methylation of H3K79 (Schulze et al., 2009). This study showed 

that H3K79me3 levels remain largely unchanged throughout the cell cycle but 

H3K79me2 levels fluctuate showing a global reduction in G1 phase. The 

genome-wide localization of H3K79me2 and H3K79me3 was shown to be 

mutually exclusive with differing patterns of distribution evident within gene 

coding regions throughout the cell cycle. H3K79me2 was shown to be more 

enriched in intergenic regions upstream and downstream of TSS and TTS, 

whereas H3K79me3 displayed the classical distribution pattern throughout the 

coding region. Interestingly, H3K79me2 was enriched at the promoter of many 

cell cycle-specific genes during G2/M of the cell cycle, suggesting a link to cell 

cycle regulation (Schulze et al., 2009).

The level of H3K79 methylation has also been linked to cell cycle length. Studies 

have shown that slowly growing cells with extended doubling times accumulated 

methyl groups at H3K79 leading to an increase in H3K79me3 levels and a 

corresponding decrease in H3K79me1 and H3K79me2 levels over time (De Vos 

et al., 2011). It has been suggested that this build up of H3K79me3 may act as a 

mark of aged histones and that inheritance of these old histones by daughter 

cells may transmit epigenetic information of prior gene activation. (De Vos et al., 

2011). This transfer of epigenetic information may occur during chromatin 

duplication and cell division. The retention of H3K79 methylated histones on 

daughter strands of DNA during the formation of chromatin may inhibit the 

recruitment of silencing proteins after completion of cell division. This in turn 

would facilitate transcription by inhibition of a silenced chromatin state (van 

Leeuwen et al., 2002). In mammalian cells, the level of H3K79me2 and 

H3K79me3 at actively transcribed genes correlates with mRNA abundance and 

the level of these histone modifications dynamically responds to changes in gene 

activity (Steger et al., 2008). Despite significant research efforts, H3K79 

methylation is probably one of the most poorly understood PTMs, particularly with 

regard to its role in transcription.

In conclusion, the histone PTM landscapes established prior to gene activation, 

during transcription elongation and in the wake of RNAP II are extremely dynamic 

and require a high level of coordination. Although many of the factors and events
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associated with histone PTMs and transcription have been well studied and 

models linking the two have been suggested the exact roles of many of these 

PTMs remains to be established.
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Figure 1.11: Dotl mediated H3K79 methylation plays a role in maintaining 

silencing homeostasis. In wild type (WT) cells, the Sir protein complex (SIR, 

red ovals) is recruited to regions such as telomeres by DNA specific binding 

proteins (e.g. Rap1 or ORC, dark blue ovals). In these regions Sir proteins 

interact with H3 that is hypo-methylated at K79. Methylated H3K79 (green 

diamond) inhibits binding of Sir proteins to weak recruiters and propagation of 

these proteins into bulk chromatin. In the absence of H3K79 methylation {Adot1), 

SIR binding becomes promiscuous, affecting global silencing in two ways; (i) Sir 

proteins can bind weak recruiters that would usually be obstructed by H3K79 

methylation leading to aberrant silencing and (ii) this results in a reduction in the 

availability of Sir proteins for regions that are normally silenced. Overexpression 

of D0T1  leads to hyper-methylation of H3K79 throughout the genome including 

in normal silenced regions. This results in reduced levels of Sir protein binding 

and a loss of silencing throughout the genome. An amino acid substitution at 

histone H3 lysine (lysine to alanine, H3-K79A, orange triangle) disrupts the 

interaction between Sir proteins and chromatin both in normally silenced regions 

and throughout the genome, leading to a severe global loss of SIR-mediated 

silencing. Figure adapted from (van Leeuwen et al., 2002)
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1.4.4 Histone PTMs and their regulators have been implicated in many 

mammalian diseases

The highly conserved nature of both histone PTMs and many of their regulators 

throughout eukaryotes has enabled the yeast S. cerevisiae, to be used as an 

ideal model organism for the study of the function and regulation of these PTMs. 

The regulation and role of many of these histone PTMs in mammalian cells is 

more complex than that seen in yeast, with multiple enzymes involved in 

regulation of single histone PTMs at a given residue. For example, whereas Set1 

is the sole H3K4-specific HMT in yeast, there are six known H3K4 HMTs in 

mammalian cells, including the yeast Set1 ortholog SET1A (Wu et al., 2013). 

Due to their role in a range of biological processes from transcription to DNA 

damage repair, many histone PTMs and their regulators have been linked to 

disease. For instance, mis-regulation of human MLL (H3K4 methylase), DOT-1 L 

(H3K79 methylase), and NSD-1 (H3K36 methylase) have been implicated in 

human disease, including prostate, breast, and hematopoietic cancers (Shi and 

Whetstine, 2007). Translocations and fusions of MLL (mixed-lineage leukemic) 

and its interaction with other transcription factors including DOT-1 L have been 

implicated in 60-80% of acute leukaemia cases presented in children (Nguyen 

and Zhang, 2011). The link between aberrant histone methylation in mammalian 

cells and diseases such as cancer emphasizes the importance of maintaining the 

correct histone methylation balance.

Yeast can thus continue to provide a very important platform for studies into both 

the cause and also the potential treatment for many mammalian diseases. Due 

to the highly conserved nature of chromatin and chromatin regulators between S. 

cerevisiae and mammalian cells, the future study of processes, including 

transcription, in yeast may provide a critical insight into many of the events that 

lead to mammalian disease.
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1.5 Yeast stationary phase

Many living organisms including S. cerevisiae respond to nutrient starvation by 

ceasing growth and entering a non-proliferating state known as stationary phase 

(SP), which is similar to mammalian Go. Go is a unique phase during which cells 

exit the mitotic cell cycle following arrest at the G1 phase. Starvation is one of 

the most common stresses encountered by living organisms and it is estimated 

that most of the microorganism biomass on earth today exists in nutrient limiting 

environments (Herman, 2002).

Several distinct phases of growth are observed during the entry into stationary 

phase when S. cerevisiae is grown in glucose based nutrient rich media (Figure 

1.12). During the logarithmic phase of rapid growth S. cerevisiae utilizes the 

available glucose by fermentation. Following glucose depletion, the cells 

transiently arrest growth and switch to respiration as a means to produce energy 

from the ethanol produced during the initial phase of growth. The period of 

transition between fermentation and respiration is termed the diauxic shift. 

During the diauxic shift the cells undergo a global reprogramming of transcription 

to allow them to continue to grow, albeit at a reduced rate. After all available 

carbon sources have been diminished, yeast cells enter true stationary phase, 

which is reached between days 4-7 of growth. Yeast can also enter stationary 

phase or this G o-like phase when starved of other nutrients including nitrogen, 

phosphorous and sulphur (Herman, 2002; Werner-Washburne et al., 1993).

Little is known about the fate of chromatin during stationary phase except the 

long established observation that chromosomes become condensed and there is 

an overall shutdown in transcription (Choder, 1991; Pinon, 1978). Transcription 

rates have been shown to be 6-fold lower in SP when compared to actively 

growing cells, with global translation occurring at about 0.3% that of actively 

growing cells in the logarithmic phase of growth. Global studies have shown that 

while there is an overall reduction in transcription during SP, a subset of SP- 

specific transcripts consisting of about 700 gene products or about 13% of the 

ORFs within the yeast genome remain active (Fuge et al., 1994; van de Peppel 

et al., 2003). Other characteristics associated with SP cells include the
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accumulation of the storage carbohydrates glycogen and trehalose, an increased 

resistance to a variety of environmental stresses, and an increased ability to 

survive extended periods of starvation (Gray et al., 2004; Herman, 2002).

Historically, the terms stationary phase and quiescence have been used 

interchangeably when discussing this phase of S. cerevisiae growth. 

Interestingly, SP cultures of S. cerevisiae are now known to include both 

quiescent (Q) and non-quiescent (NQ) cells. During the early studies into SP in 

yeast this heterogeneity went unnoticed and led to all cells present in a SP 

culture being referred to as quiescent. However, a study by Allen et al. (2006) 

reported the isolation and characterisation of Q and NQ cells from stationary 

phase cultures using density gradient centrifugation. In recent years further 

investigations including transcriptome and proteome studies have been carried 

out to characterize these populations of cells (Aragon et al., 2008; Davidson et 

al., 2011). The following section will describe some of the key finding from this 

on going work.
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Figure 1.12: Distinct phases of growth during the transition to stationary 

phase. During the logarithmic phase of rapid growth (blue segment) yeast cells 

utilize glucose by fermentation. Following glucose depletion, a global 

reprogramming event, known as the diauxic shift takes place. This event 

precedes a phase of slower growth during which yeast cells utilize the products 

of fermentation via respiration (green segment). Once all available carbon 

sources in the media have been exhausted, cells arrest in the cell cycle and true 

stationary phase is reached. Entry to SP occurs following 4 and 7 days of 

growth. Figure adapted from Herman (2002)
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1.5.1 The transition to quiescence is highly regulated and dependent on 

several steps

The study by Allen et al. (2006) described the isolation of two distinct populations 

from yeast SP cultures after separation by density centrifugation. The less dense 

upper population of cells was heterogeneous and mostly made up of non- 

quiescent (NQ), budded mother cells. These NQ cells, although maintaining the 

ability to remain viable for a period of time, rapidly lost the ability to re-enter the 

cell cycle. In fact, after 14 days many of these cells appear to show 

characteristic markers of apoptotic and necrotic cell death.

The more dense lower population of cells was found to have characteristics of 

quiescent (Q) cells. This population was comprised mostly of unbudded 

daughter cells that retained viability and the ability to synchronously re-enter the 

cell cycle upon glucose replenishment. The quiescent daughter cells and the NQ 

mother cells were both morphologically and physiologically distinct from each 

other. For example, the Q population had increased thermo-tolerance when 

compared to the NQ population, and increased levels of reactive oxygen species 

were detected in the NQ cells (Allen et al., 2006).

Initial models suggested that the cell division that occurred following glucose 

depletion led to production of Q and NQ cells (Allen et al., 2006; Aragon et al., 

2008). However, follow-up studies have led to another model of Q and NQ cell 

formation. It has been suggested that cell-fate commitment occurs prior to 

glucose depletion and that Q cells are formed during an elongated cell cycle that 

occurs during the post diauxic phase of growth (Davidson et al., 2011). 

Interestingly, another observation from this same study showed that the Q cells 

exhibit high rates of respiration. It had previously been suggested that Q cells 

were metabolically quiet, but this study proposed that decreased respiration 

might not always be characteristic of the quiescent state and, in fact, maintaining 

respiration may be necessary for survival of Q cells (Davidson et al., 2011).

Microarray analysis revealed more than 1300 mRNAs that distinguished Q cells 

from NQ cells. Transcripts specific to Q cells included mRNAs that encode
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proteins with a role in membrane maintenance, the oxidative stress response, 

and signal transduction. Many of the proteins encoded by these transcripts have 

roles in genome stability, whereas NQ cell-specific mRNAs encode proteins 

involved in Ty-element transposition and DNA recombination (Aragon et al., 

2008). Interestingly, Q cells were shown to contain nearly 2000 unique protease- 

released transcripts, i.e. transcripts that were only released and detected upon 

addition of a protease step during the RNA extraction procedure. This discovery 

suggests that Q cells are poised to rapidly respond to environmental changes 

and may do so by maintaining large numbers of relevant mRNAs in processing 

bodies and stress granules (Gimenez-Barcons and Diez, 2011; Shah et al., 

2013).

Several events have been implicated in controlling the development of the Q 

population of cells. It is thought that during the post diauxic cell division cells 

undergo asymmetric divisions and build protective cell walls around the daughter 

cells that become quiescent. These Q cells accumulate storage carbohydrates 

and contain abundant highly functional mitochondria that allow for long-term 

viability (Davidson et al., 2011). Many regulatory factors have been implicated in 

the successful transition to quiescence. Two recently published examples are 

the mRNA binding protein Ssdl that plays a role in Q-cell wall assembly, and a 

global transcriptional repressor, X bp i, which represses genes involved in the 

regulation of cell growth, cell division and metabolism (Li et al., 2013; Miles et al., 

2013). Both of these regulatory events play a part in what seems to be the 

complex and highly regulated progression to quiescence. Overall, a tightly 

regulated programme of events that is not yet fully understood plays a role in the 

formation of the long-lived Q cells that maintain the ability to synchronously re

enter the cell cycle when a favourable environment returns.

1.5.2 Yeast as a model organism for studies into aging and cellular 

quiescence

Yeast has long been accepted as a model organism for studies into a variety of 

areas from basic principles such as protein-protein interactions and gene 

expression to more complex events such as human disease and aging. As
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previously mentioned many of the histone PTMs found in S. cerevisiae and the 

enzymes involved in their regulation are highly conserved and have a role in 

human diseases including multiple types of cancer. Therefore, a greater 

understanding of the regulation and role of these histone PTMs may provide key 

information in the fight against mammalian diseases including cancer.

A recent review by Lopez-Otin et al. (2013) identified nine characteristics which 

they termed “hallmarks of aging”. These hallmarks include genomic instability, 

epigenetic alterations, and loss of proteostasis. Yeast is an ideal organism to 

study many of these characteristic associated with aging. Cells within an actively 

growing culture of S. cerevisiae undergo two distinct types of aging: replicative 

and chronological (Longo et al., 2012). The replicative lifespan of a single celled 

organism is the number of times it can divide. Although all eukaryotic cells can 

divide a finite number of times the molecular basis for this limitation is poorly 

understood. Chromatin has been shown to play a role in the genomic instability 

and aberrant transchption in replicatively aged cells. For example, a recent study 

observed a global reduction (about 50%) in nucleosome occupancy in 

replicatively aged yeast cells leading to a transcriptional induction of all yeast 

genes (Hu et al., 2014).

Several histone PTMs and proteins have been implicated in replicative aging, 

including histone H4 lysine 16 acetylation (H4K16ac) and the Sir2 histone 

deacetylase. In replicatively aging yeast cells, H4K16ac increases, and this 

along with a loss of histones leads to compromised telomeric silencing (Dang et 

al., 2009). H4K16ac is just one example demonstrating the role of histone PTMs 

in replicatively aged cells but due to their diverse roles in biological process such 

as transcription and DNA replication and repair, it is likely that many other histone 

PTMs play a role in regulating replicative lifespan.

Chronological aging measures the length of time non-dividing cells survive. The 

isolation of Q cells from SP cultures of S. cerevisiae has been suggested as an 

ideal model for the study of chronological aging. Daughter cells that make up the 

quiescence population of SP are replicatively “young” but over time become 

chronologically “old” . Less is known about the regulation of chronological
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lifespan compared to replicative lifespan, yet its importance in modern medicine 

is undeniable. Like quiescent yeast cells, subsets of mammalian stem cells have 

been shown to reside in the quiescent state (Cheung and Rando, 2013). These 

quiescent stem cells show similar characteristic to the Q population of S. 

cerevisiae, including their ability to maintain long-term viability and also to rapidly 

exit this state (Cheung and Rando, 2013). The understanding of the molecular 

mechanisms that regulate such events in both S. cerevisiae quiescent cells and 

mammalian adult stem cells will increase our understanding of how dys- 

regulation of quiescence can lead to both disease and aging.

1.6 Objectives of this study

The aim of this research was to explore the histone PTM landscape of stationary 

phase S. cerevisiae cells. While the histone PTM landscape of actively dividing 

cells is well established, little is known about what modifications are present in 

SP cells or the roles that they play. The link between transcription and chromatin 

is also well established but whether this correlation is maintained in nutrient 

limiting conditions remains a mystery. Investigating the correlation between 

chromatin structure and transcription in SP may increase our understanding of 

how quiescent cells maintain long-term viability despite a lack of nutrients. In this 

study the abundance and localization of selected histone PTMs was therefore 

investigated. The aim was to determine whether a unique histone PTM signature 

was associated with the quiescent cells formed during yeast SP and, if so, to 

examine if this signature played a role in their long-term survival.

The data presented in this thesis reveals the stable nature of histone methylation 

in response to nutrient limitation, in contrast to the loss of histone acetylation. 

Whereas many of the histone acetylation marks investigated (H3K9-, H3K14-, 

H3K56- and H4-tetra-ac) were rapidly lost following carbon source depletion, 

most histone methylation marks (H3K4-, K36- and K79-me) persisted, both in 

abundance and localization. However, Q cells specifically lost H3K79me1 and 

H3K79me2, in contrast to the abundance of these modifications in actively 

growing cells and the NQ SP population.
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Previous investigations have shown that histone mutants deficient for many 

lysine-specific modifications do not have major phenotypes in yeast cells grown 

in nutrient rich media. Interestingly, this study revealed a diverse array of 

phenotypes that were observed in various histone mutants during their growth 

into SP. These observations suggest that histone PTMs may be necessary for 

the establishment, maintenance or exit from quiescence.
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Chapter 2

Materials and Methods
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2.1 Chemicals, reagents and growth media

2.1.1 Chemicals and reagents

Chemicals and reagents for this study were obtained from a variety of sources 

that are mentioned throughout in parenthesis.

2.1.2 Growth media

Materials used for the preparation of growth media were sourced from 

Formedium. Prior to use all media was sterilized by autoclaving at 120°C for 20 

min. Solutions unsuitable for autoclaving were sterilized by filtration through 

0.22-[jm Acrodisc Filters (Millipore) or for larger volumes through Stericup Filters 

(Millipore). Growth media was routinely made in double-distilled water and 

allowed to cool to 55°C before being supplemented as required.

2.1.2.1 Yeast extract peptone dextrose broth and media

Saccharomyces cerevisiae strains were routinely grown in glucose-based, 

nutrient rich yeast extract peptone dextrose (YEPD) (1% (w/v) yeast extract, 2% 

(w/v) bacto peptone, 2% (w/v) dextrose) supplied by Formedium. YEPD was 

supplemented with adenine hydrochloride (40 pg/ml; Sigma) and ampicillin (50 

pg/ml; Fisher Bioreagents) for long-term stationary phase cultures (>24 h). 

Throughout this study YEPD agar plates were used for culturing strains, reviving 

strains from freezer stocks, colony counting, and initial growth of transformants.

2.1.2.2 Luria-Bertani broth and Luria-Bertani agar

Bacterial strains were routinely grown in nutrient rich Luria-Bertani (LB) broth (1% 

(w/v) tryptone, 0.5% (w/v) yeast extract, 1% (w/v) NaCI, adjusted to pH 7) and on 

LB agar plates (1% (w/v) tryptone, 0.5% (w/v) yeast extract, 1% (w/v) NaCI, 1.5% 

(w/v) agar, adjusted to pH 7).
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2.2 Yeast strains and growth conditions 

2.2.1 Yeast strains

All yeast strains used in this study were derivatives of Saccharomyces cerevisiae 

S288c. S288c was first isolated by genetic crosses by Robert K. Mortimer and its 

ancestry is discussed in a review by Mortimer and Johnston (1986). The name, 

genotype and source of each strain are listed In Table 2.1. Yeast strains were 

maintained as permanent stocks in 18 % (v/v) glycerol in YEPD broth and stored 

at - 80°C.

2.2.2 Yeast culture conditions

Yeast strains were typically grown at 30°C in a shaking incubator (220 r.p.m) 

under aerobic conditions. For overnight cultures, single colonies were inoculated 

into 10 ml of YEPD in sterile 50 ml centrifuge tubes and grown for 12-16 h. For 

stationary phase cultures, 200 ml YEPD in a 2 L flask was inoculated with half a 

colony from a freshly streaked plate using a sterile wire loop. Growth of yeast 

cultures was monitored by measuring optical density (ODeoonm) and by counting 

cell number using a haemocytometer. Glucose levels were monitored using 

Diastix’s (Bayer). Kanamycin selection for strain construction was carried out in 

the presence of geneticin sulphate (G418, 200 pg/ml; Santa Cruz Biotechnology).

2.3 Bacterial strains and growth conditions

The Escherichia coli (E. coli) strain, XLI-b lue supercompetent {reca1 endA1 

gyrA96 thi-1 hsdR17 supE44 relA1 lac[F ’ proAB iac^ZAM15 Tn10(Tef)]; gift from 

Shane Dillonj, was used for plasmid propagation. E. coli cells transformed with 

plasmids were grown in LB supplemented with ampicillin (50 pg/ml).
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Table 2.1: List of strains used during this study

Name Genotype Source
YAS406

(WT)
MATa, hta1-htb1::LEU1, hta2-htb2::TRP1, his3-200, 
Ieu2-1, Iys2-182, trp1-63, ura3-52, <pRS315-HTA1- 
Flag-HTB1::URA3>

m a o ''
(This study)

YCH406
(Rpb3-9myc)

MATa, hta1-htb1::LEU1, hta2-htb2::TRP1, his3-200, 
Ieu2-1, Iys2-182, trp1-63, ura3-52, <pRS315-HTA1- 
Flag-HTB 1 ::URA3>, RPB3-9myc::KANMX

m a o "
(This study)

YCY1
(Dot1-9myc)

MATa, hta1-htb1 ::LEU1, hta2-htb2::TRP1, his3-200, 
Ieu2-1, Iys2-182, trp1-63, ura3-52, <pRS315-HTA1- 
Flag-HTB1::URA3> D0T1 -9myc::KANMX

This study

YCY5
(Set1-9myc)

MATa, hta1-htb1::LEU1, hta2-htb2::TRP1, his3-200, 
Ieu2-1, Iys2-182, trp1-63, ura3-52, <pRS315-HTA1- 
Flag-H TB 1:: UR A 3> SET 1 -9myc::KA NMX

This study

YCY6
(Set2-9myc)

MATa, hta1-htb1::LEU1, hta2-htb2::TRP1, his3-200, 
Ieu2-1, Iys2-182, trp1-63, ura3-52, <pRS315-HTA1- 
Flag-HTB1::URA3> SET2-9myc::KANMX

This study

YAF1
(WT)

MATa, hhf2-hht2::NAT, hta1-htb1 ::HPH, hht1- 
hhf1::KAN, hta2- htb2::NAT, ura3-52, trp lA2, leu2-3,- 
112, his3-11, ade2-1, can l-100 ; <pRS3^5-HTA1- 
Flag-HTBI, HHT1-HHF1>

AF
(This study)

YAF3
{hht-

K4A/K79A)

MATa, hhf2-hht2::NAT, hta1-htb1 ::HPH, h h tl-  
hhflr.KAN, hta2- htb2::NAT, ura3-52, trp lA2, leu2-3,- 
112, his3-11, ade2-1, can1-100; <pRS315-HTA7- 
Flag-HTBI, hht1-K4A/K79A-HHF1>

AF
(This study)

YAF11
(hht-K79A)

MATa, hhf2-hht2::NAT, h ta l-h tb l::H P H , h h tl-  
hhf1::KAN, hta2- htb2::NAT, ura3-52, trp lA2, leu2-3,- 
112, his3-11, ade2-1, can l-100 ; <pRS3^5-HTA1- 
Flag-HTBI, hht1-K79A-HHF1>

AF
(This study)

YAF12
(htb-K123R)

MATa, hhf2-hht2::NAT, hta1-htb1 ::HPH, h h tl-  
hhf1::KAN, hta2- htb2::NAT, ura3-52, trp lA2, leu2-3,- 
112, his3-11, ade2-1, can l-100 ; <pRS315-HTA1- 
Flag-htb1-K123R, HHT-K4A-HHF1>

AF
(This study)

YAF105
(hht-K4A)

MATa, hhf2-hht2::NAT, hta1-htb1 ::HPH, h h tl-  
hhf1::KAN, hta2- htb2::NAT, ura3-52, trp1A2, leu2-3,- 
112, his3-11, ade2-1, can1-100: <pRS3^5-HTA1- 
Flag-HTBI, hht1-K4A-HHF1>

AF
(This study)

^MAO: Mary Ann Osley -  University of New IVlexico, New IVlexico, USA. 

*AF: Alastair Fleming -  Trinity College Dublin, Dublin, Ireland.
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2.4 Plasmids and oligonucleotides 

2.4.1 Plasmids

The plasmid pYM18 that was used in this study was supplied by Euroscarf 

(Janke et al., 2004).

2.4.2 Oligonucleotides

Oligonucleotides in this study were purchased from IDT Technologies (United 

Kingdom). Oligonucleotides were designed using a combination of PrimerQuest 

(IDT Technologies) and Primer Express Software version 3.0 (Applied 

Biosystems). All oligonucleotides were subjected to BLAST analysis (NCBI) to 

ensure specificity. For qPCR, good primer design is essential to obtain high 

quality data. In general, primers should be between 20 and 30 base pairs in 

length with a melting temperature (Tm) of 55-60 °C. Amplification products 

should be between 75 and 375 bp with longer products being avoided due to a 

decrease in primer efficiency. The names and sequences of all oligonucleotides 

used throughout this study are listed in Tables 2.2 and 2.3.
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Table 2.2: Oligonucleotides used in strain construction

Name Sequence (5’ - 3’) Description
D0T1  S3 GCTGCAAGAGGTAGGAGGAACAGAGG

TACGCGGGTGAAGTATACCAGACGTA
CGCTGCAGGTCGAC

Tagging

D0T1  S2 TTATTTCTACTTAGTTATTCATACTCAT
CGTTAAAAGCCGTTCAAAGTGCCTCAA
TCGATGAATTCGAGTCG

Tagging

SET1 S2 AGCAACGATATGTTAAATCAGGAAGCT
CCAAACAAATCAATGTATCATCGTCAA
TCGATGAATTCGAGCTCG

Tagging

SET1 S3 AAAGACTTCCTTGTTTATGTGGAGCAC
CTAATTGTAAAGGTTTCTTGAACCGTA
CGCTGCAGGTCGAC

Tagging

SET2 S2 CCTTGGGACAGAAAACGTGAAACAAG
CCCCAAATATGCATGTCTGGTTAATTA
ATCGATGAATTCGAGCTCG

Tagging

SET2 S3 TATCATCAGCATCAACAAGGATGTCTT
CTCCTCCACCTTCAACATCATCACGTA
CGCTGCAGGTCGAC

Tagging

DOry-ChK-F TCCCTAATGGTGTGGCATTT Confirmation
DO n-ChK-R GTTGAAGCCATTCCCTTTGA Confirmation
SET2 Con FP CAAAGGGGCTTTCGAACGTG Confirmation
SET2 Con RP TCAACGACGCTGACCCTTTA Confirmation
SET1 Con FP CTGTTTCGTGCTGCTTTCAC Confirmation
SET1 Con RP TGCTGGAAAGCAACGATATG Confirmation

KAN-E CTGCAGCGAGGAGCCGTAAT Confirmation
KAN-C TGATTTTGATGACGAGCGTAAT Confirmation
ACT1-F CTGAATTAACAATGGATTCTGG Control
ACT1-R AGATACCTCTCTTGGATTGAGC Control
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Table 2.3: Oligonucleotides used for qPCR analysis

Name: Sequence; Description:
Distance 

from ATG:
I N T V F TAAGAGGTGATGGTGATAGGCGT Control region N/A
I N T V R CCCTCGGGTCAAACACTACAC
TEL V IF CGTGTGTAGTGATCCGAACTCAGT Control region N/A
TEL VIR GACCCAGTCCTCATTTCCATCAATAG
ACT1 F GAGGTTGCTGCTTTGGTTATTGA Control region +318
ACT1 R ACCGGCTTTACACATACCAGAAC

RPS31 ORF GATCAAGCACAAGCACAAGAAG H3K79me3 
positive control

+269
RPS31 ORF GCGTTAACCTTGTAGACGGAA

M S2F GAAGTGTTTACAGTTCCGAAG Transcription 
control region

N/A
MS2R ATCGGATGCAGACGATAAGTC

PMA1 TATA F AAAGAAAAAAAATATACGCCAGCTAGTTAAA Log specific 
gene

-18
PMA1 TATA R TTAAATCTTTCTTATCTTCTTATTCTTTTCAATG

PMA1 5 'F GAAAAAGAATCTTTAGTCGTTAAGTTCGTT Log specific 
gene

+322
PMA1 5 ' R AATTGGACCGACGAAAAACATAA
PMA1 3 'F CTGGTCCATTCTGGTCTTCTATC Log specific 

gene
+2438

PMA1 3'R TCAGACCACCAACCGAATAAG
CLN3 5 'F GAATTGCAAGCACATCACTCAG Log specific 

gene
+ 183

CLN3 5 ' R TGTGTGGGAAAGACGGAAATAG
CLN3 3 'F CTTCATCCTCTCCATCTCCATTC Log specific 

gene
+ 1375

CLN3 3'R TTTGGGTAGAAGAGAACGAACC
PGK1 5' TGGAACACCACCCAAGATACG Log specific 

gene
+ 151

PGK1 5' TTCACCGTTTGGTCTACCCAA
ADY2 TATA F GTTTATAAGAAAAAGGCAAATACTC Q specific 

gene
-21

ADY2 TATA R TGTTTTGTGGTTGTTTAGTTATATC
ADY2 5 'F TTAGCTCCTGCTCCAGTGCA Q specific 

gene
+234

ADY2 5'R AAGACCTAAGGGCGCAGGAT
ADY2 3 'F CAAAGCAGAATTCATATGTACTGGCT Q specific 

gene
+784

ADY2 3'R TCAGTAGATGGTAATGGGAATGGAC
SNZ1 TATA F GCGAAGTACCATTTTCGATATAAA Q specific 

gene
-52

SNZ1 TATA R AGGTTTCTCCAACAATACCATAGAC
SNZ1 5 'F CAAGAGTGGTCTCGCCCAAA Q specific 

gene
+32

SNZ1 5 'R ACAACATCCATAATAACGCCACC
SNZ1 3 'F TGTAAGGTTGGCCACTGCAG Q specific 

gene
+732

SNZ1 3 'R GGATTGTCAAAGTGAGTGGTAGCC
XBP1 TATA F CTTGCTCGTTCTCGGTACGC Q specific 

gene
-33

XBP1 TATA R GCTTGCCGTTGTGTGGG
XBP1 5 'F GCGCCGGACTCAATATTAGAAA Q specific 

gene
+ 124

XBP1 5 'R GCGCAGCAATGGAGGATTTA
XBP1 3 'F TACAACGTCCCCTCTTCACCA Q specific 

gene
+ 1725

XBP1 3 'R GTTGAGGGAAAGTGGGAGGAG
BAP2 5 'F ATCCGGGAGTGACAAACTTATAC "Constitutive"

gene
+ 132

BAP2 5'R ACTCAACGCCATCCTCTAAATC
BAP2 3 'F GGGTTCCATATACGGTGTCTTT "Constitutive"

gene
+1506

BAP2 3'R GGATTCCGCATCGCATTTG
OLE1 5 'F CTTTAATGGGCTCCAAGGAAATG "Constitutive"

gene
+ 161

0LE1 5 'R TCCATGGTTGTTCGGAGATG
0LE1 3 'F GCCAATGTGGGACAAACAAA "Constitutive"

gene
+ 1227

0LE1 3 'R CCACCTGGATGTTCAGAGATATAA

74



2.5 Genetic techniques 

2.5.1 Preparation of chemically competent bacterial cells

Competent cells were prepared using calcium chloride (CaCb) as described by 

Seidman et al. (2001). Briefly, an overnight culture of the E. coli strain, XL1-blue 

supercompetent was sub-cultured into LB broth and grown at 37°C, shaking at 

220 r.p.m, to an ODeoo of approximately 0.375. Cells were harvested by 

centrifugation (4,000 r.p.m, 5 min, 4°C). The supernatant was discarded and the 

cell pellet was gently resuspended in 10 ml ice-cold CaCb solution (60 mM 

CaCl2 , 15 % glycerol (v/v), 10 mM PIPES, pH 7). Cells were centrifuged as 

above, supernatant was discarded and the cell pellet was resuspended in 10 ml 

ice-cold CaCb solution. Resuspended cells were incubated on ice for 30 min. 

Cells were harvested, the supernatant was discarded and the pellet resuspended 

in a final volume of 2 ml ice-cold CaCb solution. Cell suspension was divided into 

200 (jl aliquots and stored at -80°C until required.

2.5.2 Transformation of bacteria with plasmid DNA

Chemically competent cells (200 pi aliquot) were thawed on ice and 50 ng of 

plasmid DNA was added to 50 pi of cells. Following a one hour incubation on 

ice, the suspension was heat shocked for 45 sec at 42°C and placed on ice for a 

further 2 min. 1 ml of preheated LB broth was added to the transformation 

mixture and the cells were grown with vigorous aeration at 37°C for 1 h. 250 pi of 

the transformed cells were plated on LB plates containing 50 pg/ml ampicillin and 

grown overnight. A transformation omitting plasmid DNA acted as a negative 

control.

2.5.3 Transformation of yeast with amplified PGR DNA or plasmid DNA

DNA was introduced into yeast strains using a high efficiency lithium acetate 

procedure (Gietz and Woods, 2002). Yeast cells were grown overnight and 

counted using a haemocytometer. 50 ml of pre-warmed media was inoculated to 

a final concentration of 5 x 10® cells/ml and incubated at SOX. Once the yeast 

cells had doubled at least twice, reaching a titre greater than 2 x 10^ cells/ml, they 

were harvested by centrifugation (3,000 r.p.m, 2 min). Cells were washed in
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sterile water, followed by two 1 ml washes with 0.1 M lithium acetate. The cell 

pellet was resuspended in 1 ml of 0.1 M lithium acetate and 50 pi of cells was 

used for each transformation. Following centrifugation the lithium acetate was 

removed and 240 pi of 50% polyethylene glycol (PEG) (v/v) was added to the cell 

pellet and mixed vigorously until resuspended. To this, 36 pi of 1 M lithium 

acetate was added and the solution was mixed thoroughly. Salmon sperm DNA 

(2 mg/ml, Sigma) was heated to 95°C for 10 min and then quickly chilled on ice. 

34 pi of PCR fragment DNA (or plasmid) and 100 pg of the carrier DNA (salmon 

sperm DNA) were added to the cell pellet solution giving a final volume of 360 pi. 

The solution was mixed thoroughly by vortexing and incubated at 42°C for 40 

min. Following incubation, cells were harvested by centrifugation (8,000 r.p.m, 1 

min). The cell pellet was resuspended in 100 pi sterile water and recovered on 

YEPD plates overnight at 30°C. The lawned growth was replica plated to fresh 

selective media and transformants were selected within 2-3 days. Transformants 

were confirmed by PCR and Western blot analysis where appropriate.

