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Investigating regulatlicn of geine Wransciiptlion vy the Tup1-Ssinl co-repressor

compiex in Saccharomyces cerevisiae.
Michael Church
Abstract

Transcriptional repression is an important part of gene regulation. In the budding
yeast Saccharomyces cerevisiae the Tup1-Ssino corepiessor coimpiex is recruited to
gene promoters to repress transcription in response to nutrient depleticn, DNA
damage and numerous other signals. One gene under transcriptional control of
Tup1-Ssn6 is FLO1, which encodes a lectin-like cell wall protein known as a
flocculin. FLO1 is a model for gene regulation in the context of chromatin. The
current model for Tup1-Ssn6-mediated repression dictates that Tup1p promotes
repression, while Ssnbp acts as an adaptor between Tup1 and the target gene. The
aim of this project is to (i) elucidate the contribution of the Tup1p and Ssn6p subunits
of the complex to gene repression, and (ii), investigate Tup1-Ssn€ activity in the
context of FLO71 gene regulation. The results will help elucidate the precise
mechanism of action of gene repression by the svoluticnary conserved Tup1p-Ssn6p

corepressor complex.
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Summary

Eukaryotic genomes exist in the context of chromatin, a structure which not only
efficiently packages the DNA, but also plays an important role in regulating
transcription. The basic repeating unit of chromatin is the nucleosome, which
consists of 147 base pairs of DNA wrapped around a histone core octamer.
Nucleosomes are considered to have a negative role in gene transcription,
though these dynamic structures can be modified or manipulated in order to
regulate gene expression. Tup1-Ssn6 (Cyc8-Tup1) is an evolutionarily-
conserved co-repressor complex found in the yeast Saccharomyces cerevisiae
which is involved in repression of gene transcription. This complex mediates
transcriptional repression in a chromatin-dependent manner, either by preventing
recruitment of factors that activate transcription or by propagating a repressive
chromatin structure over important regulatory elements at target genes. One
gene under the transcriptional control of Tup1-Ssn6 is FLO1, whose expression
confers a cell aggregation phenotype known as flocculation. FLO7 is a model for
chromatin-mediated gene regulation as the FLO7 promoter contains an array of
ordered nucleosomes which is disrupted upon loss of Tup1-Ssn6. FLO7 is not
transcribed in laboratory S. cerevisiae strains due to a mutation in its activator.
The aim of this project was to (i) elucidate the contribution of the Tup1p and
Ssn6p subunits of the complex to gene repression, and (ii), investigate the

mechanism of action of the Tup1-Ssn6 complex at the FLO7 gene.

The relative contributions of Tup1p and Ssn6p were analysed by assessing
phenotypes of tup 7 and ssn6 mutants grown under a number of conditions. It was
found that there were striking phenotypic differences between these strains,
especially in their response to cellular stress. Previously published and

unpublished data was also analysed, and it was found that Tup1p and Ssn6p



contribute differently to repression at a number of genes, including the model
gene FLO1. At FLO1, this difference could be explained by Ssn6p occupancy at
the FLO1 promoter in the absence of Tup1p where it may prevent FLO7 promoter

histone acetylation.

The histone acetyltransferases (HATs) that confer acetylation at the FLO7
promoter were identified as Gen5p and Sas3p; it was found that loss of these
HATs dramatically reduced FLO7 de-repression in the absence of Ssn6p. Lysine
residue 14 of histone H3 was identified as the target of Gen5Sp- and Sas3p-

dependent acetylation which was required for FLO7 de-repression.

A kinetic analysis of FLOT de-repression was carried out using the anchor away
technique, which creates a conditional mutant of a nuclear protein of interest. By
depleting Ssn6p using this technique, a timeline of events leading up to FLO1 de-
repression was established. This analysis demonstrated that histone acetylation
played the key role in FLOT transcription, and not nucleosome depletion at the
FLO1 promoter, which was not sufficient in itself for activation of FLO7. Finally,
the activator of FLO7, Flo8p, was restored in a laboratory strain and chromatin
remodelling at the FLO17 promoter was monitored to elucidate the role of Flo8p in

de-repression of FLOT.

Taken together, this work provides an insight into Tup1-Ssn6 function, both on a
global scale and in the context of the model FLO7 gene and demonstrates the

complexity and adaptability of this complex.
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Chapter 1

Introduction



1.1 Overview

The properties of DNA provide instructions for the synthesis of RNA and protein.
The synthesis of RNA by RNA polymerase complexes allows the DNA “code” to
be expressed such that specific DNA sequences give rise to unique RNAs which

may have inherent roles themselves, or can be translated into proteins.

In yeast, transcription can be carried out by three RNA polymerases, RNA pol |,
Il and IIl. Although each RNA polymerase synthesises RNA in a similar manner,
each has their own specificity. RNA polymerase | transcribes genes encoding the
ribosomal RNA precursors (rRNAs), and RNA polymerase Il transcribes the
tRNAs and other small RNAs. RNA pol Il on the other hand synthesises micro
RNAs (miRNAs), most small nuclear RNAs (snRNAs) and transcribes the protein

encoding genes into mMRNAs.

Initiation of transcription by RNA polymerase || (RNAPII) first involves the binding
of transcription factors (activators) upstream of target genes. This binding occurs
in important regulatory regions and is required for subsequent gene transcription.
The next step in transcription initiation is the assembly of the RNA polymerase
complex at the gene promoter. The pre-initiation complex is formed at the core
promoter, and the DNA is melted to allow access to the single stranded template
by the polymerase. The carboxy-terminal domain (CTD) of Pol Il is then
phosphorylated and transcription is initiated. The phosphorylated CTD also

recruits factors required for elongation and mRNA processing (B. Li et al., 2007).

However, DNA does not exist in isolation within cell nuclei. All transcription in
eukaryotic cells takes place in the context of chromatin. Chromatin is the
nucleoprotein complex that makes up chromosomes. The basic repeating unit of

chromatin is the nucleosome. Nucleosomes contain the core histones, H2A, H2B,
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H3 and H4. Each nucleosome consists of a single histone (H3-H4)2 tetramer and
two H2A-H2B dimers around which is wrapped 146 or 147 bp of DNA (Thomas
and Kornberg, 1975; Richmond and Davey, 2003). This structure is generally
considered repressive to gene transcription, as nucleosomes present a physical
barrier to the transcription machinery and prevent initiation by RNAP |l (Knezetic
and Luse, 1986). However, this barrier to gene transcription can be overcome by
the post-translational modification of histones and by eviction or remodelling of
promoter nucleosomes by chromatin-remodelling complexes (Cote et al., 1994;

Brownell and Allis, 1996; Yu et al., 2015).

The best characterised post-translational histone modification was acetylation of
the amino-terminal (N-terminal) tail of histones by histone acetyltransferases
(HATSs). This modification is known to have a positive role in transcription. One of
the first characterised HAT complexes is SAGA, which contains the Gcn5p
acetyltransferase (Grant et al., 1997). SAGA is involved in activation of many
stress-response genes in yeast and is highly conserved between yeast and
multicellular organisms. It has been proposed that acetylation of promoter
histones by SAGA and other acetyltransferase complexes causes de-repression
of target genes by altering the charge of the histone thereby loosening
nucleosome-DNA contacts and bringing about a more open promoter chromatin

structure that is amenable to transcription (Workman and Kingston, 1998).

Another method by which transcriptional repression can be overcome is the
remodelling of promoter nucleosomes by ATP-dependent remodelling
complexes. The first of these complexes to be described was the Swi-Snf
complex of Saccharomyces cerevisiae (Winston and Carlson, 1992). Swi-Snf is
another example of a highly conserved complex found in yeast that is also

important for gene regulation in mammals. Swi-Snf evicts nucleosomes from
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gene promoters in an ATP-dependent manner, leading to an open chromatin
configuration which is conducive to gene transcription. Conversely, ATP-
dependent chromatin remodelling complexes can also have a repressive role,
such as the ISW2 chromatin remodelling complex. ISW2 positions nucleosomes
over gene promoters and creates an ordered nucleosomal landscape that

prevents gene transcription (Zhang and Reese, 2004).

Both the SAGA and Swi-Snf complexes were first characterised in
Saccharomyces cerevisiae, which is an important model organism for studying
eukaryotic gene transcription. These complexes regulate a wide variety of genes
involved in stress response, mating, carbon source utilisation or other processes
where rapid de-repression of genes is required. Acting antagonistically to these
activating complexes at many genes is the Tup1-Ssn6 (Cyc8) co-repressor
complex. Tup1-Ssn6 was the first co-repressor complex characterised and is
involved in repression of a wide variety of genes in S. cerevisiae (DeRisi et al.,
1997; K. Chen et al., 2013). Tup1-Ssn6 does not bind DNA directly, but instead
is recruited to target gene promoters by DNA-binding transcription factors (Treitel
and Carlson, 1995). Tup1-Ssn6 is involved in repressing transcription of mating,
stress response and carbon source utilisation genes in S. cerevisiae, and has a
role in regulation of virulence factors in other fungal species (J. E. Lee et al,,

2015).

One gene under the transcriptional control of Tup1-Ssn6 is FLO17, expression of
which causes a flocculent phenotype. Flocculation is the non-sexual, calcium-
dependent cell aggregation displayed by cells expressing flocculins on the cell
walls. Flocculation provides defence against cellular stress, though most
laboratory strains do not exhibit this phenotype (H. Liu et al., 1996). FLOT1 is the

major flocculin-encoding gene in S. cerevisiae and has been studied as a model
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for chromatin-mediated gene regulation, as the FLO7 promoter region contains a
well-ordered nucleosomal array which is disrupted upon loss of Tup1-Ssn6
(Fleming and Pennings, 2001). The interplay between important regulators of
yeast gene transcription and chromatin remodelling observed at the FLO7 gene
promoter makes FLO7 an attractive model gene for the study of chromatin-

mediated gene regulation.

1.2. Chromatin

Eukaryotic cells contain large amounts of DNA that is contained within a small
space. This DNA is packaged with proteins in a structure known as chromatin (B.
Lietal., 2007). At the most basic level, chromatin consists of 147 base pairs (bp)
of DNA wrapped around a core histone octamer. This structure is known as a
nucleosome. Nucleosomes appear as “beads” along a DNA “string” when viewed
on an electron microscope (Thoma et al., 1979). These nucleosomes form higher-
order structures and fibres that come together to form chromosomes. There are
two types of chromatin present in eukaryotic cells; heterochromatin and
euchromatin. Heterochromatin is dense, prohibitive to gene transcription and is
generally found near the centromere or sub-telomeres and DNA located in these
regions is considered to be silent (Elgin, 1996). Euchromatin is less densely
packed than heterochromatin and is located in areas of the chromosome where
active transcription takes place (International Human Genome Sequencing,

2004).

Genes can broadly be divided into two categories; housekeeping genes and
stress response genes (Rando and Winston, 2012). These different gene groups
have distinct functions and promoter structures, in addition to different methods

of regulation. Housekeeping genes are required for cell growth and are involved
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in basic cellular function. These genes are constitutively expressed, though may
be down-regulated during cellular stress. Housekeeping genes are generally
activated by TFIID, not SAGA, and their promoters do not contain a TATA box.
The structure of housekeeping gene promoters is conserved between genes;
their promoters have a well-defined nucleosome-free region flanked by two well-
positioned nucleosomes and, in S. cerevisiae, the +1 nucleosome is positioned

over the transcription start site (TSS) of the gene (Figure 1.1).

In contrast to housekeeping genes, stress response genes are not constitutively
expressed and instead are de-repressed in response to cellular stress, including
hypoxia, starvation or heat/cold shock. Stress response genes generally contain
a TATA box and are activated by the SAGA complex (Proft and Struhl, 2002).
Stress response genes also contain a dense nucleosomal array upstream of the
TSS which occludes important regulatory elements under repressive conditions.
However, transcriptional activators may compete for DNA binding sites with
promoter nucleosomes giving rise to low level or “noisy” gene transcription under

repressing conditions (Rando and Winston, 2012).

Both housekeeping genes and stress-response genes display well-characterised
nucleosome occupancy upstream of the TSS (Fig. 1.1). It has been shown that
in addition to trans-acting factors such as ATP-dependent chromatin remodelling
complexes, intrinsic properties of the promoter DNA can influence nucleosome
positioning upstream of the TSS. The HIS3 gene in S. cerevisiae has been used
as an example of this phenomenon, with the divergent HIS3-PET56 promoter
region containing a large NFR whose DNA was found to be intrinsically resistant
to nucleosome occupancy (Sekinger et al., 2005). It has also been shown that for
a given length of DNA, there are limited nucleosome distribution patterns. This

ordering of nucleosomes is known as “statistical positioning”, and could account
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for the ordered nucleosome arrays found at some gene promoters (Kornberg and

Stryer, 1988).
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Figure 1.1. Promoter architecture of housekeeping genes vs stress genes.
(A) Housekeeping gene promoters contain well-positioned -1 and +1
nucleosomes flanking a nucleosome-free region (NFR) that contains binding
site(s) for transcription factors (TF) required for gene regulation. Nucleosomes
downstream of the transcription start site (TSS) are less well-positioned than
promoter nucleosomes. (B) Stress-response gene promoters contain a TATA box
which is required for gene activation, but which may be occluded by nucleosomes
depending on conditions within the cell. -1 and +1 nucleosome positions are less

well defined than at housekeeping gene promoters (Rando and Winston, 2012).



1.2.1. Nucleosomes

The basic repeating unit of chromatin is the nucleosome. Nucleosomes consist
of a core histone octamer which contains a single (H3-H4)ztetramer and two H2A-
H2B dimers around which is wrapped 147 bp of DNA (Thomas and Kornberg,
1975; Richmond and Davey, 2003) (Figure 1.2). There is also a variant histone
H2A present in S. cerevisiae known as H2A.Z which is generally found in the +1
nucleosome of some genes (Zlatanova and Thakar, 2008). Nucleosomes are
separated by 10-90 bp of linker DNA which gives chromatin the appearance of
“‘beads on a string”. Histones contact the phosphate backbone of DNA every
~10.4 bp, which means there are 14 contact points between histones and DNA
in the nucleosome, making this structure extremely stable (Luger et al., 1997).
This stable histone-DNA interaction makes DNA inaccessible to the general
transcription machinery, and nucleosomes have been shown to have a

repressive effect on gene transcription in vitro (Knezetic and Luse, 1986).

Nucleosomes were also shown to have a negative effect on gene transcription in
vivo, with cells depleted of histone H4 showing activation of the PHO5 promoter
under PHOb-repressing conditions (Han et al., 1988). In the case of PHOS, it was
shown that important activator binding-sites were occluded by promoter
nucleosomes which were exposed upon loss of histones from the PHOS5
promoter. Inserting these sites in a nucleosome-free region upstream of PHOS
caused significant de-repression under PHOS5-repressing conditions, confirming
that it was by occlusion of these sites that promoter nucleosomes prevented
PHOS activation. However, this study also found that even when occluded by

nucleosomes, high-affinity regulatory regions could allow activating transcription



factors to compete with nucleosomes for DNA binding and de-repress PHO5

under repressing conditions (Lam et al., 2008).
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H3 H4 H2A H2B

Figure 1.2. The structure of the core nucleosome. High-resolution crystal

structure of the nucleosome (Luger et al., 1997). This image shows the 14 DNA-
histone contacts that give rise to the stable nucleosome. Shown here is a DNA
fibore wrapped around a tetramer of H3 (blue) and H4 (green) and two H2A
(yellow) — H2B (pink) dimers. Histone tails can be observed protruding from the

nucleosome. Figure adapted from Luger et al (1997).
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1.2.1.1. Post-translational modification of histones

Histones are small proteins (11.3kDa-15.4kDa) that contain a globular domain
and an N-terminal tail (Fig. 1.2). Both globular domains and tails are subject to
post-translational modification, including methylation of arginine (R) residues,
phosphorylation of serine and threonine residues and methylation, ubiquitylation,
acetylation, ADP-ribosylation and sumolation of lysine (K) residues. These
modifications have different effects on nucleosome structure and can affect all
aspects of gene regulation, including transcriptional initiation, elongation and
repression (Allfrey and Mirsky, 1964; J. S. Lee and Shilatifard, 2007; Magraner-

Pardo et al., 2014).