2.5.4 Epitope tagging of chromosomal genes

Epitope tagging of proteins throughout this study was performed as described by 

Janke et al. (2004). Epitope tag sequences were introduced into the C-terminal 

end of genes such that the resultant protein product contained nine copies of the 

myc epitope (E Q K L I S E E D L). Taking the process of tagging Dotl as an 

example, the nine myc-tag nucleotide sequence was first PCR amplified along 

with the kanamycin resistance cassette {kan) from the template plasmid pYM18 

(Figure 2.1). PCR primers were designed such that the resultant PCR products 

contained 50 bp overhangs complementary to the 50 bp immediately upstream of 

D0T1 stop codon at the 5’ end and the first 50 bp immediately downstream of the 

D0T1 stop codon (including the stop codon) at the 3’ end. PCR products were 

transformed into yeast strain YAS406 and introduced into the chromosome by 

homologous recombination. Successful construction yielded a Dotl protein, 

which contained a 9 x myc-tag at its C-terminal end. SET1 and SET2 were 

tagged in a similar manner. Appropriate phenotypic analysis was used to ensure 

protein functionality was maintained.
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DOTl GENOMIC LOCATION

DOTl KANMX

GENOMIC EPITOPE TAGGED PROTEIN

Figure 2.1: Overview of the epitope tagging process. Plasmid pYIVI18, which 

contains the 9 x myc epitope sequence and the KANMX resistance cassette, was 

used as template DNA for PCR (A). The sequences of the primers contain 

regions homologous to pYM18 and the amplification yields a product with 

homology immediately upstream and downstream of the D0T1 stop codon 

(orange and blue boxes) (B and C). By taking advantage of homologous 

recombination pathways the PCR product is integrated into the genome resulting 

in an epitope tagged D0T1 combined with a KANMX resistance cassette to allow 

for selection. Figure adapted from Janke et al. (2004).
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2.6 Isolation of chromosomal DNA, plasmid DNA and RNA 

2.6.1 Isolation of chromosomal yeast DNA

Cells from a 10 ml overnight culture were harvested (3,000 r.p.m, 2 min). The 

pellet was resuspended in 500 pi H2O, transferred to a microcentrifuge tube and 

harvested as above. Supernatant was discarded and the pellet was disrupted by 

brief vigorous vortexing. 200 pi of breaking buffer (2% (v/v) Triton X-100, 1% 

SDS (v/v), 100 mM Tris-CI, pH 8.0, 1 mM EDTA, pH 8.0) was added to the cells. 

To this 200 pi of phenol (pH 8.0)/chloroform/isoamylalcohol (25:24:1) and 0.3 g of 

425 - 600 pM acid washed beads (Sigma) was added and the solution was 

vortexed vigorously for 3 min. 200 pi of TE buffer (pH 8.0) was added and the 

solution was centrifuged (13,200 r.p.m, 3 min). The aqueous layer was removed 

and added to a microcentrifuge tube containing 1 ml of 100% ethanol. The 

solution was mixed by inversion and centrifuged (13,200 r.p.m, 3 min). The 

resulting pellet was resuspended in 400 pi of TE buffer to which 1 pi of 25 mg/ml 

RNase A was added (Sigmaj. The solution was incubated at 37°C for 5 min. 

The RNase treated DNA was further purified by ethanol precipitation. Briefly, 10 

pi of 4 M LiCI and 1 ml of 100% ethanol was added, mixed by inversion and 

placed at -80°C for 1 h. Samples were centrifuged for 30 min at 13,200 r.p.m 

and the DNA pellet was washed in 70% ethanol. Following a short drying period, 

the pellet was resuspended in 50 pi TE buffer (pH 6.8).

2.6.2 Isolation of plasmid DNA from bacteria

QIAprep® Spin Miniprep Kit (Qiagen) was used to extract plasmid DNA from E. 

coli. The cells were grown overnight at 37°C and 220 rpm. 5 ml of overnight 

culture was harvested by centrifugation (4,000 r.p.m, 5 min) and plasmid DNA 

was extract as per manufactures instructions. Plasmid DNA was eluted in 50 pi 

TE buffer (10 mM Tris-HCI at pH 7.5, Im M  EDTA).

2.6.3 Isolation of RNA

The hot-phenol method was used to isolate total RNA with some modifications. 

Cells were harvested (10 OD units) by centrifugation (3,000 r.p.m, 3 min, 4°C). 

Pellets were washed in 10 ml sterile distilled water (SDW) and aliquots of 1 x 10^
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cells were stored at -SOX until required. To accurately determine stationary 

phase transcription profiles an exogenous source of RNA was required. MS2 

bacteriophage RNA (a gift from Ursula Bond) was used for this. Prior to 

extraction, cells and MS2 RNA were allowed to thaw on ice. Cell pellets were 

resuspended in 400 pi TES buffer (10 mM Tris Cl, pH 7.6, 1 mM EDTA, 0.5% 

(w/v) SDS) and 20 ng of MS2 RNA was immediately added where required. 400 

pi saturated phenol (pH 5.3, Sigma) was added and samples were mixed by 

vortexing. Samples were incubated at 65°C for 1 h with intermittent vigorous 

vortexing followed by a 5 min incubation on ice. The debris and organic phase 

was separated from the upper aqueous phase by centrifugation (13,200 r.p.m, 5 

min, 4°C). The upper aqueous phase was recovered and re-extracted twice 

more; first with 400 pi saturated phenol, and second with 400 pi of chloroform. 

RNA was precipitated by adding 0.1 x volume of 3 M sodium acetate (pH 6.4) 

and 2.5 x volume of 100% (v/v) ethanol and placing at -80°C for 1 h. Samples 

were centrifuged (13,200 r.p.m, 30 min, 4°C), washed with 70% (v/v) ethanol and 

following a short drying period, the pellets were resuspended in 50 pi 

diethylpyrocarbonate (DEPC) -treated SDW.

2.6.4 Determination of nucleic acid concentration

The concentration of DNA or RNA in solution was measured using a Nanodrop 

ND-100 spectrophotometer (Thermo Scientific). DNA or RNA concentration was 

measured at an absorbance wavelength of 260 nm (Aseonm)- At this wavelength, 

A 260nm = 1 corresponds to a concentration of 50 pg/ml of double-stranded DNA or 

40 pg/ml of single stranded DNA or RNA. The Nanodrop simultaneously 

measures the purity of DNA and RNA solutions by measuring absorbance at 

Azsonm- For pure uncontaminated DNA the ratio of A 260nmto A280nmis = 1.8, while 

the ideal ratio for uncontaminated RNA is = 2. These values were checked 

during all measurements to ensure purity of nucleic acid solutions.
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2.7 Manipulation of DNA in vitro 

2.7.1 PCR amplification of DNA template from yeast colonies

For PCR reactions where purified DNA was unavailable for use as a template, 

yeast colonies were used. Small amounts of yeast colonies were resuspend in 

50 |jl 25 mM NaOH and samples were boiled at 95°C for 10 min.

2.7.2 Amplification of DNA by polymerase chain reaction (PCR)

PCR was used for in vitro amplification of specific DNA fragments used in the 

construction of mutants and epitope-tagged strains, and for the genetic 

confirmation of strains. PCR reactions throughout this study were routinely 

carried out using MyTaq Hot Start Mix (Bioline). PCR reactions were carried out 

according to the manufacturers’ guidelines. For each reaction 2 pi of template 

DNA (either plasmid (10 ng), purified DNA (50-100 ng) or lysed colony template) 

was added to a 0.2 ml PCR tube. A PCR master mix was then prepared for each 

reaction as follows: 10 pi My Taq HS Mix, 1 pi lOpM of each oligonucleotide 

primer and 6 pi nuclease free water. 18 pi of master mix was added to each 

reaction being undertaken and amplification was carried out using a Techgene 

Thermal Cycler (Techne). Unless otherwise stated reactions were cycled as 

follows:

1. 95°C, 1 min (Initial Denaturation)

2. 95°C, 15 s (Denaturation)

3. Oligonucleotide annealing temperature, 15 s (Annealing)

4. 72°C, 30 seconds per kilobase of DNA being amplified (Extension)

5. Steps 2-4 repeated, 30 cycles

6. 72°C, 10 sec (Final Extension)

7. 4°C, hold

2.7.3 Determination of DNA quantity by quantitative PCR (qPCR)

Quantitative PCR was used in this study for the quantification of (i) specific gene 

transcription from cDNA (Section 2.8) or (ii) of DNA purified from chromatin 

immunoprecipitation experiments (Section 2.12). Throughout this study qPCR
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was performed using Power SYBR™ Green Master Mix (Applied Biosystems). 

Reactions were set up in 20 pi volumes in a 96 well PCR plate (Thermo 

Scientific). For each reaction, 2 pi of DNA or cDNA template was added to 

relevant wells in the qPCR plate before 18 pi of qPCR master mix was added to 

each. The qPCR master mix consisted of the following components per reaction: 

7.5 pi 2 X Power SYBR™ Green Master Mix, 0.12 pi 50 pM oligonucleotide 

primers and 10.38 pi nuclease free water. The qPCR reaction and fluorescence 

measurements were performed using a StepOnePlus™ Real-time PCR system. 

Cycling conditions for all reactions were as follows:

1. 95°C, 10 min (Hot-start activation of polymerase)

2. 95°C, 15 s (Denaturing of template)

3. 60°C, 60 s (Annealing and extension)

4. Steps 2-3 repeated 40 times

5. Melt curve, if required.

Fluorescence data collection occurred during the 60 s annealing extension step. 

Melt curves analysis was carried out for each new primer set. All data analysis, 

threshold settings and determination of Ct values was performed using the 

StepOnePlus™ software provided.

The abundance of either cDNA or purified ChIP DNA was quantified relative to a 

standard internal calibration curve. ChIP INPUT DNA was diluted by serial 10- 

fold dilutions to give a linear range of amplification and each dilution was given 

an arbitrary value ranging from 10,000 to 1 (most concentrated to least). In the 

case of MS2 spiked transcription analysis, MS2 cDNA at a known concentrated 

was used to spike these standards to allow for normalization of the relevant 

experimental samples. qPCR amplifications were carried out in triplicate to 

determine DNA or cDNA abundance. MIQE guidelines were maintained 

throughout qPCR amplifications (Bustin et al., 2009).
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2.8 Manipulation of RNA in vitro 

2.8.1 DNase treatment of total RNA extracts

Prior to further use, total RNA extract samples were treated with DNase I enzyme 

to remove any DNA contamination. 1 pg of total RNA was DNase I treated using 

amplification grade DNase I (Invitrogen). Briefly, 1 pg of RNA was incubated at 

room temperature for 15 min, with 1 pi 10 x DNase I Reaction Buffer and 1pl 

DNase I (1 U/pl) made up to a final volume of 10 pi with DEPC-treated water. 

Following incubation DNase I was inactivated by adding 1 pi of 25 mM EDTA 

solution to the reaction mixture and incubating at 65°C for 10 min.

2.8.2 Reverse transcription (RT) of RNA

Reverse transcription was routinely used in this study to convert mRNA 

transcripts from total RNA extracts into cDNA. Reverse transcription was carried 

out using the High Capacity RNA-cDNA™ kit (Applied Biosystems) according to 

manufactures instructions. Briefly, 9 pi of DNase I treated total RNA was 

incubated for 37°C for 60 minutes in the presence of 10 pi 2 x RT buffer and 1 pi 

20 X Enzyme Mix. Negative RT controls were carried out by replacing Enzyme 

Mix with DEPC-treated water. The reaction was stopped by heating samples to 

95°C for 5 min.

2.8.3 Quantification of mRNA levels

The abundance of transcripts was determined in this study at various points 

during growth. Determination of transcript abundance was achieved by two-step 

RT-qPCR. Total RNA extracts (Section 2.6.3) were converted to cDNA by 

reverse transcription (Section 2.8.2). cDNA was then used as template for qPCR 

using gene-specific primer pairs (Section 2.7.3). For analysis of mid-log phase 

transcript abundance samples were normalized to ACT1. For quantification of 

mRNA abundance throughout stationary phase time course experiments 

normalization to ACT1 was not possible due to changes in ACT1 transcription 

over the time course. Instead two methods of normalization were carried out. 

One method involved normalization of transcript abundance to total RNA levels 

and the other involved normalization to total RNA levels and normalization to an
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endogenous source (MS2) of RNA. While both methods produced similar gene- 

specific transcription profiles, the non-spiking method was consistently used due 

to ease of use and superior reproducibility (Section 5.2.1).

2.9 Fractionation of stationary phase cultures 

2.9.1 Preparation of density gradient

Fractionation of stationary phase cultures was carried out as previously 

described by Allen et al. (2006), with minor modifications. Briefly, Percoll (GE 

healthcare) was diluted 9:1 (v/v) with 1.5 M NaCI, to prepare a solution with a 

final NaCI concentration of 167 mM. Density gradients were formed by gently 

adding 10 ml of Percoll solution to 15 ml glass Corex tubes and centrifuging in a 

Sorvall centrifuge using a SS-34 rotor (10,500 r.p.m, 15 min, 20°C). Density 

gradients were prepared in advance and stored at 4°C until required for up to 24 

hours.

2.9.2 Density gradient separation of yeast cultures

For fractionation of cultures, 6.5 ml of cells were pelleted by centrifugation (3,000 

r.p.m, 2 min) and the supernatant was removed. Cell pellets were resuspended 

in 650 |jl Tris buffer (50mM Tris-CI, pH 7.5). Pre-made gradients were carefully 

overlaid drop-by-drop with the entire 650 pi of resuspended cells. Gradients 

were centrifuged in a SM-24 rotor (2,000 r.p.m, 60 min, 20”C). Following 

centrifugation two distinct bands were visible. The upper fraction (non quiescent 

cells, NQ) was collected from two gradients by gently pipetting some of the band 

(< 50% per gradient) to a 15 ml centrifuge tube. The cells were washed once in 5 

X volume Tris buffer and pelleted by centrifugation (3,000 rpm, 2 min, 18°C). The 

amount of cells recovered was measured by spectrophotometry and 10 ODeoo 

unit samples were removed for protein extraction. These samples were washed 

in 1 ml 20% trichloroacetic acid (TCA) and stored at -80°C until required (Section 

2.10.1). The lower fraction (quiescent, Q) was collected and washed in Tris 

buffer as above. The pellet was resuspended in 350 pi Tris buffer, loaded onto 

another gradient and centrifuged as above to purify the lower band. Following 

centrifugation the lower band was harvested and washed in 5 x volume Tris
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buffer. The cell pellet was resuspended in 10ml of Tris buffer and the optical 

density of the purified cells was nneasured. 10 ODeoo unit samples were taken for 

protein (Section 2.10.1) and RNA (Section 2.6.3), whereas 75 ODeoo units of cells 

were immediately cross-linked for ChIP analysis (Section 2.12).

2.10 SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 

2.10.1 Preparation of protein samples for SDS-PAGE

Cells (10 ODeoo units) were harvested and pelleted by centrifugation (3,000 r.p.m, 

3 min, 4°C). Pellets were washed in 1 ml 20% (w/v) trichloroacetic acid (TCA) 

and frozen at - SOX until required. Pellets were thawed on ice and resuspended 

in 250 |jl 20% TCA. 425 - 600 pM acid washed beads (Sigma) were added (= 0.6 

g) and cells were lysed using a vortex with a multi-head adaptor (Vortex Genie 2 

with a Turbomix adapter) for 15 minutes at 4°C. Supernatants were transferred 

to fresh microcentrifuge tubes. Beads were further washed with 500 pi 5% TCA 

and supernatants were combined in a microcentrifuge tube. Lysates were 

centrifuged (13,200 r.p.m, 1 min, 4°C) and supernatant was removed. Pellets 

were resuspended in 300 pi 1 x Laemmli Buffer (63 mM Tris HCI, 10% (v/v) 

glycerol, 2% (w/v) SDS, 0.0025% (w/v) Bromophenol Blue, at a final pH 6.8) and 

heated to 95°C for 5 min. Following brief vigorous mixing samples were 

centrifuged as above and supernatant was transferred to fresh microcentrifuge 

tube. Protein concentration was determined using the Quick Start™ BGG 

Standard Set (Bio Rad) as per manufacturers instructions. 2 mg/ml stocks were 

made by dilution in 1 x Laemmli Buffer and 25 pi aliquots were frozen at -80°C 

until required.

2.10.2 Preparation and running of SDS-PAGE gels

Glass plates were cleaned before use and depending on the protein to be 

examined, 5 ml of either 10 % or 15 % (v/v) acrylamide resolving gel solution was 

made per gel. 0.75 mm thick plates were assembled and clamped and the gel 

solution was poured between the plates until 1 cm below the position of the comb 

top when inserted. The gel was immediately overlaid with 1 ml of isopropanol to 

allow for polymerization. Gels were allowed to set for 20 min. The isopropanol 

layer was then poured off and 2 ml of 5 % (v/v) acrylamide stacking gel was
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made and layered on top of the resolving gel. Plastic combs containing 10 or 15 

wells were then immersed into the stacking gel and the gels were allowed to set 

before being used for SDS-PAGE. Recipes for the resolving and stacking gels 

are as follows;

15 % resolving gel (5 ml): 1.15 ml H2 O. 1.25 ml 1.5 M Tris-HCI (pH 8.8), 

2.5 ml Protogel (National Dianostics), 50 pl 10 % (w/v) SDS, 50 pi 10 % 

(w/v), ammonium persulfate, 2 pi TEMED.

10 % resolving gel (5 ml): 1.9 ml H2 O, 1.3 ml 1.5 M Tris-HCI (pH 8.8), 1. 7 

ml Protogel, 50 pi 10 % (w/v) SDS, 50 pMO % (w/v) ammonium persulfate, 

2 pi TEMED.

Siacking_g.el (5. ml): 3.2 ml H2 O, 0.825 ml 1 M Tris-HCI (pH 6.8), 0.825 ml 

Protogel, 50 pi 10 % (w/v) SDS, 50 pi 10 % (w/v), ammonium persulfate, 2 

pi TEMED.

Protein samples were thawed on ice and incubated for 5 min at 95°C immediately 

prior to loading. EZ-Run™ Prestained Rec Protein Ladder (Fisher) was loaded 

as a size reference sample. Gels were run at 120 V for 2 h.

2.11 Western immunoblot analysis

A large array of Western immunoblot analysis was performed in this study. 

Conditions for each immunoblot were antibody specific and the details are 

described in Table 2.4. The general technique for Western immunoblot analysis 

is described in the following sections.

2.11.1 Transfer of proteins to lmmobilon®-P

SDS-PAGE gels were electroblotted to 0.45 pm Immobilon-P, PVDF membrane 

(Millipore) using a mini-Trans-blot electrophoretic transfer cell (Bio-Rad) 

according to the manufacturers’ guidelines. Membranes were activated by 

submersion in 100 % methanol for 20 s followed by 2 min in H2 O. Membranes, 

blotting paper and gels were allowed to equilibrate in transfer buffer (25 mM Tris, 

192 mM glycine, 20 % (v/v) methanol). Transfer of proteins was performed at
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300 mA for 40 min (proteins 1 0 - 8 0  kDa) or 60 min (proteins > 80 kDa) at 4°C.

2.11.2 Detection of protein antigens

Protein-bound PVDF membranes were blocked for 30 min in blocking solution 

with gentle rocking at room temperature. Primary antibodies were then diluted 

appropriately in 20 ml of blocking solution and incubated with the membranes for 

12-16 h at 4°C. Membranes were subjected to 4 x 5 min 20 ml washes in Tris 

Buffered Saline (TBS, Sigma) with 0.05 % Tween 20 (v/v) (TBST, Sigma). 

Secondary horseradish peroxidase (HRP)-conjugated antibodies (GE

Healthcare) were diluted 1:10,000 in blocking buffer and incubated with 

membrane for 90 min at room temperature. Membranes were subjected to 4 x 

10 min washes, including 1 x TBST and 3 x TBS. Bound antigens were detected 

using ECL Western Blotting Substrate (Pierce) according to manufacturers’ 

guidelines.

Marvel blocking buffer: 5 % (w/v) Marvel non-fat dry milk in TBS with 0.05 

% Tween 20 (v/v)

BSA blocking buffer: 5 % bovine serum albumin (Sigma) (w/v) in TBS with 

0.1 % Tween 20 (v/v))

2.11.3 Chemiluminescent photography

Photography was used for the visualization and quantification of membrane 

bound antigens on western immunoblots. In a red-light photography room. X-ray 

film (AmershamI) was placed over immunoblots in an enclosed cassette. After 

an appropriate exposure time the film was washed in developer solution (Kodak) 

for 30 -  60 s. The film was washed briefly in water and then the image was fixed 

using fixer solution (Kodak). A final brief wash in water finishes the process. 

Films were scanned and images stored as TIFFs.
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Table 2.4: Antibodies and conditions used for Western blot analysis

Antibody Source Code Protein concentration 
loaded

Antibody Dilution Blocking
afient

Beta actin Abeam ab8224 Loading control 1 3,000 5% m Ik/TBST
Myc tag Millipore 05-724 Protein dependent 1 3,000 5% m Ik/TBST

FLAG tag Sigma F-3165 lOug 1 5,000 5% m Ik/TBST
H2A Active Motif 39236 20pg 1 3,000 5% m Ik/TBST

H2A.Z Active Motif 39648 lOug 1 1,000 5% m Ik/TBST
H2B Active motif 39239 20fjg 1 2,500 5% m Ik/TBST
H3 Active motif 39163 30pg 1 5,000 5% m Ik/TBST
H4 Abeam ab7311 30pg 1 1,000 5% m Ik/TBST

Hho1 Abeam ab71833 15^9 1 1,000 5% m Ik/TBST
H3K9ac Millipore 07-352 20M9 1 5,000 5% m Ik/TBST

H3K14ac Millipore 07-353 20m9 1 5,000 5% m Ik/TBST
H3K56ac Millipore 07-677 20|jg 1 2,000 5% m Ik/TBST
H4K16ac Millipore 07-329 30|jg 1 2,500 5% m Ik/TBST

H4 tetra acetyl Millipore 06-866 20|jg 1 6,000 5% m Ik/TBST
H3K4me1 Millipore 07-436 30|jg 1 2,000 5% m Ik/TBST
H3K4me2 Abeam ab7766 lOug 1 1,000 5% m Ik/TBST
H3K4me3 Active Motif 39159 20pg 1 3,000 5% m Ik/TBST

H3K36me3 Abeam ab9050 15pg 1 3,000 5% m Ik/TBST
H3K79me1 Active Motif 39145 30|jg 1 2,000 5% BSA/TBST
H3K79me2 Millipore 04-835 20^9 1 3,000 5% BSA/TBST
H3K79me3 Abeam ab2621 lOpg 1:10,000 5% BSA/TBST

Pol II (8WG16) Santa Cruz SC-56767 20pg 1:500 5% milk/TBST
RNA pol II CTD Ser5-P Active Motif 39750 30pg 1:1,000 5% milk/TBST
RNA pol II CTD Ser2-P Covance MMS-129R 40pg 1:500 5% BSA/TBST

Hda1 Santa Cruz SC-9077 30|jg 1:500 5% BSA/TBST
Rpd3 Santa Cruz SC-6655 30|jg 1:500 5% milk/TBST
Gcn5 Santa Cruz SC-9078 30pg 1:500 5% milk/TBST
Sir2 Santa Cruz SC-6666 20pg 1:500 5% milk/TBST



2.12 Chromatin immunoprecipitation analysis (ChIP)

2.12.1 Preparation of lysates for chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) analysis was carried out as described by 

Aparicio et al. (2005) with some alterations. Briefly, cells (50 ODeoo units for mid

log or 75 ODeoo units of separated Q cells) were resuspended to a final volume of 

50 ml using TBS and were cross-linked by treatment with 1.4 ml of formaldehyde 

(1% final concentration, Sigma) for 20 min with gentle agitation at room 

temperature. Cross-linking was quenched with 3 ml of 2.5 M glycine for 5 min at 

room temperature. All subsequent steps were performed at 4°C. Cells were 

collected by centrifugation (3,000 r.p.m, 5 min, 4 min), washed twice with ice-cold 

TBS and frozen at -  SOX until required. Cell pellets were thawed on ice and 

resuspended in 400 pi of ice-cold FA-lysis buffer (50 mM HEPES, pH 7.5, 140 

mM NaCI, 1 mM EDTA, 1% Triton X-100, 0.1% Na deoxycholate) with 1 x 

protease inhibitor (PI, Sigma) and 2 mM phenylmethylsulfonyl fluoride (PMSF, 

Sigma) and divided over two 1.5 ml tubes. Cells were disrupted by vortexing 

(Vortex Genie 2 with a Turbomix adapter) in the presence of approximately 300 

|j| of 425 - 600 pM acid washed glass beads (Sigma) for 60 min at full speed at 

4°C. Following lysis, the bottom of the 1.5 ml tubes were pierced and placed in 

15 ml centrifuge tubes to enable recovery of lysate. The nested tubes were spun 

gently (1000 r.p.m, 2 min) and recovered lysate was transferred to fresh 

microcentrifuge tubes. Split lysates were pooled and made up to 1 ml with ice- 

cold FA-lysis buffer (+ PI + PMSF). The sample was sonicated manually using a 

Sanyo Soniprep 150 to yield an average DNA fragment size of 500 bp. DNA 

fragment size was determined by agarose gel electrophoresis after each lysate 

preparation. Sonication was achieved by applying 10 x1 0  s pulses at amplitude 

9 with alternating 1 min incubation on ice between pulses. Following sonication, 

cell debris was pelleted by centrifugation (13,200 r.p.m, 30 min, 4°C). 

Supernatant containing soluble, sheared chromatin was recovered and aliquots 

equivalent to a cell density of 5 (mid-log) or 7.5 (Q cells) ODeoo units were stored 

at - SOX until required. All chromatin immunoprecipitation experiments used 5 

and 7.5 ODeoo units of mid-log cells and Q cells, respectively.
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2.12.2 Chromatin fragment size determination

Chromatin fragment size for each ChIP performed was determined by extraction 

of sheared DNA following Proteinase K digestion and cross-link reversal. Briefly, 

an aliquot of cross-linked chromatin was made up to 250 pi with ChIP elution 

buffer (50mM TrisCI, pH 7.5, 10mM EDTA, 1% SDS). 50 pi of Proteinase K 

(20mg/ml stock, Sigma) and 1.5 pi 1 M CaCIa was added and samples were 

incubated at 42°C for 2 h followed by a 6 h incubation at 65°C. Sheared DNA 

was extracted by a phenol/chloroform (25:24) extraction followed by ethanol 

precipitation overnight at -80°C (See Section 2.6.1). Following ethanol 

precipitation the DNA pellet was resuspended in 100 pi 1 x TE buffer (pH 7.5) 

and divided between two 1.5 ml tubes. Both samples were RNase treated with 

1.5 pi RNase H (25 mg/ml; Sigma) at 37°C for 2 h. One sample was immediately 

ethanol precipitated overnight and the other was incubated with DNase I / DNase 

Buffer mix (2 pi of 1 U/pl DNase I, 1 X DNase buffer; Promega) for 1 h at 37°C. 

The DNase reaction was stopped by incubation at 65°C for 10 min and the 

sample was ethanol precipitated overnight. The resulting DNA samples were 

separated on a 1% TAB agarose gel to ensure the bulk of the sheared DNA was 

visible at = 500 bp.

2.12.3 Chromatin immunoprecipitation of Rpb3-myc

Chromatin lysates were thawed on ice and made up to 500 pi with ice-cold FA- 

lysis buffer + 0.1% SDS (instead of 0.1% Na deoxycholate). 20 pi of lysate was 

saved as input material and the remaining chromatin sample was 

immunoprecipitated with 2.5 pi anti-myc antibody (Millipore, Table 2.5) at 4°C 

overnight on a rotating wheel. 15 pi of Protein A and 15 pi Protein G Dynabeads 

(Novex) were mixed and washed three times in FA-lysis buffer, added to lysate 

and incubated at 4°C for 2 h on a rotating wheel. Immunoprecipitated chromatin 

was then washed as follows; 1 x FA-lysis buffer, 2 x Wash Buffer I (50 mM 

HEPES, pH 7.5, 500 mM NaCI, 1 mM EDTA, 1% Triton X-100, 0.1% Na 

deoxycholate), 2 x Wash Buffer II (10mM Tris-HCI at pH 8.0, 0.25 M LiCI, ImM 

EDTA, 0.5% NP-40, 0.5% Na deoxycholate) and once with TE buffer (10 mM 

Tris-HCI, pH 7.5, ImM EDTA). Immunoprecipitated chromatin was incubated in 

250 pi Chip elution buffer for 20 min at 65°C. Eluted immunoprecipitated (IP)
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chromatin was incubated with 50 pi Proteinase K (20 mg/ml) and 1.5 [j I CaC^at 

42°C for 2 h. Cross-links were reversed following a further 6 h incubation at 

65°C. Input DNA was incubated in the same manner in the presence of 100 pi 

Chip elution buffer, 60 pi TE buffer, 20 pi Proteinase K and 1 pi 1 M CaCb. Both 

input DNA and immunoprecipitated DNA were purified with the QIAquick PCR 

Purification Kit (Qiagen) according to manufacturer’s instruction, including elution 

in 50 pi Elution Buffer. Purified immunoprecipitated and input DNA were diluted 

in DNase-free water prior to amplification (Table 2.5).

2.12.4 Chromatin immunoprecipitation of histone H3

Immunoprecipitation of histone H3 was performed as above, except with the 

addition of an antibody pre-binding step. 30 pi total Protein A / Protein G 

Dynabead mix (Novex) was prepared by 3 x washes in FA-lysis buffer followed 

by 5 min incubation on a rotating wheel. Beads were resuspended in 100 pi FA- 

lysis buffer and incubated with 2.5 pi H3 antibody (Active Motif, Table 2.5) at 4°C 

for 2 h on a rotating wheel. Following incubation the antibody-bead complex was 

washed three times as above. Beads were resuspended in 100 pi FA-lysis buffer 

and added to the chromatin lysate for incubation at 4°C overnight on a rotating 

wheel. Immunoprecipitated chromatin was washed once in each of FA-lysis 

buffer. Wash Buffer I, Wash Buffer I! and TE buffer. Immunoprecipitated 

chromatin was eluted and purified as above.

2.12.5 Chromatin immunoprecipitation of histone modifications

For Chip analysis of the histone modifications, chromatin preparation was 

performed as above. For chromatin immunoprecipitation, commercially available 

antibodies with strong specificity and affinity for H3K4me3 (Active Motif), 

H3K36me3 (Abeam) and H3K79me3 (Abeam) were applied. Chromatin 

immunoprecipitation was performed as per anti-myc with modification specific 

antibodies. See Table 2.5 for complete details regarding antibodies, FA-lysis 

buffer composition and wash conditions.
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Table 2.5: Antibodies and conditions for ChIP analysis

Chip
experiment

Antibody
Source

Antibody
Code

Antibody 
volume (|il)

FA lysis 
buffer 

detergent
Wash Buffer 

washes

IP
dilution for 

qPCR 
analysis

Myc (Rpb3) Millipore 05-724 2.5 0.1 % SDS 2 x 1:5

H3 Active Motif 39163 2.5
0.1 % Na 

deoxycholate 1 X 1:10

H3K4me3 Active Motif 39159 4
0.1 % Na j 

deoxycholate j 2 x 1:10

H3K36me3 Abeam Ab9050 3.5
0.1 % Na 

deoxycholate 1 x 1:10
H3K79me3 Abeam Ab2621 2 0.1% SDS 1 1x 1:10



2.12.6 Analysis of ChIP DNA concentration using qPCR

Determination of ChIP DNA concentration was analyzed using qPCR (Section 

2.7.3). See Table 2.3 for qPCR oligonucleotides used in this study. 

Immunoprecipitated DNA (IP) was normalized to input DNA (INPUT) to account 

for sample variability (Figure 2.2 A and B). In the case of both RNAP II (Rbp3- 

9myc) and histone H3 ChIP experiments, this was then normalized to an internal 

control region to account for any variability in ChIP efficacy. Rpb3-9myc ChIP 

data was internally normalized to the telomere region TEL VI, which is known to 

be negative for RNAP II enrichment (Figure 2.2 A). Histone ChIP data was 

normalized to the intergenic region, INT V. Normalization to INT V accounts for 

any change in H3 occupancy independent of transcription and also ChIP 

efficiency (Figure 2.2 B). ChIP analysis of modifications enrichment in mid-log 

phase cells were also internally normalized to TEL V i However, due to the 

undetermined behavior of the TEL VI region during SP, all SP modification data 

was plotted as IP over IN.
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Figure 2.2: Normalization of RNAP II and H3 ChIP data. In both RNAP II and 

H3 Chip experiments, IP DNA was initially normalized to INPUT DNA to account 

for sample variability (A and B, left hand-side of plots). RNAP II and H3 

IP/INPUT data were further normalized to internal control regions TEL VI and INT  

V respectively (A and B right hand-side of plots).
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2.13 Global analysis of ChIP DNA using GeneChIP S. cereWs/ae Tiling 1.0R 

Arrays

Mapping of global enrichment of proteins and modifications was analyzed using 

Affymetrix GeneChIP S. cerevisiae Tiling 1.0R Arrays that contain over 3.2 

million probe pairs tiled across the entire genome. These arrays contain 25-mer 

probes that provide high density 5 bp resolution of the S. cerevisiae genome.

2.13.1 Chip protocol for Affymetrix Arrays

Chip analysis of proteins and modifications was performed as described in 

Section 2.9 with some alterations. 50 pi of lysate rather than 20 pi was taken as 

input material. Both input and immunoprecipitated DNA was subjected to RNase 

treatment (2 h, 37°C) prior to Proteinase K digestion. To prevent interference 

with the amplification steps DNA samples used for Affymetrix array analysis were 

eluted in TE buffer rather than the elution buffer provided with the QIAquick PCR 

Purification Kit. The concentration of immunoprecipitated and input DNA was 

measured using a Qubit® Fluorometer and Qubit® dsDNA HS Assay Kit (both 

Invitrogen). This study identified that a starting threshold of 4 ng of 

immunoprecipitated DNA needs to be reached to allow for high-fidelity 

amplification. Thus it was necessary to combine technical ChIP replicates for 

Rpb3-9myc prior to amplification steps.

2.13.2 Amplification of chromatin immunoprecipitated DNA

For ChlP-chip analysis at least 4 ng of immunoprecipitated and input DNA 

underwent three rounds of amplification to obtain a total of 7.5 pg DNA, which is 

required for hybridization to microarrays. The amplification steps were performed 

as recommended by Affymetrix. Briefly, the first round of amplification. Round A, 

was carried out using Primer A (5’-GTT TCC CAG TCA CGG TCN NNN NNN 

NN=3’) and Sequenase DNA Polymerase (Affymetrix). Round A amplified DNA 

was purified using QiaQuick PCR Purification Columns (Qiagen) and eluted in 85 

pi of the elution buffer provided. 83 pi of Round A amplification DNA was used 

as template in the Round B amplification. This second round of amplification was 

earned out using Primer B (5’-GTT TCC CAG TCA GGG TC-3’) and Platinum
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Taq (Invitrogen). The final amplification step, Round C used 20 pi of the Round 

B product as a template. Again, Platinum Taq was used along with a dUTP 

containing dNTPs mix. Round C amplification was used to optimize the number 

of cycles required to ensure high fidelity amplification. Round C DNA was 

purified using a MinElute Kit (Qiagen) as per manufactures instructions. 1 0 - 1 6  

amplification cycles were tested by qPCR at control genes to identify the 

optimum cycle number. Optimum cycle number was determined by comparing 

enrichment (IP/Input) of the amplified product to the original unamplified ChIP 

samples and a threshold for this was deemed to be no greater than 2-fold 

enrichment.