Acetylation of N-terminal histone tails is the best characterised histone
modification, and has long been associated with gene activation. Acetylation has
been shown to neutralise the positive charge of the histone tails, thereby
weakening histone-DNA contacts promoting a chromatin template more
permissive to transcription (Hong et al., 1993). Acetylated histone tails can also
be recognised by factors that remodel chromatin resulting in displacement of
nucleosomes, which can lead to gene activation (Awad and Hassan, 2008).
Conversely, hypoacetylated histone tails can be bound by transcriptional
repressors. Thus, removal of the acetyl mark on histone tails is generally

associated with transcriptional repression (Edmondson et al., 1996).

Some histone modifications recruit factors that influence gene transcription. For
example, methylation of H3K36 in gene coding regions by the Set2p histone
methyltransferase (HMT) during transcriptional elongation recruits the Rpd3S
histone deacetylase (HDAC). (J. S. Lee and Shilatifard, 2007). Subsequent

removal of the activating acetyl mark from H3 by Rpd3S then prevents spurious
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transcription from occurring at internal gene sites by establishing a repressive

chromatin structure.

Histone modifications can also affect other histone modifications. For example,
histone H2B ubiquitylation (H2Bub) is required for the methylation of lysines 4

and 79 of histone H3 (H3K4me and H3K79me) (Nakanishi et al., 2009).

1.2.1.1.1 Histone acetylation

Histone acetylation was first implicated in gene regulation over fifty years ago
(Allfrey and Mirsky, 1964). All core histones in yeast can be acetylated, and this
acetyl mark is generally regarded as having a positive role in transcription.
Histones H3 and H4 have been extensively studied for their acetyl marks and the
impact they have on gene transcription. H3 is acetylated at residues K4, K9, K14,
K18, K23 and K56, whereas H4 is acetylated at residues K5, K8, K12, K16 and
K20 (Figure 1.3) (Rando and Winston, 2012). Acetylation at different residues
can have different effects on gene transcription and is associated with different
stages of gene activation. For example, H3K14ac is associated with
transcriptional activation and has been found to have a role in DNA repair
following UV damage (Duan and Smerdon, 2014). This is in contrast to another
acetyl mark (H3K56ac), which is associated with transcriptional elongation as
well as nucleosome dynamics during DNA replication and DNA repair (Krebs,
2007; Varv et al., 2010)Williams, 2008 #244}. The factors that confer these acetyl
marks display distinct specificity which is summarised in Table 1.1. The specificity
of histone-modifying enzymes in conjunction with the different acetylation sites

gives histone acetylation the potential for great flexibility in gene regulation.

The factors that confer the acetyl mark on histone tails are known as histone

acetyltransferases (HATs). One of the best characterised and most important
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HATs in S. cerevisiae is Gen5p. Genbp is the catalytic subunit of the ADA, SAGA
and SLIK acetyltransferase complexes. It modifies N-terminal lysines on histones
H2B and H3, and has also been found to post-translationally modify the ATP-
dependent chromatin remodeller Swi-Snf, which has a role in regulating
nucleosome remodelling at target gene promoters (J. H. Kim et al., 2010). The
SAGA acetyltransferase complex in yeast is a large, multi-subunit complex
composed of fifteen non-essential and six essential components. The integrity of
the SAGA complex relies on Ada1p, Spt7p and Spt20p (Sterner et al., 1999). The
acetyltransferase activity of SAGA resides within the Gen5p subunit, but full HAT
activity by Gen5p also requires the Ada2p subunit (Grant et al., 1997; Syntichaki
and Thireos, 1998). SAGA is required for activation of a large subset of stress-
response genes in S. cerevisiae, and this highly-conserved complex is also
important for gene regulation in Drosophila and mammalian cells (Wang and
Dent, 2014). The subunits of these Gen5p-containing complexes and NuA3 are

shown in Figure 1.4.

Esalp is another important acetyltransferase in S. cerevisiae. Esa1p functions
within the NuA4 complex, where it acetylates residues on histones H2A, H2A.Z,
H2B and H4 (Allard et al., 1999; Rando and Winston, 2012). ESA1 is an essential
gene due to the requirement for H4 acetylation in cell cycle progression(Clarke
et al., 1999). Both Gen5p and Esa1p can function outside of the SAGA/SLIK/ADA
and NuA4 complexes. This activity has been shown to be non-targeted and

essential for re-entry into the cell cycle by quiescent cells (Friis et al., 2009).

Another less well-characterised HAT in S. cerevisiae is Sas3p, which is part of
the NuA3 acetyltransferase complex (Figure 1.5). Sas3p acetylates lysines 14,
and to a lesser extent 23 of H3. This is in contrast to Gen5p, which was shown to

acetylate K9, 14, 18 and 23 of H3 in the same study (Howe et al., 2001). A sas3
14



mutant does not display as severe a phenotype as other HAT mutants, but gcnb
sas3 double mutants are non-viable. It has been shown that similar to the role of
Esalp in regard to histone H4, this loss of viability in gcnb sas3 mutants is due
to the requirement for these HATSs in cell cycle progression, with the role of Sas3p
and Gcn5p being redundant in this respect. GenS5p and Sas3p have also been
shown to be recruited to similar genes, and deletion of SAS3 in conjunction with
loss of the ADA2 gene which disables the SAGA/ADA/SLIK complexes while
retaining non-targeted GcnSp function leads to a global loss of H3K14ac

(Rosaleny et al., 2007; Maltby et al., 2012).

In addition to HATs which confer an acetyl mark on histones and are associated
with gene activation, protein complexes known as histone deacetylases (HDACs)
remove this mark from histone tails and are associated with gene repression.
There are at least 10 HDACs in yeast grouped into three classes (X. J. Yang and
Gregoire, 2005). Class | HDACs include Rpd3p, Hos1p and Hos2p, and Class |l
HDACSs include Hda1p and Hos3p (X. J. Yang and Gregoire, 2005). Hda1p and
Rpd3p have been shown to deacetylate all acetylated sites in histones H3 and
H4 (Rundlett et al., 1996). These two latter HDACs have been shown to interact
with transcriptional co-repressors such as the Tup1-Ssn6 complex where they
function to de-acetylate gene promoter nucleosomes and repress transcription
(Davie et al., 2003; Fleming et al., 2014). HDAC activity can be both targeted and
un-targeted as in the case of Rpd3p, which is recruited to the INO7 gene by the
repressor Ume6p (Kurdistani et al., 2002). However, Rpd3p is also found bound
to chromatin when Ume6p is absent, indicating that the HDAC also acts non-

specifically (Kurdistani et al., 2002).

Sir2p is an example of a Class Il HDAC which de-acetylates histones in an NAD*-

dependent manner(Blander and Guarente, 2004; X. J. Yang and Gregoire, 2005).
15



Sir2p is an important factor in silencing of mating type loci, telomeres, and has
important roles in maintaining genome stability and ageing (Rine et al., 1979;
Rine and Herskowitz, 1987; O. M. Aparicio et al., 1991). Deacetylation of
telomeric chromatin by Sir2p allows additional Sir complexes to bind telomeric
chromatin and spread until an entire chromatin region is silenced (Rusche et al.,
2003). These important functions have made mammalian Sir proteins and
HDACs targets for clinical therapies, with HDAC inhibitors being used to treat
cancer, neurodegeneration, inflammation, and metabolic disorders (Micelli and

Rastelli, 2015).
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Figure 1.3. Lysine acetylation and methylation of histones H3 and H4.
Residues on both N- and C-terminal tails and globular domains of histones are
the target of post-translational modifications. Highlighted here are lysine residues
known to be acetylated (blue) and methylated (green) on histones H3 and H4.

Adapted from data in (Rando and Winston, 2012).
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Histone Acetylated HAT(s) HDAC(s)
Residue

H2A K5 Esaft Rpd3
K8 Esa1, Hat1 Rpd3

H2A.Z K3 Esa1l
K8 Esa1l
K10 Esal
K14 Esa1

H2B K11 Esa1l
K16 Gcen5, Esa1 Rpd3

H3 K4 Rtt109, Genb Rpd3, Hda1
K9 Genb Hos2, Hda1
K14 Gcenb, Sas3 Hos2, Hda1
K18 Gcenb Hos2, Hda1
K23 Genb Hos2, Hda1
K56 Rtt109 Hst3, Hst4

H4 K5 Esa1 Rpd3, Hos2
K8 Esa1 Rpd3, Hos2
K12 Esa1 Rpd3, Hos2
K16 Esa1, Sas2 Sir2, Hos2, Hst1
K20 Esa1, Sas2 Sir2, Hos2, Hst1
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Table 1.1. HAT and HDAC specificity in yeast. Table adapted from data in
review by Rando and Winston (2012) (Howe et al., 2001; Guillemette et al., 2011,

Rando and Winston, 2012)
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Figure 1.4. Gcn5p-containing acetyltransferase complexes. The three
GcenSp-containing complexes in S. cerevisiae are SAGA, SLIK and ADA. Shown
here are essential proteins for cell viability (grey) and the HAT domain (pink)
which is required for acetyltransferase activity. SLIK contains a truncated Spt7p
and lacks Spt8p. Ahc1p and Ahc2p are unique to ADA (adapted from (Gaupel et

al., 2014).
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NuA3

Figure 1.5. The NuA3 acetyltransferase complex. Schematic of the NuA3
acetytransferase complex containing the subunits Eafép, Taf14p, Yng1p, Nto1p
and Sas3p, which is the catalytic HAT in the complex (adapted from (Lafon et al.,

2007))
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1.2.1.2 ATP-dependent chromatin remodelling

Chromatin is required for packaging the eukaryotic genome, and post-
translational modification of nucleosomes provides platforms throughout the
genome for factors that influence transcription, DNA damage repair, replication
and a host of other processes. However, chromatin is not a static structure, and
to enable all of the processes that are integral to cell viability, nucleosomes must
be deposited, evicted or otherwise moved along the DNA template. This work, or
remodelling, is carried out in a large part by ATP-dependent chromatin
remodelling complexes. In mammals, chromatin remodelling complexes can act
in a tissue-specific manner and are involved in development, with mutations
affecting these complexes being implicated in oncogenesis(Rando and Winston,

2012).

There are several ATP-dependent chromatin remodellers found in yeast, and
these complexes are utilised in many cellular processes (reviewed in (Clapier and
Cairns, 2009). ATP-dependent remodelling complexes also function following
DNA replication to establish a nucleosomal array on nascent DNA (Fyodorov et
al., 2004). Chromatin remodelling is also required to expose important cis
elements such as the TATA box at gene promoters to allow transcription initiation
to occur (Venter et al.,, 1994; L. Wu and Winston, 1997; Kent et al., 2001).
Chromatin remodellers can also eject or chaperone the nucleosomes ahead of
the advancing RNA polymerase during transcription elongation. In addition,
during DNA repair and recombination, specialised chromatin remodellers such as
INO80 expose lengths of DNA by nucleosome eviction or sliding so that

repair/recombination can take place (Tsukuda et al., 2005).
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Much research has been performed into investigating how ATP-dependent
chromatin remodelling complexes function, and a model of their mechanism of
action has been proposed (Whitehouse et al., 1999). ATP-dependent chromatin
remodelling complexes function by first binding to and anchoring the nucleosome
(Figure 1.6B). The DNA-binding domain (DBD) of the complex binds to the linker
DNA outside of the nucleosome and a translocation domain/remodeller ATPase
(Tr) generates a small loop (or wave) that propagates along the nucleosome
surface. When the DNA loop is formed, the remodeller undergoes a
conformational change (ratchet), and the DNA is translocated through the Tr
domain. This DNA loop propagates until the nucleosome has moved along the
DNA template and the remodeller resets its conformation with original binding
contacts, but further along the DNA. This model for translocation of nucleosomes
by ATP-dependent nucleosome remodelling complexes is known as the wave-
ratchet-wave model. Shifting the position of promoter nucleosomes has the
potential to expose sites important for gene regulation, or to occlude such sites.
It is in this way that ATP-dependent chromatin remodelling has a dramatic impact
on gene expression in eukaryotes. It has been proposed that nucleosome eviction
occurs when remodelling complexes such as Swi-Snf translocate one
nucleosome into space occupied by another nucleosome, causing an H2A-H2B
dimer from the downstream nucleosome to be lost first, and eventually the entire

nucleosome is evicted (Dechassa et al., 2010; N. Liu and Hayes, 2010).

23



A DNA after passing
dyad axis

Conformation Release

change /Nand rebind
D

State 1

New remodeling

cycle
- h -
L E X &
DNA loop
DNA loop propagation
formation in the 2™ half
of the nucleosome
State 2 State 3
DNA loop

propagation

DNA
translocation

Figure 1.6. Mechanism of ATP-dependent chromatin remodelling. (A)
lllustration of DNA wrapped around the histone core octamer. (B) Mechanism of
action of an ATP-dependent chromatin remodelling complex using the wave-
ratchet-wave model. First, the DNA-binding domain (DBD) binds linker DNA.
Then, the ATPase or translocation domain (Tr) induces a conformational change
in the complex which causes propagation of a DNA loop around the nucleosome.
The loop continues past the Tr domain and the remodeller can than release and

re-bind the nucleosome after translocation. From Clapier and Cairns

(2009)(Bazett-Jones et al., 1999; Whitehouse et al., 1999).
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1.2.1.2.1. Swi-Snf

The first chromatin remodelling complex discovered was found in the yeast S.
cerevisiae (Peterson et al., 1994). This complex was named Swi-Snf after the
phenotypes exhibited by mutants of the complex sub-units. Cells without Swi-Snf
function are impaired for mating type switching (SWIltching defective) and are
unable to metabolise sucrose (Sucrose Non-Fermentable) due to an inability of
these mutants to de-repress genes involved in mating and the invertase-encoding
gene SUC2, respectively (Neigeborn and Carlson, 1984; Stern et al., 1984). Swi-
Snf is a large complex (~1.2 MDa) containing multiple subunits (Table 1.2) (K. K.
Lee et al., 2004). Snf2p contains the ATPase activity of Swi-Snf and is essential
for complex function (Laurent et al., 1993). Early studies established a link
between Swi-Snf and chromatin, as suppressors of snf2 mutations included
mutations in HTA1-HTB1 which encode histones H2A and H2B (Hirschhorn et
al., 1992). This study suggested that Swi-Snf activates gene transcription by
altering chromatin structure and making important regulatory sites accessible at

gene promoters.

In some of the first whole-genome transcriptional studies using micro-arrays, Swi-
Snf was shown to control mRNA levels of 2-5% of all genes in S. cerevisiae
(Holstege et al., 1998; Sudarsanam and Winston, 2000). In addition to its role in
activation of SUC2, Swi-Snf is also required for activation of the flocculin-
encoding gene FLOT (Fleming and Pennings, 2001). At both FLO7 and SUC2,
Swi-Snf was shown to be required for remodelling of the de-repressed gene
promoters which occurred concomitant with gene activation (Gavin and Simpson,
1997, Fleming and Pennings, 2001). Swi-Snf contains a bromodomain in the
Snf2p subunit, and this recognises and stabilises interaction between the Swi-

Snf complex and acetylated histone H3 (Hassan et al., 2001). This, in addition to

25



the discovery that snf2 gcn5 double mutants are either inviable or extremely sick,
indicates that histone acetylation and chromatin remodelling by Swi-Snf act
together to activate gene transcription (Pollard and Peterson, 1997; Roberts and
Winston, 1997). In addition to recognition of acetylated gene promoters by Swi-
Snf, the Snf2p subunit is also itself acetylated by Gecn5p, which inhibits Snf2p
function and causes dissociation of Swi-Snf from gene promoters (J. H. Kim et
al., 2010). In this study, it was found that the HDAC Rpd3p had a positive role on
Swi-Snf association with gene promoters, as it deacetylated Snf2p and allowed it
to recognise acetylated histones. Thus, acetylation may feed back to Swi-Snf to

regulate its occupancy at target promoters
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Subunit Function Comments

Swi2p/Snf2p ATPase, contains bromodomain Core subunit
Snf5p Complex assembly Core subunit
Snf11p Transcriptional activator

Swp82p Unknown
Rtt102p Unknown
Snfép Structural, DNA-binding
Swi3p Complex assembly, recruitment Core subunit
Arp9p Promotes Snf2p ATPase activity Actin-related
Snf12p Structural
Swilp DNA-binding
Taf14p Transcription factor

Arp7p Promotes Snf2p ATPase activity Actin-related

Table 1.2. List of Swi-Snf subunits. List of Swi-Snf subunits and their functions

in yeast (adapted from (Sudarsanam and Winston, 2000)
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1.3. Transcription

In eukaryotes, transcription is carried out by three RNA polymerases which all
function to synthesise RNA in a DNA-dependent manner. RNA polymerase | is
mainly concerned with transcription of ribosomal RNA (rRNA) genes (Clos et al.,
1986). RNA polymerase |l is responsible for transcription of tRNA genes which
are involved in translation, as well as 5S rRNA genes (Weinmann and Roeder,
1974). However, most protein-encoding genes are transcribed by RNA
polymerase Il (RNAPII) and it is this polymerase which will form the main focus

of this work.

Gene transcription by RNA Pol Il occurs in three steps: initiation, elongation and
termination. Transcription initiation involves the ordered assembly of the general
transcription factors (GTFs) TFIID, TFIIA, TFIIB, TFIIE, TFIIF, TFIIH and RNAPII
at the gene promoter which together form the pre-initiation complex (PIC).
Following PIC formation transcription elongation occurs whereby RNA Pol Il
repeatedly traverses the gene coding region catalysing the DNA-dependent
addition of nucleotides to form the full-length mRNA. Transcription termination
is the final step in the process, in which the mRNA is cleaved at the 3 end and a
poly A tail is added. The mature mRNA is then exported from the nucleus to the

ribosome where it will be translated into amino acids, which form proteins.

1.3.1 The core promoter.

Gene promoters are DNA sequences upstream of genes that promote
transcription (Butler and Kadonaga, 2002). The core promoter encompasses the
transcription start site (TSS) and extends ~35 nucleotides (nt) up- or downstream
of this site, meaning that most core promoters only include approximately 40 bp

of DNA (Butler and Kadonaga, 2002). There are several sequences present in
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the core promoter that are important for transcription (Figure 1.7). These include
the TATA box, initiator (Inr), TFIIB recognition element (BRE) and down-stream
core promoter element (DPE) (Fig.1.7). The orientation of the core promoter is
important, as the core promoter determines the direction of transcription (Duttke

etal., 2015).

The TATA box is an important element of the core promoter at many stress-
response genes, but as stated previously, this is not present at all eukaryotic
promoters. In fact, only 20 % of yeast genes contain TATA boxes, whose
consensus sequence is TATA(a/t)A(a/t)(a/g) in S. cerevisiae (Basehoar et al.,
2004). These sequences are recognised by the TATA binding protein (TBP),
which also interacts with TFIID and SAGA (Lemon and Tjian, 2000; Agalioti et al.,
2002; Hassan et al.,, 2002). Generally, the TATA box is located about 30 nt
upstream of the metazoan TSS and between 40 and 120 bp upstream of the TSS
in S. cerevisiae (C. Yang et al., 2007). Inr elements contain the TSS, and are
found in both promoters containing and lacking a TATA box (Butler and
Kadonaga, 2002). The Inr interacts with TFIID, and specifically the factors TAF2
and TAF1, giving it a similar function to the TATA box (Tora, 2002). The DPE is
present downstream of the Inr most commonly at genes lacking a TATA box, and
is also involved in TFIID-binding whereby TFIID binds co-operatively to the Inr
and DPE (Burke and Kadonaga, 1996). Mutation of either the Inr or the DPE
disrupts TFIID binding (Burke and Kadonaga, 1996). The DPE is located 28 to 32
bp downstream of the Inr, and this spacing is constant at all known genes that
contain a DPE, with alteration of this spacing causing severe reduction in
transcription of the genes in question (Burke and Kadonaga, 1997). The BRE is

the only well-characterised core promoter element that is bound by TFIIB rather
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than TFIID, and is located immediately upstream of the TATA box (Smale and

Kadonaga, 2003).
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Figure 1.7. The eukaryotic core promoter. The TFIIB recognition element
(BRE) is located immediately upstream of the TATA box. The BRE is recognised
by the general transcription factor TFIIB. The TATA box is located between 26-
31 bp upstream of the TSS in metazoans and 40-100 bp in S. cerevisiae. The
TATA box is recognised by TBP. The initiator element (Inr) includes the TSS and
is recognised by TFIID. The DPE is located 28-32 bp downstream of the TSS and
is co-operatively bound by TFIID with the Inr (adapted from (Smale and

Kadonaga, 2003)
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1.3.1. Transcription initiation.

The control of PIC formation and transcription initiation is a key step in the
regulation of gene transcription, and is stimulated by gene-specific activating
proteins (activators). These activators generally contain regions that bind to
specific promoter elements of target genes. One example of a well-characterised
activator is the Gald4p protein. Galdp is a DNA-binding transcription factor
responsible for activation of galactose-induced genes. These genes are
repressed when cells are grown in glucose, but are de-repressed during growth
in galactose (Nogi and Fukasawa, 1980). GAL7-10, GAL7 and GALS80 are all
activated by galactose in a Gal4p-dependent manner, and this activation involves
disruption of nucleosomes over the TATA box and initiation sites (Lohr, 1997). In
the absence of galactose, Gal4p is inactive and bound to the repressor Gal80p,
and this was shown to inhibit binding of the TATA-binding protein or TFIIB (Y. Wu
et al., 1996). Gal80p also blocks interaction between Gal4dp and SAGA/NuA4
(Carrozza et al., 2002). This means that when the activator Gal4p is bound to the
repressor Gal80p, both transcription initiation and chromatin modification are
blocked. Upon growth in galactose, Gal80p and Gal4p are separated (Figure 1.8).
This leaves Gal4p free to activate transcription by recruiting co-activators and the
general transcription machinery. These co-activators include SAGA and Swi-Snf,
demonstrating the importance of chromatin in gene regulation. It was also shown
that in the case of GAL17, the Gen5p acetyltransferase component of SAGA was
not required for PIC formation, suggesting that SAGA acts as a scaffold to aid in

PIC assembly at the promoter, and not as a HAT (Bhaumik and Green, 2001).
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Figure 1.8. Transcriptional activation by Gal4p. Under non-inducing
conditions, the Galdp activation domain is bound by Gal80p, blocking Gal4p
activity. On galactose induction (inducing conditions), Gal80p is removed from
the Gal4p activation domain, which is then able to recruit the transcriptional

machinery (adapted from (Carrozza et al., 2002))
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The first step in PIC formation at genes that are regulated by SAGA is binding of
the TATA box binding protein (TBP) to the target gene promoter at the TATA box.
This leads to assembly of the PIC and recruitment of the RNAPII holoenzyme to
the gene promoter. It has been shown that SAGA components Spt3p and Spt8p
are required for recruitment of TBP to several SAGA-dependent gene promoters
(Bhaumik and Green, 2002). However, these components are not essential for
SAGA structural integrity (Sterner et al., 1999; Bhaumik and Green, 2001). Spt3p
and Spt8p have been found to inhibit TBP binding at other genes, suggesting that
their regulatory role depends on the target gene (Belotserkovskaya et al., 2000).
In addition to its structural role in transcription, SAGA’'s HAT activity also
promotes initiation, whereby Gen5p, Ada2p and Ngg1p (Ada3p) form a catalytic
core which acetylate histone H3K9, 14, 18 and 23. Studies have shown the
requirement for GenSp in recruitment of TBP as well as acetylation at SAGA-
regulated promoters (Shukla et al., 2006). SAGA has also been shown to directly
recruit RNAPII in addition to its role in TBP recruitment (Qiu et al., 2004). These
analyses show that at genes under the transcriptional control of SAGA, the
complex can control transcription initiation in a number of ways at different genes.
In addition to these activities, SAGA has been shown to interact with the Mediator
complex, which is recruited to gene promoters following SAGA recruitment and
promotes PIC formation (Bhaumik et al., 2004). Studies have shown that SAGA
and Mediator are recruited to several SAGA-dependent promoters by activators
such as Gen4p (Govind et al., 2005; Jedidi et al., 2010). Together, these studies
demonstrate that at SAGA-dependent genes, there are multiple paths to

transcriptional initiation involving various activators.

Genes not regulated by SAGA include the housekeeping genes, whose

promoters do not contain a TATA box, and are instead regulated by TFIID. TFIID
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contains TBP and a set of TBP associated factors (TAFs). At promoters that
contain a TATA box, TBP is sufficient to activate transcription. However, in the
absence of a TATA box such as at housekeeping genes, the TAFs are required
for promoter recognition. The TAFs recognise DNA-binding activators at gene
promoters, and different TAFs within TFIID are required for transcription at a
different subset of genes (M. R. Green, 2000). TAFs have been shown to be
required for TBP recruitment to TFIID-regulated genes, while TBP is not required
for TAF recruitment to these promoters (X. Y. Li et al., 2000). In contrast to SAGA-
regulated genes, Mediator is not required for TBP recruitment to TFIID-regulated

genes, though it is essential for transcriptional activation (X. Y. Li et al., 2000).

Once the PIC has formed at the gene promoter, it must escape the promoter in
order to initiate transcription. The GTF TFIIH uses its helicase activity to unwind
promoter DNA, initiating transcription (M. Lee et al., 2000). TFIIH is the factor
responsible for promoter opening and formation of the first phosphodiester bond
(Holstege et al., 1996). Before elongation can take place, RNAP Il will produce
short (2-15 nt) transcripts while bound to the promoter in a process known as
abortive initiation. Once transcripts reach a threshold length of ~8-15 nt, RNAP ||
can break free of the promoter and begin transcriptional elongation (Goldman et
al., 2009). Serine 5 of the C-terminal domain (CTD) of the Rpb1p subunit of RNAP
Il is also phosphorylated by TFIIH in conjunction with TFIIE, and this regulates
the transition from transcriptional initiation to transcriptional elongation and is

essential for promoter clearance by RNAP Il (Svejstrup et al., 1996).

Once RNAP Il has cleared the promoter, transcriptional elongation can occur,
which involves synthesis of an mRNA transcript via addition of nucleotides to the
3’ end of the growing mRNA molecule by RNAP II. During early elongation, the

GTFs TFIIF and TFIIH aid RNAP Il to prevent transcriptional arrest (Yan et al.,
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1999). TFIIF does not travel with RNAPII throughout elongation, though it can
associate with elongating RNAP || molecules that encounter a block to elongation
(Sims et al., 2004). During elongation, chromatin is an impediment to RNAP Il
progress (Izban and Luse, 1991). In order to aid elongation and allow RNAP Il to
proceed along the DNA template, factors such as Swi-Snf mobilise/evict
nucleosomes and prevent stalling of transcription (Davie and Kane, 2000). The
FACT (facilitates chromatin transcription) complex is a highly conserved complex
that allows RNAP Il transcription on chromatin templates (Formosa, 2013). FACT
destabilises nucleosomes, potentially by removing the H2A-H2B dimer which
allows RNAP Il to proceed along a nucleosome, and also deposits nucleosomes
after the passage of RNAP Il has occurred in order to maintain correct chromatin
structure (Fleming et al., 2008; Jamai et al., 2009). Different factors associate
with the phosphorylated RNAP Il CTD during elongation, and this domain is
alternatively modified at different stages of transcription. The first modification of
the RNAP Il CTD is Ser5 phosphorylation (Ser5-P) after formation of the first
phosphodiester bonds by TFIIH (Akoulitchev et al., 1995). Ser5-P is prevalent at
the 5’ ORF, and as RNAP |l proceeds along the ORF, Ser2 is also phosphorylated
(Ser2-P), leading to a hyper-phosphorylated CTD (Phatnani and Greenleaf,
2006). Finally Ser5 is dephosphorylated, leading to a profile where Ser5-P levels
are highest at the TSS and decline, whereas Ser2-P levels increase and reach a
peak at the 3' ORF (Phatnani and Greenleaf, 2006). Differential CTD
phosphorylation allows different factors to recognise and bind to the CTD at

appropriate stages throughout elongation.

As elongation takes place, the nascent mMRNA molecule is modified in a number
of ways, which aids in the nuclear export and stability of the molecule. First, after

about 20-30 nt has been transcribed, the pre-mRNA is capped at the 5’ end, a
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structure which is recognised by the cap binding complex (CBC) and eventually
bound by a cytoplasmic translation initiation factor after nuclear export (Shatkin
and Manley, 2000). Transcriptional termination involves complete dissociation of
the RNA-DNA hybrid within the RNA polymerase and is dependent on a poly(A)
signal (Proudfoot, 1989; Komissarova et al., 2002). This signal is present on the
pre-mRNA and is recognised by factors that cleave the pre-mRNA prior to
addition of a poly(A) tail to the 3’ end of the molecule (Proudfoot et al., 2002).
There are two models for eukaryotic transcriptional termination. The
“antiterminator” model states that the transcription complex changes
conformation upon recognition of the poly(A) signal, which allows termination to
take place (Logan et al., 1987). The second model known as the “torpedo” model
states that when the nascent mRNA is cleaved at the poly(A) site, this initiates
termination by rapid degradation of the 3’ portion of the RNA still attached to the
polymerase (Connelly and Manley, 1988). These models are not mutually
exclusive, and both may play a role in termination of transcription in eukaryotes.
After termination, the mRNA is polyadenylated and transported from the nucleus,
and the RNA polymerase is released from the DNA, ending that round of

transcription.

1.4. The Tup1-Ssn6 co-represssor complex

Tup1-Ssn6 is a transcriptional co-repressor in S. cerevisiae which is highly
conserved within yeast species and in higher eukaryotes. Tup1-Ssn6 was the first
co-repressor discovered in yeast, and is involved in the repression of stress-
response genes (Hanlon et al., 2011).The Tup1-Ssn6 complex is comprised of
one Ssn6p (Cyc8p) subunit and four Tup1p subunits (Varanasi et al., 1996). As

a transcriptional co-repressor, Tup1-Ssn6 does not directly bind DNA, but is
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recruited to target gene promoters by DNA-binding transcription factors (Komachi
et al., 1994; Treitel and Carlson, 1995). This mechanism of Tup1-Ssn6
recruitment confers great flexibility and allows the complex to regulate a wide

variety of genes under various conditions.

1.4.1. Tup1p and Ssné6p.

Ssn6p is a 107 kDa protein that contains ten N-terminal tetratricopeptide repeats
(TPRs), which have been shown to be important for Ssn6p function (Schultz et
al., 1990). TPR domains 1-3 of Ssn6p have been shown to be essential for
Tup1p-binding and Tup1-Ssn6 complex integrity (Gounalaki et al., 2000).
Different TPR domains of Ssn6p have also been found to be essential for Tup1-
Ssn6 recruitment to, and repression of, different genes (Tzamarias and Struhl,
1995). These TPRs interact with factors that repress gene transcription, such as
HDACSs, and it has further been shown that different combinations of Ssn6p TPRs
interact with different factors to facilitate gene repression (Davie et al., 2002;
Davie et al., 2003). Although the C-terminal portion of Ssn6p is not essential for
gene repression, it was found to be phosphorylated, indicating that this region of
the Ssn6p protein could have a regulatory role (Schultz et al., 1990). Ssn6p has
also been found to propagate as the prion [OCT+] in an Hsp104p-dependent
manner, introducing another possible mechanism by which this protein could be
used to impact regulation of gene transcription (Patel et al., 2009; Sanada et al.,

2011).

The Tup1p protein has been shown to contain three distinct domains. The Tup1p
N-terminal domain is folded into a helical structure and is required for
tetramerisation and interacting with Ssn6p (Jabet et al., 2000). The central or

repression domain of Tup1p has been shown to interact with hypoacetylated
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histone tails, linking the acetyl state of a gene promoter with the ability of Tup1-
Ssn6 to repress transcription (Edmondson et al., 1996). Tup1p is generally
characterised as containing the bulk of the repressive activity of the Tup1-Ssn6
complex, partly because Tup1-LexA fusions were shown to repress transcription
in the absence of Ssn6p, whereas Ssn6-LexA fusions were not effective at
transcriptional repression in the absence of Tup1p (Keleher et al.,, 1992;
Tzamarias and Struhl, 1994). The C-terminal region of Tup1p contains seven
WD-40 repeats, which are important protein-protein interaction domains. These
repeats form a seven-bladed propeller structure, and one example of a protein
that they interact with is the a2 repressor, which is a DNA-binding transcription
factor involved in repression of a-specific mating type genes (S. R. Green and

Johnson, 2005).