2.13.3 Fragmentation, labelling and hybridization to GeneChIP® S. 

cerevisiae Tiling 1.0R Arrays

7.5 pg of high fidelity amplified DNA was fragmented and biotin labeled using 

GeneChIP® Double Stranded DNA Terminal Labeling Kit (Affymetrix) as per 

manufactures instructions. The biotin labeled DNA was then hybridized to the 

Affymetrix GeneChIP® S. cerevisiae Tiling 1.0R Array’s. The hybridization and 

subsequent washing, staining and scanning steps were carried as per Affymetrix 

instructions. The KUGR Genomics and Bioinformatics Shared Resource (Cancer 

Research Center Facility in the University of New Mexico Albuquerque) 

performed the hybridization and provided the raw MAT files.

2.13.4 Analysis of ChlP-chip data

Karsten Hokamp (Department of Genetics, Trinity College Dublin) conducted the 

initial bioinformatics analysis required for interpretation of the ChlP-chip 

experimental data. Briefly, CEL files were loaded into the Starr Bioconductor 

package (Zacher et al., 2010). The probes were mapped to genomic locations 

using Affymetrix’ Sc03b_MR_v04.bpmap file. Normalization for each 

modification and time point was carried out through the quantile method on the IP 

and input files. After merging of replicates and calculation of log2-ratios a 

smoothing algorithm was run with a window half size of 150 bp. For the peak 

detection a minimum of six probes in a row were required and a fragment length
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of 500 bp was specified. A varying number of alpha thresholds were used, 

depending on the modification under consideration. The output from Starr 

consisted of normalized and smoothed log2-ratios for each probe, as well as lists 

of ChlP-enriched regions under a specific alpha threshold. The median values of 

all overlapping probes were calculated and saved in BED format. Using the 

liftOver tool from the UCSC Genome Browser utilities 

(https://genome.ucsc.edu/util.html) the data were adjusted to yeast genome 

version SacCerS. The same adjustment was applied to the Chers. Using a 

custom Perl script and the tool wigToBigWig from the UCSC Genome Browser 

utilities (https://genome.ucsc.edu/util.html), the smoothed data were converted 

into BigWig tracks for graphical representation in a local implementation of 

JBrowse (Skinner et al., 2009). Annotation tracks for the browser were extracted 

from Saccharomyces cerevisiae version R64-1-1_20110208, which was 

downloaded from the Saccaromyces Genome Database.

To generate CHROMATRA plots and average gene profiles, a custom Perl script 

and the latest gene annotation from the Yeast Genome Database was used to 

associate the Chers with genes. Average expression values from the literature 

were also added, resulting in gene lists that contained the percentage of overlap 

between the promoter/ORF and a Cher, the score and height of the Cher, the 

expression value of that gene and genomic coordinates, which allow for 

calculation of gene lengths (Holstege et al., 1998). Cher score, expression value 

and length for all genes were fed into the Chromatra Python script to generate 

plots with the same parameters as described for the Galaxy plug-in (Hentrich et 

al., 2012).

Average gene profiles were calculated by scaling all genes to a length of 1000 

bp, which required interpolating ChIP values for shorter genes and merging 

values for longer genes. In addition, the ChIP values for the 250bp upstream of 

the TSS and downstream of the gene end were added. The median values at 

each position from a selection of genes, e.g. the top 25% bound by K4me3, were 

used as the average and plotted separately in the R statistical software to 

compare the profiles of both time points for a specific modification (http://www.R- 

project.org/).
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Gene lists provided by the initial bioinformatics analysis were further analyzed 

using Venny (http://bioinfogp.cnb.csic.es/tools/venny/index/html) and Gene 

Ontology (GO) for subsets of genes was analyzed using DAVID (Huang da et al., 

2009).
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Chapter 3

Identifying the histone post-translational modification profile 

associated with stationary phase in Saccharomyces cerevisiae
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3.1 Introduction

Starvation is one of the most common stresses encountered by a living organism 

during its lifetime. The ability of an organism to sense and adapt to nutrient 

limitation enables its long-term survival. Saccharomyces cerevisiae responds to 

an environment with limited nutrient availability by ceasing growth and entering a 

non-proliferating state known as stationary phase (SP). When grown in glucose- 

based, nutrient rich media S. cerevisiae enters SP following several distinct 

phases of growth. An initial phase of rapid logarithmic growth driven by 

fermentation is followed by cell cycle arrest upon glucose depletion. During this 

cell cycle arrest cells undergo global reprogramming events that enables a 

further phase of slow growth in which fermentation products are utilized as 

secondary carbon sources via respiration. The period of transition from 

fermentation to respiration is generally termed the diauxic shift (DS). Following 

depletion of all available carbon-sources yeast cells enter true stationary phase 

(Herman, 2002; Werner-Washburne et al., 1993).

While historically all cells within SP cultures have been considered to be 

quiescent, a recent study has identified the heterogeneous nature of this cell 

population. SP cultures of S. cerevisiae that have undergone nutrient limitation 

during their transition to SP have been shown to include both a quiescent (Q) and 

a non-quiescent (NQ) population of cells (Allen et al., 2006). The Q population is 

made up of replicatively young daughter cells, whereas the NQ population is 

mostly made up of older mother cells that over time exhibit markers of aging and 

apoptosis or necrosis. These cell populations have been shown to have unique 

phenotypic and morphological characteristics associated with them, including 

varying thermo-tolerance and stress resistance. The Q population also maintain 

long-term viability and the ability to re-enter the cell cycle upon nutrient 

replenishment (Allen et al., 2006). Transcription and protein studies have shown 

that Q and NQ transcriptomes and proteomes are not only divergent from each 

other but also show considerable differences from those of actively growing cells 

in nutrient rich media (Aragon et al., 2008; Davidson et al., 2011).
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The understanding of SP, and the distinct Q and NQ populations formed, has 

expanded in recent years. However, the role chromatin plays in the regulation of 

cell fate divergence, maintenance of the quiescence state, and the reversibility of 

this state is poorly understood. This thesis aims to investigate the abundance of 

many histone post-translational modifications (PTMs) and their regulatory factors 

during SP. A key aim is to determine whether there is a PTM signature 

associated with either the Q or NQ populations that may initiate or regulate the 

divergence in developmental fate associated with these two phenotypically and 

morphologically distinct populations of cells.
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3.2 Results

3.2.1 Histone methylation is maintained in stationary phase S. cerevisiae 

cells

In order to determine the histone post-translational modification (PTM) profile of 

SP cells an accurate measure of growth occurring following glucose depletion 

was required. Cells were grown to SP by inoculating single colonies into 

glucose-based, nutrient rich media followed by incubation at 30°C for up to 7 

days. An initial phase of rapid logarithmic growth occurred during which an 

O D eoo ~ 3 was reached. Throughout the course of this study actively growing, 

mid-log phase cells are defined as an O D eoo of between 0.6 and 1. Four to six 

hours after cultures reached an O Deoo = 1, complete glucose depletion took place 

(Figure 3.1 A and B). Diastix glucose test strips (Bayer) reproducibly measured 

glucose depletion. During the first 48 hours following glucose depletion the 

culture density continued to increase before growth arrested. Importantly, the 

observed increase in culture density during the post-diauxic phase of growth 

coincided with an increase in cell number (Figure 3.1 B).

Taken together, these data suggest that during the post-diauxic phase of growth, 

cells continue to undergo one division before complete growth arrest occurs 48 

hours after glucose depletion. Growth curve analysis identified an initial increase 

in culture density and cell number that concluded within 48 hours of glucose 

depletion or after 3 days of growth. Therefore, day 3, at which point both culture 

density and cell number remained stable, was defined as the beginning of SP.
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Figure 3.1: Following glucose depletion S. cerevisiae initially continues to 

divide before undergoing growth arrest. (A) Entry into stationary phase as 

monitored by O Deoo- Cells were grown in glucose-based, nutrient rich media at 

30°C for up to 7 days. Glucose levels were monitored and the point at which 

glucose exhaustion occurs is highlighted (red arrow). The initial growth curve 

reading (time = 0) represents the point at which O D eoo = 1 -  (B) Entry into

stationary phase as monitored by both O D eoo (line) and cell number (bars). Cell 

number was determined by haemocytometer cell counts. Both sets of data were 

normalized to the time point at which glucose depletion occurs (diauxic shift or 

DS) and fold changes are plotted. Error bars represent standard error of the 

mean (SEM) of three biological independent experiments.
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Histone methylation has been investigated in many studies and its regulation and 

role during transcription are well understood (Shilatifard, 2006). Histone H3 

lysine 4, 36 and 79 methylation (H3K4me, H3K36me and H3K79me) enrichment 

are associated with active transcription. During the initiating stage of the 

transcription cycle H3K4 becomes methylated at the 5’ end of genes. The H3K4- 

specific histone methyltransferase (HMT) Set1 is recruited by the serine 5 

phosphorylated form of the RNA polymerase I! (RNAP I!) C-terminal domain 

(CTD) (Ng et al., 2003). As RNAP I! transitions to the elongating form and serine 

2 of the RNAP I! CTD is phosphorylated the H3K36-specific HMT, Set2, is 

recruited and H3K36 methylation occurs within the open reading frame (ORF) 

with a 3’ bias (Krogan et al., 2003). Although Dot1, the H3K79-specific HMT is 

not actively recruited during transcription, H3K79me is enriched in the ORFs of 

actively transcribed genes (Pokholok et al., 2005; Shahbazian et al., 2005). 

Despite an in-depth understanding of these modifications and their correlation to 

transcription during active cell growth, the role they play in SP is poorly 

understood.

To investigate methylation levels and dynamics in SP, TCA lysates were 

prepared from mid-log cells (growing), at the diauxic shift (glucose depletion) and 

at intervals after diauxie up to day 7. Western blot analysis was performed on 

these lysates using antibodies specific to H3K4me3, H3K36me3 and H3K79me3 

along with histone H3 (Figure 3.2). In log phase samples, high levels of 

H3K4me3, H3K36me3 and H3K79me3 were detected (Figure 3.2, lane 1). This 

result reflects the high transcriptional activity of actively growing, mid-log phase 

cells. Interestingly, histone methylation levels remained remarkably constant 

among log, diauxic shift (DS) and during SP phase following 3 (D3), 5 (D5) and 7 

(D7) days of growth (Figure 3.2, lanes 1-5). This was surprising as methylation 

of H3K4, H3K36 and H3K79 are associated with actively transcribed chromatin in 

log phase cells and yet persist in SP despite low levels of transcription in this 

phase.
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Figure 3.2: IHistone H3 methylation is retained during post-diauxic growth 

and entry into SP. TCA extracted proteins from mid-log phase cells (Log, lane 

1), immediately following glucose depletion (DS, lane 2), and SP cells following 3, 

5 and 7 days of growth (D3, D5 and D7 respectively, lanes 3-5) were analysed by 

Western immunoblotting. Antibodies specific to H3K4me3, H3K36me3, 

H3K79me3 and H3 were used. A representative beta-actin loading control is 

shown. Red arrow indicates glucose depletion. Representative images of 

reproducible data are shown.

104



As has been previously discussed, SP cultures are heterogeneous in nature and 

contain two distinct populations of cells with divergent developmental fates. 

Significantly, Q daughter cells and NQ mother cells can be separated by density 

gradient centrifugation and studied in isolation (Allen et al., 2006). This work 

sought to identify whether any histone modifications segregate to either the Q or 

NQ population of cells thus providing these cells with a unique histone PTM 

signature. To investigate this possibility the levels of histone modifications, 

including acetylation, methylation and ubiquitylation were examined during the 

divergence of Q and NQ populations.

3.2.2 Separation of SP cultures allows the study of Q and NQ cells in 

isolation

Since Allen et al. (2006) published a study that identified the heterogeneous 

nature of SP cultures of S. cerevisiae, a renaissance in SP research has taken 

place. The ability to conveniently separate Q and NQ SP populations has 

enabled the study of these phenotypically and morphologically distinct cells in 

isolation. Stationary phase cultures can be separated into Q and NQ populations 

using Percoll density gradients centrifugation. Percoll consists of colloidal silica 

particles coated with a layer of polyvinylpyrrolidone (PVP), which has long been 

used in density gradient centrifugation experiments as it presents no toxicity 

towards cells (Pertoft et al., 1978). Centrifugation of SP cultures of S. cerevisiae 

loaded on Percoll density gradients causes the dense Q cells to sediment to the 

bottom of the gradient, whereas the less dense NQ population remains at the top 

(an example of this can be seen in Figure 3.6). Allen et al. (2006) undertook a 

systematic investigation of the morphological and phenotypic characteristics of 

these isolated populations of cells and to ensure a successful separation of the 

two SP populations was achieved, a variety of these phenotypes were monitored.

Quiescent daughter cells were previously described as being regular in shape 

and largely unbudded. This was in contrast to the NQ population of cells that 

were irregular in shape and often extensively budded. Using phase-contrast 

microscopy we confirmed these observations (Figure 3.3 and 3.4). Actively 

growing cells were found to consist primarily of cells undergoing cell division with
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85-90% showing buds. Both the Q and NQ population of cells isolated after 7 

and 14 days (D7 and D14 respectively) of growth showed significantly less 

budding than these actively growing, mid-log cells. Importantly, the NQ 

population of cells was significantly more budded than Q cells at both day 7 and 

14. At day 14, 50 % and 6 % of NQ and Q cells, respectively, were budded 

(Figure 3.4).

Another important characteristic of Q cells is their ability to maintain long-term 

viability and retain their reproductive capacity, i.e. the ability to re-enter the cell 

cycle. The reproductive capacity of each population of cells was determined by 

evaluating the percentage of isolated Q and NQ cells that retained the ability to 

form colonies on nutrient rich YPD agar plates. The results were plotted 

compared to the reproductive capacity of mid-log phase cells (Figure 3.5). Q 

cells isolated from both 7 and 14 day old cultures maintained reproductive 

capacity that was 90% of that of mid-log phase cells. In contrast, only 39% and 

45% of NQ cells isolated from the same time points maintained reproductive 

capacity. Taken together the percentage budding and reproductive capacity data 

have reproduce previously published data that identified unique phenotypes of Q 

and NQ cells and thus confirm the successful isolation of the SP Q and NQ 

populations.

Another key parameter for this study was to identify at which point during the 

entry into SP Q and NQ cells could be separated in significant numbers for 

further analysis. To test this, Percoll gradient separation of cultures into Q and 

NQ cells was attempted on mid log-phase cells (QDeoo = 1)> at the DS, and 

various times after the DS (Figure 3.6). Interestingly, a distinct band of Q cells 

began to form immediately following glucose depletion. In fact, attempted 

separation into Q and NQ cells immediately prior to the DS, showed a less 

defined band of cells at the top of the gradient (+ 2 h, QDeoo = 2.5). This 

suggested that the initiation of population divergence might occur at this point. 

Thus, it appears the divergence of Q and NQ populations coincides with an 

increase in both culture density and cell number observed in the first 48 h post 

glucose depletion (Figure 3.1). Q cell formation appears to be mostly complete 

within this 48 h period or after 3 days of growth. Q and NQ cells could be

106



reproducibly isolated at this time point and thus day 3 (D3) was determined as 

the starting point for studying these two distinct populations of cells.
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Figure 3.3: IVIicroscopy identifies regular shaped, non-budded quiescent 

cells. Phase contrast microscopy (40x) of (A) unseparated log phase cells (Log 

UN), (B) separated Q cells following 7 and 14 days of growth (D7 Q and D14 Q 

respectively) and (C) NQ cells separated at the same time points (D7 NQ and 

D14 NQ respectively).
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Figure 3.4: Q cells are significantly less budded than NQ cells and mid-log 

phase cells. Percentage cell budding was determined by counting at least 100 

cells per field of view at least three times for unseparated log phase cells (Log 

UN), separated Q cells following 7 and 14 days of growth (D7 Q and D14 Q 

respectively) and NQ cells separated at the same time points (D7 NQ and D14 

NQ respectively) Error bars represent standard error of the mean (SEM) of three 

biologically independent experiments. Standard student T-test determines 

significance (* p = 0.05, ** p = 0.01, *** p = 0.005.).
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Figure 3.5: Q cells maintain similar reproductive capacity to cells in the 

mid-log phase of growth. Reproductive capacity of each population of cells 

was determined by evaluating the percentage of that cells that maintained the 

ability to form colonies on nutrient rich YPD agar. The reproductive capacity of 

cells in the mid-log phase of growth (Log) and isolated Q and NQ cells following 7 

and 14 days (D7 and D14 respectively) of growth was measured. The 

reproductive capacity of Q and NQ populations were plotted relative to Log. 

Error bars represent standard error of the mean (SEM) of three biologically 

independent experiments. Standard student T-test determines significance (* p = 

0.05, ** p = 0.01, ***p = 0.005).
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Figure 3.6: SP population divergence begins immediately following

glucose depletion. Images post centrifugation of Percoll density gradients 

loaded with cells harvested from 6.5 ml of culture from each time point. Time (h) 

following culture density reaching ODeoo = 1 (log phase) and ODeoo values are 

visible above and below gradient images respectively. Red arrow identifies point 

of glucose exhaustion.
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3.2.3 Histone levels remain stable in both SP populations

To investigate nucleosome structure and the overall histone modification 

landscape during Q and NQ formation, TCA lysates were prepared from mid-log 

phase cells and from Q and NQ cells isolated after 3, 5 and 7 days of growth. 

Western blot analysis was performed on these lysates with a wide panel of 

antibodies against histones and histones modified by methylation, ubiquitylation 

and acetylation.

3.2.3.1 Core histone levels are maintained throughout SP

The first step in investigating SP chromatin structure was to understand the most 

basic component, the nucleosome. The nucleosome consists of 146 bp of DNA 

wrapped around a histone protein octamer. The protein octamer is made up of 

four core histone proteins in the form of a single (H3-H4)2 tetramer and two H2A- 

H2B dimers. Western blot analysis of the core histone proteins was performed 

on lysates prepared from mid-log cells and Q and NQ cells isolated after 3, 5 and 

7 days of growth.

For analysis of core histone abundance commercially available antibodies 

against histones H3, H4 and H2A were used, and H2B was detected in a strain 

expressing FLAG epitope-tagged H2B. The results of this experiment showed no 

significant changes in the abundance of any of the four core histones throughout 

the sampling period (Figure 3.7 A and B, lanes 1-7). Although there was a small 

decrease in histone abundance between mid-log and Q cells, the decrease was 

deemed insignificant using our detection method.
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Figure 3.7: Core histone abundance remains stable in Q and NQ 

populations of SP. (A) Western blot analysis of TCA extracted proteins from 

mid-log phase cells (Log, lane 1) and Q and NQ cells isolated after 3, 5 and 7 

days of growth (D3, D5 and D7, lanes 2-4 and 5-7 respectively). Antibodies 

specific to H3 and H4 were used for immunoblotting. (B) Western blot analysis of 

TCA lysates using antibodies specific to H2A and a FLAG-H2B epitope (F-H2B). 

Beta-actin loading controls are shown (A and B). Representative images of 

reproducible data are shown.
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3.2.3.2 Levels of the non-canonical histones Htz1 and Hho1 are similar in 

log and SP cells

The non-canonical S. cerevisiae histones, Htz1 and Hhol, were also examined. 

Htz1 abundance has previously been shown to be inversely proportional to the 

rate of transcription at promoter regions of active genes and this has been 

suggested to poise genes for activation (Zhang et al., 2005). We hypothesized 

that Htz1 abundance might increase in the Q population to enable a rapid 

response to changes in the environment. The other important non-canonical 

histone investigated in this work was the H1-like histone, Hho1. Hho1 has been 

implicated in the compaction of SP chromatin independent of an increase in 

abundance when measured during SP in unseparated 6-day old cultures 

(Schafer et al., 2008). Western blot analysis in this study revealed that both Htz1 

and Hho1 protein abundance remained unchanged throughout the sampling 

period in both the Q and NQ population of cells (Figure 3.8 A and B respectively, 

lanes 1-7).

Taken together, these data suggest that overall histone abundance in SP cells 

did not change regardless of whether the histones were canonical (H3, H4, H2A 

and H2B) or non-canonical (Htz1 and Hho1). Interestingly, this in contrast to the 

dramatic loss of histones associated with replicative aging (Hu et al., 2014). In 

replicatively “old” cells, the global loss of histones leads to the dramatic up- 

regulation of transcription across the entire genome resulting in genomic 

instability. This demonstrates the importance of maintaining chromatin structure 

for genomic stability and long-term viability.
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Figure 3.8; The abundance of the non-canonical histones Htz1 and Hho1 

remain unchanged during SP. (A) Western blot analysis of TCA extracted 

proteins from cells in mid-log phase (Log, lane 1) and isolated Q and NQ cells at 

3, 5 and 7 days of growth (D3, D5 and D7, lanes 2-4 and 5-7 respectively). 

Antibodies specific to Htz1 and the loading control beta-actin were used for 

immunoblotting. (B) Western blot analysis using a Hho1 specific antibody. Equal 

loading was monitored by beta-actin. Representative images of reproducible 

data are shown.
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3.2.4 Histone methylation is retained in transcriptionally inactive Q cells 

despite the loss of key modifying enzymes and regulatory co-factors

This study previously showed that in an unseparated, heterogeneous SP culture, 

H3K4me3, H3K36me3 and H3K79me3 were retained despite an overall shut 

down of transcription. Western blot analysis was performed on lysates prepared 

from mid-log cells and Q and NQ cells isolated at day 3, 5 and 7 days to 

investigate whether these marks segregated to either population of cells. We 

hypothesized that due to the decreased transcription in Q cells they may have 

lower abundance of these transcription-associated modifications.

3.2.4.1 H3K4me3, H3K36me3 and H3K79me3 are retained in both SP 

populations

Western blot analysis was performed using antibodies specific to H3K4me3, 

H3K36me3 and H3K79me3 (Figure 3.9). These data revealed that all three 

methylation marks were retained in both the Q and NQ populations throughout 

the sampling period (Figure.3.9, lanes 2-4 and 5-7 respectively). Remarkably, 

the methylation levels of all three histone modifications were maintained and 

were consistent with the transcriptionally active, mid-log phase cells (Figure 3.9, 

lane 1). To investigate the mechanism that enabled Q cells to retain these 

transcription-dependent modifications some of the key regulators of these PTMs 

were also examined.
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Figure 3.9: Tri-methylated forms of H3K4, H3K36 and H3K79 persist in Q 

and NQ SP populations. Western blot analysis of TCA extracted proteins from 

cells in the logarithmic phase of growth (Log, lane 1) and Q and NQ cells isolated 

after 3, 5 and 7 days of growth (D3, D5 and D7, lanes 2-4 and 5-7 respectively). 

Antibodies specific to H3K4me3, H3K36me3 and H3K79me3 were used for 

immunoblotting. Beta-actin loading controls are shown. Representative images 

of reproducible data are shown.
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S.2.4.2 H2B mono-ubiquitylation is rapidly lost in both Q and NQ 

populations

One of the key regulators of H3K4me3 and H3K79me3 is the monoubiquitylation 

of H2B (H2Bub1), with H2Bub1 required for the di- and tri-methylation of both 

H3K4 and H3K79 (Nakanishi et al., 2009). Previous studies have shown that 

carbohydrates are also potent inducers of mono-ubiquitylation (H2Bub1) in yeast, 

and also that H2B ubiquitylation disappears at diauxie in response to glucose 

depletion (Dong and Xu, 2004).

Western blot analysis was performed on mid-log phase cells and isolated Q and 

NQ cells to determine the timing of H2Bub1 depletion and to investigate whether 

the point at which H2Bub1 was lost differed between the Q or NQ population. 

The strain used in this study contains a FLAG-tagged histone H2B to enable 

detection of both unmodified and ubiquitylated H2B due to the difference in 

molecular weights (14 kDa and 26 kDa respectively). H2Bub1 was present in 

mid-log phase cells (Figure 3.10, lane 1) but disappeared following glucose 

depletion in both Q and NQ cells (Figure 3.10, lanes 2-4 and 5-7 respectively). 

These data confirmed the observations published by Dong and Xu (2004), 

suggesting that glucose is necessary for H2Bub1. H2Bub1 was lost in both SP Q 

and NQ populations of cells as early as day 3. Interestingly, despite the loss of 

H2Bub1 in SP both H3K4me3 and H3K79me3 levels were retained at mid-phase 

levels (Figure 3.9). Importantly both H3K4 and H3K79 may also be mono- and 

di-methylated and to gain an understanding of the overall dynamics of 

methylation, the mono- and di-methylated states of both H3K4 and H3K79 were 

also investigated.
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Figure 3.10; H2Bub1 is lost in botii SP populations. Western blot analysis of 

TCA extracted proteins from mid-log phase (Log, lane 1) and Q and NQ cells 

isolated after 3, 5 and 7 days of growth (D3, D5 and D7, lanes 2-4 and 5-7 

respectively). An antibody specific to FLAG-tagged H2B was used for these 

experiments. FLAG-H2Bub (F-H2Bub) and FLAG-H2B (F-H2B) are images of 

the same blot showing different areas and different exposures. Equal loading 

was monitored by beta-actin. Representative images of reproducible data are 

shown.
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3.2.4.3 The mono- and di-methylated forms of H3K79 are specifically 

depleted in Q cells

Together, the data presented so far have showed the unexpected retention of the 

trimethylated forms of H3K4, H3K36 and H3K79 in what are thought to be the 

largely transcriptionally silent SP populations of cells. Significantly, H3K4me3 

and H3K79me3 persist despite the post-diauxie disappearance of H2Bub1. 

Previous studies have reported that H3K4me1 and H3K79me1 occur at a basal 

level in log cells lacking H2Bub1(Dehe et al., 2005; Shahbazian et al., 2005). In 

contrast, the dimethylated state of both H3K4 and H3K79 are dependent on 

H2Bub1 (Nakanishi et al., 2009). To investigate the dynamics of mono-, di-, and 

tri-methylated states of both H3K4 and H3K79, Western blot analysis was 

performed with antibodies specific to each of these methylation states.

All three methylation states of H3K4 were retained throughout the time course in 

both Q and NQ populations (Figure 3.11, lanes 2-4 and 5-7 respectively). As 

previously shown, H3K4me3 persists in both populations of cells in equal 

abundance to mid-log phase cells (Figure 3.11, compare lane 1 to 2-7). The data 

also showed a reproducible increase in H3K4me1 in SP Q and NQ levels and a 

Q specific decrease in H3K4me2. The decrease in H3K4me2 may be due to the 

turnover of this histone PTM, either by active demethylation or a transition to 

H3K4me3. The H3K4me1 increase could be the result of the decrease in 

H3K4me2 due to its demethylation or simply due to an increase in basal 

H3K4me1 levels, which is known to occur independent of H2Bub1 (Nakanishi et 

al., 2009).

Interestingly, while methylation marks (H3K4me1/me2/me3, H3K36me3, and 

H3K79me3) were largely retained in both Q and NQ populations throughout the 

sampling period, H3K79me1 and H3K79me2 were dramatically lost in the Q 

population (Figure 3.12, lanes 2-4). This appears to be a unique property of Q 

cells, as H3K79me3, H3K79me2, and to a lesser extent H3K79me1, were 

retained in the NQ cells isolated during the same time course experiment (Figure 

3.12, lanes 5-7). This Q specific depletion of H3K79me1 and H3K79me2
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identifies a unique histone PTIVI signature that differentiates the Q and NQ SP 

populations.
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Figure 3.11: All three methylation states of H3K4 are retained in SP.

Western blot analysis of TCA extracted proteins from mid-log phase cells (Log, 

lane 1) and Q and NQ cells isolated after 3, 5 and 7 days of growth (D3, D5 and 

D7, lanes 2-4 and 5-7 respectively). Antibodies specific to H3K4me1, H3K4me2 

and H3K4me3 were used for immunoblotting. Beta-actin loading controls are 

shown. Representative images of reproducible data are shown.
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Figure 3.12: H3K79me1 and H3K79me2 are specifically lost in the Q 

population of SP cells. Western blot analysis of TCA extracted proteins from 

mid-log phase cells (Log, lane 1) and Q and NQ cells isolated after 3, 5 and 7 

days of growth (D3, D5 and D7, lanes 2-4 and 5-7 respectively). Antibodies 

specific to H3K79me1, H3K79me2 and H3K79me3 were used for 

immunoblotting. Beta-actin loading controls are shown. Representative images 

of reproducible data are shown.
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3.2.4.4 The H3 specific histone methyltransferases Set1, Set2 and Dot1 are 

depleted in SP

The protein product of the D0T1 gene has been identified as the histone 

methyltransferase responsible for the addition of methyl groups to H3K79 (van 

Leeuwen et al., 2002). As there are no good quality commercial antibodies 

specific to S. cerevisiae Dot1 available, the Janke et al. (2004) method of epitope 

tagging was used to introduce a 9-myc tag epitope at the C-terminal end of the 

Dot1 protein (Section 2.5.4). A series of tests were performed to confirm that the 

Dot1-9myc protein remained functional.

Western blot analysis, performed on lysates prepared from mid-log phase cells 

and Q and NQ cells isolated after 3, 5, and 7 days of growth, investigated 

whether H3K79me1, H3K79me2 and H3K79me3 expression levels remained 

unaltered in the Dot1-9myc strain. The methylation trends observed in the strain 

containing wild type (WT) Dot1 were maintained in the Dot1-9myc containing 

strain. Both the wild type and Dot1-9myc strain displayed Q specific H3K79me1 

and H3K79me2 depletion and retention of H3K79me3 (compare Figure 3.12 and 

Figure 3.13 A).

To further confirm that Dot1-9myc was functional the level of H3K79me3 on 

chromatin was monitored by chromatin immunoprecipitation (ChIP) in mid-log 

phase cells of both wild type (WT) and the Dot1-9myc strain. The genes 

analysed by qPCR included the inactive SP-specific gene, SNZ1, and the active 

log-specific genes, PGK1 and PMA1. The ribosomal protein gene, RPS31, was 

also analysed as it has been previously identified as a gene enriched for 

H3K79me3 (Shahbazian et al., 2005). H3K79me3 enrichment levels remained 

unchanged in all genes tested in both Dotl and Dot1-9myc containing strains 

(Figure 3.13 B). Finally, transcription analysis of SNZ1, PGK1, PMA1, and 

RPS31 confirmed transcription of these genes was unaltered when the Dot1 

protein contained a C-terminal epitope (Figure 3.13 C).
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Figure 3.13: Dot1-9myc is functional. (A) Western blot analysis of TCA 

extracted proteins from mid-log phase cells (Log, lane 1) and Q and NQ cells 

isolated at day 3, 5 and 7 (D3, D5 and D7, lanes 2-4 and 5-7 respectively). 

Antibodies specific to H3K79me1, H3K79me2 and H3K79me3 were used for 

immunoblotting. Beta-actin loading controls are shown. (B) ChIP analysis of 

H3K79me3 enrichment of wild type (WT) and Dot1-9myc containing strains. 

Data are plotted both as IP over INPUT (left) and normalized to TEL VI (right). 

qPCR was carried out using primers specific to SNZ1 5 ’, PGK1 5', PMA1 5 ’, 

RPS31 ORF and TEL VL (C) Transcription analysis of control genes in both wild 

type (WT) and Dot1-9myc containing strains.
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Taken together, these data provided evidence that Dot1-9myc remained 

functional and could be used for further analysis. Thus, to investigate the 

abundance of Dot1 in SP cells, Western blot analysis was performed on TCA 

lysates prepared from the Dot1-9myc containing strain throughout the log phase 

to day 7 sampling period. Interestingly, Dot1 abundance was reduced in both Q 

and NQ cell populations when compared to its level in mid-log cells (Figure 3.15, 

lanes 1-7). Dot1 depletion occurred more rapidly in Q cells with protein levels 

visibly depleted at day 3 when compared to mid-log cells (Figure 3.15, lanes 1-4). 

Interesting, Dotl initially persisted in the NQ population isolated after 3 days of 

growth but then gradually diminished in abundance in day 5 and day 7 NQ cells 

(Figure 3.15, lanes 5-7).

Setl and Set2 are members of the SET domain containing histone 

methyltransferase (HMT) enzymes that specifically catalyse the addition of 

methyl groups in yeast to H3K4 and H3K36 respectively. TCA lysates from S etl- 

9myc and Set2-9myc containing strains were prepared throughout the same 

sampling period as Dot1-9myc cells. Western blot analysis was used to 

determine the functionality of the tagged Setl and Set2 proteins. Set2-9myc 

appeared to remain functional as global H3K36me3 levels were the same as a 

wild type non-tagged strain (Figure 3.14). However, Set1-9myc strains had no 

detectable H3K4me3 (Figure 3.14, lane 2). The loss of Setl function is most 

likely due to the histone methyltransferase activity containing SET domain being 

present at the extreme C-terminus of S e tl, in contrast to Set2, in which the SET 

domain is present at the N-terminus.

Western blot analysis was then performed on lysates prepared from log phase 

cells and Q and NQ cells isolated after 3, 5 and 7 days of growth to determine if 

the pattern of Dotl depletion was typical of the other HMT enzymes during SP. 

This experiment revealed that Set2-9myc and the functionally impaired S etl- 

9myc proteins were both depleted in the Q population of SP (Figure 3. 15). Set2- 

9myc levels in Q cells showed a similar pattern to that seen in Dot1-9myc, with 

protein levels being significantly depleted as early as day 3 in the Q population 

when compared to mid-log levels (Figure 3.15, lanes 1-4). However unlike D otl- 

9myc, which showed a gradual depletion in the NQ population (Figure 3.15, lanes
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5-7), Set2-9myc maintained levels of the protein similar to those in mid-log phase 

throughout the sampling period (Figure 3.15, lanes 5-7). The non-functional 

Set1-9myc protein showed a rapid and complete loss in both Q and NQ cells 

when compared to its level in mid-log cells (Figure 3.15, lanes 2-4, 5-7 and 1 

respectively). However, this depletion may be influence by the loss of 

functionality of the Setl protein in this strain.

It is thus interesting to note that H3K4me3, H3K36me3 and H3K79me3 levels 

were all maintained despite the decrease or complete loss of their specific HMT 

enzymes. In the case of both H3K4me3 and H3K79me3 the regulatory co-factor 

H2Bub1 was also lost. We therefore hypothesize that the level of these marks 

remain at a high level in Q cells due to an inheritance mechanism or active 

maintenance rather than a genome-wide re-establishment of methylation 

following the formation of these cells. To determine whether the retention of 

transcription associated PTMs was widespread the levels histone acetylation in 

SP was also investigated.
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Figure 3.14; Set2-9myc is functional but Set1-9myc is non-functional.