1.4.2. Recruitment of Tup1-Ssn6.

Although Tup1-Ssn6 is a transcriptional repressor, the complex contains no DNA-
binding activity and is recruited to target promoters via its interaction with DNA-
binding transcription factors, in common with other co-repressors (Payankaulam
et al., 2010). Different subsets of genes under the regulatory control of Tup1-
Ssn6 are regulated by specific transcription factor(s). Carbon source utilisation
genes such as GAL17 (which is de-repressed upon growth in galactose) and SUC2
(which is de-repressed during growth in low glucose) contain binding sites for
Mig1p, which tethers Tup1-Ssn6 to these gene promoters (Treitel and Carlson,
1995; Papamichos-Chronakis et al., 2002). A recent study identified a number of
new DNA-binding proteins that recruit Tup1-Ssn6 to various gene subsets under
conditions of stress (Hanlon et al., 2011). This study also found that both Tup1p

and Ssn6p physically interacted with these recruiters, and concluded that Tup1p,
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Ssn6p and the DNA-binding recruiting protein form a complex to repress
transcription at target genes. However, in addition to a repressive role for Tup1-
Ssn6-recruiting transcription factors, several studies have indicated that these
proteins also have a positive role in gene regulation (Treitel and Carlson, 1995;
Wong and Struhl, 2011). Overall, this gives a picture of Tup1-Ssn6 as an

extremely versatile transcriptional regulator.

1.4.3. Tup1-Ssn6-mediated repression.

There are four mechanisms by which Tup1-Ssn6 has been proposed to repress
gene transcription in S. cerevisiae which may or may not be mutually exclusive.
The first is through interaction with the general transcription machinery. Previous
work has shown that several subunits of the RNAPII Mediator complex are
required for repression by Tup1-Ssn6 (Figure 1.9A) (Kuchin and Carlson, 1998;
Papamichos-Chronakis et al., 2000). Loss of individual Mediator subunits were
only found to have a modest effect on gene repression, and there was no
additional impairment of gene repression when these were combined with histone
tail mutations, indicating that there is redundancy between the RNAPII-mediated
and chromatin-mediated gene repression pathways used by Tup1-Ssn6 (M. Lee
et al., 2000). The Mediator subunit Srb7p has been shown to interact with Tup1-
Ssn6, and Srb7p constructs that are unable to bind to Tup1-Ssn6 show de-
repression of Tup1-Ssn6-regulated genes (Gromoller and Lehming, 2000).
Interaction between Srb7p and Med6p is required for gene activation, and it is
thought that binding of Tup1-Ssn6 to Srb7p prevents this association, and so
leads to gene repression, though this only affects transcription of certain genes.

These studies have concluded that at certain subsets of genes, Tup1-Ssn6
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prevents recruitment of RNAPII to gene promoters by preventing interaction of

activators and the Mediator complex (Papamichos-Chronakis et al., 2000).

The second method by which Tup1-Ssn6 has been shown to mediate gene
transcription is by regulating the post-translational modification state of promoter
histones (Fig. 1.9B). It has been shown that Tup1p interacts with hypoacetylated
histone tails through its repression domain, and that this interaction could be
essential for stabilising the Tup1-Ssn6 complex at target gene promoters to
reinforce gene repression (Davie et al., 2002). Tup1-Ssn6 has also been shown
to interact with multiple HDACs, and it is thought that these enzymes are recruited
in order to de-acetylate promoter histones, leading to gene repression (Davie et
al., 2003; Fleming et al., 2014). Ssn6p in particular may play an important role in
modulation of target promoter acetylation, as the different TPR domains of Ssn6p
can interact with different HDACs, and may have the ability to bind multiple

HDACs simultaneously (Davie et al., 2002; Davie et al., 2003).

The third method by which Tup1-Ssn6 represses gene transcription is by
exclusion of factors required for gene activation (Fig. 1.9C). Global.analysis has
shown that in a conditional fup? mutant, occupancy of the transcriptional
activators Swi-Snf and Gcn4p increases at sites usually occupied by Tupip
(Wong and Struhl, 2011). This suggests that Tup1-Ssn6 prevents recruitment of
factors required to modify promoter chromatin and activate gene transcription. An
example of this mechanism is found with the Tup1-Ssn6 interaction with the DNA-
binding protein Mig1p. Mig1p is the protein responsible for recruiting Tup1-Ssn6
to the SUC2 gene promoter, and is required for SUC2 repression (Treitel and
Carlson, 1995). This study also found that a Mig1p-LexA fusion in an ssn6 mutant
strongly activated SUC2 transcription, whereas a Mig1p-LexA fusion in a fup1

mutant activated SUC2 transcription to a lesser extent. This suggested that while
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Mig1p is required for SUC2 repression, the protein also contains an activation
domain that is occluded by Ssn6p under SUC2-repressing conditions. However
under SUC2 activating conditions, phosphorylation of Mig1p causes a change in
the interaction between Ssn6p and Mig1p, leading to exposure of the activation
domain and SUC2 activation. This model for de-repression of Tup1-Ssn6-
repressed genes is supported by work on the DNA-binding protein Sko1p, which
represses genes involved in osmotic and oxidative stress responses. Sko1p is
phosphorylated by the Hog1p kinase and this phosphorylation converts Sko1-
Tup1-Ssn6 into an activator that recruits SAGA and Swi-Snf to gene promoters
(Proft and Struhl, 2002). It has also been found that the co-repressor Tup1-Ssn6
and the transcriptional activator Gen5p co-occupy gene promoters involved in
mating type switching (Desimone and Laney, 2010). This study found that at a-
specific genes, Tup1-Ssn6 was required for gene repression and for GenSp-
dependent pre-acetylation of gene promoter histones which was required for
rapid mating type switching. The switch from repression to activation at Tup1-
Ssn6-repressed gene promoters may therefore depend on the DNA-binding

proteins that recruit Tup1-Ssn6.

The final method by which Tup1-Ssn6 can repress gene transcription is by
propagating a repressive promoter chromatin structure at target promoters (Fig.
1.9D). Loss of TUP1 or SSN6 has been shown to result in extensive nucleosome
loss at the FLO1 and SUC2 gene promoters in a Swi-Snf-dependent manner
(Gavin and Simpson, 1997; Fleming and Pennings, 2001, 2007). This regulation
of chromatin structure and transcription at these genes has been proposed to be
due to the balance between Tup1-Ssn6 and Swi-Snf which evicts and remodels
nucleosomes at gene promoters. In support of this antagonistic model, it has

been found that Tup1-Ssn6 and Swi-Snf complex mutants show opposing
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chromatin phenotypes (Gavin and Simpson, 1997). Another method by which
Tup1-Ssn6 can alter promoter chromatin architecture is by co-operation with the
ISW2 ATP-dependent chromatin remodelling complex. Tup1-Ssn6 and ISW2
have both been shown to be integral for correct extended nucleosome positioning
at the RNR3 gene promoter, and regulation of nucleosome positioning by ISW2
was also shown to be a feature of other Tup1-Ssn6-regulated genes (Zhang and

Reese, 2004).

A genome-wide study of nucleosome occupancy in cells lacking either TUP1 or
SSN6 found that loss of Tup1p had a greater impact on nucleosome occupancy
than loss of Ssn6p (K. Chen et al., 2013). This study also identified a nucleosome
within the canonical NFR in gene promoters (termed the P nucleosome) which is
located adjacent to the TATA box, and found that this low-occupancy nucleosome
was especially sensitive to loss of Tup1-Ssn6. This introduces the possibility that

maintenance of the P nucleosome is a key role of Tup1-Ssn6 in gene repression.
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Figure 1.9. Gene repression by Tup1-Ssn6. Schematic to show the various
mechanisms of Tup1-Ssn6 gene repression. (A) Tup1-Ssn6 can interfere with
Mediator components to prevent transcription initiation by RNA Polymerase |l
(RNAPII). (B) Tup1-Ssn6 recruits histone deacetylases (HDACs) to target
promoters to de-acetylate promoter nucleosomes. (C) Tup1-Ssn6 masks
activation domains within transcription factors, preventing their interaction with
transcriptional activators. (D) Tup1-Ssn6 interacts with ATP-dependent
remodelling complexes such as ISW2 to propagate a repressive nucleosome
array at target gene promoters. These models are not necessarily mutually

exclusive.
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1.4.4. Tup1p and Ssn6p are evolutionarily conserved proteins

Since the discovery of the Tup1-Ssn6 complex, many more co-repressor
complexes have been characterised in fungi and higher eukaryotes. Tup1-Ssn6
is highly conserved in fungi and is important in the regulation of filamentation and
stress responses in a number of pathogens such as Candida albicans and
Aspergillus spp (Braun and Johnson, 1997; Garcia et al., 2008). Tup1-Ssn6
homologues are also found in the fission yeast Schizosaccharomyces pombe,
where they play important roles in gene regulation. In both S. pombe and A.
nidulans, SSNE6 is also an essential gene (Fagerstrom-Billai et al., 2007; Garcia

et al., 2008).

In addition to the high level of conservation of Tup1-Ssn6 in other fungi, co-
repressor proteins with similar domain structure and functions to Tup1p and
Ssn6p can also be found in higher eukaryotes. Tup1p-like proteins include the
Groucho (Gro) protein found in Drosophila and the transducing-like enhancer of
split (TLE) and transducing beta-like related (TBL/TBLR) proteins in mammals
(Courey and Jia, 2001). Similar to the C-terminal WD40 repeat of the Tup1p
protein, TLE/Groucho were found to contain a seven bladed (3 propeller WD40
domain on their respective C-termini (Pickles et al., 2002). Gro also has a
glutamine-rich N-terminal domain (also termed Q-domain) that is important for
tetramerisation (Courey and Jia, 2001). Groucho is important for development in
Drosophila, and like Tup1p it does not contain any DNA-binding activity but is
recruited to target genes by DNA-binding transcription factors (Courey and Jia,
2001). Human TLE1 has the ability to interact with yeast Ssn6p and human
Ssn6p-like proteins, and TLE1-bound Ssn6p has the ability to mediate repression

when expressed in mammalian cells, further highlighting the conservation
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between these proteins from yeast to humans (Grbavec et al., 1999). Like Tup1p,
Gro and TLE also interact with histones and HDACSs, illustrating that it is not just
similar protein structure, but similar mechanisms which are used to repress gene

transcription in yeast and higher eukaryotes.

In addition to the similarities between Tup1p and TLE/Gro, there are mammalian
proteins with similar structures and functions as yeast Ssn6p. Two such protein-
encoding genes were identified on the X or Y chromosomes of mice and humans,
and were found to be ubiquitously transcribed tetratricopeptide repeat genes on
the Y/X chromosome (UTY/X) (Greenfield et al., 1998; Mazeyrat et al., 1998).
UTY/X shares the TPR domains found on the N-terminal region of yeast Ssn6p,
and it was the structural similarities to Ssn6p that led to the discovery that these
proteins can interact with the Tup1p-like TLE1 and TLE2 (Grbavec et al., 1999).
UTX is an X-linked gene that is not X-inactivated, and it has been proposed that
this gene could contribute to brain development and behaviour in humans, with
females possessing two active UTX copies causing differences in brain
development between the sexes (Xu and Andreassi, 2011). UTX also regulates
a large subset of genes (Swigut and Wysocka, 2007), however, unlike yeast

Ssn6p, UTX possesses histone demethylase activity.

Overall, Tup1-Ssn6 homologues and complexes structurally and functionally
related to Tup1-Ssn6 in fungi and higher eukaryotes are important regulators of
gene transcription, and elucidating the mechanisms by which these proteins
regulate gene transcription is crucial for understanding human development and

disease.
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1.5. Flocculation

Flocculation is the non-sexual, calcium-dependent aggregation of cells that
express lectin-like cell wall proteins known as flocculins (Soares, 2011). These
cell aggregates are formed by binding of flocculins to mannose residues on the
surface of other cells, and is an important phenotype used by wild yeast to protect
cells from stress. Flocculation differs from other types of cellular aggregation in
Saccharomyces cerevisiae, such as sexual aggregation, co-flocculation or chain
formation. Sexual aggregation occurs when cells of complementary mating types
express proteins on their cell walls and fuse to mate (E. H. Chen et al., 2007).
Co-flocculation occurs where weakly flocculent strains and non-flocculent strains
aggregate, whereas true flocculation requires a single flocculent strain (Soares,
2011). Chain formation is a failure of daughter cells to separate from mother cells
during replication, and results in a chain of budded cells which will be unable to
re-aggregate if mechanically separated (Soares, 2011). Flocculation is related to
adhesion and biofilm formation, which is of great clinical significance as many
pathogenic fungi can adhere to medical devices and cause hospital-acquired
infections (Verstrepen and Klis, 2006). Flocculation is also a convenient
phenotype used in brewing and other industrial processes, as aggregation of
yeast cells allows for easy removal from the medium and it has been found that
flocculent yeast can remove heavy metals from a synthetic effluent, highlighting

the usefulness of flocculent yeast in industry (Machado et al., 2008).

1.5.1. Mechanism of Flocculation.

Flocculation is a characteristic conferred by surface proteins on the S. cerevisiae
cell wall. It has been shown that heat-killed flocculent cells retain their ability to

aggregate, indicating that flocculation is not an active process (Machado et al.,
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2008). The yeast cell wall also has a net negative charge, and this prevents cell
aggregation due to repulsion between non-flocculent cells which must be
overcome if cells are to aggregate (Dengis et al., 1995). A positive correlation has
been found between cell surface hydrophobicity and flocculation and that cell
surface hydrophobicity increases when yeast express the cell wall proteins Flo1p,
FloSp, Flo9p Flo10p and Flo11p (Smit et al., 1992; Verstrepen et al., 2003;
Govender et al., 2008). It was initially proposed that lectin-like proteins uniquely
expressed on flocculent cell walls recognised and interacted with carbohydrate
residues on neighbouring cell walls (Miki et al., 1982). This work also proposed
that calcium ions are required for the lectins to achieve their active conformation
to enable flocculation. The carbohydrate residue that is bound by these lectins is
present on cell-surface receptors known as a-mannans. While the lectins
required for flocculation are only present on flocculent cells, the a-mannans are
an integral part of the S. cerevisiae cell wall and so are not specific to flocculent
cells. In summary, flocculent cells use lectin-like proteins that recognise and bind
to mannose residues on neighbouring cells in a calcium-dependent manner (Fig.

1.10).
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Figure 1.10. Mechanism of yeast flocculation. (A) Calcium lons in convert
inactive flocculins (Flo) to active flocculins. (B) Active flocculins have the ability
to bind mannose residues on the surface of other cells. This leads to aggregate

formation. Taken from Soares (2011).
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1.5.2. Flocculins confer a flocculent phenotype

The lectin-like cell wall proteins responsible for flocculation are known as
flocculins. The major flocculin in S. cerevisiae is Flo1p which was predicted to be
a protein of 1537 amino acids (Watari et al., 1994). Flo1p is found on the cell wall,
and confers a flocculent phenotype on cells that express it. The central portion of
Flo1p contains many repeated segments, and the N- and C-termini are more
hydrophobic than the rest of the protein (Soares, 2011). Flo1p is transported
through the secretory pathway via the endoplasmic reticulum (Bony et al., 1997)
to the cell wall. Flo1p is then anchored to the cell wall by a noncovalent
stabilisation mediated via the hydrophobic C-terminal GPIl-anchor, deletion of
which impairs Flo1p cell wall attachment and inhibits flocculation (Watari et al.,
1994, Bony et al., 1997). The central domain of Flo1p contains a high level of
serine and threonine-rich repeats and the N-terminal portion of the protein is
responsible for recognition of mannose residues on other cell surfaces
(Verstrepen and Klis, 2006). There is a correlation between the number of repeats
in the central domain in FLO7 and the degree of flocculation, indicating that a
longer Flo1p protein has a better ability to contact other cell surfaces (Bidard et
al., 1995). However, longer Flo1p proteins are less stable under acid or alkaline
conditions (E. Li et al., 2013). This variation in the number of internal FLO1
repeats give rise to different flocculation phenotypes which would allow a
population of cells to respond accordingly to a variety of stresses. Flo1p is just
one of several flocculins found in S. cerevisiae, the others being Flo5p, Flo9p and
Flo10p, though it is expression of Flo1p that confers the strongest flocculation

phenotype (Teunissen and Steensma, 1995).
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1.5.3. The major flocculin in S. cerevisiae is encoded by FLO1

FLO1 is a 4.6 kb sub-telomeric gene found on the right arm of chromosome | in
S. cerevisiae. FLO1 is the best known and most well-studied member of a family
of FLO genes, all of which contain common elements. FLO genes are sub-
telomeric, highly-similar genes characterised by a unique 5’ portion followed by
multiple repeat sequences and a highly conserved 3’ end, with the FLOS5, FLO9
and FLO70 genes being 96, 94 and 58% homologous to FLOT respectively
(Teunissen and Steensma, 1995). Overexpression of these genes induces
flocculation, but this phenotype varies depending on the gene involved

(Govender et al., 2008).