Western blot analysis of TCA extracted proteins fronn mid-log phase cells from 

wild type (Lane 1), Set1-9myc (Lane 2), and Set2-9myc strains (Lane 3). 

Antibodies specific to H3K4me3 and H3K36me3 were used for immunoblotting. 

A representative beta-actin loading control is shown.
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Figure 3.15: HIstone methyltransferase protein abundance decreases in Q 

populations of cells in SP. Western blot analysis of TCA extracted proteins 

from cells in the logarithmic phase of growth (Log, lane 1) and Q and NQ cells 

isolated following 3, 5 and 7 days of growth (D3, D5 and D7, lanes 2-4 and 5-7 

respectively). An anti-myc antibody was used to detect Dot1-9myc, Set2-9myc, 

and Set1-9myc, Individual beta-actin blots loading determined equal loading. 

Representative images of reproducible data are shown.
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3.2.5 Acetylation levels dramatically decrease in Q and NQ SP populations

The data presented up to this point has primarily focused on histone methylation 

and the enzymes involved in its regulation. Another important transcription-linked 

PTM is histone acetylation. The N-terminal tails of histones H3 and H4 can be 

acetylated at multiple conserved lysine residues (Figure 1.6). Acetylation of 

these residues has the potential to change local DNA structure allowing easier 

access to the DNA during transcription, or to provide binding sites for regulatory 

factors (Workman and Kingston, 1998). Acetylation of residues including, H3 

lysine residues 9 and 14 (H3K9ac and H3K14ac respectively) and lysine residues 

in the N terminal tail of H4 have all been linked to active transcription (Pokholok 

et al., 2005; Robert et al., 2004). Histone acetylation also has roles in chromatin 

accessibility (H4K16ac) and during DNA replication (H3K56ac) (Dang et a!., 

2009; Li et al., 2008). Histone acetylation is highly dynamic and is regulated by 

the antagonistic actions of histone acetyltransferase enzymes (HATs) and 

histone deacetylase enzymes (HDACs).

3.2.5.1 Transcription-associated acetylation marks are depleted in SP

Western blot analysis was performed on the same TCA lysates used to 

determine H3 methylation dynamics with a panel of antibodies against H3K9ac, 

H3K14ac and acetylated H4 residues (H4ac4) (Figure 3.16). In contrast to H3 

methylation, acetylation is dramatically reduced in both Q and NQ SP 

populations. Each acetylated residue(s) showed a slightly different profile of 

depletion but in all case Q cells isolated after 7 days of growth appeared to have 

no detectable levels of acetylation (Figure 3.16, lane 4).

The level of H3K9ac was reduced in Q cells as early as day 3 when compared to 

mid-log phase cells (Figure 3.16, lanes 1-2), followed by a gradual loss and then 

complete depletion in day 7 Q cells (Figure 3.16, lanes 1-4). A more rapid 

decrease in H3K9ac was observed in the NQ population (Figure 3.16, lanes 5-7). 

H3K14ac was rapidly depleted in both the Q and NQ populations as early as day 

3 when compared to mid-log levels (Figure 3.16, lanes 1-7). Finally, H4 tetra 

acetylation (H4ac4) levels were also depleted in both Q and NQ populations 

isolated after 7 days of growth (Figure 3.16, lanes 1, 4, and 7). Interestingly,
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H4ac4was retained in the NQ population even at day 7, albeit at a significantly 

lower level than that observed early in mid-log phase cells.

3.2.5.2 Despite the dramatic decrease in histone acetylation many of the 

regulators of histone acetylation persist

The addition of acetyl moieties to lysine residues of both H3 and H4 is catalysed 

by a group of HATs. However, acetylation is dynamic in nature and is 

antagonized by HDACs. Gcn5, the catalytic subunit of the SAGA complex, is a 

HAT known to catalyse acetylation of both H3K9 and H3K14. We sought to 

determine whether the loss of both H3K9ac and H3K14ac during SP was a result 

of a decrease in Gcn5 levels. Western blot analysis using a Gcn5-specific 

antibody revealed that protein levels remained at levels similar to those in mid-log 

levels throughout the sampling period (Figure 3.17, lanes 1-7).

As Gcn5 abundance did not decrease in SP we hypothesized that an increase in 

HDAC abundance may cause the rapid decrease in H3K9/K14 acetylation levels 

observed in both Q and NQ populations. Studies have shown that while HATs 

tend to be promiscuous in nature, HDACs are recruited to specific subsets of 

genes. In S. cerevisiae there are three main classes of HDACs. The class I family 

of HDACs contains three members (Rpd3, Hos2 and Hosi), there are two class II 

HDACs (Hdal and Hos3) and a number of class III HDACs, also termed sirtuins 

(Bernstein et al., 2000; Ekwall, 2005). The levels of class I HDAC, Rpd3, the 

class II HDAC, Hda1, and the class III sirtuin, Sir2, were investigated by Western 

blot analysis. Interestingly, like Gcn5, the levels of all three HDACs remained 

stable in both Q and NQ populations and were unchanged from their levels in 

mid-log cells (Figure 3.17, lanes 1-7).
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Figure 3.16: Histone acetylation is depleted during entry into SP. Western 

blot analysis of TCA extracted proteins from cells in the mid-log phase of growth 

(Log, lane 1) and Q and NQ cells isolated following 3, 5 and 7 days of growth 

(D3, D5 and D7, lanes 2-4 and 5-7 respectively). Antibodies specific to H3K9ac, 

H3K14ac and acetylated H4 (H4ac4) were used for immunoblotting. Beta-actin 

loading controls are shown. Representative images of reproducible data are 

shown.
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Figure 3.17: HAT and HDAC levels remain stable during SP. Western blot 

analysis of TCA extracted proteins from cells in mid-log phase (Log, lane 1) and 

Q and NQ cells isolated after 3, 5 and 7 days of growth (D3, D5 and D7, lanes 2- 

4 and 5-7 respectively). Antibodies specific to the HAT Gcn5, and HDACs RpdS, 

Hda1 and Sir2, were used for immunoblotting. Beta-actin loading controls are 

shown. Representative beta-actin loading control is shown. Representative 

images of reproducible data are shown.
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3.2.5.3 Histone acetylation associated with chromatin accessibility and DNA 

replication was also depleted during SP

Two other important acetyl marks are H4K16ac and H3K56ac. H4K16ac is 

known to play a role in chromatin accessibility by antagonizing the binding of the 

Sir family of silencing proteins (Dang et al., 2009). H3K56ac, on the other hand, 

plays a role in the deposition of newly synthesised histone during DNA replication 

(Li et a!., 2008). Western blot analysis performed on TCA lysates from mid-log 

cells and Q and NQ cells isolated during the time-course experiment revealed 

that both modifications showed a similarly dramatic decrease in abundance both 

Q and NQ populations (Figure 3.18).

Together, these data highlight the dramatic decreases in abundance of all forms 

of histone acetylation in both Q and NQ cells, including acetylation marks 

associated with active transcription (H3K9ac, H3K14ac, H4ac4), chromatin 

accessibility (H4K16ac) and DNA replication (H3K56ac). The loss of these acetyl 

marks is indicative of the shutdown in both transcription and replication occurring 

in Q cells but is in contrast to the retention of transcription-dependent histone 

methylation. Interestingly, this loss in histone acetylation does not seem to be as 

the result of an alteration in the ratio of HAT to HDAC abundance. However, 

differences in HAT and HDAC activity during SP cannot be rules out.
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Figure 3.18: Transcription-independent liistone acetylation marks also 

dramatically decrease in both Q and NQ SP populations. Western blot 

analysis of TCA extracted proteins from mid-log phase cells (Log, lane 1) and 

isolated Q and NQ cells following 3, 5 and 7 days of growth (D3, D5 and D7, 

lanes 2-4 and 5-7 respectively). Antibodies specific to H4K16ac (A) and 

H3K56ac (B) were used for immunoblotting. Beta-actin ensured equal loading. 

Representative images of reproducible data are shown.
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3.2.6 RNA Polymerase II subunits persist but In a potentially Inactive form

The data presented so far have focused on histone PTMs. The data revealed 

two distinct PTM responses upon entry Into SP. Both H2B ubiquitylation and 

acetylation of histones H3 and H4 were lost shortly after entry into SP. In 

contrast H3K4me, H3K36me3 and H3K79me3 were all retained in SP. H3K4, 

H3K36 and H3K79 are methylated in a transcription-dependent manner driven by 

RNA polymerase I! (RNAP II), but interestingly methylation is retained despite a 

shutdown in global transcription in SP. This section sought to investigate the 

correlation between RNAP II abundance and these transcription-associated 

histone modifications.

RNAP II is a multi-subunit complex containing both core and transient protein 

components. In this study, we sought to determine whether RNAP II abundance 

varied in either SP cell population. One of the core subunits of RNAP II is Rpb3, 

which many previous studies have used as being indicative of RNAP 11 

abundance. Western blot analysis was performed on TCA lysates prepared from 

an Rpb3-9myc containing strain in mid-log phase and in Q and NQ cells isolated 

following 3, 5 and 7 days of growth. These data revealed that Rbp3 was present 

at similar levels in all cells (Figure 3.19, top panel, lanes 1-7).

Another core subunit of the RNAP 11 complex is Rpbl. Rbpi is the largest 

subunit of RNAP II and it contains a C-terminal repeat domain (CTD) that acts as 

a docking site for a multitude of factors throughout the transcription cycle 

(Heidemann et al., 2013). Interestingly, H3K4me and H3K36me are regulated by 

serine 5 and serine 2 phosphorylation of the RNAP II CTD, respectively (Krogan 

et al., 2003; Ng et al., 2003). Serine 5 phosphorylation (Ser5-P) of the CTD is 

associated with initiating RNAP II and plays a role in recruiting Setl to the 5’ end 

of genes, leading to H3K4me. During transcription elongation serine 2 of the 

CTD becomes phosphorylated (Ser2-P) and Set2 is recruited to the elongation 

machinery resulting in H3K36 methylation over the 3’ end of genes. The 

correlation between Ser5-P and Ser2-P with the initiating and elongating forms of 

RNAP II respectively allows monitoring of the transcriptional activity within a 

population of cells.
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Three commercially available antibodies were used for Western blot analysis 

enabling the abundance of each of these forms of RNAP II to be determined. 

One antibody recognises the Rpb1 CTD regardless of phosphorylation state but 

with a bias for unphosphorylated epitopes (Figure 3.18, second panel labelled 

Rbp1). A second antibody recognises only a Ser2 phosphorylated CTD (Figure

3.18, third panel labelled Rbp1 Serine 2-P) and the third antibody recognises only 

Ser5 CTD phosphorylation (Figure 3.19, fourth panel labelled Rbpi Serine 5-P).

As expected, transcriptionally active, mid-log phase cells contained significant 

levels of both initiating (Ser5-P) and elongating (Ser2-P) forms of RNAP II (Figure

3.18, lane 1). However, in SP, the levels of both the initiating and elongating 

forms of RNAP II were decreased. A loss of both Ser2-P and Ser5-P coincided 

with an increase in the level of the non-phosphorylated form of the CTD (Figure

3.18, lanes 3-7). Interestingly, both the initiating and elongating forms of RNAP II 

initially persisted in the Q population of cells. In fact, the level of Ser5-P and 

Ser2-P in Q cells isolated after 3 days of growth mirrored the levels in mid-log 

phase cells before rapidly depleting with no detectable level of CTD 

phosphorylation in day 5 and day 7 Q cells (Figure 3.19, lanes 2-4).
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Rpbl
Serine 2-P 
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Beta-actin
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Figure 3.19: RNAP II persists In SP but In a non-initiating and non

elongating form. Western blot analysis of TCA extracted proteins from cells in 

the logarithmic phase of growth (Log, lane 1) and Q and NQ cells isolated after 3, 

5 and 7 days of growth (D3, D5 and D7, lanes 2-4 and 5-7 respectively). 

Antibodies specific to Rbp3-9myc, Rbp1, Rpb1 Ser2-P and Rpb1 Ser5-P were 

used for immunoblotting. Equal loading was monitored by beta-actin and a 

representative blot is shown. Representative images of reproducible data are 

shown.
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3.4 Discussion

The data presented in this chapter described the histone modification landscape 

during the development of the Q and NQ populations present in S. cerevisiae SP 

cultures. TCA lysates were prepared from actively growing, mid-log phase cells 

and isolated Q and NQ cells isolated following 3, 5 and 7 days of growth. 

Western blot analysis was performed on these lysates with a wide panel of 

antibodies against histones, specific histone modifications and regulatory factors.

The nucleosome consists of 146 bp of DNA wrapped around a histone protein 

octamer. The canonical histone octamer is comprised of a single (H3-H4)2 

tetramer and two H2A-H2B dimers (Luger et al., 1997). The data presented here 

revealed that both SP populations maintained similar levels of each of these 

histones, suggesting that there is not a global change in histone abundance or 

nucleosome structure (Figure 3.7). This was in contrast to the global loss of 

histones that was observed in replicatively “old” cells (Hu et al., 2014). The 

importance of maintaining histone levels was demonstrated by the global up- 

regulation of transcription and increased genome instability that was associated 

by histone loss in these cells.

The H2A histone variant Htz1 is incorporated into promoter proximal 

nucleosomes where it has been implicated in poising genes for activation, with 

the levels of enrichment known to be inversely proportional to transcription rate 

(Smolle and Workman, 2013). However, similar to the core histones, the 

abundance of Htzl did not significantly alter in either SP population (Figure 3.8 

A). This work also confirmed the observation that, the abundance of the HI-like 

linker histone, Hhol, does not increase during SP (Figure 3.8 B) (Schafer et al., 

2008). These data demonstrated that the overall abundance of histones, both 

canonical and non-canonical, remained stable in the both SP populations and 

this may contribute to the maintenance of long-term genomic stability.

While histones, both canonical and non-canonical, showed no significant 

difference in abundance between log phase cells and Q or NQ cells, there were 

dramatic decreases in the levels of all forms of histone acetylation. Both Q and
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NQ cells showed significant decreases in acetylation marks associated with 

active transcription (H3K9ac, H3K14ac and H4ac4), chromatin accessibility 

(H4K16ac) and DNA replication (H3K56ac) after only three days of growth and 

complete loss in most in both SP populations following 7 days of growth (Figure 

3.5 and 3.17). This drop in cellular levels of histone acetylation occurs despite the 

persistence of the HAT and HDAC enzymes (Figure 3.16). The dramatic 

response of histone acetylation despite the persistence of HATs is not surprising 

considering the loss of glucose in SP. Glucose metabolism drives the synthesis 

of acetyl-CoA, which is an essential substrate for histone lysine acetylation by 

HATs, including Gcn5 and Esal. Glycolysis produces both ATP and acetate, 

which are key intermediates required for the maintenance of acetyl-CoA levels 

(Friis et al., 2009). Studies have shown that acetyl-CoA levels peak during the 

initial log phase of growth when glucose is the primary carbon-source and are 

rapidly depleted early in SP (Seker et al., 2005) Another study showed that by 

artificially depleting nuclear levels of acetyl-CoA in log phase cells there is an 

overall drop in histone acetylation (Takahashi et al., 2006). These studies link 

cellular metabolism, particularly glycolysis, and chromatin structure. In SP, the 

nutrient limiting environment results in the global loss of acetylation (Figure 3.15 

and Figure 3.17). Interestingly, re-feeding of SP cells with glucose has shown a 

rapid induction of global acetylation by Esa1 and Gcn5 (Friis et al., 2009). This 

acetylation increase occurs within 30 minutes of re-feeding SP cells, suggesting 

that the persistence of HAT enzymes during SP is a key step in enabling rapid 

induction of acetylation.

In sharp contrast and with two prominent exceptions, histone methylation levels 

remained remarkably stable among log, Q, and NQ cells. The dynamic response 

of histone acetylation to the nutrient limiting environment of SP seems to be 

specific to this form of histone modification. All three methylation states of H3K4, 

and the trimethylation of both H3K36 and H3K79 are retained in both Q and NQ 

cells isolated from SP. The retention of these PTMs occurred despite the 

decrease or complete loss of many of their modifying factors. Optimal tri

methylation of both H3K4 and H3K79 is linked to H2Bub1 (Nakanishi et al., 

2009). Both H3K4me and H3K36me are also regulated by serine 5 or serine 2 

phosphorylation of the RNA polymerase II CTD (Krogan et al., 2003; Ng et al..
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2003). This study confirmed that H2Bub1 is lost prior into entry to SP (Figure 

3.10). Although unmodified RNAP II persisted throughout the sampling period, 

the phosphorylated forms of the RNAP I! CTD were also lost despite their initial 

persistence (Figure 3.18). This suggests that H3K4me, H3K36me and H3K79me 

enrichment might be established on chromatin by the activity of these factors 

shortly before or just after diauxie and then stably maintained. In further support 

of this conclusion, Setl and Set2, which are known to associate with the 

phosphorylated forms of RNAP II to promote H3K4 and H3K36 methylation, 

respectively, were present in log cells but significantly depleted after 3 days of 

growth, particularly in Q cells (Figure 3.14) (Krogan et al., 2003; Ng et al., 2003). 

In addition, the levels of D otl, which in known to mediate H3K79 methylation, 

although not coupled to RNAP II, also followed a similar pattern to Setl and Set2 

depletion during SP (van Leeuwen et al., 2002).

The activity of both the histone methylation and demethylation enzymes have 

been shown to require specific metabolic coenzymes, whose biosynthesis is 

dependent on intracellular ATP levels. One of the key co-factors involved in 

histone methylation is central metabolite S-Adenosyl-Methionine (SAM), which 

acts as the donor molecule for the transfer of methyl groups to histone proteins 

(Teperino et al., 2010). A recent study investigating the intracellular levels of 

SAM revealed that in contrast to the significant loss of the acetylation dependent 

co-factor acetyl-CoA in SP, SAM levels were only slightly lower in SP cells than 

in mid-log phase cells (Mews et al., 2014; Seker et al., 2005). This maintenance 

of high intracellular levels of SAM in SP cells correlated with H3 methylation 

stability during exit from SP (Mews et al., 2014).

The demethylation of histones requires a different subset of metabolic co-factors 

including the redox coenzyme flavin adenine dinucleotide (FAD), which itself is 

involved in several important reactions in metabolism (Anand and Marmorstein, 

2007). Although the levels FAD in SP cells of S. cerevisiae has yet to be 

determined, the identification of ATP produced by the intracellular metabolism of 

nutrients as the key molecule for its biosynthesis has linked high cellular energy 

to histone demethylation (Teperino et al., 2010). With a wide variety of co-factors 

involved in the catalysis of both the addition and removal of histone methyl
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groups an alteration of the catalytic ratio of the activity of methylation enzymes to 

the activity of their respective antagonistic demethylation enzymes may play a 

role in the highly stable nature of histone methylation in yeast SP.

Overall, the data presented in this work suggests that the methylation profile of 

H3K4, H3K36 and H3K79 observed in SP, particularly in the Q population of 

cells, may be established prior to diauxie and maintained in Q cells or inherited 

directly by Q cells. The epigenetic inheritance of histone PTMs has previously 

been suggested as a means of maintaining the memory of previous gene 

activation, with studies directly implicating H3K4 and H3K79 methylation in this 

process (De Vos et al., 2011; Peterson, 2010; Zhou and Zhou, 2011). It may be 

important for Q cells to maintain PTMs at previously activated genes to regulate 

transcriptional patterns and allow maintenance of the quiescent state or to 

reactivate the correct genes upon restoration of glucose.

The exception to the maintenance of histone methylation levels in Q and NQ cells 

was H3K79 methylation. Whereas all three H3K4 methylation states and the 

trimethylated states of H3K36 and H3K79 were retained in both Q and NQ cells, 

H3K79me1 and H3K79me2 levels were specifically lost in Q cells. The 

substantial depletion of Dotl and both these H3K79 methylation states, suggests 

that either a specific H3K79me1/me2 demethylase is activated exclusively in Q 

cells or that the activity of the remaining Dotl in these cells may be altered to 

promote only H3K79 trimethylation. Unlike H3K4 and H3K36, for which 

demethylase enzymes have been identified, an H3K79me specific demethylase 

has yet to be found. Previous work has suggested that altering or extending the 

cell cycle may result in a change in the distribution of H3K79 methylation states 

leading to an increase in H3K79me3 with an associated decrease in H3K79me1 

and me2 (De Vos et al., 2011). We hypothesize that the extended cell cycle, 

during which Q cells are formed, facilitates a Dotl-dependent transition or “push” 

to H3K79me3.

As previously mentioned, RNAP II phosphorylation persists in Q cells isolated 

after 3 days growth before a rapid loss occurs. The levels of both serine 5 and 

serine 2 RNAP II phosphorylation in day 3 Q cells are similar to those observed
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in mid-log cells (Figure 3.18). This finding suggests that Q cells are initially 

transcriptionally active before a global shutdown in transcription occurs. Previous 

studies have shown that Q cells maintain large numbers of mRNAs in both P- 

bodies and stress granules (Gimenez-Barcons and Diez, 2011; Shah et al., 

2013). In fact, by including a protein digestion stage in the preparation of RNA 

samples from Q cells, 2000 unique transcripts were isolated (Aragon et al., 

2008). These data suggest a rapid phase of transcription may take place in the 

earliest stage of quiescence development followed by an extended period of 

transcriptional silencing. During this period of rapid transcription it is possible 

that Q cells produce many transcripts, which are then stored. These stored 

transcripts may enable long-term maintenance of quiescence and/or enable 

these Q cells to rapidly respond to environmental changes.
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Chapter 4

Investigating global RNAP II occupancy and the histone 

methylation landscape in quiescent yeast cells
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4.1 Introduction

Previously presented Western blot data (Chapter 3) demonstrated the 

persistence of RNAP I! and the retention of histone H3 tri-methylation at H3K4, 

H3K36 and H3K79 in the quiescent (Q) population of S. cerevisiae formed during 

entry into stationary phase (SP). We found that although RNAP I! levels 

persisted in the Q population at levels similar to those found in actively growing 

log phase cells, RNAP II was not significantly phosphorylated at the CTD of the 

Rpb1 subunit. Phosphorylation of the RNAP I! CTD at the serine 5 and serine 2 

residues is indicative of the initiating and elongating forms of RNAP I! 

respectively (Heidemann et al., 2013; Phatnani and Greenleaf, 2006). The 

significant depletion of CTD phosphorylation in the Q cells suggested an overall 

shutdown of transcription in these cells despite the retention of the RNAP II 

complex itself.

Interestingly, a previous study determined that there was a significant increase in 

RNAP II occupancy at intergenic regions of the yeast genome in SP cells 

(Radonjic et al., 2005). RNAP II was shown to be enriched upstream of many 

genes that were rapidly up regulated during exit from SP. Although this work was 

carried out in an un-separated SP population of cells, it implicated RNAP II 

localization in the ability of cells to rapidly respond to a more favorable 

environment. This prompted us to investigate the genome-wide localization of 

RNAP II in both mid-log phase cells and Q cells isolated 7 days after growth in 

glucose-based rich media to determine which genes or regions of this unique 

population of cells were enriched for RNAP II.

I have presented data to show that histone H3 methylation at H3K4me3, 

H3K36me3, and H3K79me3 were retained in Q cells despite the general 

shutdown in transcription that occurs in these cells. The stability of histone 

methylation in Q cells is in stark contrast to histone H2B ubiquitylation and the 

acetylation of histones H3 and H4, which are all rapidly decreased in Q cells 

during entry into quiescence. A recent study investigated the dynamics of 

histone acetylation and methylation during the re-entry of stationary phase cells 

into the cell cycle in S. cerevisiae (Mews et al., 2014). This work demonstrated
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that histone acetylation rapidly responded to the environment, whereas histone 

methylation levels remained unchanged.

Interestingly, we also demonstrated that many of the key regulators of H3 

methylation including H2B ubiquitylation, the specific histone methyltransferase 

enzymes (Set1, Set2 and Dot1), and also the phosphorylation of the RNAP II, 

were decreased or completely lost in Q cells. Together, the data support the 

view that the presence of H3K4, H3K36, and H3K79 trimethylation in Q cells 

occurs in the absence of their usual regulatory signals. We suggest that the 

retention of these histone PTMs, in the absence of many of their regulatory 

factors, could occur either by establishment of the PTMs early during the 

formation of Q cells or from the stable inhentance of these PTMs after their 

deposition during a prior period of active transcription in log phase. To explore 

this hypothesis, the genome-wide distribution of H3K4me3, H3K36me3 and 

H3K79me3 in mid-log phase cells and in day 7 Q cells was investigated.

The distribution of histone H3 methylation at genes in actively proliferating (mid

log phase) cells has been described in a number of studies (Pokholok et al., 

2005; Schulze et al., 2011; Shahbazian et al., 2005). The classical 5’ and 3’ ORF 

bias in the distribution of H3K4me3 and H3K36me3, respectively, is in contrast to 

H3K79me3, which is enriched throughout the ORF of actively transcribed genes. 

However, the distribution patterns of each of these histone PTMs in Q cells is 

unknown, and we investigated whether log cell distribution was maintained in this 

unique population of cells.
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4.2 Results

This chapter describes the genome-wide localization of RNAP I! and the global 

distribution of H3K4me3, H3K36me3 and H3K79me3 in mid-log phase cells and 

7 day quiescent cells by chromatin immunoprecipitation (ChIP) paired with high- 

resolution oligonucleotide tiling arrays (ChlP-chip). All ChlP-chip analyses were 

performed in collaboration with the Osley group and the KUGR microarray 

facility, which are both located in the University of New Mexico. Work performed 

by myself in the Fleming laboratory at Trinity College Dublin and also at the 

University of New Mexico contributed the fully processed immunoprecipitated 

DMA for both the RNAP II and H3K79me3 global ChlP-chip data sets. 

Furthermore, validation of ChlP-chip data for all data sets was undertaken as part 

of this work. All bioinformatics analyses were performed in collaboration with 

Karsten Hokamp (Smurfit Institute of Genetics, Trinity College Dublin) and the 

Osley group.

4.2.1 RNAP II displayed distinct patterns of distribution in log phase and Q 

cells

Western blot data presented in the previous chapter demonstrated that Rpb3- 

9myc abundance, which was indicative of RNAP II levels, was maintained 

throughout the formation of Q cells at a level that was similar to that of actively 

proliferating mid-log phase cells. We next determined the genome-wide 

localization of RNAP II in log cells and in Q cells isolated after 7 days of growth in 

glucose-based, nutrient rich media using chromatin immunoprecipitation (ChIP), 

with an antibody that recognizes the myc epitope on Rbp3-9myc, and high- 

resolution oligonucleotide tiling arrays (ChlP-chip). The pattern of Rpb3-myc 

localization was very different between log and Q cells as illustrated by a 

screenshot of yeast chromosomes I and III (Figure 4.1). While there was some 

overlap in distribution, distinct patterns of Rpb3-9myc localization occurred in the 

two samples.
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Figure 4.1: Rpb3-myc localization on chromosomes I and III. Genome 

browser screenshots of Rbp3-9myc ChlP-chip data from log phase and Q cells. 

The entire chromosome with each ORF is highlight at the top of the figure (green 

and pink boxes). The regions enriched in Rpb3-9myc in both log cells (top 

panels) and day 7 Q cells (bottom panels), are shown by peaks of varying 

heights. The tracks represent the average of two independent biological 

experiments.
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4.2.1.1 ChlP-chip genome-wide experiments were validated by gene- 

specific qPCR analysis

Validation of the ChlP-chip data was carried using gene-specific qPCR on the 

original DNA used for the ChlP-chip analysis. The distribution of RNAP II and its 

abundance across the entire coding region of the selected genes was 

investigated by qPCR. For this analysis, oligonucleotides were designed to 

amplify regions within the promoter (TATA) and at the beginning (5’) and end (3’) 

of each open reading frame (ORF). The genes PMA1, ADY2 and SNZ1 were 

used to validate ChlP-chip data (Figure 4.2 and 4.3). Initial analysis of these 

genes revealed that PMA1 displayed significantly enriched levels of RNAP II in 

log cells only, whereas ADY2 and SNZ1 were enriched for RNAP II only in Q 

cells. These genes will be discussed in more detail in Chapter 5 of this thesis.

RNAP II occupancy at PMA1, ADY2 and SNZ1 was investigated in both log and 

Q cells, and compared to the occupancy patterns detected by ChlP-chip (Figure 

4.2 and 4.3). Gene-specific qPCR analysis of these genes reproduced the 

patterns of RNAP II occupancy observed in the ChlP-chip analysis. In log phase 

cells, RNAP II was significantly enriched across the PMA1 gene and promoter 

region displaying a profile that reproduced what was shown in the screenshots of 

the same region following ChlP-chip analysis (compare Figure 4.2 A and B). In 

contrast, RNAP II enrichment was not detected at either ADY2 or SNZ1 by ChlP- 

chip analysis or by gene-specific analysis in log cells (Figure 4.2 C-F). These 

gene-specific results validated the log phase ChlP-chip data. The same 

approach was also used to validate the Q cell ChlP-chip data, and similar cell- 

specific results were obtained. The global ChlP-chip analysis of RNAP II 

occupancy in Q cells demonstrated significant enrichment across both ADY2 and 

SNZ1 ORFs but not PMA1 (Figure 4.3 A, C and E), a result which was validated 

using gene-specific analysis (Figure 4.3 B, D and F).
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Figure 4.2: Gene-specific qPCR validation of genome-wide log phase Rpb3- 

9myc occupancy. (A, C and E) Genome browser screenshots of Rbp3-9myc 

enrichment at PMA1, ADY2 and SNZ1. Black arrows highlight transcription start 

sites and transcriptional direction. Coloured lines depict oligonucleotide location 

for gene-specific qPCR validation analysis. (B, D, and F) Gene-specific qPCR 

analysis of Rpb3-9myc enrichment (IP/INPUT) across PMA1, ADY2 and SNZ1. 

Error bars represent the SEM of two independent biological experiments.
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Figure 4.3: Gene-specific qPCR validation of genome-wide Rpb3-9myc

occupancy in Q cells. (A, C and E) Genome browser screenshots of Rbp3- 

9myc enrichment at PMA1, ADY2 and SNZ1. Black arrows highlight 

transcriptional start sites and transcriptional direction. Coloured lines depict 

oligonucleotide location for gene-specific qPCR validation analysis. (B, D, and F) 

Gene-specific qPCR analysis of Rpb3-9myc enrichment (IP/INPUT) across 

PMA1, ADY2 and SNZ1. Error bars represent the SEM of two biologically 

independent experiments.
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4.2.1.2 RNAP II was enriched at unique subsets of genes in log and Q cells

Having validated the Rpb3-9myc ChlP-chip, the total number of genes enriched 

for Rpb3-9myc in both log and Q cells was determined. Genes were defined as 

enriched if greater than 50% of an ORF was occupied by a ChIP Enriched 

Region (ChER) (A ChER; is a region of enrichment that is defined as significant). 

Using this analysis, we identified 2,923 genes enriched for Rpb3-9myc in log 

phase cells and only 1,904 genes enriched for RNAP I! in Q cells. By comparing 

these two data sets, three distinct subsets of genes were defined based on 

Rpb3-9myc association: log-only genes, Q-only genes and common genes 

(RNAP II bound to genes in both log and Q cells) (Figure 4.4). The largest group 

of genes identified was the log-only enriched subset, which included 1,739 

genes. In contrast, the Q-only subset contained only 720 genes, whereas 1,184 

genes displayed significant levels of Rbp3-9myc binding in both log and Q cells. 

These data revealed a significant decrease in the number of genes occupied by 

Rpb3-9myc In Q cells compared to occupancy in actively proliferating, mid-log 

phase cells.

It was not surprising that a decrease in RNAP II enriched genes was observed in 

Q cells considering that these cells are generally thought to be transcriptionally 

quiet. To define the genes within each Rpb3-9myc binding subset, we undertook 

Gene Ontology (GO) analysis using the DAVID bioinformatics database (Huang 

da et al., 2009). This analysis identified unique ontology terms that were 

associated with each of the three subsets of genes, and the top 5 most significant 

terms for each subset of genes are presented in Table 4.1 with their respective 

P-values. GO analysis indicated that many of the genes specifically enriched for 

RNAP I! in log cells were involved in processes critical for cell growth, including 

ribosome biogenesis and rRNA processing. In contrast, genes that were

enriched for RNAP I! only in Q cells, were over-represented in genes

characterizing classical stress response categories including response to abiotic 

and temperature stimulus, and autophagy. Genes that were enriched in Rpb3- 

9myc in both log and Q cells were associated with cellular energetics including

the generation of ATP and the formation of mitochondria.
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Figure 4.4: RNAP I! was enriched at three distinct subsets of genes. Venn 

diagram of Rbp3-9myc enriched genes in log and Q cells. Venn diagrams were 

prepared using Venny software. The total number of enriched genes in each 

data set is shown above the Venn diagram.
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GO-Terms: Log only P-Value
rRNA processing 3.51 E-50
ribosome biogenesis 3.91 E-50
rRNA metabolic process 4.21 E-49
ribonucleoprotein complex biogenesis 6.56E-46
ncRNA metabolic process 1.17E-45

GO-Terms: Q only P-Value
vacuolar protein catabolic process 4.68E-14
response to abiotic stimulus 6.46E-11
response to temperature stimulus 5.49E-10
autophagy
cellular response to heat

3.96E-09
1.17E-08

GO-Terms: Common P-Value
generation of precursor metabolites and energy 4.18E-14
oxidative phosphorylation 8.98E-11
oxidation reduction 3.03E-09
translation 9.83E-09
mitochondrion organization 4.80E-08

Table 4.1: RNAP II was enriched at genes associated with distinct cellular 

functions in log and Q cells. Gene ontology analysis was carried out using the 

DAVID Bioinformatics Resource (Huang da et al., 2009). The Gene Ontology 

(GO) terms presented represent the top 5 categories with respect to the highest 

P-Value for each of the subsets of genes. The three subsets of Rpb3-9myc 

enriched genes investigated were log-only, Q-only, and common (enriched in 

both log and Q cells).
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4.2.2 Histone methylation was retained in Q cells in the absence of RNAP II

The data highlighted that while there was a significant number of genes that were 

enriched for RNAP I! in both log and Q cells, RNAP II was also redistributed to a 

distinct subset of genes associated with the stress response in Q cells. Western 

blot data presented in the previous chapter found that H3K4me3, H3K36me3,and 

H3K79me3 were retained in Q cells at similar levels to that seen in mid-log phase 

cells. We next determined the genome-wide distribution of H3K4me3, 

H3K36me3 and H3K79me3 in log cells and in Q cells isolated 7 days after growth 

in glucose-based, nutrient rich media using ChIP with anti-modification antibodies 

and the same high-resolution oligonucleotide tiling arrays used to investigate 

Rpb3-9myc localization.

4.2.2.1 The genome-wide distribution of H3K4me3, H3K36me3 and 

H3K79me3 was retained in Q cells

The genomic distribution of H3K4me3, H3K36me3 and H3K79me3 was strikingly 

similar between log phase and Q cells, as seen by a screenshot of yeast 

chromosomes I and III (Figure 4.5). This was in contrast to the difference in 

localization of Rpb3-9myc throughout the genome when log phase and Q cells 

were compared. All histone PTM ChlP-chip data were validated by gene-specific 

qPCR on the original ChIP DNA similar to that described for Rpb3-9myc 

(Supplemental Figures 1-6 and Chapter 5).
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Figure 4.5: RNAP II, H3K4me3, H3K36me3 and H3K79me3 distribution on 

chromosomes I and III in log and Q cells. Genome browser screenshots of 

Rbp3-9myc (orange), H3K4me3 (red), H3K36me3 (green) and H3K79me3 (blue) 

ChlP-chip data from log phase and Q cells. The entire chromosome with each 

ORF is highlight at the top of the figure (green and pink boxes). Peaks of varying 

height display regions enriched for Rpb3-9myc or each of the histone 

modifications in log and Q cells. The tracks represent the average of at least two 

independent biological experiments.
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4.2.2.2 Significant numbers of genes are enriched for histone H3 

methylation in both log and Q cells

Genes were defined as enriched for H3K4me3 if at least 50% of the region 

spanning from 300 bp upstream to 500 bp downstream of the transcriptional start 

site (TSS) was occupied by a ChER. On the other hand genes, were defined as 

enriched for H3K36me3 and H3K79me3 using the same criterion used to 

determine RNAP II enrichment, i.e. equal to or greater than 50% of the ORF was 

occupied by a ChER. With these parameters in place, the total number of genes 

with significant enrichment for each of the histone modifications was determined 

and compared with the number of genes enriched for RNAP II (Figure 4.6).

As previously discussed the number of genes enriched for RNAP II in Q cells was 

significantly lower than in log phase cells (1,904 compared to 2,923). 

Interestingly, similar numbers of genes were enriched for H3K4me3, H3K36me3 

and H3K79me3 in both log and Q cells (Figure 4.6). H3K4me3 was enriched at 

2,863 and 2,826 genes in log and Q cells, respectively, and H3K36me3 occupied 

2,695 and 2,751 genes in the same samples. Finally, H3K79me3 was found at 

significant levels at 2,913 genes in log phase cells and 3,013 genes in Q cells. 

Importantly, the data showed that similar numbers of genes displayed significant 

levels of H3K4me3, H3K36me3 and H3K79me3 in both log and Q cells. It is also 

important to note that the number of genes with significant levels of RNAP II 

(2,923) in log phase cells is similar to the numbers of genes enriched for each of 

the histone modifications in either log and Q cells.

We next determined the overall coverage of each of these histone modifications 

and RNAP II throughout the yeast genome. The Saccharomyces Genome 

Database (SGD) currently lists a total of 6,607 annotated ORFs in the yeast 

genome. Of these 6,607 ORFs, significant RNAP II occupancy was found at 

44.2% and 28.8% of these genes in log and Q cells, respectively (Table 4.2). On 

the other hand H3K4me3, H3K36me3, and H3K79me3 showed similar levels of 

genome-wide ORF coverage in both log and Q cells. H3K4me3 was found at 

43.3% and 42.8% of ORFs in log and Q cells, respectively. Similarly, H3K36me3 

was found at 40.8% of annotated ORFs in log phase cells and 41.6% of these
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ORFs in Q cells; and 44.1% and 45.9% of ORFs were found to contain significant 

levels of H3K79me3 in log and Q cells respectively.
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Figure 4.6: The number of genes occupied by H3 methylation was 

maintained in Q cells. The bars represent the number of genes enriched with 

RNAP II, H3K4me3, H3K36me3 and H3K79me3 in log and Q cells, with the exact 

numbers of genes shown underneath the graph.
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RNAP II I  H3K4me3 H3K36me3 H3K79me3
Log 44 .2% 43 .3% 40 .8% 44 .1%

Q 28 .8% 42 .8% 41 .6% 45 .6%

Table 4.2: H3 methylation was present at a similar number of genes in log 

and Q cells. The percentage of the 6,607 S. cerevisiae ORFs that are enriched 

for RNAP II, H3K4me3, H3K36me3 and H3K79me3 in either log or Q cells.
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These data demonstrated that similar numbers of genes displayed significant 

levels of each of the histone PTMs in both log and Q cells. The global 

enrichment patterns first showed that the regions enriched in H3K4me3, 

H3K36me3 and H3K79me3 looked remarkably similar (Figure 4.5). Further 

analysis of log and Q cell occupancy data sets for each of the modifications 

confirmed that the majority of genes enriched in both data sets were the same 

genes (Figure 4.7 and Table 4.3). A total of 3,242 genes were enriched for 

H3K4me3 in log and Q cells with 2,447 of these genes common to both data 

sets. Thus, 75.5% of the genes occupied by H3K4me3 in log and Q cells were 

enriched in both populations of cells (Table 4.3). Similar patterns were observed 

for H3K36me3 and H3K79me3 gene enrichment in log and Q cells; 62.2% of 

genes enriched in H3K36me3 (from a total of 3,357 genes) and 58.3% of genes 

enriched in H3K79me3 (from a total of 3,743 genes) were significantly enriched 

in the two cell types.

Although the majority of genes enriched in each of these histone PTMs were 

common to both log and Q cells, distinct subsets of genes were specifically 

enriched for each H3 methylation mark in either log or Q cells. For example, 

12.8%, 18.1%, and 19.5% of genes were enriched in H3K4me3, H3K36me3 and 

H3K79me3, respectively, only in log phase cells. On the other hand, genes 

specifically enriched in H3K4me3, H3K36me3 and H3K79me3 in Q cells 

represented 11.7%, 19.7% and 22.2% of the total number of genes, respectively. 

These data are in contrast to the 47.1% and 19.8% of log-specific and Q-specific 

genes occupied by RNAP II. Moreover, only 32.5% of genes were enriched in 

RNAP I! that were common in both log and Q cells.

We next compared the occupancy of the histone PTMs and RNAP I! throughout 

the genome. Interestingly, these data showed that 45% of ORFs did not display 

significant levels of RNAP II in either log or Q cells. Similarly, 51%, 49%, and 

43% of ORFs were not significantly enriched in H3K4me3, H3K36me3 and 

H3K79me3 respectively, in either log or Q cells (Figure 4.8).
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Figure 4.7: The majority of genes enriched in each H3 methylation mark are 

represented in both log and Q cells. The comparison of log and Q data sets 

for H3K4me3, H3K36me3 and H3K79me3 enrichment. The number of enriched 

genes in each data set is shown above the Venn diagram and the total number of 

genes in each analysis is shown below the respective Venn diagram.
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RNAP II H3K4me3 H3K36me3 H3K79me3
Log only 47.7% 12.8% 18.1% 19.5%
Q only 19.8% 11.7% 19.7% 22.2%
Common 32.5% 75.5% 62.2% 58.3%

Table 4.3: RNAP II and the histone PTMs display distinct patterns of 

occupancy in log and Q cells. The percentage of genes from each section of 

the Venn diagrams shown in Figures 4.4 and 4.7 that are enriched for RNAP II, 

H3K4me3, H3K36me3 and H3K79me3 in log and Q cells only and in both log 

and Q cells (Common).
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Figure 4.8: Large numbers of ORFs are not enriched for RNAP II or hlstone 

PTMs in either log or Q cells. Pie charts representing the percentage of the 

6,607 S. cerevisiae ORFs that are enriched in RNAP II, H3K4me3, H3K36me3, 

and H3K79me3 in log only cells (blue), Q only cells (yellow), both log and Q cells 

(common) (green) or neither log or Q celts (gray).
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Gene Ontology (GO) analysis was undertaken to investigate the log-specific 

genes, Q-specific genes and the overlapping subsets of genes that were 

enriched for H3K4me3, H3K36me3 and H3K79me3 (Supplemental Table 1-3). 

Similar to RNAP II, the log-specific subsets of genes that were enriched for all 

three modifications were involved in processes critical for cell growth, including 

ribosome biogenesis and rRNA processing. Genes enriched for H3K4me3, 

H3K36me3 and H3K79me3 specifically within 0  cells were represented by GO 

terms associated with the stress response. These terms included response to 

temperature, oxidative reduction, and autophagy. A term that appeared in the Q 

cell-specific list in all four data sets (RNAP II, H3K4me3, H3K36me3 and 

H3K79me3) was “vacuolar protein catabolic process”. This term highlights the 

importance of autophagy-mediated breakdown of cellular components that is 

known to occur in Q cells (Allen et al., 2006). The subsets of genes that were 

enriched for each of the histone PTMs in both log and Q cells were over

represented by GO terms associated with transcription and translation.

Together, these data have described the difference in RNAP II localization 

between log and Q cells, and the similarity in distribution of H3K4me3, 

H3K36me3 and H3K79me3 in the two cell types. The retention of H3 methylation 

at a large numbers of genes in Q cells despite a decrease in the level of RNAP II 

occupancy suggests the dissociation between active transcription and H3K4me3, 

H3K36me3 and H3K79me3 deposition, and further highlights the stability of H3 

methylation. These conclusions support the hypothesis that the histone 

modifications are established during a prior period of transcriptional activity either 

in log phase cells or early during the development of 0  cells, and that the 

modifications are then maintained in these cells during SP.

4.2.3 H3 methylation distribution patterns remain stable in Q cells

The data presented in this chapter demonstrated the stability of H3K4me3, 

H3K36me3 and H3K79me3 in the O population of cells. We found that the 

majority of genes enriched in all three of these histone PTMs in log phase cells 

were also enriched in Q cells. Although the genome-wide occupancy of 

H3K4me3, H3K36me3 and H3K79me3 was remarkably similar in both

166



populations of cells, we wanted to examine the distribution patterns of the marks 

across individual genes and subsets of genes. Previous work has defined the 

distribution of histone PTMs across genes in actively proliferating cells and 

demonstrated that each of these PTMs displayed distinct distribution patterns 

(Pokholok et al., 2005; Schulze et al., 2011). These studies have shown the 

enrichment of H3K4me3 in both the promoter and 5’ end of ORFs, whereas 

H3K36me3 displays a 3’ ORF bias (Krogan et al., 2003; Ng et al., 2003). The 

distribution of H3K79me3 was found to occur throughout the ORFs of actively 

transcribing genes and H3K79me3 has been proposed to co-localize with both 

H3K79me1 and H3K79me2. However, a recent study suggested that H3K79me2 

was enriched at the promoter region of a specific subset of genes (Schulze et al., 

2009; Shahbazian et al., 2005).

To investigate enrichment patterns across genes we utilized the CHROmatin 

Mapping Across TRAnscripts (CHROMATRA) visualization tool (Hentrich et al., 

2012). This tool allowed us to assess the ChlP-chip experimental data by 

visualizing enrichment scores across genes while accounting for other 

characteristics such as gene length and gene expression levels.

We initially investigated the distribution of H3K4me3, H3K36me3 and H3K79me3 

across every ORF as a function of increasing gene length (Figure 4.9). The data 

were aligned by the position of the transcriptional start site (TSS) of each gene, 

and both the 500 base pairs upstream of the TSS and the downstream coding 

regions are displayed. These data demonstrated that the classic distribution 

patterns of H3K4me3, H3K36me3 and H3K79me3 in log cells were also seen in 

Q cells. H3K4me3 was enriched throughout the promoter region and confined to 

within the first 500-1000 bp at the 5’ end of the ORF. H3K36me3 was enriched in 

the coding region with a distinct 3’ end bias, whereas H3K79me3 occupied the 

entire coding region. Interestingly, shorter genes, which were ennched for 

H3K4me3 throughout their ORF, did not display enrichment for either H3K36me3 

or H3K79me3. This result reproduces previously published data (Schulze et al., 

2011 ).
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We next repeated the CHROMATRA analysis to investigate the distribution of 

RNAP II (Rpb3-9myc) across genes in log and Q cells (Figure 4.10). The 

CHROMATRA plots demonstrated that the distribution of RNAP II did not display 

distinct patterns across genes like those seen for each of the histone methylation 

marks, although a bias of RNAP II enrichment at shorter genes was observed. 

However, although no obvious redistribution of RNAP II could be seen across 

these genes in Q cells compared to log cells, these data confirmed the previous 

result that the number of genes enriched for RNAP II in log phase cells was 

significantly higher than those enriched for RNAP II in Q cells.

To further investigate the distinct distribution of H3K4me3, H3K36me3 and 

H3K79me3 across genes, we produced average profile plots of each modification 

over a subset of the genes most enriched for each modification (top 25%) in both 

log and Q cells for each modification (Figure 4.11). These data confirmed that 

there was no significant difference in the distribution patterns of each modification 

at genes in log and Q cells. In both log and Q cells, H3K4me3 occupancy 

peaked at the 5’ ORF; H3K36me3 occupancy displayed a 3’ ORF bias; and 

H3K79me3 was enriched throughout the ORF. Although the level of enrichment 

of these plots are difficult to directly compare, it is of note that the average profile 

of the top 25% of genes enriched for each modification was lower in O cells when 

compared to log phase cells. Interestingly, the most dramatic decrease in levels 

between log and Q cells was observed for H3K4me3 (Figure 4.11 A).
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Figure 4.9: Classic histone methylation distribution patterns are maintained 

in Q cells. CHROMATRA plots represent the relative enrichment levels of 

H3K4me3, H3K36me3 and H3K79me3 across all identified ORFs (6,607) in log 

(left) and Q cells (right). Genes were sorted according to gene length with the 

longest genes at the top of each plot and each gene was aligned according to 

their transcription start site (TSS). The numbers below each plot represents the 

distance upstream or downstream from the TSS.
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Figure 4.10: RNAP II is enriched at significantly more regions in log phase 

cells than in Q cells. CHROMATRA plots represent the relative enrichment 

levels of Rpb3-9myc across all identified ORFs (6,607) in log (left) and Q cells 

(right). Genes were sorted according to gene length with the longest genes at 

the top of each plot and each gene was aligned according to their transcriptional 

start site (TSS). The number below each plot represents the distance upstream 

or downstream from the TSS.
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Figure 4.11: Distribution profiles of H3 methylation were maintained in Q 

cells. The average profile of the 25% most enriched genes (log2 enrichment) for 

each modification in both log (solid line) and Q (dashed line) cells was plotted by 

a scaling method in which each gene was scaled to 1000 bp In length. 

Transcription start sites (TSS) and transcription termination sites (TTS) are 

defined by vertical gray lines with the 250 bp upstream and downstream of these 

regions also shown.
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We next used the CHROMATRA visualization tool to investigate the relationship 

between histone PTM distribution and gene transcriptional frequency in actively 

proliferating cells. The transcription frequency data used for this analysis was 

taken from a previous study by Holstege et al. (1998). In the data shown in the 

CHROMATRA plots in Figure 4.12 and 4.13, genes were divided into five subsets 

based on their transcriptional frequencies (>50 mRNA/h, 16-50 mRNA/h, 4-16 

mRNA/h, 1-4 nnRNA/h and <1 mRNA/h) in addition to being ranked by gene 

length.

These data revealed that in log phase cells H3K4me3 was enriched at genes 

regardless of transcriptional frequency, H3K36me3 was enriched on more highly 

transcribed genes, and H3K79me3 was enriched on more lowly transcribed 

genes (Figure 4.12). Using the log cell transcription frequencies, the same 

approach was applied to examine the enrichment of the three modifications in Q 

cells. Overall, the enrichment patterns in Q cells were very similar to those in log 

cells. A comparable analysis of RNAP II revealed that in log phase cells, the 

polymerase was most enriched at genes with the highest transcription 

frequencies (Figure 4.13). However in Q cells, many of the gene classes that 

were highly enriched for RNAP II in log phase cells were are not occupied, further 

confirming the altered distnbution of RNAP II in Q cells.
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Figure 4.12: Genes across all transcription frequencies in log cells retained 

histone methylation distribution patterns in Q cells. CHROMATRA plots 

represent the relative enrichment levels of H3K4me3, H3K36me3 and 

H3K79me3 across all ORFs in both log (left) and Q cells (right) as a function of 

transcriptional frequency (Y-axis) and gene length (X-axis). Genes were sorted 

into five subsets based on transcriptional frequencies in log phase cells and 

further sorted according to gene length, with the longest genes at the top of each 

plot and aligned according to the TSS of each gene. The numbers below each 

plot represents the distance upstream or downstream from the TSS.
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Figure 4.13: RNAP II Is highly enriched at genes with high log phase 

transcription frequencies but re-locallzes in Q cells. CHROMATRA plots 

represent the relative enrichment levels of Rpb3-9myc across all ORFs (6,607 in 

total) in both log (left) and Q cells (right) as a function of transcriptional frequency 

(Y axis) and gene length (X axis). Genes were sorted into five subsets based on 

their transcriptional frequencies in log cells and further sorted according to gene 

length, with the longest genes at the top of each plot and aligned according to the 

TSS of each gene. The numbers below each plot represents the distance 

upstream or downstream from the TSS.



4.2.4 Histone methylation marks co-localize more frequently with each 

other than with RNAP I!

The data presented in this chapter has concentrated on the genome-wide 

occupancy profiles of RNAP II, H3K4me3, H3K36me3 and H3K79me3 

individually. We next investigated whether these factors showed co-localization 

throughout the genome. The genes occupied by a combination of any two of 

these factors (RNAP II, H3K4me3, H3K36me3 and H3K79me3) were examined 

in both log and Q cells (Figure 4.14). These data are presented in the form of a 

co-localization ratio, which describes the number of genes in the two data sets 

that were enriched for both factors under consideration. A co-localization ratio of 

1 signifies that all genes within each data set were occupied by both factors, 

whereas a co-localization ratio of 0 signifies that none of the genes in the data 

sets were occupied by both factors.

In log phase cells, each of the modifications co-localized with each other at a 

significantly higher level than they did with RNAP II. RNAP II co-localized with 

H3K4me3, H3K36me3 and H3K79me3 at co-localization ratios of 0.32, 0.24 and 

0.24, respectively. This means that when the log cell RNAP II and H3K4me3 

data sets were compared, 32% of the genes within the data sets were enriched 

for both RNAP II and H3K4me3. In log phase cells, H3K4me3 had a co

localization ratio of 0.41 with both H3K36me3 and H3K79me3. Interestingly, the 

highest ratio of co-localization was seen between H3K36me3 and H3K79me3, 

which were both previously shown to display similar distribution patterns by 

CHROMTRA plots (Figure 4.11 and 4.13).

Similar co-localization ratios were observed in Q cells, with an even greater 

divergence in the number of genes co-occupied by RNAP I! and each of the three 

histone methylation marks. The co-localization of RNAP II and H3K4me3 

decreased from a ratio of 0.32 in log cells to 0.23 in Q cells, and in the case of 

RNAP II and H3K36me3, from 0.24 to 0.17. The co-localization ratio of RNAP II 

and H3K79me3 showed the greatest decrease between log phase cells and Q 

cells, dropping from 0.24 to 0.11.
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Figure 4.14: Histone methylation marks co-localize with each other at a 

higher ratio than with RNAP II. The co-localization ratio of each pair of factors 

was determined for both log and Q cells (top and bottom respectively). The co

localization ratio defines the percentage of genes within two data sets that are 

enriched for both factors when two data sets are compared. A co-localization 

ratio of 1 indicates that all genes in the data sets are enriched for both factors 

and a co-localization of 0 indicates that there are no genes enriched for both 

factors.
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To further investigate the co-localization of RNAP II and the H3 methylation 

marks, the genes occupied by combinations of all four of these factors were 

investigated using Venn analysis (Figure 4.15). The four-way Venn diagram 

presented in Figure 4.15 demonstrated the complexity of the co-localization of 

these factors. In both log and Q cells, all 15 potential combinations of these 

factors were observed at significant numbers of genes. These combinations 

ranged from genes that were occupied by a single factor, for example, RNAP II or 

one the histone modifications, to genes that were occupied by two, three, or all 

four factors.

The data portrayed in the Venn diagrams representing the co-localization of 

factors in both log and Q cells are summarized in Table 4.4. Although this 

analysis was complex, several important features emerged. The first key feature 

was that -80%  of ORFs within the yeast genome were enriched for at least one 

of the factors in both log and Q cells (79.5% and 80.1% respectively). Another 

feature was that there was an increase in genes occupied by either H3K4me3, 

H3K36me3 or H3K79me3, or by a combination of these marks, in Q cells when 

compared to log phase cells. This trend was in stark contrast to the decrease in 

the co-localization of RNAP II in combination with these histone methylation 

marks in Q cells. Interestingly, the most dramatic decrease in co-localization in Q 

cells was observed with RNAP II and H3K79me3 only, or RNAP II and 

H3K79me3 in combination with each of the other H3 methylation marks. The 

three combinations of factors with the greatest decrease in the number of genes 

occupied in Q cells compared to log cells were: (i) RNAP II and H3K79me3; (ii) 

RNAP II, H3K4me3 and H3K79me3 and; (iii) RNAP II, H3K36me3, and 

H3K79me3. The number of genes occupied by these combinations of factors 

decreased by 5.0-, 4.67- and 2.13-fold, respectively, in Q cells compared to log 

phase cells.

These co-localization data, taken together with the genome distribution data 

presented earlier in this chapter, supports the argument for the stability of 

H3K4me3, H3K36me3 and H3K79me3 on genes in Q cells in the absence of 

RNAP II and transcription.
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Figure 4.15: RNAP II and H3 methylation marks are enriched on genes In 

both log and Q cells in all possible combinations. Four-way Venn diagrams 

analyzing the co-localization of RNAP II, H3K4me3, H3K36me3 and H3K79me3, 

at genes in log and Q cells (top and bottom respectively). The numbers within 

each sector of the Venn diagram indicates the number of genes enriched in these 

factors.
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RNAP II only
H3K4me3 only____________________________
H3K36me3 only___________________________
H3K79me3 only___________________________
RNAP II and H3K4me3_____________________
RNAP II and H3K36me3____________________
RNAP II and H3K79me3____________________
H3K4me3 and H3K36me3__________________
H3K4me3 and H3K79me3__________________
H3K36me3 and H3K79me3_________________
H3K4me3, H3K36me3 and H3K79me3________
RNAP II, H3K4me3 and H3K36me3__________
RNAP II. H3K4me3 and H3K79me3__________
RNAP II. H3K36me3 and H3K79me3_________
RNAP II. H3K4me3, H3K36me3 and H3K79me3
Total genes

1 Number of genes % of all ORFs Fold Change
1 Log 1 Q Log 1 Q (Q/Log)

925 739 14.0% 11.2%

326 586 4 .9% 8 .9%
111 157 1.7% 2 .4%
207 473 3 .1% 7 .2%
576 409 8 .7% 6 .2%
114 106 1.7% 1.6%
170 34 2 .6% 0 .5%

113 140 1.7% 2 .1%
184 266 2 .8% 4 .0%
552 814 8 .4% 12.3%
835 954 12.6% 14.4%

173 144 2 .6% 2 .2%

168 36 2 .5% 0 .5%
309 145 4 .7% 2 .2%

488 291 7 .4% 4 .4%

- 1.25
1.80
1.41
2.29
- 1.41
- 1.08

5251 5294 79 .5%  80 .1%

Fold change

-5

No change



Table 4.4: The co-localization of RNAP II and H3 methylation decreases in Q 

cells. The data are from the four-way Venn diagrams shown in Figure 4.15. The 

first column lists the factor or combination of factors analyzed. The number of 

genes enriched in log and Q cells is shown in columns 2 and 3. Column 3 and 4 

represent the percentage of the total number of yeast ORFs (6,607) enriched in 

one factor or in a combination of factors in log and Q cells, respectively. Column 

5 indications the fold-change in the number of genes in each category when Q 

cells were compared to log phase cells.
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4.3 Discussion

The data presented in Chapter 3 demonstrated that H3K4me3, H3K36me3, and 

H3K79me3 were retained in Q cells at a level that was equivalent to the levels of 

each histone PTM in actively proliferating, mid-log phase cells. We also 

demonstrated that the levels of Rbp3-9myc, which is indicative of RNAP II levels, 

remained high in Q cells, although the C-terminal domain (CTD) of RNAP II was 

non-phosphorylated. These data led us to conclude that RNAP II persisted in Q 

cells but not in the canonical forms associated with active transcription in log 

phase cells (Buratowski, 2009). The phosphorylation of the RNAP II CTD has 

been shown to be a key regulator of both H3K4me3 and H3K36me3 (Krogan et 

al., 2003; Ng et al., 2003). Other key regulators of these histone PTMs, including 

H2Bub1 and the respective histone methyltransferase enzymes involved in 

H3K4, H3K36, and H3K79 methylation, were either absent or depleted 

significantly in Q cells.

Together, these data led to the hypothesis that the majority of tri-methylation at 

H3K4, H3K36, and H3K79 that was retained in Q cells was established during an 

earlier period of active transcription. We propose that these marks were 

established either early during the formation of the Q cell population or were 

established during log phase transcription and inherited directly by the newly 

formed Q population of cells. To seek further evidence to support this 

hypothesis, we undertook ChlP-chip experiments to investigate the genome-wide 

distribution of H3K4me3, H3K36me3 and H3K79me3, as well as RNAP II, in both 

log and Q cell populations.

ChlP-chip analysis of RNAP II occupancy showed distinct distribution patterns 

across the entire genome in log and Q cells. RNAP II was enriched at common 

sets of genes in both log and Q cells, but it was also enriched at unique subsets 

of genes specifically in log cells-only or Q cells-only. RNAP II was enriched at 

significantly more genes in log cells when compared to Q cells. This observation 

was not surprising considering that log cells are significantly more 

transcriptionally active than SP cells, as well as Q cells (Aragon et al., 2008; van 

de Peppel et al., 2003). Gene Ontology (GO) analysis of genes enriched in
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RNAP II in log cells-only or Q cells-only, identified subsets of genes that were 

involved in processes that defined key characteristics of each of these cell types. 

Many of the GO ternns associated with genes enriched in RNAP II in log cells- 

only, described biological processes that included the biogenesis and 

maintenance of ribosomes and other aspects of active translation and 

transcription; key processes in cells undergoing active proliferation. Many of the 

genes enriched for RNAP II in Q cells-only were involved in the stress response, 

including temperature stress and response to abiotic stimulus. Interestingly, 

previous analysis investigating the characteristics of Q cells demonstrated the 

increased ability of these cells to survive stresses including temperature and 

oxidative stress (Allen et al., 2006).

In stark contrast to the re-localization of RNAP II in Q cells, the methylation 

patterns of H3K4me3, H3K36me3 and H3K79me3 were remarkably similar in 

both log and Q cells. When the genes enriched in each of the histone 

modifications in log and Q cells were compared, the majority of genes that were 

enriched for H3K4me3, H3K36me3 or H3K79me3 were enriched in both cell 

populations. However, distinct subsets of genes specifically enriched for each of 

these modifications in log cells only and Q cells only were identified. GO analysis 

of these log- and Q-specific subsets of genes showed that the categories of 

genes marked with the H3 PTMs were similar to those seen for RNAP II.

The classical distribution patterns of H3K4me3, H3K36me3 and H3K79me3 were 

observed in log phase cells and these patterns were maintained in Q cells. 

H3K4me3 localization across the promoter region of actively transcribed genes 

and H3K36me3 within the ORF was observed in both log and Q cells, similar to 

the previously published distribution patterns of these modifications in actively 

proliferating cells (Krogan et al., 2003; Ng et al., 2003; Schulze et al., 2011). 

H3K79me3 was distributed throughout the ORF of actively transcribed genes in 

log phase cells and these distribution patterns were retained in Q cells.

By investigating the co-localization of H3K4me3, H3K36me3 and H3K79me3 on 

genes, we found that each of these histone PTMs co-localized with each other at 

higher levels than they did with RNAP II in both log and Q cells, suggesting a
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divergence in the association between active transcription and H3 methylation. 

The comparison of all four data sets in both log and Q cells showed that the 

numbers of genes enriched in H3K4me3, H3K36me3, and H3K79me3, or 

combinations of these histone PTMs, increased in Q cells, whereas the number 

of genes enriched in RNAP II in combination with these marks decreased in 

these same cells. These data further demonstrated the stable nature of 

H3K4me3, H3K36me3 and H3K79me3 marks in Q cells in the potential absence 

of transcription.

The observation that the majority of H3K4me3, H3K36me3 and H3K79me3 

enriched genes identified in both log and Q cells were the same, further supports 

our hypothesis that histone methylation patterns are established during 

transcriptional events associated with actively proliferating cells and inherited by 

Q cells. Whether these histone PTMs are stably retained or actively maintained 

in Q cells is an important question that remains to answered. The stable 

retention of these marks would require the high-fidelity inheritance of these marks 

through the cell cycle division during which the Q cell population was formed, 

whereas the active maintenance of marks would require further methylation 

events during this period. We hypothesize that these marks are stably retained 

rather than actively maintained due to the energy inefficiency of a process 

required to maintain histone PTM in the nutrient and energy deprived 

environment in which Q cells are sustained. A recent study has shown that upon 

exit from SP, many genes associated with cell growth become acetylated 

whereas H3 methylation levels remain relatively stable (Mews et al., 2014). 

Much of the data presented in Chapter 3 and 4 of this thesis suggest that the 

patterns of H3K4me3, H3K36me3 and H3K79me3 observed in Q cells may be 

evidence for inheritance of histone PTMs during Q cell development.

184



Chapter 5

Investigating the dynamics of histone post-translation 

modifications and their correlation with transcription during the

formation of Q cells
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5.1 Introduction

The global ChlP-chIp data presented in this study mapped the location of RNAP 

II and selected histone modifications in log phase cells and quiescent (Q) cells 

isolated after 7 days of growth. The data demonstrated the redistribution of 

RNAP II throughout the genome during the transition of cells from active growth 

to the quiescent state. However, the redistribution of RNAP II was in stark 

contrast to H3K4me3, H3K36me3 and H3K79me3 localization, which was 

retained at a large number of regions in both log phase and Q cells. Therefore 

we next sought to examine the dynamics of the RNAP II redistribution and 

establishment of H3K4me3, H3K36me3 and H3K79me3 at a gene-specific level 

during the development of quiescence.

The current model for transcription describes the recruitment of the histone 

methylation machinery by the specific phosphorylated forms of the CTD of RNAP 

I! (Buratowski, 2009; Phatnani and Greenleaf, 2006). At actively transcribed 

genes, Set1, the H3K4-specific histone methyltransferase is recruited to the 

promoter and 5’ end of the gene by the serine 5 phosphorylation of the RNAP I! 

CTD (Ng et al., 2003). The loss of this phosphorylation state during 

transcriptional elongation leads to a disassociation of Set1, restricting H3K4me3 

to the promoter region and 5’ end of the gene ORF. Serine 5 phosphorylation is 

replaced by the phosphorylation of serine 2 of the CTD, leading to the 

recruitment of Set2, and resulting in H3K36 methylation throughout the ORF with 

a bias for deposition at the ORF 3’ end (Krogan et al., 2003). These patterns of 

histone methylation distribution have been shown to occur globally in proliferating 

cells at actively transcribed genes (Pokholok et al., 2005). In addition the 

distribution of all three H3K79 methylation states has been shown to co-localize 

throughout the ORF of actively transcribed genes (Pokholok et al., 2005; 

Shahbazian et al., 2005).

These findings and the identification of genes that were enriched in each of these 

histone modifications specifically in Q cells prompted us to examine whether the 

accepted model of H3 methylation establishment in actively growing cell was also 

valid in Q cells. Using data from this study and from published work, we
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identified genes showing distinct patterns of expression during SP. We 

examined the correlation between transcription, RNAP II occupancy, and the 

establishment of histone methylation at these genes during Q cell development 

(Aragon et al., 2008; Miles et al., 2013).
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5.2 Results

The global ChlP-chip analysis presented in the previous chapter highlighted the 

stability of H3 methylation at H3K4, H3K36 and H3K79. The analysis also 

identified subsets of genes that acquired these histone PTMs specifically in Q 

cells. We next wanted to investigate whether the model for transcription-coupled 

histone methylation and the correlation of RNAP II and H3K4me3, H3K36me3 

and H3K79me3 observed in log cells, was also retained in Q cells. To 

investigate the establishment and turnover of histone PTMs during the formation 

of Q cells, specific subsets of genes needed to be identified prior to analysis. We 

determined that three important subsets of genes would be investigated; (1) 

genes that were actively transcribed in mid-log phase but repressed in Q cells 

(log-specific), (2) genes that appeared to be actively transcribed in Q cells only 

(Q-specific), and (3) genes from which transcript levels remained unchanged in 

both log and Q cells and displayed characteristics of active transcription in both 

these cell types. This third subset of genes was referred to as “constitutive” 

genes due to their apparent unaltered transcription.

5.2.1 Candidate genes were identified from ChlP-chip data presented in this 

work and from public data sets

The criteria that we used as an indication of active gene transcription were 

enrichment of RNAP II occupancy, an associated mRNA and a “classical” gene 

occupancy profile of the transcription-dependent histone modifications, H3K4me3 

and H3K36me3 (Figure 1.7) (Krogan et al., 2003; Ng et al., 2003; Pokholok et al., 

2005). The ChlP-chip data presented in this thesis allowed us to identify genes 

enriched for RNAP II and both H3K4me3 and H3K36me3 in both mid-log phase 

cells and quiescent cells. By comparing genes displaying these transcription- 

linked characteristics with previously published transcription data and 

unpublished RNA-seq data (Mary Ann Osley, personal communication), we 

identified genes that were deemed representative of the log-specific, Q-specific, 

and “constitutive” subsets of genes (Aragon et al., 2008; Miles et al., 2013).

188



The candidate genes included PMA1 and CLN3 as nnembers of the log-specific 

subset of genes and ADY2, SNZ1 and XBP1 as genes that were repressed in log 

cells but actively transcribed in Q cells. PMA1 encodes a plasma membrane H''- 

ATPase involved in regulating cytoplasmic pH by pumping protons from the 

cytosol out of the cell (Orij et al., 2011). Pmal has recently been shown to 

accumulate in replicatively old mother cells while being largely absent in daughter 

cells (Henderson et al., 2014). CLN3, another candidate for the log cell-specific 

subset of genes, is a G1 cell cycle dependent cyclin that associates with the 

cyclin dependent kinase, Cdc28, to commit yeast cells to cell division (Wijnen et 

al., 2002). A recent study identified the importance of CLN3 repression during 

the formation of Q cells (Miles et al., 2013).

The gene products of ADY2, SNZ1 and XBP1 were some of the most abundant 

transcripts identified in previous transcriptome studies of Q cells (Aragon et al., 

2008; Miles et al., 2013). The product of ADY2 has been identified as a 

membrane associated acetate transporter (Paiva et al., 2004). SNZ1 has been 

recognized as a member of a family of stationary phase induced genes and it 

encodes a protein involved in vitamin B6 biosynthesis (Padilla et al., 1998; 

Rodriguez-Navarro et al., 2002). The final member of the Q cell-specific genes 

was XBP1. The gene product XBP1 was initially identified as a stress-induced 

repressor of a group of cell-cycle genes and has recently been shown to play a 

critical role in Q cell formation due to its global repression of genes, including 

CLN3, during the transition to quiescence (Mai and Breeden, 1997, 2000; Miles 

et al., 2013).