FLO1 has long been studied as a model for chromatin-mediated gene regulation
(Lipke and Hull-Pillsbury, 1984). As a gene under the antagonistic control of
Tup1-Ssn6 and Swi-Snf, FLO7 offers an insight into the interplay between
repressing and activating factors at gene promoters. The flocculent phenotype
exhibited by cells expressing FLO1 is also a useful visual assay when studying
gene activation. FLO1 is especially interesting in the context of Tup1-Ssn6 and
Swi-Snf-mediated gene regulation because of the long-range chromatin
remodelling observed upstream of the FLO7 ORF upon loss of Tup1-Ssn6 which
occurs in a Swi-Snf-dependent manner (Fleming and Pennings, 2001). Further
illustrating the role of chromatin in FLOT regulation, the HDACs Rpd3p and
Hda1p have also been shown to co-operate with Tup1-Ssn6 to repress FLOT
transcription (Fleming et al., 2014). However, the mechanism by which FLO1 is

de-repressed is less well-understood.

One factor known to be involved in activation of FLO7 is Flo8p. Flo8p is a protein

of 729 amino acids in size whose overexpression was found to induce flocculation
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in non-flocculent yeast strains (Kobayashi et al., 1996). This study also found that
the level of FLO1 transcription was dependent on the rate of transcription of the
FLO8 gene. Flo8p activates a number of genes in S. cerevisiae involved in
flocculation, biofilm formation and adhesion, and is highly conserved among
fungi, acting as a regulator of invasive growth in pathogenic species (Cao et al.,
2006; Bester et al., 2012). Flo8p is thought to activate FLO7 through antagonism
of Tup1-Ssn6 and it has also been shown that Flo8p has the ability to physically
interact with Swi-Snf, a factor essential for FLO17 de-repression (H. Y. Kim et al.,
2014). However, due to a nonsense mutation in the FLO8 ORF, Flo8p is not
expressed in S. cerevisiae laboratory strains, and so these strains are non-

flocculent (H. Liu et al., 1996).

The aim of this project was to investigate the role of Tup1-Ssn6 in gene
repression in general, and gene-specifically using FLO7 as a model. This project
aimed to identify the chromatin-associated factors required for de-repression of
FLO1, and to establish the precise mechanism of FLO7 gene activation in the

absence of Tup1-Ssn6.
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Chapter 2

Materials and Methods
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2.1. Strains and growth conditions

Strains used in this study are listed in Table 2.1. Yeast extract peptone with
dextrose (YEPD) broth (1% yeast extract, 2% peptone & 2% glucose)
(Formedium) was used for liquid culture unless otherwise indicated, and YEPD
agar (1% yeast extract, 2% peptone, 2% agar & 2% glucose) was used as solid
medium. Yeast cells were cultured in YEPD at 30°C in a shaking incubator at 200
rpm unless otherwise stated. Starter cultures were prepared by inoculating 10ml
YEPD with a yeast colony and growing overnight. This starter culture was then
sub-inoculated into a larger volume of YEPD broth and grown until log phase
(Optical density was determined using a spectrophotometer, and ODsoo 0.6-0.8
was considered to be log phase).

For growth of mutants with auxotrophic markers, synthetic complete (SC)
medium was prepared using 0.19% yeast nitrogen base (Formedium), 0.059%
complete supplement medium (Formedium), 0.5% (NH4)2S04, and for solid
medium, 2% agar. This solution was autoclaved and filter-sterilised glucose was
added to a final concentration of 2%. Remaining amino acids were included or

omitted depending on the desired auxotrophic selection and strain genotype.
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Strain

BY4741

PH499

HHY?221

YMC5

YMC6

YMC11

YMC12

YMC13

YMC14

YMC15

Genotype

Mat a his3A1 leu2A0 met15A0 ura3A0

MAT a ade2-101 his3-A200 leu2-A1 ura3-52 trp1-A63

lys2-801

Mat a tor1-1  fpri:loxP-LEU2-loxP  RPL13A-

2xFKBP12::loxP

Mat a his3A1 leu2A0 met15A0 wura3A0 SNF5-

9Myc::URA3 ssn6:: KANMX4

Mat a his3A1 leu2A0 met15A0 ura3A0 SNF5-

9Myc::URA3 tup1::LEU2

Mat a his3A1 leu2A0 met15A0 ura3A0 SSN6-

9Myc: - KANMX4 tup1::URA3

Mat a his3A1 leu2A0 met15A0 ura3A0 tup1..:KANMX4

ssn6::URA3

Mat a his3A1 leu2A0 met15A0 wura3A0 SNF5-

9Myc::URAS3 tup1:.LEU2 ssn6.:KANMX4

Mat a his3A1 leu2A0 met15A0 wura3A0 GCN5-

9myc::HPH1

Mat a his3A1 leu2A0 met15A0 ura3A0 GCN5-

9Myc::HPH1 ssn6.:URA3
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Source

(Brachmann

et al., 1998)

J. Reese

(Haruki et

al., 2008)

This study

This study

This study

This study

This study

This study

This study



YMC16

YMC17

YMC18

YMC19

YMC20

YMC22

YMC23

YMC24

YMC25

YMC26

YMC27

YMC28

YMC29

YMC30

Mat a his3A1 leu2A0 met15A0 ura3A0 gcn5::KANMX4

ssn6::URA3

Mat a his3A1 leu2A0 met15A0 ura3A0 gen5::KANMX4

tup1::URAS3

Mat a his3A1 leu2A0 met15A0 ura3A0 flo8::LEU2

Mat a

his3A1

leu2A0

YER109C::A425G::HPH1

met15A0

ura3A0

Mat a his3A1 leu2A0 met15A0 ura3A0 sas3::KANMX4

ssn6.:URA3

Mat a his3A1 leu2A0 met15A0 ura3A0 sas3::kanMX4

ada2::URA3

BY4741 +pMC1(FLO8pGAL, TAP-tagged)

flo8::LEU2 +pMC1(FLO8BpGAL, TAP-tagged)

BY4741 +pMC1notag(FLO8pGAL, untagged)

flo8::LEU2 +pMC1notag(FLO8pGAL, untagged)

Mat a his3A1 leu2A0 met15A0 ura3A0 sas3::KANMX4

ada2::URA3 ssn6::LEU2

Mat a his3A1 leu2A0 met15A0 ura3A0 sas3::KANMX4

tup1::LEU2

Mat a his3A1 leu2A0 met15A0 ura3A0 ssn6::LEU2

Mat a

2xFKBP12::loxP SSN6-FRB::HIS3

tor1-1

for1::loxP-LEU2-loxP ~ RPL13A-
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This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study



YMC31 Mat a tor1-1  fpri:loxP-LEU2-loxP ~ RPL13A-

2xFKBP12::loxP SSN6-FRB::HIS3

YMC32 Mat a his3A1 leu2A0 met15A0 ura3A0 SASS-

IMyc::HPH1

YMC33 Mat a tor1-1  fpri:loxP-LEU2-loxP ~ RPL13A-

2xFKBP12::loxP SSN6-FRB::HIS3

sas3::KANMX4

YMC34 Mat a  his3A1  leu2A0  met15A0

YER109C.:A425G::9Myc:: KANMX4

KLY021 Mat a his3A1 leu2A0 met15A0 ura3A0 SNF5-

9Myc::URA3

YPOD1 Mat a his3A1 leu2A0 met15A0 ura3A0 SSN6-

9Myc::KANMX4

Table 2.1. Strains used in this study.
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2.2. DNA extraction

To extract yeast genomic DNA, 10 ml of an overnight cell culture was subjected
to centrifugation at 376 rcf for 5 minutes. Supernatant was discarded and cells
were resuspended in 1Tml H20 and transferred to a 1.5 ml microcentrifuge tube.
Cells were pelleted by centrifugation at 16,363 rcf in a microcentrifuge and
supernatant was discarded. Pellets were resuspended in 200 pl breaking buffer
(2 % Triton X-100, 1 % SDS, 100 mM NaCl, 10 mM Tris-Cl [pH 8.0], 1 mM EDTA
[pH 8.0]) and 200 pl 400 um -600 pym glass beads were added (Sigma). 200 pl
phenol/chloroform/isoamyl alcohol was added to the suspension and the samples
were mixed by vortexing for 3 minutes. 200 pyl TE (pH 7.5) was added, mixed and
samples were subjected to centrifugation at 16,363 rcf for 5 minutes. The
aqueous layer was transferred to a new 1.5 ml tube and 400 pl chloroform was
added. This was mixed and subjected to centrifugation for 5 minutes at 16,363
rcf. The aqueous layer was transferred to a new 1.5 ml tube and 1ml 100 %
ethanol was added. DNA was pelleted by centrifugation at 16,363 rcf for 5
minutes. Supernatant was discarded and the DNA pellet was resuspended in 500
Ml 70 % ethanol. DNA was pelleted by centrifugation at 16,363 rcf for 5 minutes.
The DNA pellet was dried and resuspended in 400 uyl TE (pH 7.5) and 25 ug
RNase A was added. This was incubated at 37°C for 1 hour. DNA was then

ethanol precipitated and resuspended in 500 pl TE (pH 7.5).

2.3. RNA extraction

The RNA extraction protocol was adapted from Current Protocols (Collart and
Oliviero, 2001). Cells were grown to log phase and a 5 ml volume of culture was
pelleted by centrifugation. Supernatant was removed and cells were

resuspended in 1 ml H20. The suspension was transferred to a 1.5 ml tube and
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cells were pelleted by centrifugation in a microcentrifuge. Supernatant was
discarded and cells were resuspended in 400 ul TES solution (10 mM Tris-Cl pH
7.5,10 MM EDTA, 0.5% SDS) and 400 ul saturated phenol, pH 4.3 (Fisher). This
suspension was incubated at 65°C for 1 hour with occasional agitation. Samples
were incubated on ice for 5 minutes and centrifuged at 16,363 rcf in a
microcentrifuge for 5 minutes. The aqueous layer was transferred to new 1.5 ml
tubes and 400 pl saturated phenol was added. The samples were stored on ice
for 5 minutes and subjected to centrifugation at 16,363 rcf for 5 minutes. The
aqueous layer was transferred to a new 1.5 ml tubes and 400 ul chloroform was
added, after which samples were stored on ice for 5 minutes and subjected to
centrifugation at 16,363 rcf in a microcentrifuge for 5 minutes. RNA was
precipitated by adding sodium acetate, pH 5.3 to a final concentration of 1 M and
three sample volumes of 100 % ethanol and storing at -80°C for 1 hour. RNA was
pelleted by centrifugation at 16,363 rcf and 4°C for 30 minutes. Supernatant was
discarded and RNA pellets were washed in 500 pl 70 % ethanol. Samples were
centrifuged again at 16,363 rcf, 4°C for 15 minutes after which supernatant was
discarded and pellets were dried before being resuspended in nuclease-free
water. RNA concentration was determined using a NanoDrop spectrophotometer

(Thermo Scientific).

2.4. Ethanol precipitation

DNA was precipitated by adding 0.3 volumes 4 M Lithium Chloride and three
volumes 100 % ethanol. This was stored at -20°C for >1 hour. Precipitated DNA
was pelleted by centrifugation at 16,363 rcf for 5 minutes and resuspended in 500
pl 70 % ethanol. The centrifugation step was repeated and the DNA was dried

and resuspended to the desired final volume in either water or TE buffer, pH 8.
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2.5. Protein extraction

Cells were grown to log phase (ODso0 0.6-0.8). A cell volume equivalent to 10 OD
units was taken and centrifuged at 376 rcf for 5 minutes. Supernatant was
discarded and cell pellets were resuspended in 1 ml 20% trichloroacetic acid
(TCA), transferred to a 1.5 ml microcentrifuge tube and centrifuged at 16,363 rcf
for 1 minute. Supernatant was discarded and cell pellets were resuspended in
250 pl 20 % TCA. 600 mg 400 um-600 pm glass beads (Sigma) were added to
each tube and cells were agitated in a vortex (Genie Il) mixer at maximum speed

at 4°C for 15 minutes.

Cell lysate was transferred to a new 1.5 ml tube, and glass beads were further
washed using 500 ul 5% TCA, and the wash added to the initial cell lysate. The
suspension was stored on ice for 3 minutes before being centrifuged at 16,363
rcf for 1 minute. Supernatant was discarded and the pellet was resuspended in
300 pl Laemmli buffer (0.1 % 2-mercaptoethanol, 10 % glycerol, 2 % SDS & 63
mM Tris-Cl [pH 6.8]). This was incubated at 95°C for 5 minutes and subjected to
centrifugation at 16,363 rcf for 1 minute. Supernatant was transferred to a new

1.5 ml tube.

Protein concentration was calculated by Bradford assay according to
manufacturer’s instructions (Sigma). Protein samples and bovine serum albumin
(BSA) standards of 2, 4, 6, 8 and 10 ug/ml were prepared and diluted in H20 and
Bradford reagent (Sigma). Absorbance (Asgs) was measured using a
spectrophotometer and sample concentration was calculated by comparing
absorbance to values obtained using the standard curve. Working stocks of
protein samples were adjusted to a volume of 2 mg/ml prior to immediate use or

storage at -80°C
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2.6. SDS-Polyacrylamaide gel elctrophoresis (PAGE)

A 10 % or 15 % polyacrylamide running gel was prepared using the BioRad Mini
cell apparatus, depending on the required resolution (10 %/15 % acrylamide
[Protogel, National Diagnostics], 0.38 M Tris-Cl [pH8.8], 0.001 % SDS, 0.001 %
ammonium persulfate [APS] & 0.001% TEMED). The gel was allowed to
polymerise under isopropanol. The isopropanol was discarded and a 6 %
stacking gel was poured (6 % acrylamide, 78 mM Tris-Cl [pH 6.8], 0.001% SDS,
0.001% APS & 0.001% TEMED). Unless otherwise indicated, 30 ug of protein
was loaded into each well and gels were run at 100V for 120 minutes in running

buffer (25 mM Tris, 190 mM glycine, 0.1 % SDS).

2.7. Microscopy

10ml of log-phase cells were centrifuged at 376 rcf for 3 minutes and supernatant
was discarded. Cell pellets were resuspended in 2 ml softening buffer (0.1M Tris-
Cl[pH 9.4], 10 mM DTT). This mixture was incubated at room temperature for 10
minutes and centrifuged at 376 rcf for 3 minutes. Supernatant was discarded and
pellets were resuspended in 2 ml sphaeroplasting buffer (1 M sorbitol, 40 mM
KHPO4 in YEPD) with 75 pg/ml 20T zymolyase (AMS Biotechnology) and
incubated at 30°C for 40 minutes. Formaldehyde was added to 4 % and this was
incubated at 30°C for 60 minutes. Fixed cells were centrifuged at 188 rcf for 4
minutes, supernatant was discarded and 1 ml Buffer A (100 mM Tris-Cl [pH 8.0],
1 M sorbitol) was added and the mixture was transferred to a 1.5 ml tube. Tubes
were centrifuged at 1377 rcf and supernatant was discarded. Pellets were
resuspended in 500 pl Buffer A + 0.1 % SDS and incubated at room temperature
for 10 minutes. Cells were washed twice with 1 ml Buffer A and subjected to

centrifugation for 2 minutes at 1377 rcf between washes. Pellets were then
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resuspended in 300 ul Buffer A. 20 pl cells were added to a prepared cover slip
and incubated for 15 minutes. Cells were aspirated and cover slip was blocked
for 15 minutes in 20 ul Buffer B (50 mM Tris-Cl [pH 8.0], 150 mM NacCl, 1 % dried
skimmed milk, 0.5 mg/ml BSA and 0.1 % Tween-20). Buffer B was aspirated and
40 pl o-FRB (Enzo) in clarified Buffer B was added and incubated at 4°C
overnight in a humidity chamber. Five 5 minute washes in clarified Buffer B were
carried out, with buffer being aspirated between washes. A 1:200 dilution of
fluorescently-labelled secondary antibody (AlexaFluor 488 goat anti-rabbit 1gG)
in clarified Buffer B and this was incubated at room temperature for 60 minutes
in the dark. Slides were then washed three times for 10 minutes in Buffer B. DAPI
diluted 1:10,000 in Buffer B was added to slides and incubated at room
temperature for 10 minutes. Slides were washed twice more in Buffer B before
being viewed on a Nikon Ti Eclipse fluorescence microscope and analysed using

Volocity software at 40 X magnification.

2.8. End-point Polymerase Chain Reaction (PCR)

Unless otherwise stated, PCR was carried out using the MyTaq HS (Bioline) DNA
polymerase mix. For amplification from a genomic or plasmid DNA template, 1
ng-500 ng of DNA was used and 500 nM per primer (final concentration) was

included in each reaction volume.

A master mix was made using DNA polymerase, primers and water, and this
mixture was distributed between PCR tubes, at which point template DNA was

added. This was then mixed and incubated in a thermocycler.

Reaction conditions for PCR were as follows: initial denaturation at 95°C for 1
minute, followed by 30 cycles of denaturation, annealing and extension. This

denaturation step was a 95°C incubation for 15 seconds. Annealing temperature
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was determined based on the primers used and this step was for 15 seconds.
Extension was at 72°C, and extension time depended on the length of the desired
product, but was calculated as 30 seconds per kilobase (kb) of required product.
A final extension of 72°C was carried out for 5 minutes after the cycling was

complete.

PCR primers were designed using Primer3Plus (Untergasser et al., 2007), and

specificity of primers was determined using NCBI’'s BLAST (Altschul et al., 1997).

2.9. Gene deletions and epitope tagging

Gene deletions were carried out by PCR-mediated gene disruption adapted from
the Wach et al. and Longtine et al. protocols (Wach, 1996; Longtine et al., 1998).
For gene deletions involving auxotrophic markers, long primers (60 bp) were
designed containing 5’ 40 bp overhangs that were complementary to regions up-
and downstream of the target open reading frame (ORF), and 20 bp 3’ regions
complementary to a plasmid containing an auxotrophic or antibiotic marker
(Figure 2.1A) (Brachmann et al., 1998). The pRS400 series of vectors containing
auxotrophic markers were obtained from EUROSCARF and the published
protocol was followed. For epitope-tagging of target genes, pFA6-Kan and
hygromycin plasmids containing the Kanamycin and hygromycin resistance
markers, respectively, were obtained from Janke et al (Janke et al., 2004).
Purified plasmid (10-50ng) was used as template in a PCR reaction according to

published protocols (Fig. 2.1B) (Longtine et al., 1998; Janke et al., 2004).

2.10. Anchor Away

The anchor away protocol was based on that used by Haruki et al (Haruki et al.,
2008). Cells were grown in 10ml cultures overnight and a volume of this culture
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was added to a larger volume of YPD (600 ml for ChIP analysis or 60 ml for RNA).
This sub-inoculated culture was grown overnight and ODsoo was measured the
following day. When cultures reached OD ~0.4, the first sample was taken (time
0). For ChIP experiments, 50 ml was taken and cross-linked as described
previously. For transcriptional analysis, 5 ml culture was taken, subjected to
centrifugation and washed. Both cross-linked cell pellets and cell pellets for RNA

extraction were stored at -80°C.

After the initial sample was taken, rapamycin (Fisher) was added to a final
concentration of 1 yg/ml and cultures were incubated at 200 rpm, 30°C. Samples
were taken at 10 minutes, 20 minutes, 30 minutes, 40 minutes, 60 minutes, 2
hours, 4 hours, 6 hours, 8 hours, 10 hours and 12 hours. These samples were

cross-linked or prepared for RNA extraction as required and stored at 80°C.

2.11. Yeast cell Transformation

The yeast cell transformation protocol used was based on the high efficiency
protocol from Gietz et al (Gietz and Schiestl, 2007). Overnight cultures were
counted on a haemocytometer (Fisher) and adjusted to a cell density of 5 x 108
cells/ml in YEPD. These cells were incubated at 30°C, 200 rpm until a cell density
of 2 x 107 cells was reached (~2 doublings). Cells were then centrifuged at 289
rcf for three minutes and supernatant was discarded. Cell pellets were
resuspended in 1 ml of sterile 100 mM lithium acetate and transferred to a 1.5 ml
microcentrifuge tube. Cells were centrifuged at 16,363 rcf for 15 seconds and
supernatant was discarded.100 mM lithium acetate was added until the cell
suspension volume was 500 pl, and this was divided into 50 pl aliquots. Each 50
I aliquot was included in a transformation mix that contained 100 mM LIAC, 33

% polyethylene glycol (PEG) 4000, 0.28 mg/ml high molecular weight single-
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stranded DNA from salmon testes (Sigma) and disruption fragment amplified by
PCR (~1 pg total). This mixture was incubated at 42°C for 40 minutes. Cells were
centrifuged at 4,600 rcf for 15 seconds and supernatant was discarded. Cells
were then resuspended in 150 pl sterile H20. For transformations involving
auxotrophic markers, cells were plated directly onto selective media. For
transformations involving antibiotic markers, cells were first plated onto YEPD
and incubated overnight at 30°C. Following recovery, cells were replica-plated
onto selective media and incubated at 30°C. Transformants were verified by

PCR.
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2.12. cDNA generation

To generate cDNA, RNA was first DNase-treated using RQ1 RNase-free DNase
(Promega). 10 ug RNA was incubated with 1 unit of DNase in reaction buffer at
37°C for 1 hour. 1 pl stop solution was added and samples were incubated at
65°C for 10 minutes. cDNA was generated using a High-capacity RNA to cDNA
kit (Applied Biosystems). 1 ug of DNase-treated RNA was incubated with 1 unit
of reverse transcriptase in reaction buffer at 37°C for 1 hour, and this reaction

was stopped by incubation at 95°C for 5 minutes.

2.13. Optimisation of Chromatin Immunoprecipitation (ChiP) protocol

2.13.1. Cell growth & formaldehyde crosslinking:

10 ml YEPD was inoculated with single colony and incubated overnight at 30°C
and agitated at 200 rpm. 300 ml YEPD was inoculated the following day with
starter culture and grown to an ODsoo of ~0.8. This volume was split into 5 x 50ml
cultures each in 250 ml flasks for cross-linking (10 mM EDTA was added to
flocculent cells to disperse cells). Formaldehyde (Sigma, 37 %) was added to a
final concentration of 1% and cells were cross-linked for 20 minutes at room
temperature with shaking. To quench the cross-linking reaction, glycine was
added to a final concentration of 50 mM and cultures were shaken for a further 5
minutes. Cross-linked cultures were transferred to 50 ml centrifuge tubes and
centrifuged at 1000 rcf for 5 minutes at 4°C. Supernatant was discarded and cell
pellets were resuspended in 25 ml ice-cold TBS. Cells were pelleted by
centrifugation at 1000 rcf, 4°C and the supernatant was discarded. The TBS wash

was repeated, and the resultant cross-linked cell pellets were stored at -80°C.
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2.13.2. Comparing the cell breakage efficiency of glass and zirconia beads:

| wished to determine whether glass beads or the denser zirconia beads were
more efficient for yeast cell lysis. | therefore vortexed cross-linked cells with both
glass or zirconia beads and assayed cell breakage by measuring cell lysis and
protein release over time. Cross-linked cell pellets from two 50 ml cultures were
each resuspended in 400 pl FA lysis buffer (50mM HEPES, 140 mM NaCl, 1 mM
EDTA,1 % Triton X-100, 0.1 % sodium deoxycholate) supplemented with a 1:100
dilution of protease inhibitor cocktail (Sigma) and 2 mM PMSF (Sigma). 250 pl of
this solution was added to each tube, and cell pellets were resuspended and
transferred to two 2 ml tubes. ~400 pl of acid-washed glass (Sigma) or zirconia

beads (BioSpec Products, Inc.) were added to each tube.

Each tube contained half of the total cells harvested from a 50 ml culture volume.
To test cell breakage, these tubes were vortexed at full speed at 4°C. Cells were
counted before vortexing, and a breakage time-course was performed by taking
samples at 15, 30, 45 and 60 minutes to monitor cell breakage by counting. These

samples were also used to measure protein release by lysed cells.

To measure of cell lysis via protein release, , tubes were pierced with a 23G
needle, placed in a 15 ml centrifuge tube and centrifuged at 1000 rcf in a table
top centrifuge for 4 minutes, 4°C. Flow-through was transferred to a 1.5 mi
microcentrifuge tube and spun at 16,363 rcf for 5 minutes. Supernatant was

transferred to a new tube and stored at -80°C.

69



Glass bead breakage

A
120 35
« 100 30 —
% oo 25 £
%) o
3 60 208
2 15 £
oy 10 5
° 20 L 5 O
0 ¥ v ? 7 v + 0
0 10 20 30 40 50 60
Time (minutes)
=+=\Whole Cells -®-Protein mg/ml
B Zirconia bead breakage
120 = 30

« 100 25 E
3 80 e
()}

E 60 %=
= 40 10 2
= 20 5 &

0

0 ¥ v Y v
0 10 20 30 40 50 60

Time (minutes)

=+=Whole Cells -mProtein mg/ml

Figure 2.2. Cell lysis using Glass beads and zirconia beads. (A) Percentage
whole cells and protein release in samples lysed using glass beads. (B)
Percentage whole cells and protein release in samples lysed using glass beads.
Percentage whole cells were calculated relative to unlysed sample set as 100 %.

Protein released was calculated using Bradford assay.
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Figure 2.2A and 2.2B demonstrate that a reduction in cell count corresponds with
an increase in protein release, which is indicative of cell lysis. The data show that
zirconia beads lyse cells more quickly than glass beads; however, 90 % of cells
are lysed by 45 minutes using either bead. Despite the faster cell lysis achieved
using zirconia beads, it was decided to use glass beads to lyse cells, to relieve

the extra stress imposed on the vortex caused by the heavier zirconia beads.

2.13.3. Optimising chromatin sonication

The size of the fragmented DNA used in ChlP analysis determines the resolution
of the technique for mapping proteins along the in vivo chromatin fibre. Indeed,
fragments of around 500 bp are generally considered optimal for ChIP analysis
(O. Aparicio et al., 2004). We therefore wanted to determine if we could achieve
sufficient chromatin fragmentation by sonication using either manual or

automated sonicators.

2.13.3.1. Manual sonication:

To test sonication efficiency we first used the Sanyo Soniprep 150 manual
sonicator fitted with an exponential probe. Unclarified lysate was made up to 1 ml
in FA lysis buffer and subjected to 10 second rounds of sonication with the
instrument set to an amplitude of 9 microns per sonication pulse. The goal was
to monitor a change in chromatin fragment length over a sonication time-course
with a goal of achieving a 500 bp fragment size. Six samples that had been
prepared under optimal cell lysis conditions were used to test sonication. Tubes
1-6, received 1, 2, 4, 6, 8 and 10 pulses respectively. Samples were kept on ice
for 30 seconds between pulses. Sonicated lysate was stored at -80°C. To check
DNA fragment size post-sonication, a proportion of sonicated lysate equivalent to

2 OD units of the original cell culture was protease-treated. Samples were
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protease-treated by incubating with protease (Sigma) at a 1:1 sample:protease
ratio with 1% CacClz at 42°C for 2 hours. Crosslinks were reversed by incubation
at 65°C overnight. Phenol-chloroform DNA extraction was performed on lysate.

Half of each sample was run on a 1.5% agarose/TBE gel (Fig. 2.3).

2.13.3.2. Automated sonication

To test automated sonication we used the Diagenode Bioruptor. Unclarified
lysate from bead-broken cells was made up to 1 ml with FA lysis buffer and 1 ml
was transferred to each of six sonication tubes. Samples were subjected to 30
second pulses at maximum power (30 seconds sonication, 30 seconds rest). A
sonication time-course was performed, with tubes receiving 2, 4, 6, 8, 10 & 12
pulses, respectively. A proportion of lysate equivalent to 4 OD units of cell culture
were centrifuged for 30 minutes at 16,363 rcf, 4°C. Supernatant was transferred
to a new microcentrifuge tube and 100ul protease (Sigma) added with 1% CaClz.
This mixture was incubated for 2 hours at 42°C, and then 65°C overnight to
reverse crosslinks. Phenol-chloroform DNA extraction was performed on lysate.

Half of each sample was run on a 1.5% agarose/TBE gel (Fig. 2.4).
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Figure 2.3. Sonication time-course using a manual sonicator. Lane 1
contains a A phage DNA ladder (Promega; 23.1 kb, 9.4 kb, 6.6 kb, 4.4 kb, 2.3 kb,
2 kb and 524 bp), lane 2 contains a 1 kb DNA ladder (NEB; 10 kb, 8 kb, 6 kb, 5
kb, 4 kb, 3 kb, 2 kb, 1.5 kb, 1 kb and 500 bp), lane 3 contains a 100 bp DNA
ladder (NEB; 1.5 kb, 1.2 kb, 1 kb, 900 bp, 800 bp, 700 bp, 600 bp, 500 bp, 400
bp, 300 bp, 200 bp and 100 bp), lane 4 contains yeast genomic DNA (Gen). Lane
5 contains DNA that was bead-broken but unsonicated (0). Lanes 6-11 contain
bead-broken DNA that was subjected to 1, 2, 4, 6, 8 & 10 pulses (indicated above
gel) in a manual sonicator, respectively. Lane 12 contains a 100bp DNA ladder
(NEB). Lane 13 contains a 1kb DNA ladder (NEB). Lane 14 contains a A phage

DNA ladder (Promega).
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Figure 2.4. Sonication time-course using a Diagenode Bioruptor sonicator.
Lane 1 contains a A phage DNA ladder (Promega; 23.1 kb, 9.4 kb, 6.6 kb, 4.4 kb,
2.3 kb, 2 kb and 524 bp), lane 2 contains a 1 kb DNA ladder (NEB; 10 kb, 8 kb,
6 kb, 5 kb, 4 kb, 3 kb, 2 kb, 1.5 kb, 1 kb and 500 bp), lane 3 contains a 100 bp
DNA ladder (NEB; 1.5 kb, 1.2 kb, 1 kb, 900 bp, 800 bp, 700 bp, 600 bp, 500 bp,
400 bp, 300 bp, 200 bp and 100 bp), lane 4 contains yeast genomic DNA (Gen).
Lane 5 contains DNA that was bead-broken but unsonicated. Lanes 6-11 contain
bead-broken DNA that was subjected to 2, 4, 6, 8, 10 & 12 pulses in a manual
sonicator, respectively. Lane 12 contains a 100bp DNA ladder (NEB). Lane 13
contains a 1kb DNA ladder (NEB). Lane 14 contains a A phage DNA ladder

(Promega).
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Figure 2.3 shows a gradual decrease in fragment length, with 10 pulses yielding
an average fragment length of approximately 500 bp. Figure 2.4 shows that the
DNA fragment size is also reduced using an automatic sonicator, but the near-
immediate reduction in DNA fragment size may indicate DNA degradation, and
for this reason it was decided to use a manual sonicator in future ChIP
experiments. From this analysis, it was determined that a programme of 10 10-
second pulses at 9 amplitude microns was sufficient to generate DNA fragments

of 500 bp in size.

2.13.4. Chromatin immunoprecipitation (ChlP)

2.13.4.1. Cross-linking

Chromatin immunoprecipitation protocol was adapted from Current Protocols (O.
Aparicio et al., 2005). Cells were grown to log phase as described previously.
Formaldehyde (Sigma) was added to a final concentration of 1 % and cells were
incubated for 20 minutes at room temperature with shaking. To quench the cross-
linking reaction, glycine was added to a final concentration of 50 mM and cultures
were incubated with shaking for a further 5 minutes. These cultures were
transferred to 50 ml tubes and pelleted by centrifugation. Supernatant was
discarded and cross-linked cells were washed twice in cold Tris-buffered saline
(TBS). Cross-linked cells were either stored at -80°C at this stage or used

immediately to prepare cell lysates.
2.13.4.2. Preparation of cell lysates

Cross-linked cell pellets were resuspended in 400 pl FA lysis buffer (50 mM
HEPES, 140 mM NaCl, 1 mM EDTA,1 % Triton X-100, 0.1 % sodium
deoxycholate) supplemented with a protease inhibitor (Pl) mix (Sigma P2714-

1BTL, resuspended according to manufacturer's instructions) and 2 mM
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phenylmethylsulfonyl fluoride (PMSF) (Sigma). Resuspended cells were split
between two 1.5 ml tubes and 400 pl of 400 um-600 um glass beads (Sigma)
were added to each. All subsequent steps were performed at 4°C unless stated
otherwise. Cells were lysed by vortexing for 45 minutes at maximum speed using
a Genie |l vortexer with 12-tube adaptor. Microcentrifuge tubes were pierced with
a 23-G needle and tubes were placed in 15 ml centrifuge tubes. These 15 ml
tubes were centrifuged at 1000 rcf for 5 minutes. Lysate was collected from the
tubes, pooled in a 1.5 ml microcentrifuge tube and made up to 1 ml with FA lysis

buffer/PI/PMSF.