The genes, BAP2 and 0LE1, were identified as important candidates for the 

“constitutive” subset of genes that retained characteristics of active transcription 

in both log and Q cells. Both of these genes display RNAP II occupancy in log 

and Q cells and significant levels of associated H3K4me3 and H3K36me3 

(Screenshots in Supplemental Figure 7). RNA-seq also demonstrated significant 

levels of each transcript in both log and Q cells (Mary Ann Osley, personal 

communication). The protein product of BAP2 is an amino acid permease with a 

role in leucine transport (Didion et al., 1996; Schreve and Garrett, 1997). On the 

other hand, 0LE1 was first identified as a gene affecting fatty acid desaturation.
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which plays an important role in mitochondrial maintenance (Stewart and Yaffe, 

1991; Stukey eta l., 1989).

With candidates for each of the subsets of genes identified we investigated the 

correlation between transcription, RNAP I! occupancy and the histone PTMs 

H3K4me3, H3K36me3 and H3K79me3 associated with these unique subsets of 

genes. We first sought to confirm transcription patterns of each of the candidate 

genes by investigating mRNA abundance and RNAP II occupancy.

5.2.2 Analysis of mRNA abundance and RNAP II occupancy indicate a 

highly active period of transient transcription in Q cells

To investigate expression patterns and RNAP II occupancy during the 

development of quiescence, yeast cells were grown for 7 days in glucose- 

containing rich media, and RNA and chromatin was prepared from cells in mid

log phase and from purified Q cells isolated following 3, 5 and 7 days of growth.

5.2.2.1 RNA levels are significantly decreased in Q cells

It has long been established that the transcriptional output of SP cells is greatly 

reduced, with these cells displaying a 6-fold reduction in poly(A) mRNA levels 

when compared to actively growing mid-log phase cells (Choder, 1991; Radonjic 

et al., 2005). This is an important characteristic that needed to be considered 

when developing experiments to investigate transcription profiles in SP. Since 

the reduction in SP transcript abundance observed previously was determined by 

investigating a heterogeneous SP culture, we sought to investigate whether 

isolated Q cells displayed a similar level of RNA depletion and to measure the 

rate at which this depletion occurred. To investigate this, RNA was isolated from 

the same number of cells (1 x 10^) harvested at mid-log phase and from Q cells 

isolated following 3, 5 and 7 days of growth, respectively. The total amount of 

RNA extracted during this process was measured. These data demonstrated a 

rapid depletion of total RNA abundance as early as day 3 in the Q population of 

cells (Figure 5.1). Interestingly, Q cells isolated following 7 days of growth 

showed a 6-fold reduction in total RNA abundance when compared to mid-log
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phase cells, confirming what had previously been seen in un-separated SP 

cultures (Choder, 1991; Radonjic et a!., 2005). This global decrease in RNA 

abundance prevented the standard internal normalization of transcript levels to 

“house-keeping” genes such as ACT1, since their transcription also decreased.
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Log D3 Q D5 Q D 7Q

Figure 5.1: Global RNA abundance decreases in the Q population during

SP. The amount of RNA (pg) extracted from 1 x 1 0 ^  cells from mid-log phase 

cells (Log) and Q cells isolated from SP cultures at 3, 5 and 7 days respectively 

(D3 Q, D5 and D7 Q, respectively). Error bars represent standard deviation from 

three technical replicates.
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A study undertaken by van de Peppel et al. (2003) demonstrated the importance 

of taking into consideration the global changes in total RNA levels within a 

population of cells when investigating expression patterns. They highlighted it 

was important to incorporate global shifts in total RNA levels into experiments, 

particularly when using microarray analysis. The study also advocated the use of 

external RNA controls for transcription profiling experiments. Therefore, we 

sought to determine whether incorporation of external RNA controls was required 

to investigate patterns of mRNA abundance in log and SP cells. For microarray 

analysis a variety of external RNA species spanning a wide range of 

concentrations (normally a 10® range) were used. However, for our gene-specific 

analysis a single exogenous source of RNA in the form of MS2 bacteriophage 

RNA was spiked into total RNA extracted from an equal number of cells taken at 

each time point (Section 2.6.3).

To examine whether exogenous spiking of samples was required the abundance 

of PMA1 and SNZ1 transcripts were examined as representative of genes that 

were actively transcribed in log phase cells but repressed in Q cells (PMA1) and 

genes that were repressed in log phase cells but actively transcribed in Q cells 

(SNZ1). qPCR analysis determined mRNA abundance of these genes. Our 

analysis of these genes demonstrated that although the absolute levels of their 

mRNAs differed between unspiked and MS2-spiked samples the trends in mRNA 

abundance remained the same (Figure 5.2). As the appearance and loss of 

transcript abundance and the stage at which these events occur in Q cell 

development are the key feature required for this work, it was decided that 

external RNA controls were not required and that normalization to total RNA was 

both necessary and sufficient for the gene-specific transcriptional profiling 

undertaken in this study.
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Figure 5.2: mRNA abundance trends were similar when normalized in the 

presence or absence of an exogenous RNA control. The levels of PMA1 and 

SNZ1 mRNA transcripts were measured by qPCR and normalized to either the 

external MS2 RNA and total RNA (A) or total RNA alone (B). Plots represent the 

change in transcript abundance (log scale) over the time course from mid log 

phase cells (Log) through Q cells isolated at day 3, 5 and 7 respectively (D3 Q, 

D5 Q, and D7 Q, respectively).
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5.2.2.2 Q-specific transcripts are enriched early in Q cell development

With a system in place to investigate transcript abundance over the time course 

of Q cell development, we confirmed that the identified candidate genes 

displayed transcript abundance patterns that complied with the three subsets of 

genes required for this work. Firstly, PMA1, CLN3, and the “house-keeping” 

gene ACT1 showed decreased transcript abundance in Q cells when compared 

to levels in mid-log phase cells. The pattern of mRNA abundance of these three 

genes fulfilled the criteria of the log-specific (ON-OFF) subset of genes (Figure

5.3 A and Figure 5.4).

ACT1 encodes a key structural protein in S. cerevisiae. This gene is often used 

as a reference gene suitable for normalization of qPGR expression data to 

account for variability between samples. However, a recent study demonstrated 

that ACT1 was unsuitable for this as its transcription levels fluctuate duhng 

alcoholic fermentation experiments (Vaudano et al., 2011). The time course 

examined during the development of Q cells in this study investigated cells in 

three distinct phases of growth, from fermentation to respiration and finally to SP 

and thus ACT1 was deemed not to be a suitable reference gene. This was 

further confirmed by the decrease in ACT1 mRNA observed in this work (Figure

5.3 A and Figure 5.4).

These transcription data revealed that the levels of mRNA from all three genes 

{PMA1, CLN3 and ACT1) were higher in log-phase cells and were rapidly 

reduced in 0  cells (Figure 5.3 A). PMA1 was the most highly transcribed gene of 

the three genes analyzed in log cells, and showed the greatest decrease (-100- 

fold) in transcript abundance upon transition to quiescence (Figure 5.4 A and B). 

On the other hand, CLN3 was transcribed at a lower level in log phase and 

showed a 7-fold reduction in mRNA abundance in Q cells (Figure 5.4 A and B). 

Finally, ACT1 underwent a more gradual loss in mRNA abundance that resulted 

in a greater than 13-fold reduction in day 7 Q cells compared to mid-log phase 

cells (Figure 5.4 A and B).
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The expression patterns of the candidate Q cell-specific genes, ADY2, SNZ1 and 

XBP1, were also examined. There were no detectable transcripts from these 

three genes in log phase cells but a significant increase in mRNA levels occurred 

as early as day 3 in the quiescent population of cells (Figure 5.3 B). The levels of 

ADY2, SNZ1 and XBP1 transcripts then remained stable in Q cells through to 

day 7 (Figure 5.4 A and B). In addition, while both ADY2 and XBP1 appeared to 

be induced to similar levels in these cells, SNZ1 was induced to a lower, but still 

significant level (Figure 5.4 A and B). Taken together, ADY2, SNZ1 and XBP1, 

were identified as genes producing Q cell-specific transcripts and were used for 

further analysis.

The final genes analyzed were BAP2 and 0LE1, which were candidates for the 

“constitutive” subset of genes. These were genes that retained the 

characteristics of actively transcribed genes in both log phase and Q cells. 

Importantly, we confirmed that BAP2 and 0LE1  transcript abundance remained 

high and largely unchanged across the sampling period, with less than a 3-fold 

change in mRNA levels at any point throughout the sampling period (Figure 5.3 C 

and Figure 5.4).

To conclude, by monitoring mRNA abundance throughout the sampling period 

three subsets of genes with distinct transcript profiles were identified. Log cell- 

specific genes described as “ON-OFF” genes included PMA1, CLN3 and ACT1. 

ADY2, SNZ1 and XBP1 were genes that are 0  cell-specific, showing an OFF-ON 

expression pattern. The final subset of genes included BAP2 and 0LE1. Both of 

these genes displayed significant transcript levels in both log and Q cells that 

remained stable throughout the sampling period. Interestingly, the Q-cell specific 

transcripts rapidly increased in abundance as early as day 3, and the levels 

remained stable throughout the sampling period. However further analysis would 

be required to determine whether the stable level of transcripts in Q cells is the 

result of on going transcription or the maintenance of a previously transcribed 

pool of mRNA.
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Figure 5.3: Monitoring mRNA abundance of genes distinct expression

patterns during Q cell development. The transcript abundance from specific 

genes was measured by qPCR. Unique patterns of mRNA abundance enabled 

the division of genes into three distinct subsets: (A) Log-cell specific transcripts, 

(B) Q cell-specific transcripts, and (C) constitutive transcripts. mRNA abundance 

was normalized to total RNA extracted from log phase (Log) and Q cells isolated 

following 3, 5 and 7 days of growth (D3 Q, D5 Q, and D7 Q, respectively). Errors 

bars represent SEM of between 2-4 biologically independent experiments.
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Figure 5.4: Subsets of genes displayed distinct expression patterns during 

the development of Q cells. (A) The expression patterns of genes throughout 

the time course were determined by qPCR. The change in mRNA abundance 

was plotted after normalization to the levels in log phase cells, which was set as 

1, and the fold-change over the time course was determined. Errors bars 

represent SEM of 2-4 biological replicates. (B) Alternative plot for data shown in 

(A) highlighting the patterns of transcript abundance and the distinct subsets of 

genes.
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5.2.2.3 RNAP II occupancy reflects mRNA abundance patterns in Q cells

While transcript abundance is one piece of evidence used to determine whether 

a gene is actively transcribed or not, further confirmation was important. 

Generally, RNAP I! occupancy at genes suggests a gene is active, and the level 

of occupancy is usually proportional to the rate of transcription. To investigate 

the patterns of RNAP II occupancy at the three previously identified subsets of 

genes that display distinct patterns of transcript abundance, chromatin was 

prepared from mid-log phase and Q cells isolated following 3, 5 and 7 days of 

growth, respectively. Chromatin immunoprecipitation (ChIP) analysis of Rbp3- 

9myc (a subunit of RNAP II) was then performed using an anti-myc specific 

antibody. The distribution of RNAP II across the entire gene region was 

investigated by qPCR. For this analysis, oligonucleotides were designed to 

determine occupancy levels within the promoter region (TATA) and at the 

beginning (5’) and end (S’) of the open reading frame (ORF).

RNAP II occupancy was first investigated at the log cell-specific subset of genes. 

RNAP II levels were examined across the entire PMA1 gene (TATA, 5’ and 3’) 

and at the 5’ end of ACT1 and CLN3 (Figure 5.4 B). RNAP II was enriched 

across the promoter, 5’ and 3’ end of the highly transcribed PMA1 ORF in log 

phase cells, but not in Q cells isolated following 3, 5 and 7 days of growth. 

Similarly, the 5’ end of both CLN3 and ACT1 displayed enrichment of RNAP II in 

log phase cells, but not in Q cells. However, RNAP II persisted at ACT1 in Q 

cells at day 3, correlating with the gradual loss of ACT1 mRNA levels. 

Additionally, the level of RNAP II occupancy at all 3 genes was found to be 

proportional to the level of mRNA abundance produced from these genes. 

PMA1, which produced the most abundant mRNA in this three-gene subset, also 

showed the highest level of RNAP II occupancy, whereas CLN3 displayed the 

lowest levels of both transcript and RNAP II occupancy.

In the case of the three Q cell-specific genes {ADY2, SNZ1 and XBP1), RNAP II 

occupancy peaked in day 3 Q cells before decreasing progressively throughout 

the remaining sampling period (Figure 5.5 C). This was in contrast to their 

transcript abundance, which peaked in day 3 Q cells and persisted at a similar
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level in Q cells isolated after 5 and 7 days of growth, respectively (Figure 5.4). 

However, although RNAP I! occupancy in day 7 Q cells was considerably lower 

than its peak occupancy at day 3 it was still significantly enriched when 

compared to its level at these genes in log phase cells.

Unlike the log cell-specific genes that showed a positive correlation between the 

level of RNAP II occupancy and transcript abundance, the Q cell-specific genes 

did not follow this trend. Furthermore, each of the Q cell-specific genes 

displayed unique patterns of RNAP II distribution across the gene: ADY2 showed 

highest RNAP II occupancy within the ORF at both the 5’ and 3’ ends; SNZ1 

exhibited a unique 3’ ORF bias of increased RNAP II occupancy; and XBP1 

showed equivalent RNAP II occupancy across the promoter (TATA), 5’ and 3’ 

gene region. Further worked would be required to determine the signature of the 

gene-specific distribution patterns of RNAP II at these genes. Factors influencing 

these distribution patterns may include gene length and transcriptional activity at 

adjacent genes.

RNAP II occupancy was also investigated at the 5’ end of BAP2 and 0LE1. 

These genes were members of the subset of genes for which significant levels of 

transcript were measured throughout the sampling period and only small 

changes in mRNA abundance occurred (Figure 5.4). While both BAP2 and 

0LE1 were significantly enriched in RNAP II at the 5’ ORF at all time points 

investigated, the level of occupancy fluctuated. RNAP II occupancy at BAP2 was 

at its highest in log phase cells and precipitously decreased across the sampling 

period, but remained significantly enriched in day 7 Q cells. On the other hand, 

0LE1 displayed significant RNAP II occupancy in log phase cells, but its 

occupancy increased further and peaked in day 3 Q cells before returning to log 

phase levels by day 7.

These data demonstrated that the correlation between mRNA abundance and 

RNAP II occupancy was strong in log phase cells, but weak in Q ceils. RNAP II 

occupancy at PMA1 and CLN3 correlated with the strict log cell specificity of their 

respective transcripts. Both RNAP II occupancy at these genes and the levels of 

mRNA product were undetectable in Q cells.
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As expected, the ADY2, SNZ1 and XBP1 genes that produced Q cell-specific 

transcripts demonstrated no detectable levels of RNAP II occupancy in log phase 

cells. The increase in transcript abundance from each of these genes in Q cells 

was accompanied by significant RNAP I! occupancy. Interestingly, this 

correlation of RNAP II occupancy and transcript abundance did not persist 

throughout the sampling period. RNAP II occupancy peaked at each of these 

genes in Q cells isolated after 3 days of growth before steadily decreasing over 

the subsequent time points. This decrease in RNAP II was not accompanied by 

a decrease in transcript abundance. Importantly, RNAP II occupancy at ADY2, 

SNZ1 and XBP1 was still significant in Q cells isolated after 7 days of growth. 

Thjs the relationship between high mRNA levels and high RNAP II occupancy 

thct is evident in log cells seems not to apply in Q cells.
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Figure 5.5; RNAP II occupancy monitored at genes with distinct expression 

patterns. (A) PCR primer positions on a generic gene. Oligonucleotides primers 

specific to the promoter (TATA) and 5’ and 3’ end of each gene were designed 

and utilized for qPCR analysis of ChIP experiments. Details of specific 

oligonucleotide positions relative to the ATG start codon can be found in Table 

2.3. (B) RNAP I! occupancy levels at the log cell-specific genes, PMA1, ACT1 

and CLN3 were measured on chromatin isolated from mid-log phase cells (Log) 

and Q cells isolated after 3, 5 and 7 days of growth (D3 Q, D5 Q and D7 Q, 

respectively). (C) RNAP I! occupancy levels across ADY2, SNZ1 and XBP1. (D) 

RNAP I! occupancy levels at the 5’ end of BAP2 and 0LE1. All data are 

normalized to TEL VI. Error bars represent the SEM of two biologically 

independent experiments.
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5.2.3 Histone methylation is established in a transcriptional-dependent 

manner although H3K79me3 is an interesting exception

The correlation between many histone modifications, including H3K4, H3K36 and 

H3K79 methylation and transcription has been studied in detail in log phase cells. 

In general, H3K4me3, H3K36me3 and H3K79me3 are associated with active 

transcription (Krogan et al., 2003; Ng et al., 2003). We next investigated whether 

the classic model of transcription involving the correlation of RNAP II occupancy 

with these three histone methylation marks was retained in Q cells. Having 

demonstrated that RNAP II occupancy showed a striking peak at three Q cell- 

specific genes in Q cells isolated following 3 days of growth (Figure 5.5 C), we 

sought to determine whether H3 methylation showed a similar pattern at these 

genes.

To investigate the patterns of H3 methylation, chromatin was prepared from mid

log phase cells and Q cells isolated following 3, 5 and 7 days of growth, 

respectively. ChIP analysis was performed using specific antibodies to 

investigate the occupancy patterns of histone H3, H3K4me3, H3K36me3 and 

H3K79me3. Histone modification ChIP data were interpreted by considering both 

modification occupancy (IP/INPUT) and relative occupancy, whereby histone 

modification levels were normalized to the histone density at the same region.

5.2.3.1 H3 occupancy remains largely unchanged despite fluctuations in 

transcription

The initial step in investigating the modification state of chromatin was to 

determine the level of histone occupancy. It has been well established that 

chromatin acts as a barrier to transcription. A general finding is that H3 

occupancy at promoters is inversely proportional to the rate of transcription, and 

this characteristic is most clearly visible at highly transcribed genes (Lee et al., 

2007). We examined whether the anti-correlation between transcription, as 

determined by RNAP II occupancy and mRNA abundance, and H3 occupancy 

could be demonstrated at our genes of interest. We also examined if this 

relationship occurred similarly within log-phase cells and isolated Q cells.
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Our data demonstrated that each of the three subsets of genes did not display 

any significant changes in H3 occupancy throughout the sampling period (Figure 

5.6). The log-specific genes, PMA1 and CLN3, demonstrated patterns of H3 

occupancy that reflected their RNAP II occupancy levels (compare Figure 5.6 A 

[H3] and Figure 5.5 B [RNAP II]). The highly transcribed PMA1 gene, which was 

enriched for RNAP II in log phase cells but not in Q cells, displayed an anti

correlation with respect to H3 occupancy. H3 occupancy at PMA1 was lowest in 

log phase cells when the gene was actively transcribed, and increased in Q cells 

when PMA1 transcription was repressed (Figure 5.6 A). This trend was 

particularly visible at the 3’ end of the PMA1 ORF. However, H3 levels at CLN3 

did not fluctuate throughout the time course despite repression of CLN3 in Q 

cells. These H3 occupancy data, together with the observation that CLN3 had 

low RNAP II occupancy and mRNA transcript abundance suggest that CLN3 is a 

lowly transcribed log-specific gene.

The Q cell-specific genes, ADY2, SNZ1 and XBP1, also showed a trend of anti

correlation between RNAP II occupancy and H3 levels (Figure 5.6 B). In log- 

phase cells, when these genes were not actively transcribed and RNAP II 

occupancy was low, H3 occupancy was high. Decreased levels of H3 occupancy 

were observed at these genes upon their activation in Q cells. Although RNAP II 

occupancy peaked on these genes at day 3 before steadily decreasing at day 5 

and 7, respectively, the only gene to show a corresponding increase in H3 

occupancy was XBP1. Interestingly, the most dramatic change in H3 occupancy 

was observed at the promoter (TATA) and 5’ end of each of the genes, whereas 

H3 levels at the 3’ end of the gene remained stable.

The level of H3 occupancy at BAP2 and 0LE1, which both displayed 

characteristics of active transcription throughout the sampling period, remained 

relatively stable but with some fluctuations (Figure 5.6 C). H3 occupancy 

inaeased, particulahy at the 3’ end of BAP2, in day 7 Q cells. 0LE1  displayed a 

decrease in H3 occupancy at the 3’ of end of the gene in day 3 and day 5 Q cells. 

Interestingly, in each case these were the time points at which RNAP II 

occupancy fluctuated and displayed an opposite trend to the H3 levels.
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Analysis of H3 occupancy in each of the key subsets of genes demonstrated that 

the levels of H3 did not vary dramatically at any point during the formation of Q 

cells. However, a general pattern of anti-correlation between H3 occupancy and 

the levels of RNAP II was observed. With a better understanding of histone 

dynamics in relation to transcription of log and Q cell-specific genes, alongside 

the genes, which appeared to be transcriptionally active in both cells types, we 

next sought to investigate the dynamics of the establishment and turnover of 

H3K4me3, H3K36me3 and H3K79me3 at these subsets of genes.
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Figure 5.6: H3 occupancy is relatively stable throughout the development of 

Q cells. H3 occupancy levels were measured by ChIP on chromatin Isolated 

from mid-log phase cells (Log) and Q cells Isolated after 3, 5 and 7 days of 

growth (D3 Q, D5 Q and D7 Q, respectively). ChIP analysis of H3 occupancy at 

promoter (TATA) and 5’ and 3’ ORF regions of PMA1 and CLN3 (A), ADY2, 

SNZ1, and XBP1 (B), and BAP2 and 0LE1 (C). Plots represent H3 enrichment 

levels (IP/INPUT) normalised to H3 occupancy at INT V. Error bars represent 

SEM of two biologically independent experiments.
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5.2.3.2 H3K4me3 and H3K36me3 are established in a transcription- 

dependent manner

Having examined H3 occupancy at the genes of interest, we next investigated 

the patterns of H3K4me3 and H3K36me3 during Q cell development to 

determine the overall modification occupancy relative to H3 levels. Similar to our 

investigations of both RNAP II and H3, the distribution of the two modifications 

was investigated across entire gene regions, although in some cases just the 5’ 

(H3K4me3) or 3’ (H3K36me3) end of an ORF was analyzed. We felt justified in 

carrying out a more focused analysis at some genes as the distribution patterns 

of both H3K4me3 and H3K36me3 across the ORF of actively transcribed genes 

are well established with H3K4me3 known to be enriched in the promoter region 

and 5’ end of the ORF of actively transcribed genes, whereas H3K36me3 is 

enriched within the ORF of genes with a distinct bias towards their 3’ end (Figure 

1.7) (Krogan et al., 2003; Ng et al., 2003; Pokholok et al., 2005). The ChlP-chip 

data presented in this study also demonstrated that the distribution patterns 

associated with H3K4me3 and H3K36me3, respectively, were maintained in Q 

cells.

Firstly, the occupancy (IP/INPUT) and the relative occupancy (normalized to H3) 

of H3K4me3 and H3K36me3 were investigated at the log cell-specific genes 

PMA1 and CLN3 (Figure 5.7 and 5.8 respectively). The level of each 

modification at a negative control region, TEL VI, was also investigated. In log 

phase cells, H3K4me3 was present at PMA1, displaying a typical pattern of 

distribution showing enrichment at the promoter and 5’ end of the ORF (Figure 

5.7 A). When the level of enrichment was normalized to histone levels, the 

pattern was unchanged (Figure 5.7 B). The level of H3K4me3 at PMA1 

remained relatively stable during the formation of 0  cells, although there was a 

shift in occupancy towards the 3’ end of the gene (Figure 5.7 A). However, when 

the level of H3K4me3 was normalized to histone density, a decrease in the 

relative occupancy across the gene was observed in Q cells (Figure 5.7 B). The 

5’ end of CLN3 also displayed enrichment of H3K4me3, which remained 

relatively stable throughout the time course (Figure 5.7 A). Interestingly, a similar 

pattern to that seen at PMA1 was observed at CLN3 when H3K4me3 was
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normalized to H3 occupancy levels, whereby occupancy decreased during Q cell 

development (Figure 5.7 B). Thus H3K4me3 showed similar relative occupancy 

levels at both the log-specific genes, PMA1 and CLN3.

Significant levels of H3K36me3 were also detected at PMA1 and CLN3 in log 

phase cells (Figure 5.8 A). H3K36me3 exhibited a classic 3’ ORF distribution 

pattern at PMA1 in these cells, and this pattern was even more dramatic in Q 

cells. The relative occupancy of H3K36me3 at PMA1 displayed similar patterns 

of distribution throughout the entire time course and the classic 3’ ORF 

distribution pattern was again maintained (Figure 5.8 B). The 3’ end of CLN3 

also displayed enrichment of H3K36me3 in log phase cells and the relative 

occupancy of H3K36me3 at CLN3 revealed the modification to be stably 

maintained throughout the sampling period (Figure 5.8 A and B respectively). 

Overall, these data demonstrated that both H3K4me3 and H3K36me3 were 

established on PMA1 and CLN3 during active transcription and then maintained 

during Q cell formation. However, while a reduction in the relative occupancy of 

H3K4me3 was evident at these genes in Q cells, the relative occupancy of 

H3K36me3 remained constant throughout the entire time course. These were 

characteristics that were previously demonstrated to occur genome wide by the 

global analysis present in this work (Chapter 4).
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Figure 5.7: H3K4me3 is enriched at actively transcribing genes in log cells 

and its levels remain high despite transcription repression in Q cells.

H3K4me3 occupancy levels were measured by ChIP on chromatin isolated from 

mid-log phase cells (Log) and Q cells isolated after 3, 5 and 7 days of growth (D3 

Q, D5 Q and D7 Q, respectively). H3K4me3 occupancy (A) and relative 

occupancy (B) were determined at the promoter (TATA), 5’ ORF (5’) and 3’ ORF 

(3’) regions. Error bars represent SEM of two biologcially independent 

experiments.
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Figure 5.8: IH3K36me3 is enriched at transcriptionally active genes in log 

cells and is retained during the period of transcriptional repression in Q 

cells. H3K36me3 occupancy levels were measured by ChIP on chromatin 

isolated from mid-log phase cells (Log) and Q cells isolated after 3, 5 and 7 days 

of growth (D3 Q, D5 Q and D7 Q, respectively). H3K36me3 occupancy (A) and 

its relative occupancy (B) were determined at the promoter (TATA), 5’ ORF (5’) 

and 3’ ORF (3’) regions. Error bars represent SEM of two biologically 

independent experiments.
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The levels of both H3K4me3 and H3K36me3 were also monitored at BAP2 and 

0LE1. The evidence presented so far suggests that these genes remained 

transcriptionally active throughout the time course of Q cell development. We 

examined whether the occupancy patterns of H3K4me3 and H3K36me3 

corresponded to the constitutive expression of BAP2 and 0LE1. We found that 

BAP2 and 0LE1 were enriched in both H3K4me3 (5’ end of ORF) and 

H3K36me3 (3’ end of ORF) throughout the sampling period (Figure 5.9 and 5.10 

respectively). Overall, H3K4me3 occupancy and its occupancy relative to 

histone density at both BAP2 and 0LE1, respectively, remained relatively stable 

throughout the time course of Q cell development and were similar to the 

patterns observed on the log cell-specific genes PMA1 and CLN3 in log cells 

(Figure 5.9 A and B respectively). These patterns were retained in 0  cells 

isolated following 3, 5 and 7 days of growth.

Interestingly, while the level of H3K36me3 at BAP2 followed a similar pattern to 

that displayed by H3K4me3 during the development of Q cells, the level of 

H3K36me3 at 0LE1 increased in Q cells (Figure 5.10). The increased 

H3K36me3 enrichment at 0LE1 is similar to what was previously observed at the 

highly transcribed log cell-specific gene, PMA1. Together, these data show a 

positive correlation between transcription and both H3K4me3 and H3K36me3 

occupancy. Both PMA1 and CLN3 maintain high levels of both of these 

modifications in Q cells, and, in fact, the levels of H3K4me3 and H3K36me3 at 

these genes are similar to the levels detected at what appear to be the 

constitutively expressed BAP2 and 0LE1 genes. Interestingly, the retention of 

log phase levels of H3K4me3 at BAP2 and OLE1 throughout Q cell development 

was in contrast to the reduction observed at the log-specific genes, PMA1 and 

CLN3 throughout the time course. The data suggests, that the levels of 

H3K36me3 at PMA1 and CLN3 were maintained in Q cells in the absence of 

transcription because they are not actively removed.
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Figure 5.9; H3K4me3 levels are maintained at the 5’ end of the BAP2 and 

0LE1 during Q cell development. H3K4me3 occupancy levels were measured 

by Chip on chromatin isolated from mid-log phase cells (Log) and Q cells 

isolated after 3, 5 and 7 days of growth (D3 Q, D5 Q and D7 Q, respectively). 

H3K4me3 occupancy (A) and its relative occupancy (B) were determined at the 

5’ end of BAP2 and 0LE1 ORFs. Error bars represent SEM of two biologically 

independent experiments.
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Figure 5.10: H3K36me3 levels are retained at BAP2 and 0LE1 throughout 

the development of Q cells. H3K36me3 occupancy levels were measured by 
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after 3, 5 and 7 days of growth (D3 Q, D5 Q and D7 Q, respectively). H3K4me3 
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independent experiments.
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To investigate whether Q cell-specific genes displayed a positive correlation 

between H3K4me3 and H3K36me3 levels and transcription we examined the 

establishment of these marks at ADY2, SNZ1 and, XBP1. The log phase levels 

of H3K4me3 at each of these genes, although higher than their levels at TEL VI, 

were significantly lower than the levels at actively transcribed genes in both the 

log cell-specific genes, and “constitutive” BAP2 and 0LE1 genes, which our data 

suggest are constitutively transcribed in both log cells and Q cells (Figure 5.11 

A).

Interestingly, the inactive ADY2 gene appeared to retain detectable levels of 

H3K4me3 within its ORF in log phase cells. However, as all three genes became 

active in Q cells, the level of H3K4me3 increased and the relative occupancy of 

the modification also increased (Figure 5.11 A and B respectively). At each 

gene, H3K4me3 occupancy displayed a more dramatic 5’ ORF bias during Q cell 

development compared to its distribution at the log-specific gene PMA1 during 

the period (compare Figure 5.11 with Figure 5.7). These Q cell-specific genes 

also displayed H3K4me3 stability throughout the sampling period despite a 

decrease in RNAP II occupancy (Figure 5.5). Indeed, we had previously found 

that RNAP II occupancy peaked in Q cells isolated following 3 days of growth 

before decreasing in day 5 and day 7 Q cells (Figure 5.5 C). The level of 

H3K4me3 peaked at the same stage of the time course, but unlike RNAP II 

levels, it was retained until the sampling period end point (D7 Q).

Similar results were obtained from analysis of the H3K36me3 levels at these Q 

cell-specific genes, with several gene specific differences (Figure 5.11 A and B). 

XBP1 was the only gene of the three that strictly adhered to the classic model for 

H3K36me3 distribution. In log phase cells, when the gene was inactive, the 

levels of H3K36me3 at XBP1 were similar to the negative control. However, 

when XBP1 became transcriptionally active in Q cells, the level of H3K36me3 

increased towards the 3’ end of the ORF (Figure 5.12 A). Similar to our 

observation of H3K4me3 occupancy, the level of H3K36me3 peaked in day 3 Q 

cells, when RNAP II occupancy peaked, and was maintained at a similar level in 

both day 5 and 7 Q cells. A comparable distribution and occupancy profile was 

also seen when normalized to H3 occupancy (Figure 5.12 B).
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Although both ADY2 and SNZ1 displayed increased levels of H3K36me3 upon 

gene activation, both genes showed distinct patterns of the modification (Figure 

5.12 A). H3K36me3 was enriched across both entire gene regions in a manner 

consistent with active transcription, with a similar distribution observed when the 

level of H3K36me3 was normalized to H3 occupancy (Figure 5.12 A and B). 

Interestingly, H3K36me3 was enriched across the entire SNZ1 gene in log phase 

cells despite a lack of transcription (Figure 5.12 A). Although a similar level of 

H3K36me3 was found at the SNZ1 promoter (TATA) and 5’ end of the ORF 

during transcription in Q cells, the modification was most enriched at the 3’ end of 

the gene. The relative occupancy of H3K36me3 at SNZ1 also increased in Q 

cells as the gene became active (Figure 5.12 B).

In log phase cells H3K4me3 and H3K36me3 were detected at PMA1 and CLN3. 

These modifications displayed the classical distribution patterns associated with 

them across the ORF of PMA1 (Figure 1.7). However, when both PMA1 and 

CLN3 were repressed in Q cells they maintained significant levels of both 

H3K4me3 and H3K36me3 were maintained at these genes, although, the level of 

H3K4me3 was reduced at both genes. As expected, BAP2 and 0LE1 also 

maintained significant levels of H3K4me3 and H3K36me3, which supported the 

hypothesis that these genes are constitutively expressed throughout the 

sampling period. Interestingly, the Q-cell specific transcripts, ADY2, SNZ1, and 

XBP1 adhered to the classic model of a correlation between transcription and 

histone modifications. As these three genes became transcriptionally active in Q 

cells, and RNAP II occupancy was increased, H3K4me3 and H3K36me3 levels 

also increased. Thus, similarly to the log cell-specific genes, PMA1 and CLN3, 

these Q cell-specific genes retained H3K4me3 and H3K36me3 despite 

decreased RNAP II occupancy.

216



A.
SNZl XBPl

10

8

6

4

2

0
Log D3Q DSQ D7Q

7

6

5

4

3

2

1

0
D3Q DSQ D7QLog

□ TEL VI

□  3'

Log Log D3Q  DSQ D7 Q

B.

ADY2

g “S
o E 
a* ^  
> ^  
C  ro
J2 I

SNZl XBPl

TATA

D3Q DSQ Log D3Q  DSQ D7 Q

Figure 5.11; H3K4me3 is enriched in a transcription-dependent manner at Q 

cell-specific genes. H3K4me3 occupancy levels were measured by ChIP on 

chromatin isolated from mid-log phase cells (Log) and Q cells isolated after 3, 5 

and 7 days of growth (D3 Q, D5 Q and D7 Q, respectively). H3K4me3 

occupancy (A) and relative occupancy (B) were determined at the promoter 

(TATA), 5’ ORF (5’) and 3' ORF (3’) regions. Error bars represent SEM of two 

biologically independent experiments.
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Figure 5.12: H3K36me3 is enriched at Q cell-specific genes in a 

transcription-dependent manner. H3K36me3 occupancy levels were 

measured by ChIP on chromatin isolated from mid-log phase (Log) and Q cells 

isolated after 3, 5 and 7 days of growth (D3 Q, D5 Q and D7 Q, repsectively). 