Lysates were subjected to sonication in a Sanyo Soniprep 150 sonicator.
Samples were sonicated in 1.5ml tubes on ice at 9 amplitude microns, and
subjected to 12 pulses of 10 seconds duration. Samples were stored on ice for 1

minute between pulses to prevent over-heating.

Lysates were then clarified by centrifugation at 16,363 rcf in a microcentrifuge for
30 minutes at 4°C. Supernatant was transferred to a new 1.5ml tube and aliquots

equivalent to 5 or 10 OD volumes were made. Lysate was stored at -80°C

2.13.4.3. Immunoprecipitation.

Cross-linked lysates were thawed on ice and made up to 500 pl with FA lysis
buffer containing protease inhibitor. 20 pl was taken from each as input. Inputs
were protease-treated by adding 100 ul ChIP elution buffer (25 mM Tris CI [pH
7.5], 5 mM EDTA, 0.5 % SDS), 5 mM CaClz and 2 mg/ml protease type XIV
(Sigma) to each 20 pl input sample and bringing the mixture to 200 ul with 60 pl
TE (pH 7.5). These samples were incubated at 42°C for 2 hours and cross-links
were reversed by incubating at 65°C for 6 hours. Inputs were purified using a

Qiagen QiaQuick PCR purification kit as per manufacturer’s instructions.
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To pre-bind antibodies to beads, 40 pl protein A sepharose beads (Sigma) or 30
pl magnetic Dynabeads (Life Technologies) were washed three times for 5
minutes in 1ml FA lysis buffer. Washed beads were resuspended in FA lysis
buffer and antibody was added to the solution. Antibody-bead complexes were
formed by incubation for 2 hours at 4°C followed by being washed three times for
5 minutes in 1ml FA lysis buffer. This mixture was distributed evenly between

cross-linked lysates and incubated at 4°C overnight.

If antibodies and beads were not to be pre-bound, antibody was added to the
remaining 480 pl lysate and incubated with rotation at 4°C overnight. The
following morning, 40 pl protein A or G sepharose beads (Sigma) or 30 pl
magnetic Dynabeads (Life Technologies) were washed three times for 5 minutes
in 1ml FA lysis buffer. Washed beads were resuspended in FA lysis buffer and
distributed evenly between lysates containing antibody. This mixture was

incubated for 2 hours at 4°C.

The antibody-bead complexes were washed in 1ml FA lysis buffer for 5 minutes,
followed by either one or two washes in 1 ml ChIP wash buffer #1 (50 mM HEPES
[PH 7.5], 0.5 M NaCl, 1 mM EDTA, 1 % Triton X-100, 0.1 % Sodium
deoxycholate), either one or two washes in 1 ml ChIP wash buffer #2 (10 mM
Tris-Cl [pH 8.0], 0.25 M LiCl, 1 mM EDTA, 0.5 % NP-40, 0.5 % Sodium
deoxycholate) and a single wash in 1 ml TE (pH 7.5). Beads were pelleted by
centrifugation at 2152 rcf for 2 minutes (if using sepharose slurry) or bound to a
magnet (if using Dynabeads) and supernatant was aspirated and discarded

between washes.

After the final wash, beads were resuspended in 250 ul ChlIP elution buffer (25

mM Tris Cl [pH 7.5], 5 mM EDTA, 0.5 % SDS) and mixed. The suspension was
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incubated at 65°C for 20 minutes and rotated for 10 minutes at room temperature.
Samples were centrifuged at 16,363 rcf for 1 minute and supernatant was

transferred to a new 1.5 ml tube.

To protease-treat IP samples, 3mg/ml protease and 5mM CaClz added and the
solution was incubated at 42°C for 2 hours. Cross-links were reversed by
incubation at 65°C for 6 hours. IPs were purified using a QiaQuick PCR
purification kit (Qiagen) according to manufacturer’s instructions. Inputs and IPs

were diluted in water prior to qPCR (Table 2).
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Antibody

Tup1

Pol Il

Myc

H3

H3K9ac

H3K14ac

H4ac4

Snf2-N

FRB

H3K4me3

H3K36me3

Pre-bind? Number of

No

No

No

Yes

No

No

No

No

No

No

No

washes

Amount of Protein Source

antibody AorG

1.5ul A J. Reese
4.5ul A/G Covance (MMS-
mix 126R)
2.5yl G Millipore (05-724)
4pl A Active Motif (39163)
2.5ul G Millipore (07-352)
2.5ul G Millipore (07-353)
3ul G Millipore (06-866)
2.5ul G J. Reese
2yl AIG Enzo (ALX-215-
mix 065-1)
4l A Active Motif (39159)
3.5l G Abcam (ab9050)

Table 2.2. Antibodies and conditions for chromatin immunoprecipitation.
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2.14. Real-time PCR (qPCR)

Template DNA for gPCR was either cDNA for transcriptional analysis or IP/Input
DNA for ChIP analysis. qPCR was analysed by relative quantification using a
standard curve on an Applied Biosystems StepOne Plus real-time PCR system.
These standards were made using ChIP input DNA which was ten-fold serially
diluted. cDNA and IP/input DNA was diluted appropriately within the standard
curve. gPCR was performed using a 20ul reaction containing 1X Applied
Biosystems Power SYBR Green (Thermo), 150nM of each primer, 2ul template
DNA and dHz0 to 20pl. qPCR performance and analysis adhered to the Minimum
Information for Publication of Quantitative Real-Time PCR Experiments (MIQE)
guidelines (Bustin et al., 2009). gPCR primer specificity and efficiency was
measured by melt curve analysis. Reference genes were chosen based on
previously published data and in the case of novel strains or where data was

unavailable, suitability was empirically tested.

cDNA generated from mRNA for transcription analysis was analysed by
comparing the relative amounts of target gene cDNA to cDNA from ACT1, which
was a control gene. ACTT1 levels are stable in all mutants tested and target gene
transcripts were quantified using this as a control. Reverse-transcriptase (RT)
negative samples were used to control for DNA contamination in transcription

analysis.

gPCR on ChIP experiments was analysed using PCR purified IPs and inputs.
Levels of enrichment were determined by comparing the levels of IP (which is
indicative of protein occupancy at a given region) to input (which controls for

quantities of DNA in a given sample). An example of IP/input used to determine
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histone H3 levels at the FLO7 gene promoter (FLO1) compared to an intergenic

control region in chromosome V (IntV) is shown in Figure 2.5A.

When analysed using an antibody raised against histone H3, a DNA enrichment
corresponding to the FLO7 gene promoter (FLO1) is seen in wild type (wt) relative
to ssn6 mutants. This indicates that more H3 is bound to this region in wild type
strains compared to ssn6 mutants. However, at the intergenic control region used
to monitor H3 occupancy (IntV), wild type and ssn6é mutant strains have similar
levels of DNA enrichment indicative of H3 occupancy at this locus. When FLO1
is normalised to IntV (Fig. 2.5B), it can be seen that wild type strains have a higher
level of H3 occupancy at FLO7 than ssn6 mutants, but the difference in H3
occupancy in wild type and ssn6 mutant strains is more pronounced due to the
slightly higher level of enrichment at IntV in an ssn6 mutant, which may be the
result of differing IP efficiencies. Normalisation to an internal control region is not
strictly required, but results in better reproducibility in analysis of ChIP qPCR

data.
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Figure 2.5. Analysis of Chromatin Immunoprecipitation (ChiP). ChIP analysis
of H3 occupancy of the FLO7 promoter in wild type (wt) and ssn6 mutant strains.
(A) IP/input of H3 occupancy 585 bp upstream of the FLO1 transcription start site
(TSS) (FLO1) and at an intergenic region of chromosome V (IntV). (B) H3
occupancy of the FLO71 promoter 585 bp upstream of the FLO7 TSS (FLO1)
normalised to an intergenic region of chromosome V (IntV). This figure shows a

single, representative example of the normalisation method (n=1).
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2.15. Western Inmunoblotting

SDS-PAGE gels were soaked in transfer buffer (25 mM Tris, 190 mM glycine &
20% methanol). Protein was transferred to a polyvinylidene fluoride (PVDF)
membrane (Immobilon) in transfer buffer at 300 mA for 40 minutes. After transfer,
membranes were blocked using blocking buffer (5% dried skimmed milk in Tris-
buffered saline with 0.05% Tween 20 [TBST]) for 30 minutes. Primary antibody
was diluted appropriately in blocking buffer and membranes were incubated in
this solution with gentle agitation at 4°C overnight. Antibodies used in Western

blot are listed in Table 2.3.

After incubation, membranes were washed 4 times for 5 minutes each in TBST.
Horseradish peroxidase-conjugated secondary antibody was diluted 1:10,000 in
blocking buffer, and membranes were incubated in this solution for 90 minutes at
room temperature. Secondary antibody solution was poured off and membranes
were washed for 10 minutes in TBST, and for three further washes of 10 minutes
in TBS. Membranes were incubated in enhanced chemiluminescent (ECL)
substrate (Pierce) for 5 minutes before being developed using film and/or a GE

Las4000 imager.

83



Protein Concentration Species Source

B-actin 1:3,000 Mouse Abcam (ab8224)
Myc 1:5,000 Mouse Millipore (05-724)
Ssn6 1:500 Goat Santa Cruz (sc-

11953)

Tup1 1:5,000 Rabbit J. Reese

Gcenb 1:500 Rabbit Santa Cruz (sc-9078)

H3 1:5,000 Rabbit Active Motif (39163)
H3K9ac 1:3,000 Rabbit Millipore (07-352)
H3K14ac 1:2,500 Rabbit Millipore (07-353)
H4ac4 1:6,000 Rabbit Millipore (06-866)

H3K4me3 1:3,000 Rabbit Active Motif (39159)
H3K36me3 1:1,000 Rabbit Abcam (ab9050)

Table 2.3. Antibodies used in Western immunoblotting. Table showing
antibodies used in Western blot analysis of proteins. All antibodies were diluted

in 5 % skimmed milk in tris-buffered saline with 0.05% Tween 20 (TBST)

84



2.15.1. Confirmation of Myc-tagged Sas3p

In some cases where ChIP was to be performed on a protein of interest, antibody
with specificity to the native target protein was unavailable or not of sufficient
quality for ChlP analysis. In these instances, target proteins were tagged with 9-
Myc epitopes and immunoprecipitated using anti-Myc. Epitope-tagging was
carried out and confirmed genomically by PCR as described previously. In order
to confirm that proteins of interest were expressed with the desired tag and to the
correct molecular weight, Western blots were performed, as in the case of Sas3p

(Figure 2.6).
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Figure 2.6. Confirmation of Myc tag in Sas3-Myc and ssn6é + Sas3-Myc.
Western blot of global Myc-tagged Sas3p and Ssn6p levels in wild type (wt), ssn6

mutant, Sas3-Myc and ssn6 + Sas3-Myc strains. -Actin was used as a loading

control.
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Ssn6p was present, though there was no Myc detected in un-tagged wild-type
cells (Fig. 2.6). ssn6 mutant strains with not Myc tag present had no detectable
Myc or Ssn6p when analysed by Western blot. Strains containing a Sas3p tagged
with a Myc epitope displayed a Myc-tagged Sas3p of the correct size (~107kDa)
both in the presence (Sas3-Myc) and absence of Ssn6p (ssn6 + Sas3-Myc). This

analysis confirmed that a Myc-tagged Sas3p was present in these strains.

2.16 Statistical analysis of experiments.

Experiments were performed using 2-4 biological replicates (as labelled), and in
the case of growth curves and qPCR, Standard Error of the Mean (SEM) was
calculated. To assess the statistical significance of each result between mutant
strains, an un-paired Student’'s T-test was performed on data using Microsoft
Excel, where a result was deemed statistically significant if a p-value of <0.05

was obtained.

For comparison of microarray and cell size datasets, a Mann-Whitney test was
performed using Graphpad Prism statistical analysis software. This was an
unpaired, two-tailed test, where a result was deemed statistically significant if a

p-value of <0.05 was obtained.

2.17 Analysis of microarray data.

tup1 mutant transcription profiles were obtained from experiments performed by
DeRisi et al (DeRisi et al., 1997). ssn6 mutant transcription data was generated
by experiments performed by Fleming, A.B (personal communication). Initial
bioinformatics analysis was performed by Hokamp, K and Sivasankaran, S. The

two mutant datasets were then compared in Microsoft Excel and genes were
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annotated using Saccharomyces Genome Database (SGD-
www.yeastgenome.org). Gene groupings were assigned based on functions
described on SGD. This data can be found on the supplementary CD (Tables S4

and S5).
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Chapter 3

Investigating phenotypic differences between tup7 and ssné

mutants
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3.1. Introduction

Tup1-Ssn6 is a transcriptional co-repressor complex composed of a single Ssn6p
subunit and 4 Tup1p subunits (Varanasi et al., 1996). The complex does not bind
DNA directly, but is recruited to target genes by site-specific DNA-binding
proteins (Komachi et al., 1994; Treitel and Carlson, 1995). Tup1p possesses a
“repression domain” which has been shown to interact with histones (Edmondson
et al., 1996). Ssn6p has been shown to bind to Tup1p and the recruiting factors
thereby tethering Tup1p to target genes (Tzamarias and Struhl, 1994). This has
led to the model whereby Tup1p contains the repressive activity of the complex,
and Ssn6p acts as a link between Tup1p and target genes. The aim of this study
was to further investigate the contributions of each subunit to gene repression
and to determine if either could act independently. | therefore analysed wild type
(wt) and single tup1 and ssn6é mutants and a tup 7 ssn6 double mutant for various
phenotypes. The model would predict that if Tup1p and Ssn6p functioned solely
as a complex, then single tup 1, ssn6 and double tup 1ssn6 mutants would all have

the same phenotypes relative to the wild type.

3.2. Results

3.2.1. Growth differences between tup? and ssn6 mutants

To investigate the effect of tup7 and ssn6 gene deletion mutations, | first analysed
cell growth in these strains. Wild type (wt), ssn6 and tup1 single mutants and a
tup1 ssn6 double mutant (YMC12) were grown to log phase and each cell culture
was adjusted to a starting cell density of 5 x 105 cells/ml. Cell growth was then

monitored by monitoring ODeoo values of each strain over time (Figure 3.1).
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Figure 3.1: Growth differences between tup7 and ssn6é mutants. Wild type
(wt), tup1 and ssn6 single mutants and a fup 7ssn6 double mutant were diluted to
2x105 cells/ml and grown at 30°C for 18 hours. ODsoo readings were taken every
2 hours. The fold-increase in ODsoo reading relative to the first reading over the
time course is shown. Data shown is from a single experiment, representative of

the relative growth rates between mutants.

91



The tup1 mutant had a slower growth rate than the wild type (Fig. 3.1). However,
the ssn6 single and the tup?1 ssn6é double mutant have progressively slower
growth rates than either the wild type or the tup7 single mutant. This suggests
that deletion of SSN6 has a more severe impact on cell growth than loss of TUP1

and loss of both TUP1 and SSN6 has the most severe impact on growth.

3.2.2 tup1 and ssn6 mutants have distinct stress-response phenotypes

Having established that fup?7 and ssn6 mutants exhibit different growth rate
phenotypes, it was decided to investigate whether there were other differences
in phenotypes between the mutant strains. Wild type, tup7 and ssn6 single
mutants and a tup? ssn6 double mutant were therefore assayed for their
response to various stresses using plate assays (Figure 3.2). The phenotypes of
the strains were examined in response to heat shock (Fig. 3.2B and 3.2C), cell

wall stress (Fig. 3.2D), and DNA replication stress (Fig. 3.2E)
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Figure 3.2. Phenotypic differences between tup1 and ssné mutants. (A) Wild
type, ssn6 and fup1 single mutants and a tup7ssn6é double mutant were grown
on YEPD at 30°C as a control for cell growth on solid medium. (B) Cells were
grown on YEPD at 37°C to test temperature stress phenotypes. (C) Cells were
grown on YEPD at 42°C to test temperature stress phenotypes. (D) Cell wall
stress. Cells were grown at 30°C on YEPD containing 0.01% SDS (E) Replication
stress. Cells were grown on YEPD and YEPD containing 70mM hydroxyurea
(HU) at 30°C. All cells were serially diluted from an initial cell density of 2 x107

cells/ml prior to growth on solid media.
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Figure 3.2 shows cell growth of each strain on plates under the conditions
indicated following serial dilution of strains normalised to the same starting cell
density. All mutant growth phenotypes were compared to the growth of each
strain on the 30°C YEPD control plate (Fig. 3.2A). It is important to note that the
difference in the growth rate of the mutants compared to wild type, as shown in
figure 3.1 is evident on the 30°C YEPD control plate. Taking the different growth
rates into account, the data show that compared to wild type cells, fup7 mutants
showed no sensitivity to heat shock at both 37°C and 42°C (Fig. 3.2B and 3.2C).
However, both ssn6 single and tup? ssn6 double mutants displayed severe
growth impairment under these conditions, with the ssn6 mutant being the most

heat-sensitive.