H3K36me3 occupancy (A) and relative occupancy (B) were determined at the 

promoter (TATA), 5’ ORF (5’) and 3’ ORF (3’) regions. Error bars represent SEM 

of two biologically independent experiments.
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5.2.3.3 H3K79me3 levels are established in Q cells Independent of 

transcription

The correlation between the presence of H3K4me3 and H3K36me3 on genes, 

and active transcription has been reported in log phase cells and this study 

showed a similar correlation exists at genes transcribed specifically in Q cells. 

However the correlation between H3K79 methylation and transcription is less 

well understood. The classic model of H3K79 methylation suggests that mono-, 

di-, and tri-methylated H3K79 co-localize throughout the ORF of actively 

transcribed genes (Pokholok et a!., 2005; Shahbazian et al., 2005). Interestingly, 

a recent study by Schulze et al. (2009) found that H3K79me2 and H3K79me3 

localized to different regions, with H3K79me3 present at ORFs and H3K79me2 

more enriched at intergenic regions, suggesting that the modifications may have 

distinct functions.

To investigate whether H3K79me3 became enriched at Q cell-specific genes 

upon activation, ChIP analysis was performed using a H3K79me3 specific 

antibody and the levels of this modification at the promoter (TATA), and 5’ and 3’ 

ends of the XBP1 ORF were examined by qPCR (Figure 5.13 A and B). The 

results showed that H3K79me3 was present in a manner that was similar to that 

of both H3K4me3 and H3K36me3. In log phase cells, the inactive XBP1 gene 

displayed no significant levels of H3K79me3 as determined by comparison to the 

negative control region, TEL VI. In day 3 Q cells, when both RNAP II became 

enriched at XBP1 and transcript abundance increased (Figure 5.5 C and Figure 

5.4), H3K79me3 levels rose (Figure 5.13 A). H3K79me3 became enriched 

across the entire region analyzed from the promoter to the 3’ end of the ORF, 

with a gradient of occupancy that peaked towards the 3’ end of the gene. A more 

even distribution pattern across the entire region was apparent when the relative 

occupancy was examined (Figure 5.13 B). Thus, H3K79me3 levels at XBP1 

remained stable in Q cells despite the decrease in RNAP II occupancy at this 

gene (compare Figure 5.13 A and B with Figure 5.7 C).

The levels of H3K79me3 were also investigated at the log cell-specific genes, 

PMA1 and CLN3. This study confirmed that PMA1 was highly transcribed in log
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cells as determined by both mRNA abundance (Figure 5.3 A) and RNAP II 

occupancy (Figure 5.5 A). Interestingly, PMA1 showed no significant H3K79me3 

occupancy in log phase cells, despite the gene being actively transcribed, but 

significant occupancy was detected in Q cells when the gene was inactive. At 

day 3, the Q cell population displayed increased H3K79me3 levels at PMA1, 

particularly at the 3’ end of the gene (Figure 5.13 C). These levels then remained 

stable throughout the time course of Q cell development. H3K79me3 was also 

enriched at PMA1 in Q cells when H3 occupancy was considered (Figure 5.13 

D). The lowly transcribed gene, CLN3, was occupied by H3K79me3 in log phase 

cells and showed a pattern of distribution across the gene with a 3’ bias (Figure 

5.13 E and F). As seen for PMA1, the levels of H3K79me3 at CLN3 increased in 

Q cells, although the increase was not as dramatic as that seen at PMA1.

These data highlighted the stability of H3 methylation at residues K4, K36 and 

K79 in Q cells. Interestingly, while both H3K4me3 and H3K36me3 appeared to 

be established in a transcription-dependent manner on both log and Q cell- 

specific genes, H3K79me3 was less closely correlated with transcription.
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Figure 5.13; H3K79me3 is enriclied at genes in a transcription-independent 

manner. H3K79me3 occupancy levels were measured by ChIP on chromatin 

isolated from mid-log phase cells (Log) and Q cells isolated after 3, 5 and 7 days 

of growth (D3 Q, D5 Q and D7 Q, respecitvely). H3K79me3 occpancy (A, C, and 

E) and its relative occupancy (B, D, and F) were determined at the promoter 

(TATA), 5’ ORF (5’) and 3’ ORF (3’) regions. Error bars represent the SEM of 

two biologically independent experiments.
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5.3 Discussion

Data presented in this study showed that RNAP II was re-localized on specific 

subsets of genes upon the entry of cells into quiescence. The re-localization of 

RNAP II was in contrast to the retention of H3K4me3, H3K36me3, and 

H3K79me3 at sinnilar regions across the genome in both log phase cells and 

quiescent cells. To further investigate these characteristics, we compared the 

dynamics of RNAP II occupancy and its correlation to transcription in both 

growing cells (log phase) and quiescent cells. In support of previous studies this 

work identified three log-cell specific genes, PMA1, CLN3 and ACT1 that showed 

a strong correlation between RNAP II occupancy and the levels of mRNA (Figure 

5.3 -  5.5). In mid-log phase cells, the high level of RNAP II occupancy at PMA1 

and the high abundance of its mRNA transcript reflect the fact that the 

transcriptional frequency of PMA1 in mid-log phase cells is in the top sixty of the 

most frequently transcribed yeast genes (43.1 mRNA per hour) (Holstege et al., 

1998). In contrast, the transcription frequency of CLN3 (1.1 mRNA per hour) 

correlated with low, but still significant RNAP II occupancy (Holstege et al., 1998).

Interestingly, there does not seem to be the same degree of correlation between 

RNAP II occupancy and mRNA abundance for genes expressed specifically in Q 

cells. In log phase cells, when ADY2, SNZ1 and XBP1 are not being actively 

transcribed, none of the genes showed significant levels of mRNA or RNAP II. 

However, in Q cells, both RNAP II occupancy and mRNA abundance increased 

at these genes (Figure 5.3 -  5.5). RNAP II occupancy appeared to peak early in 

the formation of the quiescent cell population before decreasing by the end of the 

sampling period (Figure 5.5). Nonetheless, RNAP II occupancy observed at 

these genes in Q cells isolated after 7 days of growth was still significant. The 

peak in RNAP II occupancy observed at these genes correlated with the point at 

which their mRNA was also at its highest. However, whereas RNAP II 

occupancy at these genes decreased, the level of mRNA from each gene 

remained stable. The mechanism by which transcript abundance was 

maintained in Q cells remains to be determined, but we propose two possible 

mechanisms that might play a role in this process. Firstly, the RNAP II retained 

at these genes may continually transcribe throughout quiescence maintaining the
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level of key transcripts but there is less RNAP II, so how could this give the same 

level of RNA? The second mechanism may involve an early transcription event 

(e.g. at day 3 of quiescence) during which a pool of transcripts is produced, and 

these transcripts are stably maintained during quiescence.

Although this analysis of RNAP I! occupancy cannot distinguish between active 

and non-active forms of RNAP II, the peak of RNAP II occupancy observed at the 

Q cell-specific genes correlated with the global persistence of the phosphorylated 

forms of RNAP II detected by Western blot analysis (Figure 3.18). This analysis 

detected both the initiating and elongating forms of RNAP II in the early stage 

(day 3) of Q cell development. Interestingly, the level of the phosphorylated 

forms of RNAP II detected in Q cells isolated at day 3 of growth was similar to 

that of actively growing mid-log cells. However, RNAP II phosphorylation was 

then rapidly lost and was undetectable in Q cells isolated after 5 and 7 days of 

growth, respectively.

The study of RNA levels in Q cells is complicated by the fact that large numbers 

of transcripts are stored in protein-RNA, complexes including processing bodies 

and stress granules (Gimenez-Barcons and Diez, 2011; Shah et al., 2013). 

Previous work investigating transcription in Q and NQ cells by Aragon et al. 

(2008) described the release of an additional subset of transcripts (>2000) from 

Q cells when protease digestion was used during RNA extraction. Thus, defining 

the exact levels of actively transcribed RNA within these cells remains difficult. 

The levels of ADY2, SNZ1, and XBP1 transcripts all appeared to peak 

simultaneously with RNAP II occupancy, but whereas RNAP II occupancy 

decreased at each of these genes, their respective transcript levels did not 

change. The fact that global RNAP II phosphorylation was present at an 

insignificant level in Q cells after day 3 suggests that these transcripts may be 

produced early in the development of Q cells and are then maintained, perhaps 

in stress granules. We hypothesize that during this period of high transcriptional 

activity, Q cells transcribe a large number of mRNAs that may be required for 

long-term survival or to allow rapid exit from quiescence.
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This work has previously reported the stable nature of histone H3 methylation in 

the quiescent population and the maintenance of their global distribution patterns. 

A recent study by Mews et al. (2014) also demonstrated the high level of stability 

of H3 methylation in stationary phase cells, as well during the exit of these cells 

from quiescence. We confirmed this H3 methylation stability result at some key 

genes of interest. The classic distribution patterns of H3K4me3, H3K36me3 and 

H3K79me3 across active genes in growing cells have been discussed in detail 

throughout this work (Figure 1.7) (Pokholok et al., 2005). These patterns were 

confirmed on several transcriptionally active genes in log phase cells, and were 

maintained in Q cells, by both global ChlP-chip and gene-specific ChIP analysis. 

Genes from each of the subsets of genes investigated in this work (log cell- 

specific, Q cell-specific, and “constitutive”) displayed the 5’ bias of H3K4me3, the 

3' bias associated with H3K36me3 and also the enrichment of H3K79me3 

throughout the entire ORF region of genes (Figure 5.7 -  5.13). Differences from 

the classical distribution were also observed; for example, the even distribution of 

H3K36me3 across the entire coding region and promoter of ADY2, a Q-cell 

specific gene. Further analysis of these gene-specific deviations would be 

required to determine the exact mechanism by which these unique patterns 

occurred. The stable nature of H3 methylation was reflected in the retention of 

H3K4me3 and H3K36me3 at log-specific genes in Q cells and also by the 

persistence of both of these modifications at the Q-specific genes ADY2, SNZ1 

and XBP1, despite the decrease in RNAP II occupancy at these genes later in 

SP development (Figure 5.5 C). Interestingly, that while H3K36me3 levels were 

retained at log-specific genes, the level of H3K4me3 appears to reduce by half. 

This confirmed the global reduction in the levels of H3K4me3 observed by ChlP- 

chip analysis.

Interestingly, this work also demonstrated that H3K79me3 levels might not be 

dependent on transcription. H3K79me3 became enriched in Q cells at all genes 

investigated independent of transcription. Indeed XBP1, a Q cell-transcribed 

gene, and PMA1, a log cell-transcribed gene, both had significantly higher levels 

of H3K79me3 in Q cells at a time point when active transcription appeared to 

have significantly decreased (Figure 5.13). Previous work has shown that at 

highly transchbed genes such as PMA1, where histone turnover is high.
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H3K79me3 levels are low (Schulze et al., 2011). This however raises the 

question of how H3K79me3 became enriched at PMA1 in the Q cell population. 

One model for H3K79me3 enrichment at PMA1 is that during the entry to 

quiescence the rate of transcription slows down allowing H3K79me to build up 

resulting in the high occupancy of H3K79me3. Another model is that the 

uncoupling of H3K79me3 and transcnption in Q cells is due to a change in Dotl 

activity. Could it be because H3 turnover is not high in Q cells? Further work is 

required to investigate the mechanism of H3K79 methylation, particularly at 

genes such as PMA1 that appear to become methylated despite a shutdown in 

transcription.

In conclusion we have identified a period of high transcriptional activity during the 

initial stages of quiescence that may establish both the histone PTM landscape of 

quiescent cells, and also enable the production and storage of key transcripts 

required for maintenance and exit from quiescence. This work provides a 

description of the histone PTM landscape associated with quiescent yeast cells 

and suggestions of potential mechanisms involved in establishing this epigenetic 

signature.

225



Chapter 6

Investigating the role of histone post translational modifications

during stationary phase
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6.1 Introduction

The data presented in this study has investigated the abundance of many histone 

PTMs and identified the retention of H3K4me3, H3K36me3 and H3K79me3 in SP 

cells. We demonstrated the stable nature of these histone modifications and 

hypothesize that their localization throughout the genome of quiescent (Q) cells is 

established early in Q cell formation, perhaps via the inheritance of methylated 

histones during cell division. However, the role played by these modifications 

during SP is poorly understood.

Previous studies in actively proliferating cells have identified the transcription- 

dependent methylation of H3K4 in the promoter and 5’ end of the ORF of actively 

transcribed genes by Set1 (Ng et al., 2003; Santos-Rosa et a!., 2002). It recently 

been suggested that this H3K4me may play a role in transcriptional memory and 

may act to inhibit gene reactivation (Muramoto et al., 2010; Zhou and Zhou, 

2011). On the other hand, H3K79 methylation has been implicated in the 

maintenance of silencing throughout the genome by controlling the binding of 

silencing proteins (van Leeuwen et al., 2002). We sought to examine whether 

these histone modifications played a role in SP by investigating phenotypes in 

mutants deficient for H2Bub1, H3K4me3 and H3K79me3. We also examined the 

role H2Bub1, H3K4me and H3K79me, play in the formation and maintenance of 

the quiescent population of cells that are present in SP cultures.

227



6.2 Results

6.2.1 Histone PTM mutants were confirmed by Western blot analysis

The data presented so far in this study has identified the abundance, localization 

and establishment of H3 methylation at K4, K36 and K79 during stationary phase 

(SP). However, whether these histone PTMs play in a role in SP has yet to be 

established. This chapter aims to investigate whether histone PTM mutants 

exhibit any important phenotypes, with a special focus on SP-specific 

phenotypes. To perform this study a set of commonly used strains containing 

amino acid substitutions were utilized (Fleming et al., 2008). These amino acid 

substitutions involve the substitution of important lysine (K) residues to either 

arginine (R) or alanine (A) residues, leading to the abolishment of specific histone 

modifications. For this work a strain containing a lysine to arginine substitution at 

H2B residue 123 {htb-K123R), which prevents H2B mono-ubiquitylation, was 

used. Single histone PTM mutants containing lysine to alanine substitutions at 

either residue 4 or 79 of histone H3 {hht-K4A and hht-K79A respectively), which 

abolish methylation at these sites and a double mutant containing substitutions of 

both histone H3 lysine 4 and 79 residues were also investigated {hht-K4A/K79A).

To confirm each of the mutant strains, and to investigate the levels of other 

histone modifications in these mutants, TCA lysates were first prepared from mid

log phase cells. Western blot analysis was performed on these lysates with a 

panel of antibodies against histones and various histone methylation marks 

(Figure 6.1 and Figure 6.2). While wild type (WT) mid-log phase cells contained 

histones that were trimethylated at H3K4, H3K36 and H3K79 (Figure 6.1 and 

Figure 6.2, lane 1), histone mutants displayed unique methylation profiles. In the 

htb-K123R  mutant H2Bub1, H3K4me3, and H3K79me3 were abolished while 

H3K36me3 persisted (Figure 6.1 and Figure 6.2, lane 2). H3K79me1 also 

persisted in the htb-K123R  mutant whereas H3K79me2 was absent (Figure 6.2, 

lane 2). Analysis of the hht-K4A and hht-K79A mutant strains confirmed 

H3K4me3 and H3K79me3 respectively could not be detected (Figure 6.1, lanes 3 

and 4 respectively). As expected, the hht-K79A mutant maintained H2Bub1, but 

H3K79me1 and H3K79me2 were abolished (Figure 6.1 B, lane 4). Finally, the
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loss of H3K4me3 and H3K79me3 was confirmed in hht-K4A/K79A double mutant 

whereas H3K36me3 was retained (Figure 6.1, lane 5).

6.2.2 Histone PTM mutants display growth defects during log phase

Having confirmed the histone mutants were correct and determined the 

remaining pertinent PTM profiles in these strains, a study was undertaken to 

examine whether these histone PTMs played a role in establishing characteristics 

associated with SR. Both growth and reproductive capacity are important 

characteristics associated with SP that play an important role in differentiating the 

Q and NQ populations and these features were the focus of this section of work. 

All growth curve analysis in this chapter was carried out using the automated 

Multiskan™ Ascent Plate Reader (Thermo Labsystems). For mid-log phase 

growth experiments, overnight cultures were sub-inoculated and grown to mid-log 

phase before cells were counted. Stock cultures containing the same cell 

number (1 x 10^ cells/ml) were prepared and inoculated into fresh YPD media in 

96 well plates and incubated in the plate reader at 30°C. ODeoo readings were 

recorded every hour for 48 hours. Growth curve analysis using this method, 

although limited due to the narrow linear range of ODeoo measurement and 

subsequent culture saturation, allowed the screening and accurate comparison of 

log phase mutant growth rates. We monitored the length of time cells took to 

reach saturation and measured the maximal ODeoo at which saturation occurred 

during entry into SP.

Log phase growth curve analysis was carried out on all mutants to determine 

whether yeast cultures were affected by the absence of H2Bub1, H3K4me or 

H3K79me, or the simultaneous loss of both H3K4me and H3K79me (Figure 6.3). 

In the wild type strain, after an initial lag phase where no growth was evident, a 

rapid phase of exponential growth occurred. Wild type (WT) culture density 

increase ceased at an ODeoo = 0.8 following about 20 hours of growth, and this 

was defined as saturation. All four histone mutant strains appeared to have a 

longer lag phase than wild type, the most dramatic of which occurred in the htb- 

K123R single and hht-K4A/K79A double mutants (Figure 6.3 A and D 

respectively). Interestingly, both htb-K123R and the hht-K4A/K79A double
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mutant cultures also appeared to become saturated at a significantly lower ODeoo 

to that observed in wild type (Figure 6.3 A and D respectively). The hht-K4A 

mutant also showed this lower ODeoo upon entry into SP (Figure 6.3 B). 

However, the hht-K79A mutant culture entered SP at a similar ODeoo to wild type 

(Figure 6.3 C).

To further determine if PTMs play a role in cell growth their reproductive capacity 

during mid-log phase was investigated (Figure 6.4). This analysis was carried 

out using a standard spot plate assay, whereby equal numbers of log phase cells 

were plated onto glucose based nutrient rich agar plates. This experimental 

procedure was unable to detect any dramatic defect in reproductive capacity in 

any of the mutants. Nonetheless, the plate reader data did suggest that histone 

PTMs might play a role in cell growth and regulation of entry into SP. 

Interestingly, the htb-K123R mutant that enters SP at a lower ODeoo to wild type 

displays the same phenotype as the hht-K4A single mutant and the hht- 

K4A/K79A double mutant but not the hht-K79A single mutant. This data 

suggests that H2Bub1 may play a role in controlling the optimal entry of cells into 

SP, potentially through its downstream regulation of H3K4 methylation.
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Figure 6.1: Histone methylation mutants display unique histone PTM 

profiles. Western blot analysis of TCA extracted proteins from mid-log phase 

cells of wild type (WT) and htb-K123R, hht-K4A, hht-K79A and hht-K4A/K79A 

mutants. Antibodies specific to H3K4me3, H3K36me3 and H3K79me3 were 

used for immunoblotting. A representative beta actin loading control is shown.
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Figure 6.2: H3K79me1 is maintained in the absence of H2Bub1. Western blot 

analysis of TCA extracted proteins from mid-log phase cells of wild type (WT), 

htb-K123R, and hht-K79A mutants. Antibodies specific to H2B-Flag, H3K79me1, 

H3K79me2, H3K79me3 and H3 were used for immunoblotting. A representative 

beta actin loading control is shown.
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Figure 6.3: Histone PTM mutants display distinct growth defects during 

entry to SP. Plate reader based analysis of growth rates of sub-inoculated mid

log phase cells. Wild type (WT) and either htb-K123R  (A), hht-K4A (B), hht-K79A 

(C) or hht-K4A/K79A (D) were examined in this study. YPD broth was inoculated 

from stocks containing 1 x 1 0 ^  cells/ml of each strain. 96 well plates were 

incubated at SOX for 48 hours with ODeoo readings taken every hours. Error 

bars represent standard error of the mean (SEM) of three biologically 

independent experiments.
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Figure 6.4: Histone PTM mutants in the mid-log phase of growth do not 

exhibit reproductive capacity defects. Mid-log phase cells from each of the 

strains indicated were plated as 10-fold serial dilutions starting from 1 x 10^ 

cells/ml. 5 pi of culture was spotted on YPD plates and photographed following 

48 h of growth

234



6.2.3 Histone PTM mutants display unique phenotypes during SP

6.2.3.1 Mutants lacking H2Bub1 display significant SP growth defects

The observation that histone PTMs may play a role in the entry to SP led us to 

undertake a more in-depth analysis of SP phenotypes. Due to the limitations of 

the plate reader for measuring growth, complimentary analysis were undertaken 

to investigate SP growth phenotypes. Histone mutants were therefore incubated 

under regular batch growth conditions (200 ml cultures) and culture density was 

monitored after 7 and 14 days of growth (Figure 6.5). Under these conditions 

htb-K123R showed the most dramatic decreased in optical density (ODeoo) in SP 

after both 7 and 14 days of growth. The hht-K79A mutant maintained wild type 

levels of culture density in SP. However, although both hht-K4A and hht- 

K4A/K79A showed reduced ODeoo levels compared to wild type at both day 7 and 

14, the decrease in optical density was not as dramatic as that measured by the 

plate reader.
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Figure 6.5: Mutants lacking H2Bub1 exhibit lower culture density during

SP. The optical density (ODeoo) was monitored for strains grown by standard 

culturing techniques for 7 and 14 days. Strains indicated were grown in YPD at 

30°C.
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6.2.3.2 Mutants lacking di- and tri-methylated H3K4 and H3K79 display 

elongated lag phases upon exit from SP

A key characteristic of the quiescent (Q) cell population is their ability to maintain 

long-term viability and synchronously re-enter the cell cycle when the 

environment allows (Allen et al., 2006). In order to investigate the effect PTMs 

have on the ability of cells to exit SP and re-enter the cell cycle, the same 

number of SP cells (from day 7 and 14 cultures, respectively) were inoculated 

into fresh media and the growth rate was monitored (Figure 6.6). Wild type, htb- 

K123R, hht-K4A, hht-K79A, and hht-K4A/K79A histone mutants were examined. 

Following an initial lag phase, all cells entered a rapid logarithmic phase of 

growth before culture density increase ceased (Figure 6.6). As was previously 

observed with mid-log phase cells, the htb-K123R, hht-K4A and hht-K4A/K79A 

mutants all entered SP at a lower ODeoo to those seen in both wild type and the 

hht-K79A mutant with hht-K4A/K79A reaching saturation at the lowest optical 

density. Also of note, the htb-K123R and hht-K4A/K79A mutants appeared to 

show the greatest delay (lag phase) before entering log phase growth. 

Interestingly, day 14 cells that are re-fed take slightly longer to both enter log 

phase, and also to reach maximum culture density than those from day 7. This 

may be due to either less cells remaining viable at day 14 or less of these viable 

cells maintaining reproductive capacity.
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Figure 6.6: Histone mutants lacking H3K4 methylation display unique

growth phase phenotypes. Plate reader based analysis of growth rates of re

fed cells from 7 and 14-day old cultures. Wild type (WT), htb-K123R  (A), hht-K4A 

(B), hht-K79A (C) and hht-K4A/K79A  (D) were examined in this study. 96 well 

plates containing YPD broth were inoculated from stocks containing 1 x 10^ 

cells/ml of each strain. 96 well plates were incubated at 30°C for 48 hours with 

ODeoo readings taken every hours. Error bars represent standard error of the 

mean (SEM) of three biologically independent experiments.
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6.2.3.3 Histone PTM mutants display dramatically different reproductive 

capacity throughout SP

To further investigate cell viability during SP the reproductive capacity of histone 

PTM mutants over an extended time course experiment was examined. The 

colony forming ability of each strain was monitored over the course of four weeks 

following glucose depletion. The initial time point (T = 0) was taken following 24 

hours of growth, at which point glucose levels were measured and were shown to 

be depleted in all cultures. Also, at this time point the number of cells within each 

culture was directly monitored by microscopy. The data showed that each 

mutant strain culture contained less cells per ml than that observed in wild type 

cultures (as determined by cell counts) (Figure 6.7 A). Interestingly, although 

previous growth analysis showed that culture optical density differed between 

hht-K79A and htb-K123R, hht-K4A and hht-K4A/K79A  cultures there was no 

significant difference observed in the cell number at this time, in these strains.

To investigate the reproductive capacity of mutant strains, cells from the same 

volume of culture of each strain were plated out following 24 hours of growth and 

at the time points indicated there after. The colony forming ability of each strain 

was monitored and plotted relative to the colony forming units (C.F.U) produced 

at the initial 24 h time point (Figure 6.7 B). Interestingly, each of the mutants 

examined showed unique patterns of reproductive capacity throughout SP. The 

wild type strain underwent a rapid reduction in its reproductive capacity over the 

first four or five days before reaching a plateau of 50% of the reproductive 

capacity of the initial time point. However, the htb-K123R  mutant in which 

H2Bub1 was abolished, rapidly lost reproductive capacity; by day 4 of the time 

course cells maintained less than 11% the ability to form colonies than cells 

sampled immediately following glucose depletion. Four weeks following glucose 

depletion htb-K123R  cells had a reproductive capacity 10,000-fold less than that 

of the initial sample.

The ability of a strain lacking H3K4me {hht-K4A) to form colonies was initially 

maintained for up to 4 days following glucose depletion before gradually losing its 

reproductive capacity over the course of the subsequent 14 days. The hht-K4A
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mutant then achieved an equilibrium with a long-term reproductive capacity of 

about 20% that of post-diauxic cells. The pattern of reproductive capacity 

observed in hht-K79A mutant was particularly noteworthy. Interestingly, the 

reproductive capacity of hht-K79A increased for a period of up to 6 or 7 days 

following the diauxic shift. The reproductive capacity of this mutant then 

decreased by 25% from its maximum to maintain a final reproductive capacity 

similar to that of cells at the initial sample point. The hht-K4A/K79A double 

mutant, which lacks both H3K4 and H3K79 methylation, appears to rapidly 

undergo a single post-diauxic doubling of reproductive capacity in the first 24 h 

following glucose depletion before precipitously decreasing to a reproductive 

capacity of about 50% that of post-diauxic cells by the end of the sampling 

period. Interestingly, if both hht-K4A and hht-K4A/K79A are plotted by setting 

their maximum C.F.U. at 100% rather than plotting relative to the 24 h sample, 

very similar patterns of reproductive capacity are observed (Figure 6.7 C).
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Figure 6.7: Histone PTM mutants exhibit unique patterns of reproductive 

capacity. (A) Cells/ml as determined by haemocytometer following 24 hours of 

growth of wild type (WT) and indicated mutant strains. Complete glucose 

depletion was ensured using Diastix (Bayer). Error bars represent SEM of at 

least two independent biological replicates. (B) Reproductive capacity of wild 

type (WT) and mutant strains as determined by monitoring of colony forming unit 

(C.F.U.) ability of each strain. Plots represent the colony forming ability of each 

strain normalized to 24 h sample. (C) Reproductive capacity of wild type (WT) 

and hht-K4A and hht-K4A/K79A mutants. Plots represent the colony forming 

ability of each strain normalized to maximum C.F.U.
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These results suggest that different PTMs might be involved in separate stages 

of the transition into SP. As has previously been discussed, SP is made up of 

two distinct populations of cells with the quiescent population of particular 

importance due to its ability to maintain viability and re-enter the cell cycle. The 

key events for quiescence are the entry into quiescence, the maintenance during, 

and the exit from quiescence. The unique patterns of reproductive capacity 

observed in the histone PTM mutants highlights potential roles of these PTMs in 

each of these key events.

6.2.3.4 Histone PTMs play a role in Q cell formation

To further examine whether the formation of Q cells was affected by the absence 

of histone PTMs, the separation of SP populations of wild type cells and mutants 

deficient for H3K4me, H3K79me and H2Bub1 was attempted following 7 days of 

growth (Figure 6.8 A). Density gradient separation of 7 day old SP cultures 

clearly showed only the less dense upper band was present in the htb-K123R 

mutant. Interestingly, both hht-K4A and hht-K4A/K79A mutants appeared to 

contain more cells in the upper band and less cells in the denser lower band. In 

an attempt to quantify the cell density in the separated upper (Q) and lower (NQ) 

bands, the ODeooof each band was measured. The results confirmed the relative 

amounts of Q and NQ cells formed in the various mutants (Figure 6.8 B). 90% of 

the culture density of both wild type and hht-K79A SP cultures were made up of 

Q cells. In stark contrast, no Q cells were detected in htb-K123R SP cultures. 

SP cultures of both hht-K4A and hht-K4A/K79A mutants contained both Q and 

NQ cells, however the ratio of Q to NQ cells in these mutants decreased, with 

only 40% of SP cultures of hht-K4A represented by Q cells.

The number of cells in the lower band (Q) in each mutant was also counted by 

microscopy and compared to the number found in the wild type lower band 

(Figure 6.8 C). Together, these experiments suggest that wild type and the hht- 

K79A mutant form comparable numbers of upper (NQ) and lower (Q) band cells 

whereas htb-K123R forms only an upper band. Interestingly, both the hht-K4A 

single mutant and the hht-K4A/K79A double mutant have an increased number of
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cells in the upper less dense band while the lower, more dense band contains 

less cells.
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Figure 6.8: Histone PTMs play a role in formation of SP populations. (A)

Density gradient centrifugation of wild type (WT) and histone mutant cultures 

following 7 days of growth. (B) Optical density (ODeoo) of the cells harvested from 

the upper and lower 50% of the density gradient. Plot represents the ratio of 

upper to lower band in each case. (C) Cells/ml as contained within the lower 

50% of the gradient as determined by haemocytometer cell counts. Plots 

represent cells/ml normalized to wild type (WT)
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As this work had previously confirmed the separation of Q and NQ cells in wild 

type cells by density gradient centrifugation (Section 3.2.2), the growth rate of 

cells present in the lower band of cells in each mutant was compared to that of 

wild type, to examine whether this lower band did in fact contained Q cells in 

each case (Figure 6.9 A). The same number of cells from the lower band 

separated from SP cultures of each mutant was inoculated into fresh YPD media 

and the growth rate was monitored by plate reader based analysis. This data 

revealed that the cells making up the lower band separated from SP cultures 

from wild type and each mutant had the same rate of growth upon re-feeding. 

The same number of cells was also spotted on YPD agar plates to investigate the 

reproductive capacity of this lower population of cells (Figure 6.9 B). This 

experiment again showed that the lower population of cells isolated from hht- 

K4A, hht-K79A, and hht-K4A/K79A mutants showed similar reproductive capacity 

to that of the wild type Q population of cells. Taken together this data suggested 

that the cells from each histone mutant making up the lower band were quiescent 

cells.
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Figure 6.9: Cells in the isolated lower band separated from SP cultures of 

histone PTM mutants display Q-like growth phenotypes. (A) Plate reader 

based analysis of growth rates of cells within the lower band isolated from SP 

cultures after 7 days of growth. YPD broth was inoculated from cells adjusted to 

a cell density of 1 x 10^ cells/ml of each strain. 96 well plates were incubated at 

30°C for 48 hours with ODeoo readings taken every two hours. (B) Cells from the 

lower band of each gradient were harvested from each of the strains indicated 

and plated as 10-fold serial dilutions starting from 1 x 1 0 ^  cells/ml (10°). 5 pi of 

culture was spotted on YPD plates and photographed following 48 h of growth at 

30°C.
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6.3 Discussion

The data presented in the initial sections of this study focused on investigating 

the abundance, localization and establishment of histone PTMs during the 

transition from nutrient rich media to a period of prolonged starvation. The 

retention of histone methylation during the formation of the quiescent population 

in SP was uncovered and its establishment on a subset of quiescent-specific 

genes was further investigated. Histone methylation at H3K4, H3K36, and 

H3K79 appears to occur at many genes early during the transition to quiescence. 

However, it was important to investigate whether any of these marks played 

specific roles during SP. The data presented in this chapter identified unique 

phenotypes and characteristics in a series of mutants deficient for H2Bub1 and 

methylation of H3K4 and H3K79.

Interestingly, in the absence of H2Bub1 the reproductive capacity during SP was 

rapidly lost. Another important phenotype associated with the htb-K123R mutant 

was the inability to form a quiescent population of cells, which may be an 

important factor in the rapid loss of reproductive capacity. Previous genome- 

wide studies have identified that deletion of BRE1, the E3 ubiquitin ligase specific 

to H2Bub1, leads to both a decrease in chronological lifespan (CLS) and 

increased genome instability (Burtner et al., 2011; Yuen et al., 2007). On the 

other hand, deleting one of the key enzymes involved in the removal of H2Bub1, 

Ubp8, leads to an increased CLS (Garay et al., 2014). This data implicates 

H2Bub1 in maintaining viability and playing a role in regulating chronological 

lifespan. Remarkably, our work and previous studies has shown that H2Bub1 is 

rapidly lost prior to SP (Dong and Xu, 2004). This would suggest that although 

H2Bub1 is absent during SP, it might play a role in establishing the formation of 

SP populations prior to its loss either directly, or indirectly through its regulation of 

both H3K4 and H3K79 methylation.

One of the key events to occur during the formation of the divergent 0  and NO 

populations present in SP is the G1-phase cell cycle arrest (Miles et al., 2013). 

Recent work implicated the down-regulation of cyclins, including CLN3, which is 

normally transcribed at the M/G1 border, in this G1 arrest (Miles et al., 2013).
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Cln3 normally associates with cyclin-dependent kinase 1 (Cdk1) resulting in the 

activation of the CLN1 and CLN2 cyclins and other genes that induce budding 

and DNA replication. However, the inhibition of CLN3 transcription and that of 

other genes associated with cell-cycle progression leads to G1 arrest. This work 

also demonstrated that G1 arrest is initiated prior to the diauxic shift (Miles et al., 

2013). The observation that cell cycle arrest is initiated prior to loss of glucose 

suggests that H2Bub1 could play a role in this process.

This previous work implicated the Rad53 DNA damage and replication stress 

checkpoint in the cell cycle arrest required for Q cell formation (Miles et al., 

2013). The link between H2Bub1 and Q cell formation may occur at the level of 

Rad53 activation. When cells are challenged by either DNA damage or 

replication stress a signal transduction cascade occurs resulting in the activation 

of the Rad53 kinase (Zegerman and Diffley, 2009). Interestingly, in an htb- 

K123R mutant the activation of the Rad53 is defective when cells are stressed 

with DNA damage or replication stress (UV, MMS, ZEO) leading to a 

malfunctioning G1-S phase checkpoint. This results in the impaired postponing 

of DNA replication (Giannattasio et al., 2005). Although in this case the 

checkpoint was induced by DNA damage and replication stress it provides a link 

between H2Bub1 and the activation of cell cycle arrest. Therefore, one 

hypothesis might be that Q cell formation occurs via the Rad53 controlled G1-S 

phase checkpoint and this requires H2B monoubiquitylation. The failure of htb- 

K123R cells to activate this pathway and a cell cycle arrest may play a role in the 

inhibition of Q cell formation and in turn influence the rapid loss of reproductive 

capacity.

The inability of htb-K123R  to properly activate the G1-S phase cell cycle arrest in 

response to DNA damage seems to occur via a redundant mechanism involving 

the S e tl-  and Dot1-dependent methylation of H3K4 and H3K79 respectively. 

Importantly, exponentially growing D 0T1  mutant cells failed to activate Rad53 

when treated to induce DNA damage and replication stress but a SET1 mutant 

showed no G1-S checkpoint deficiency. However, further analysis identified only 

a partial delay in the activation of G1-S phase in the absence of D o tl. Finally, in 

a SET1/D0T1  double deletion mutant a strong G1-S phase checkpoint defect

250



was observed that replicated what was seen in the absence of H2Bub1 

(Giannattasio et al., 2005). Interestingly, hht-K4A, hht-K79A and hht-K4A/K79A 

mutants all maintain the ability to form Q cells. However, whereas the hht-K79A 

mutant maintains similar levels of both Q and NQ cells as wild-type following 

separation of SP cultures after 7 days of growth, both hht-K4A and hht-K4A/K79A 

appear to have increased NQ cells and decreased Q cells when separated at this 

same time point. It is also important to mention that mono-methylated states of 

both H3K4 and H3K79 are maintained in a htb-K123R mutant (Figure 6.2) 

(Nakanishi et al., 2009; Shahbazian et al., 2005). This suggests that nutrient 

limitation induced cell cycle arrest and Q cell formation may rely on H2Bub1, but 

not the di- and tri-methylated forms of H3K4 or H3K79 methylation.

Each of the mutants studied displayed unique patterns of reproductive capacity. 

For example in the absence of H2Bub1 {htb-K123R) the SP population of cells 

rapidly lost their reproductive capacity whereas even after 28 days following 

glucose depletion SP cells from a wild type culture maintained 50% the 

reproductive capacity of post-diauxie cells. The inability of htb-K123R mutants to 

form a quiescent population of cells may play a large role in this. However, even 

cells within the NQ population of wild type strains have been shown to maintain 

reproductive capacity, at least in the short term. This suggests that although 

H2Bub1 may play a role in initiating Q cell formation the loss of H2Bub1 may also 

lead to rapid loss of reproductive capacity of both Q and NQ cells by another 

mechanism.

On the other hand, stationary phase cultures of wild type, hht-K4A, hht-K79A and 

hht-K4A/K79A separated following seven days of growth all formed a population 

of Q cells, which displayed similar growth and reproductive capacity phenotypes. 

Interestingly, both hht-K4A and hht-K4A/K79A appeared to form lower numbers 

of Q cells and a subsequent increase in NQ cells. This change in the ratio of Q to 

NQ cells in SP cultures of these mutants is reflected by their reduced 

reproductive capacity when compared to wild type. These results suggest that 

H3K4 methylation may be important either for the optimal formation of Q cells, or 

the long-term maintenance of these cells in the quiescent state. Work presented 

earlier suggested that the H3 methylation landscape is established in log phase
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cells and inherited by the Q population and it may be the inability to inherit H3K4 

methylation that decreases the number or viability of Q cells formed. Recent 

studies in the slime-mold Dictyostelium discoideum  have implicated H3K4 

methylation as a mark of transcriptional memory that may be inherited from 

mother cell to daughter cell (Muramoto et al., 2010). Also in S. cerevisiae, 

metabolite inducible genes such as GAL1 demonstrated more rapid re-induction 

of genes in the absence of H3K4 methylation (Zhou and Zhou, 2011). One 

hypothesis may be that the correct inheritance of H3K4 methylation by quiescent 

daughter cells plays a role in the regulation of transcription patterns during 

periods of starvation associated with SP. An inability to correctly regulate 

transcription patterns and the incorrect reactivation of genes in the absence of 

H3K4 methylation may decrease the ability of cells to remain quiescent and/or 

exit this state.

An exception to the relationship between Q cell formation and reproductive 

capacity is observed in the hht-K79A mutant. Although the hht-K79A mutant 

maintains similar levels of the Q and NQ populations as wild type, it also 

appeared to contain a higher number of SP cells that retained their reproductive 

capacity. Since we have shown that the Q population in each mutant displayed 

similar reproductive capacities, it might be that the unusual pattern of 

reproductive capacity in this mutant could be the result of the NQ mother 

population of cells maintaining their reproductive capacity. Western blot analysis 

has shown that in wild type Q cells only H3K79me3 is retained whereas all three 

H3K79 methylation states are retained in NQ cells. Importantly, the NQ 

population isolated from the hht-K79A mutant will not retain any of these 

methylation marks due to the amino acid substitution and this could allow them to 

maintain their reproductive capacity. In support of this hypothesis, the htb-K123R  

mutant strain, which maintains H3K79me1, only forms NQ cells upon entry to SP 

and these cells rapidly lose reproductive capacity. Thus, H3K79me1 could be 

acting as a pro-apoptotic marks in SP NQ cells.

A lot of work remains to be carried out to investigate the role histone PTMs may 

play in Q cell establishment, maintenance and re-entry into the cell cycle upon 

return to a favorable environment. However, the data presented in this study

252



implicates histone PTMs and their regulation in each of these three key events 

required for quiescence.
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Chapter 7

General discussion
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7.1 Discussion

The link between chromatin structure and gene expression has been the subject 

of nnany studies in recent years. The gene expression patterns within cells are 

known to be tightly regulated and cells must maintain an ability to respond to 

environmental changes and stresses in order for the cell to maintain viability. 

One of the most common stresses that challenge all cells, whether they are 

single-celled organisms or a cell within a multi-cellular organism, is nutrient 

limitation or starvation (Herman, 2002).

Many living organisms including S. cerevisiae respond to nutrient starvation by 

ceasing growth and entering a non-proliferating state known as stationary phase 

(SP) (Gray et al., 2004; Herman, 2002). Previous studies have identified the 

formation of two distinct populations of cells that occur in S. cerevisiae in 

response to nutrient limitations (Allen et al., 2006). The study by Allen et al. 

(2006) described the isolation and characterization of these two distinct 

populations following separation by density gradient centrifugation. Interestingly, 

these two distinct populations of cells have divergent developmental fates. The 

less dense upper population of cells was heterogeneous and mostly made up of 

non-quiescent (NQ), budded mother cells. These NQ cells displayed markers of 

programmed cell death by apoptosis and necrosis, and rapidly lost the ability to 

re-enter the cell cycle. Importantly, the younger daughter cells, which were found 

in the lower denser population of cells displayed characteristics of quiescent (Q) 

cells. These Q cells have the ability to respond to environmental stresses and to 

maintain long-term viability while also retaining the ability to re-enter the cell cycle 

when nutrient availability increases.

Chromatin structure has been hypothesized to provide a link between the cellular 

environment and gene expression. One of the most important environmental 

factors that must be tightly correlated with gene transcription is nutrient 

availability. Previous studies suggest that both histone acetylation and H2B 

mono-ubiquitylation (H2Bub1) rapidly respond to the metabolic state of cells 

(Dong and Xu, 2004; Friis et al., 2009; Takahashi et al., 2006). Glucose 

metabolism drives the synthesis of acetyl-CoA, which is an essential substrate for
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acetylation and the loss of acetyl-CoA production in SP leads to a drannatic 

decrease in histone acetylation (Friis et al., 2009; Mews et al., 2014; Seker et al., 

2005). H2Bub1 has been shown to respond to carbohydrate depletion and is lost 

in SP when glucose is used up (Dong and Xu, 2004). Another histone PTM that 

is dependent on cellular metabolism is histone methylation. Histone methylation 

is dependent on the central metabolite S-Adenosyl-Methionine (SAM), and thus 

the intracellular levels of SAM were suggested to regulate chromatin structure 

(Teperino et al., 2010). A recent study revealed that intracellular levels of SAM in 

SP were only slightly lower than those of mid-log phase cells and this correlated 

with H3 methylation stability during exit from SP (Mews et al., 2014). Whilst 

histone acetylation has been shown to be highly dynamic in nature, histone 

methylation is relatively stable. In fact, the activity of the yeast H3K4-specific 

demethylase, Jhd2, can only be observed in the absence of the Setl 

methyltransferase (Seward et al., 2007).

This thesis set out to explore the genome-wide response of histone PTMs and 

many of their key regulators during entry into SP, and to elucidate whether the Q 

and NQ populations of cells, which have divergent developmental fates, 

responded differently to the nutrient limited environment. The correlation 

between histone PTMs, RNAP II occupancy and transcription during the 

development of quiescence was also investigated. Such a study may provide 

insight into the evolutionary conserved mechanisms that have led to the ability of 

many eukaryotic cells to maintain long-term viability in response to starvation 

while retaining the ability to re-enter the cell cycle in response to an increase in 

nutrient availability.

7.2 Histone methylation remains stable throughout Q cell development

To investigate the level and dynamics of histone PTMs during the development of 

Q cells we used two distinct approaches: (1) Western blot analysis with histone- 

specific, histone modification-specific, and protein-specific antibodies and (2) 

ChlP-chip with methyl-specific antibodies. Interestingly, we found that while both 

H2Bub1 and histone acetylation rapidly decreased in both Q and NQ populations 

of cells formed during SP, H3 methylation at K4, K36 and K79 was stable in both
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Q and NQ populations, with two important exceptions. The mono- and di- 

methylated forms of H3K79 were specifically depleted in the Q population of 

cells. This was in contrast to H3K4me3, where all three methylation states were 

retained.

Interestingly, the dynamic response of H3K79me1 and H3K79me2 provides Q 

cells with a distinct signature that distinguishes them from the NQ population of 

cells present in the same SP culture. The mechanism determining this distinct 

histone PTM signature remains to be uncovered. However, we propose three 

potential models that may result in the Q-specific depletion of H3K79me1 and 

H3K79me2: (1) The extended cell cycle during which Q cells are formed, extend 

the residency time that the H3K79-specific methyltransferase Dot1 has with 

chromatin in the absence of rapid histone turnover leading Dot1 to “push” any 

H3K79me1 to H3K79me2 and finally to H3K79me3; (2) The activity of Dot1 may 

be specifically altered in Q cells leading to its transformation from a distributive to 

a processive enzyme. This change in activity may enable Dot1 to only form tri- 

methylated H3K79 in Q cells; (3) Q cells may have active H3K79me1- and 

H3K79me2-specific demethylases that target the mono- and di-methylated forms 

of H3K79 for removal. We suggest that the “push” to H3K79me3 model is most 

likely. Previous studies showed that slowly growing cells with extended doubling 

times accumulated methyl groups at H3K79 leading to an increase in H3K79me3 

levels and a corresponding decrease in H3K79me1 and H3K79me2 levels over 

time, thus supporting our hypothesis (De Vos et al., 2011).

In contrast to the Q-specific loss of H3K79me1 and H3K79me2 in Q cells, these 

histone PTMs were maintained in NQ cells during the divergence of the two 

populations, although H3K79me1 was also lost over time in the NQ population. 

The NQ population of cells continues to attempt to re-enter the cell cycle and 

replicate, thus incorporating unmodified histones into the chromatin. Thus, the 

distributive mechanism by which Dotl methylates H3K79 results in the 

maintenance of H3K79me1 and H3K79me2 levels within the NQ population. 

Evidence that H3K79me2 levels fluctuate throughout the cell cycle supports this 

idea (Schulze et al., 2009).
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In order to further Investigate this hypothesis it would be interesting to employ a 

more quantitative technique such as quantitative mass spectroscopy to 

determine the amount of histone H3 in the unmodified form as well as each of the 

methylated forms in both log and Q cells. Combining this technique with ChlP- 

chip or ChlP-seq analysis using antibodies specific to H3K79me1 and 

H3K79me2 in log cells would allow us to investigate whether regions that were 

mono- or di-methylated in log cells are “pushed” to H3K79me3 in Q cells.

Western blot analysis showed that the overall levels of H3K4me3, H3K36me3, 

and H3K79me3 did not change dramatically during the development of Q cells, 

although genome-wide and gene-specific analysis revealed that H3K4me3 levels 

dropped by about half in Q cells. Furthermore, ChlP-chip analysis revealed that 

there were no changes in the gene-specific distribution of these modifications 

during the development of Q cells, with mid-log phase cells and Q cells 

displaying almost identical patterns of distribution. A recently published study 

revealed that during the exit from SP the level of H3 methylation remained stable 

(Mews et al., 2014). Furthermore, its genome-wide distnbution remains 

unchanged until cell replication commences, approximately 240 minutes after re

feeding providing further evidence for H3 methylation stability.

7.3 Histone methylation as an epigenetic memory mark of transcription

Our findings showed that although H3 methylation patterns remained remarkably 

similar in both log and Q cells, RNAP II redistributes to a distinct subset of genes 

in Q cells. While a significant number of genes are enriched for RNAP II in both 

log and Q cells, the overall number of RNAP II enriched genes in Q cells was 

significantly lower compared to the number of genes enriched in actively 

proliferating cells. Interestingly, Western blot analysis revealed that while the 

levels of the RNAP II subunit, Rpb3-9myc, remained unchanged during the 

development of Q cells, by day 7 the levels of both the initiating and elongating 

phosphorylated forms of the CTD of Rpb1 were not detectable.

A large body of ChlP-chip data have revealed that while H3K4me3, H3K36me3 

and H3K79me3 generally correlate with gene activity in proliferating yeast, we
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showed that it does not always correlate with active transcription in Q cells. 

Gene-specific analysis of two log cell-specific genes revealed the retention of 

significant levels of all three histone methylation marks at these genes in Q cells 

despite their transcriptional repression (Figure 6.1 A). We hypothesize that the 

majority of H3 methylation in Q cells is indicative of prior transcriptional activity of 

a gene or represents a genes transcriptional potential, and does not necessarily 

imply ongoing active transcription. Furthermore, we suggest that Q cells inherit 

H3 methylation patterns during the post-diauxic replication event that leads to 

their formation and that many of these H3 methylation patterns may therefore be 

true “epigenetic” traits.

A meeting in December 2008 hosted by the Banbury Conference Center and 

Cold Spring Harbor Laboratory proposed a consensus definition of “epigenetics” 

as “a stably heritable phenotype resulting from changes in a chromosome without 

alterations in the DNA sequence” and this phenotype must be passed on through 

either mitosis or meiosis (Berger et al., 2009). It was proposed that there are 

three categories of signals that must take place in order to establish a stably 

heritable epigenetic state: a signal known as the “Epigenator” , which links the 

external signals to intracellular pathways; an “Epigenetic Initiator” signal that 

responds to the Epigenator and is necessary to define the location of these 

epigenetic states; and an “Epigenetic Maintainer” signal, which maintains the 

chromatin environment through the first and subsequent generations (Berger et 

al., 2009). We suggest that in our system the Epigenator signal is nutrient 

availability, which signals the cell to establish an Epigenator signaling pathway 

that leads to the “activation” of the Initiator. The Initiator translates the 

Epigenator signal to control the establishment of a local chromatin structure at a 

precise location. We hypothesize that following the detection of the Epigenator 

signal, the initiation of transcription at genes associated with active proliferation 

defines the location on a chromosome where the epigenetic state is to be 

established. The Maintainer signal then sustains the epigenetic chromatin state 

through cell division. We suggest that H3K4me3, H3K36me3, and H3K79me3 all 

act as the Maintainer signal. There is a precedent for histone PTMs acting as 

true epigenetic traits in S. cerevisiae. Evidence has revealed that H4K16 

deacetylation-dependent silencing of mating-type loci {HMLyHMR) and telomeric
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silencing is maintained throughout cellular division (Dang et al., 2009). In higher 

eukaryotes, methylation of H3 at lysine residues, including H3K4, have been 

implicated in epigenetics and transcriptional memory (Berger et al., 2009).

The hypothesis that H3 methylation acts as a true epigenetic mark is supported 

by the patterns of H3 methylation and RNAP II observed at log cell-specific 

genes throughout the development of Q cells (Figure 6.1 A). Interestingly, while 

these genes maintained significant levels of H3K4me3, H3K36me3 and 

H3K79me3 despite their repression in Q cells, two distinct patterns of H3 

methylation were revealed. While the log cell levels of H3K36me3 and 

H3K79me3 were retained on these genes in Q cells, the level of H3K4me3 was 

reduced = 50%. These data suggest that during the extended S phase that 

occurs during the initial formation of Q cells, H3K4me3 levels were diluted by 

incorporation of unmodified histone H3, while both H3K36me3 and H3K79me3 

levels were maintained throughout this replication cycle. The H3K36- and 

H3K79-specific histone methyltransferases, Set2 and Dot1, were present in the Q 

population of cells, albeit at reduced levels, in contrast to the dramatic loss of 

Set1, the H3K4-specific methyltransferase. Whether Set2 and Dotl actively 

maintain or re-establish the levels of H3K36me3 and H3K79me3 during the 

development of Q cells remains to be investigated. To determine this it would be 

interesting to examine the genomic location of each histone methyltransferase 

enzyme throughout the development of Q cells. If Set2 and Dot1 actively 

maintain H3K36me3 and H3K79me3 levels, respectively, during Q cell formation, 

one would expect to observe significant levels of the histone methyltransferases 

at log-specific genes in Q cells independent of transcription.
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Figure 7.1: Models for establishment of the histone methylation landscape 

in Q cells. (A) H3K36me3 and H3K79me3 are true epigenetic marks. During 

active growth in log cells, the canonical model of gene expression leads to the 

transcription of log cell-specific genes. RNAP ll-dependent H3K4me3 and 

H3K36me3 occur resulting in the distinct localization patterns of these marks 

throughout the body of the gene, and are accompanied by Dot1-dependent 

H3K79me3 throughout the ORF. As Q cells are formed during the extended 

period of DNA replication after diauxie, these histone modifications are inherited. 

In the absence of Set1, H3K4me3 is diluted as a result of this process, but Set2 

and Dot1, which are present in Q cells, maintain the log cell levels of H3K36me3 

and H3K79me3. (B) H3 methylation is established at Q-specific genes during an 

initial period of active transcription. In log-phase cells, Q-specific genes are 

repressed. During the early stages of Q cell development active transcription 

occurs at these Q-specific genes via the canonical model of gene expression 

leading to an increase in transcript levels. Upon completion of Q cell 

development, the level of RNAP II decreases at these genes but H3 methylation 

levels are retained. It is unknown whether these genes remain transcriptional 

active in the absence of RNAP II phosphorylation thereby maintaining de novo 

mRNA levels or whether transcription is repressed and the pools of mRNA 

formed are stably maintained.
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7.4 Quiescent cells are initially highly transcriptional active

Our obsen/ations also revealed that upon their initial formation, Q cells displayed 

characteristics associated with active transcription. Western blot analysis 

showed that Q cells isolated after 3 days of growth retained the initiating and 

elongating forms of RNAP II at levels similar to those in actively proliferating 

cells. The maintenance of log cell levels of active RNAP II coincided with a peak 

in RNAP II occupancy and transcription at a number of Q-specific genes during 

this same period (Figure 6.1 B). Following this initial period of high transcriptional 

output in Q cells, RNAP II phosphorylation was lost in day 5 and day 7 Q cells. 

These data provide evidence for an initial period of transcriptional activity in Q 

cells followed by genome-wide transcriptional dormancy. We also found that 

RNAP II remained associated with many genes throughout quiescence, although 

Western blot data suggested that RNAP II was not present in its canonical active 

states. However, the possibility that RNAP II can remain transcriptionally active 

in the absence of CTD phosphorylation cannot be ruled out.

Western blot analysis presented in this study revealed that RNAP II (Rpb3-9myc) 

levels remained stable throughout Q cell development. Interestingly, this was in 

contrast to a significant decrease in the number of genes enriched for RNAP II in 

Q cells, which was also accompanied by a re-distribution of RNAP II across the 

genome. These observations lead us to question the location of RNAP II in Q 

cells. Are RNAP II levels significantly higher at fewer genes? Or was the level of 

chromatin-associated RNAP II decreased in Q cells? It would be interesting to 

investigate this further by comparing the levels of soluble and chromatin 

associated RNAP II in both log and Q cells. High quality fluorescence 

microscopy using antibodies specific to RNAP II subunits may also give insight 

into whether any distinct foci of RNAP II were present in Q cells.

Importantly, the examination of these RNAP II Q-specific genes provided further 

evidence for the stability of H3 methylation on the quiescent genome. H3K4me3, 

H3K36me3 and H3K79me3 levels increased at these genes upon gene activation 

in day 3 Q cells and were retained at these genes at activation-associated levels, 

whereas RNAP II occupancy decreased (Figure 6.1 B). These data also
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revealed that genes specifically transcribed in Q cells retained the correlation 

between transcriptional activity and the establishment of histone methylation that 

was observed at transcribed genes in actively proliferating cells. This suggests 

that Q-specific genes are transcribed via the canonical pathways of gene 

expression associated with active cell growth.

We hypothesize that during the transient period of high transcriptional activity 

(day 3 of growth in glucose-base, rich media), Q cells produce a large pool of 

RNA, and most of these transcripts are retained throughout quiescence. 

Previous studies have shown that a large number of RNAs species are 

sequestered in Q cells and are maintained in P-bodies and stress granules. 

(Aragon et al., 2008; Gimenez-Barcons and Diez, 2011; Shah et al., 2013). 

Interestingly, there is also a subset of RNAs that are not sequestered, yet the 

levels of these transcripts also appeared to remain stable throughout Q cell 

development. Whether these transcripts are continuously transcribed throughout 

Q cell development or remain stable by an alternative mechanism to 

sequestering is unknown. We suggest that the pool of RNAs produced early 

during Q cell development, sequestered or not, may allow Q cells to maintain 

viability and respond to stress or environmental changes.

In order to investigate the period of transient transcriptional activity in Q cells in 

more detail, the genome-wide distribution of RNAP II and the phosphorylated 

forms of the CTD should be carried out throughout the time course of Q cell 

development. RNA-seq throughout this time course would also enable us to 

correlate RNA levels with RNAP II occupancy. These experiments would provide 

an insight into transcriptional activity during Q cell formation and would also allow 

us to distinguish actively transcribed genes from genes retaining high levels of 

unphosphorylated and inactive RNAP II. Combining these data with a technique 

such as NET-seq may provide further information about this important 

transcriptional period. NET-seq is a technique that can identify nascent 

transcripts that are associated with elongating RNAP II (Churchman and 

Weissman, 2011).
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7.5 Histone PTMs play distinct roles in the formation and maintenance of Q 

cells

We sought to investigate the roles the histone PTMs, H2Bub1, H3K4me and 

H3K79me played in SP, with a particular focus on whether they have regulatory 

roles during Q cell formation or survival. Analysis of histone PTM mutants 

showed that H2Bub1 was necessary for Q cell formation. Cells lacking H2Bub1 

did not form a detectable Q cell population in response to glucose limitation, and 

the NQ population of cells rapidly lost the ability to re-enter the cell cycle and 

form colonies. We hypothesize that cells lacking H2Bub1 are unable to properly 

activate the G1-S phase checkpoint that initiates Q cell formation (Miles et al., 

2013). However, mutants lacking H3K4 and H3K79 methylation maintained the 

ability to form Q cells, suggesting that the absence of Q cells in htb-K123R 

mutant is not the result of the trans-regulation of H3K4 and H3K79 methylation by 

H2Bub1. Interestingly, in the absence of H3K4 methylation day 7 SP cultures did 

show significantly reduced numbers of Q cells (decrease by 50%). We 

hypothesize that H3K4 methylation may be required for the optimal formation of 

Q cells, or the long-term maintenance of these cells in the quiescent state, 

whereas H2Bub1 is essential for initial Q cell formation. Finally, although the 

number of Q cells formed in a H3K79 methylation mutant was the same as that 

observed in wild type cells, the reproductive capacity of the unseparated SP 

culture of this mutant was maintained at a high level. The Q cells formed in the 

absence of H3K79 methylation displayed similar growth and viability phenotypes 

as wild type cells, and thus we suggest that the absence of H3K79 methylation 

increases the reproductive capacity of the NQ population. One major difference 

between wild type and hht-K79A NQ cells is the presence or absence of 

H3K79me1 and H3K79me2. Although further analysis is required to investigate 

this phenotype in more detail, the evidence suggests that H3K79me1 and/or 

H3K79me2 may play a role in a cell’s survival and ability to re-enter the cell 

cycle.

Overall, these data revealed the important role histone PTMs play in Q cell 

formation and survival, but they also raised many questions. To further 

investigate the events leading to the phenotypes observed in histone PTM
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mutants the pathways affected in each mutant need to be investigated. Flow 

cytometry-based analysis to detect markers specific to apoptosis and necrosis 

would allow us to distinguish between cells undergoing programmed cell death 

and cells that remain viable. Investigating the make-up of SP populations of 

each of the mutants would enable us to further correlate the data on cell viability 

and reproductive capacity.

7.6 Concluding remarks

It is important to compare the results obtained in this yeast model with recent 

investigations of histone methylation in higher eukaryotic cells. Due to their roles 

in a range of biological processes from transcription to DNA damage repair, 

many histone PTMs and their regulators have been linked to disease. For 

instance, mis-regulation of human MLL (H3K4 methylase), DOT-1 L (H3K79 

methylase), and NSD-1 (H3K36 methylase) have been implicated in human 

disease, including prostate, breast, and hematopoietic cancers (Shi and 

Whetstine, 2007). In many cancers, deregulated histone methylation has been 

implicated in tumorigenesis (Chi et al., 2010; Greer and Shi, 2012). Evidence 

has also linked aberrant histone methylation with deregulation of gene 

expression and changes in cellular identity and cellular differentiation. Therefore, 

the deregulation of histone methylation is a major contributor to cancer initiation, 

progression and/or metastasis (Chi et al., 2010).

Interestingly, histone methylation is not only linked to cancer initiation and 

progression but may also play a roll in stem cell maintenance, where methylation 

has critical functions in both transcriptional regulation and self-renewal (Liang 

and Zhang, 2013). Importantly, stem cells are non-proliferating and quiescent in 

nature. With histone methylation having links to both cancer and stem cell 

maintenance and differentiation, the continued study into this class of histone 

PTM is important as they may present a target in both tumor therapy and 

regenerative medicine. The work presented in this thesis provides an insight into 

the relationship between methylation and cellular quiescence in S. cerevisiae, a 

key model organism. The study provides a model for understanding the 

relationship of histone methylation to the development of cellular quiescence and
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the establishment of the histone modification landscape of quiescent cells, which 

is important for survival and self-renewal of these cells. It is hoped these resuts 

may offer a foundation for similar studies in mammalian cells, which could 

provide new insight into the roles histone methylation plays in development and 

disease.
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Supplemental Figure 1: Gene-specific qPCR validation of genome-wide log 

phase H3K4me3 occupancy. (A, C and E) Genome browser screenshots of 

H3K4me3 enrichment at PMA1, ADY2 and SNZ1. Blacl< arrows highlight 

transcription start sites and transcriptional direction. Coloured lines depict 

oligonucleotide location for gene-specific qPCR validation analysis. (B, D, and F) 

Gene-specific qPCR analysis of H3K4me3 enrichment (IP/INPUT) across PMA1, 

ADY2 and SNZ1. Error bars represent the SEM of two independent biological 

experiments.
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Supplemental Figure 2: Gene-specific qPCR validation of genome-wide 

H3K4me3 occupancy in Q cells. (A, C and E) Genome browser screenshots of 

H3K4me3 enrichment at PMA1, ADY2  and SNZ1. Black arrows highlight 

transcription start sites and transcriptional direction. Coloured lines depict 

oligonucleotide location for gene-specific qPCR validation analysis. (B, D, and F) 

Gene-specific qPCR analysis of H3K4me3 enrichment (IP/INPUT) across PMA1, 

ADY2  and SNZ1. Error bars represent the SEM of two independent biological 

experiments.
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Supplemental Figure 3: Gene-specific qPCR validation of genome-wide log 

phase H3K36me3 occupancy. (A, C and E) Genome browser screenshots of 

H3K36me3 enrichment at PMA1, ADY2 and SNZ1. Black arrows highlight 

transcription start sites and transcriptional direction. Coloured lines depict 

oligonucleotide location for gene-specific qPCR validation analysis. (B, D, and F) 

Gene-specific qPCR analysis of H3K36me3 enrichment (IP/INPUT) across 

PMA1, ADY2 and SNZ1. Error bars represent the SEM of two independent 

biological experiments.
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Supplemental Figure 4: Gene-specific qPCR validation of genome-wide 

H3K36me3 occupancy in Q cells. (A, C and E) Genome browser screenshots 

of H3K36me3 enrichment at PMA1, ADY2 and SNZ1. Black arrows highlight 

transcription start sites and transcriptional direction. Coloured lines depict 

oligonucleotide location for gene-specific qPCR validation analysis. (B, D, and F) 

Gene-specific qPCR analysis of H3K36me3 enrichment (IP/INPUT) across 

PMA1, ADY2 and SNZ1. Error bars represent the SEM of two independent 

biological experiments.
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Supplemental Figure 5: Gene specific qPCR validation of genome-wide log 

phase H3K79me3 occupancy. (A, C and E) Genome browser screenshots of 

H3K79me3 enrichment at PMA1, CLN3 and XBP1. Black arrows highlight 

transcription start sites and transcriptional direction. Coloured lines depict 

oligonucleotide location for gene-specific qPCR validation analysis. (B, D, and F) 

Gene-specific qPCR analysis of H3K79me3 enrichment (IP/INPUT) across 

PMA1, CLN3 and XBP1. Error bars represent the SEM of two independent 

biological experiments.
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Supplemental Figure 6: Gene-specific qPCR validation of genome-wide 

H3K79me3 occupancy in Q cells. (A, C and E) Genome browser screenshots 

of H3K79me3 enrichment at PMA1, CLN3 and XBP1. Black arrows highlight 

transcription start sites and transcriptional direction. Coloured lines depict 

oligonucleotide location for gene-specific qPCR validation analysis. (B, D, and F) 

Gene-specific qPCR analysis of H3K79me3 enrichment (IP/INPUT) across 

PMA1, CLN3 and XBP1. Error bars represent the SEM of two independent 

biological experiments.
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GO-Terms; Log only P-Value
cell division 3.13E-07
mitotic cell cycle 2.53E-05
cell cycle 1.47E-04
cytokinetic process 1.77E-04
microtubule-based process 2.90E-04

GO-Terms: Q only P-Value
response to temperature stimulus 2.31E-10
cellular response to heat 1.35E-09
vacuolar protein catabolic process 5.42E-09
response to heat 7.49E-09
response to abiotic stimulus 8.38E-09

GO-Terms: Common P-Value
regulation of cellular protein metabolic 
process 1.60E-08
regulation of translation 7.41 E-08
posttranscriptional regulation of gene 
expression 9.93E-08
transcription 1.12E-05
vesicle-mediated transport 1.80E-05

Supplement Table 1: H3K4me3 was enriched at genes associated with 

distinct cellular functions In log and Q cells. Gene ontology analysis was 

carried out using the DAVID Bioinformatics Resource (Huang da et a!., 2009). 

The Gene Ontology (GO) terms presented represent the top 5 categories with 

respect to the highest P-Value for each of the subsets of genes. The three 

subsets of H3K4me3 enriched genes investigated were log-only, Q-only, and 

common (enriched in both log and Q cells).
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GO-Terms: Log only P-Value
ribosome biogenesis 1.95E-17
ribonucleoprotein complex biogenesis 2.79E-15
rRNA metabolic process 1.15E-14
ncRNA processing 2.27E-14
rRNA processing 2.31E-14

GO-Terms: Q only P-Value
vacuolar protein catabolic process 5.46E-11
response to temperature stimulus 7.07E-10
energy derivation by oxidation of organic 
compounds 1.76E-09
oxidation reduction 5.25E-09
autophagy 7.87E-09

GO-Terms: Common P-Value
regulation of transcription 6.29E-20
transcription 9.20E-16
regulation of transcription, DNA-dependent 2.89E-14
regulation of RNA metabolic process 2.89E-14
protein localization in nucleus 1.27E-11

Supplement Table 2: H3K36me3 was enriched at genes associated with 

distinct cellular functions in log and Q cells. Gene ontology analysis was 

carried out using the DAVID Bioinformatics Resource (Huang da et al., 2009). 

The Gene Ontology (GO) terms presented represent the top 5 categories with 

respect to the highest P-Value for each of the subsets of genes. The three 

subsets of H3K36me3 enriched genes Investigated were log-only, Q-only, and 

common (enriched In both log and Q cells).
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GO-Terms: Log only P-Value
rRNA metabolic process 1.54E-10
rRNA processing 2.53E-10
ribosome biogenesis 3.08E-08
ncRNA processing 1.11E-07
ribonucleoprotein complex biogenesis 1.41E-07

GO-Terms: Q only P-Value
vacuolar protein catabolic process 1.31E-06
metal ion transport 2.50E-05
amine transport 2.64E-05
amino acid transport 3.44E-05
response to temperature stimulus 7.29E-05

GO-Terms: Common P-Value
protein import into nucleus 1.52E-08
nuclear import 1.52E-08
establishment of protein localization 2.62E-08
protein localization 3.55E-08
protein localization in nucleus 4.43E-08

Supplement Table 2: H3K79me3 was enriched at genes associated with 

distinct cellular functions in log and Q cells. Gene ontology analysis was 

carried out using the DAVID Bioinformatics Resource (Huang da et al., 2009). 

The Gene Ontology (GO) terms presented represent the top 5 categories with 

respect to the highest P-Value for each of the subsets of genes. The three 

subsets of H3K79me3 enriched genes investigated were log-only, Q-only, and 

common (enriched in both log and Q cells).
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Supplemental Figure 7: Screenshots of the “constitutive” genes BAP2 and 

0LE1. Genome browser screenshots of RNAP II (Rpb3-9myc), H3K4me3 and 

H3K36me3 enrichment at BAP2 (A) and 0LE1 (B). Black arrows highlight 

transcription start sites and transcriptional direction.
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Gene lists from ChlP-chip analysis

List number Gene list
1 RNAP II log genes
2 RNAP II Q genes
3 H3K4me3 log genes
4 H3K4nne3 Q genes
5 H3K36me3 log genes
6 H3K36me3 Q genes
7 H3K79me3 log genes
8 H3K79me3 Q genes
9 RNAP II log vs. Q Venn diagram
10 H3K4me3 log vs. Q Venn diagram
11 H3K36me3 log vs. Q Venn diagram
12 H3K79me3 log vs. Q Venn diagram
13 Four way Venn diagram log
14 Four way Venn diagram Q

Gene lists for the above will de deposited on a public database 

upon publication and are available on request.
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