When cells were exposed to cell wall stress caused by the addition of SDS to the
growth medium, all mutants exhibited impaired growth compared to wild type cells
(Fig. 3.2D). However, the tup71 mutant was inhibited the most by SDS. | next
examined the sensitivity of the mutants to hydroxyurea (HU). HU causes
replication stress by inhibiting the enzyme ribonucleotide reductase and therefore
reducing the pool of available deoxyribonucleotides (Elford, 1968). The data
show that the tup7 mutant showed no growth defect on YEPD agar containing
HU compared to wild type cells (Fig. 3.2E). However, an ssné6 single mutant and
a tup1 ssn6 double mutant were more sensitive to HU and growth on the HU
plates was drastically impaired. Again, the ssn6 mutant showed the most severe
phenotype, being the most sensitive to HU. This suggests that Tup1p and Ssn6p

contribute differently to various cell stresses.
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3.2.3. tup1 and ssn6 mutants exhibit different cell size phenotypes

Having established that tup7 and ssn6é mutants display distinct growth and stress
response phenotypes, | next investigated cell morphology. Cells were grown to
log phase and equal numbers of cells were viewed on a light microscope (Fig.
3.3A). Cells were also analysed using a Tali image-based cytometer, and
histograms were constructed representing the distribution of cell sizes in wild
type, ssn6 and tup1 single mutant and tup? ssn6 double mutant cell populations

(Fig. 3.3B).
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Figure 3.3. Cell phenotype in wild-type, ssn6 and tup?7 mutant strains.
Cultures were adjusted to 2x107 cells/ml and cells were (A) observed at 400x
magnification and (B) analysed using a Tali Image Cytometer to assess cell size
in wild type, ssné6, tup1 and tup1 ssn6 mutants. Data was analysed using a Mann-

Whitney test to compare cell size distribution between mutants.
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The data show differences in cell size between fup 1 and ssn6 mutants (Fig. 3.3).
Fig. 3.3A shows a large cell phenotype in ssné6 single and tup? ssn6 double
mutants. tup7 single mutants did not appear enlarged relative to the wild type.
Figure 3.3B shows histograms indicating cell size distributions within the cell
populations. Wild type cells had an average size of 7.6um, ssn6 mutants were an
average size of 8.5um, tup?1 mutants displayed an average size of 6.3um and
tup1 ssn6 double mutants had an average cell size of 8.6 um. While the average
size of the ssn6 single and tup1 ssn6 double mutants were greater than that of
both the wild type and tup7 mutant, the histograms showed that this may be due
to a greater variety in cell size seen in these mutants compared to the other
strains rather than a uniform increase in cell size. Statistical analyisis of cell size
distribution using Mann-Whitney tests to compare strains revealed that ssné
mutants were significantly larger than tup7 mutants (p=0.035) and tup? ssné
mutants (p=0.001). The impact of the loss of Ssn6p on cell size in the tup? ssn6
double mutant compared to the tup? single mutant suggests that it is the loss of

Ssn6p that causes an increase in cell size.

3.2.4. tup1 and ssn6 mutants exhibit different flocculation phenotypes

One striking phenotype exhibited by fup? and ssn6 mutants is flocculation.
Flocculation is the non-sexual, calcium-dependent aggregation of cells due to
expression of lectin-like cell wall proteins known as flocculins (Smukalla et al.,
2008). This phenotype is a stress response, and the major flocculin-encoding
gene in S. cerevisiae is FLO1. In order to establish whether there were
differences in the flocculation phenotypes of tup? and ssn6é mutants, two
flocculation assays were performed. In one, which was designed to determine the

size and morphology of flocs, cultures were adjusted to the same cell density in
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tissue culture plates and cells were dispersed by agitation. Five minutes after the
cessation of agitation, the cells were photographed. Flocculating cells form
clumps whereas non-flocculent cells do not and remain dispersed. The
experiment was repeated in the presence of EDTA as a control which inhibits

flocculation by chelating Ca?* ions (Figure 3.4A).

In the second assay, which was designed to address the rate of cell
sedimentation between fup? and ssn6 mutants, cultures were adjusted to the
same cell density, agitated to disperse flocs and then the optical density of the
cultures was analysed by spectrophotometry over time. The flocculent cultures

displayed a drop in optical density over time (Figure 3.4B).
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Figure 3.4. Flocculation in wild-type, ssn6, tup? and tup1 ssn6 mutant
strains. Cultures were adjusted to 2x107 cells/ml and observed in tissue culture
plates, both without (A) and with the addition of 10mM EDTA. Level of flocculation
(Flo+) is scored underneath. (B) Sedimentation of wild type (wt), ssn6 and tup1
single mutants and a tup 7 ssn6 double mutant measured by spectrophotometry.
Values shown are optical density (ODsoo) readings normalised to the original
ODesoo value of the culture.
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In the first assay, wild type cultures did not have a flocculent phenotype in the
presence or absence of 10mM EDTA (Fig. 3.4A, wt). ssn6 mutants were highly
flocculent, but this phenotype was lost upon the addition of EDTA (Fig. 3.4A,
ssn6). tup1 mutants also exhibited a flocculent phenotype which was dispersed
by EDTA, but these mutants appeared to form larger, tighter flocs than ssné
mutants (Fig. 3.4A, tup?). tup?1 ssn6é double mutants displayed a similar
flocculation phenotype to ssn6 single mutants where flocs were less dense than
tup1 single mutants. tup? ssn6 mutant flocs were also dispersed by the addition
of 10mM EDTA (Fig. 3.4A, tup1 ssn6). This suggests that ftup1 and ssn6 mutants
display different flocculation phenotypes, with ssn6 and tup? ssné mutants

forming smaller flocs than tup7 mutants.

In a separate assay measuring cell sedimentation, wild type cultures did not
exhibit a decrease in optical density over time, due to the lack of flocculation in
this strain (Fig. 3.4B, wt). ssn6 mutants showed a rapid drop in optical density,
indicating sedimentation of flocculent cells in this strain (Fig. 3.4B, ssn6). tup1
mutants also sediment rapidly compared to wild type strains, though this strain
“settled” less than the ssn6 mutant by one hour (Fig. 3.4B, tup7). tup1 ssné
mutants exhibit the most dramatic sedimentation by one hour and do so more
quickly than both ssn6 and tup? single mutants (Fig. 3.4B, tup? ssn6). This
suggests that there are different rates of sedimentation between fup? and ssné
mutants, and that a fup? ssn6 double mutant exhibits the most dramatic

sedimentation due to its flocculent phenotype.
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3.2.5. FLO1, FLO5 and FLO9 transcription is de-repressed in tup? and ssn6

mutants

FLO1 is the dominant member of a family of flocculin-encoding genes in S.
cerevisiae (Teunissen and Steensma, 1995). FLO5 and FLO9 are also genes
responsible for flocculation. FLO5 and FLO9 are 96% and 94% identical to FLO1,
respectively, and confer distinct flocculation phenotypes of their own (Teunissen
and Steensma, 1995; Van Mulders et al., 2009). However, while FLO1 regulation
by Tup1-Ssn6 is well-characterised, it is unknown if FLO5 and FLO9 are

regulated by the complex.

Having established differences in flocculation phenotype between tup1 and ssné
mutants (Fig. 3.4), it was decided to monitor transcription of the FLO1, FLOS5 and
FLOS9 genes in these strains to determine if differences are solely due to FLO1
transcription, or arise from transcription of the other flocculin-encoding genes in

tup1 and ssn6 mutants (Figure 3.5).
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Figure 3.5. FLO1, FLOS, and FLO9 transcription. FLO1, FLO5, and FLO9
transcription in wild type cells, ssn6 and tup? single mutants and a tup7ssné
double mutant was measured by qRT-PCR. FLO transcripts were normalised to
transcription of the ACT7 gene. Asterisks represent a p-value of p=<0.05
obtained from a Student’s t-test. Values represent data from 2-4 independent

experiments.

102



In the non-flocculent wild type (wt) strain, there was no detectable FLO1
transcription (Fig. 3.5). In an ssn6 single mutant, FLO7 was highly de-repressed.
The tup?1 mutant exhibited FLO7 de-repression, but displayed a significantly
lower level of FLO1 transcription compared to an ssn6é mutant. This suggests a
greater role for Ssn6p in repression of FLO1 transcription. However, when both
SSN6 and TUP1 were deleted (fup1 ssn6), a similar level of FLO7 transcription
to an ssn6 single mutant was evident. This suggests that Ssn6p may retain a

repressive role in the tup 1 single mutant.

| next investigated FLOS and FLOY transcription in the tup7 and ssn6 mutants to
determine if these genes contributed to the flocculation phenotypes observed in
figure 3.4. In the non-flocculent wild type (wt) strain, there was no detectable
FLOS5 or FLOQ transcription (Fig. 3.5). In an ssn6 single mutant, FLO5 and FLO9
were highly de-repressed, though to a lower level than FLO7. The tup1 mutant
exhibited FLOS5 and FLO9 de-repression, but displayed a reproducibly lower level
of FLO5 and FLQO9 transcription compared to an ssn6 mutant, though this
difference was more apparent at FLOS5. This suggests a greater role for Ssn6p in
repression of FLO5 and FLOS9 transcription. However, when both SSN6 and
TUP1 were deleted (tup? ssn6), a similar level of FLO5 and FLO9 transcription
to an ssn6 single mutant was evident. This suggests that Ssn6p may retain a

repressive role in the tup7 single mutant at FLO5 and FLO9 as well as at FLO1.

Taken together, the data show that in the absence of Tup1p or Ssnép FLOT is
de-repressed to the greatest extent, followed by FLO5 and then FLO9. The data
show that Ssn6p has the greatest role in FLO gene repression, since in its
absence FLO gene transcription is de-repressed the most. Furthermore, the data

suggests Ssn6p may exert a repressive effect in the absence of Tup1p.
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3.2.6. tup1 and ssn6 mutants display different levels of SUC2 transcription

Another gene under the transcriptional control of Tup1-Ssn6 is SUC2. SUCZ2
encodes invertase; an enzyme required for the metabolism of sucrose, and has
been studied extensively in the context of Tup1-Ssn6 gene regulation (Fleming
and Pennings, 2007), (Treitel and Carlson, 1995). SUC2 is repressed by Tup1-
Ssn6 in the presence of high glucose concentrations and is transcribed in

response to low glucose (Ozcan et al., 1997).

| therefore monitored transcription of SUC2 in ssn6 and fup? mutants during

growth in media containing either high or low glucose concentrations. (Figure 3.6)
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Figure 3.6. SUC2 transcription in tup1 and ssn6 mutants. SUC2 transcription
was monitored in wild type, ssn6, tup1 single mutants and a tup7ssn6 double
mutant grown in 2% glucose (repressed) and 0.05% glucose (de-repressed), by
gRT-PCR. Transcription is shown relative to ACT1 gene transcription with all
strains relative to de-repressed tup1ssné6 transcript levels. Asterisks represent a
p-value of p=<0.05 obtained from a Student’s t-test. Error bars represent standard

error of the mean (SEM) from 3 independent experiments.
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When wild type cells were grown in high glucose (2%), SUC2 transcription was
repressed (Fig. 3.6) (Ozcan et al., 1997). However, ssn6 mutants showed a high
level of SUCZ2 de-repression compared to wild type under these conditions (Fig.
3.6, compare ssn6 R to wt R). When grown in high glucose, tup 1 mutants showed
significant SUC2 de-repression relative to wild type cells, but transcription was
significantly lower compared to ssn6 mutants (Fig. 3.6; compare ssn6 R to tup1
R). This suggests a greater role for Ssn6p in repression of SUC2 transcription.
Interestingly, tup1 ssn6 mutants showed similar levels of SUC2 de-repression to
the ssné6 single mutant under conditions of high glucose (Fig. 3.6, compare tup1
ssn6 R to ssn6 R). This suggests that under SUC2-repressing conditions, Ssn6p

may retain a repressive role in the tup1 single mutant.

When wild type cells were grown in low glucose (0.05%), SUC2 was de-
repressed (Fig. 3.6, wt) (Ozcan et al., 1997). However, ssn6 mutants showed a
high level of SUC2 de-repression compared to wild type under these conditions
(Fig. 3.6, compare wt D and ssn6 D). Furthermore, the transcription was
significantly higher than the level of SUC2 de-repression in this mutant grown in
high glucose (Fig. 3.6, compare ssn6 D and ssn6 R). Under growth in low
glucose, tup?1 mutants also showed significant SUC2 de-repression relative to
tup1 mutants grown in high glucose (Fig. 3.6, compare tup7 D and tup? R), but
SUC?2 transcription was significantly lower compared transcription in to ssné
mutants grown in low glucose (Fig. 3.6, compare tup7 D and ssn6 D). This again
suggests a greater role for Ssn6p in repression of SUC2 transcription. In the fup1
ssn6 mutant grown in low glucose, the levels of SUC2 de-repression were similar
to the levels in the ssné6 single mutant (Fig. 3.6, compare tup? ssn6 D and ssn6é
D). This suggests that under SUC2 de-repressing conditions, Ssn6p may retain

a repressive role in the tup1 single mutant.
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Under both SUC2 repressing and de-repressing growth conditions, SUC2
transcription in ssn6 single and tup? ssn6 double mutants was more highly de-
repressed than in tup? mutants. Furthermore, when grown under SUC2 de-
repressing conditions (D), ssn6 and tup? ssn6é showed further SUC2 de-
repression compared to transcription in SUC2-repressing conditions (R). This
suggests that Ssn6p may be carrying out a repressive role at SUC2 even under

conditions of wild type and fup? mutant SUC2 de-repression.

3.2.7. tup1 and ssn6 mutants show different patterns of global gene de-

repression

The FLO1 and SUC2 data suggested a greater role for Ssn6p in repression of
gene transcription (Fig. 3.5 and 3.6). It was therefore decided to investigate
transcription of Tup1-Ssn6-regulated genes on a global scale in tup7 and ssn6
mutants. To do this, | analysed transcription microarray data showing gene de-
repression in a tup1 mutant from DeRisi et al, by obtaining the gene list from the
Yeast Microarray Global Viewer (http://www.transcriptome.ens.frlymgv/), and
identifying genes that were >2-fold up-regulated in a tup7 mutant compared to
wild type. This was compared to transcription microarray data obtained from an
ssn6 mutant from Fleming, AB (See Supplemental data) (DeRisi et al., 1997).
The fold-de-repression compared to a wild type control in each case was used to

determine the effect of each mutant on transcription (Figure 3.7).
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Figure 3.7. Global gene transcription in tup1 and ssn6 mutants. (A) Venn
Diagram of genes de-repressed at least two-fold in tup? and ssn6 mutants
relative to wild type. (B) Fold-de-repression of genes de-repressed in both tup?
and ssn6 mutants relative to wild type strains (114). Venn diagram was generated
using Venny (http://bioinfogp.cnb.csic.es/tools/venny/index.html). Asterisks

represent a p-value of <0.05 as determined using a Mann-Whitney U test.
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According to this analysis, 420 genes were found to be de-repressed over two-
fold relative to the wild type control in an ssné6 single mutant, whereas 229 genes
were de-repressed relative to the wild type in a tup? mutant (Fig. 3.7A). This
included 114 genes that were de-repressed in both tup7 and ssn6 mutants. Thus,

Ssn6p repressed a greater number of genes than Tup1p.

In the subset of 114 genes that were de-repressed in both fup?7 and ssn6
mutants, gene de-repression in an ssn6 mutant showed transcription 12.2-fold
greater than in the wild type. However, tup 1 mutants showed gene de-repression
that was only 6.8 times that seen in the wild type control. This suggests that when
loss of either Tup1p or Ssn6p causes de-repression of a gene, ssn6 mutants
cause genes to be more highly de-repressed than tup?7 mutants. Thus, on

average, Ssn6p plays a greater role in gene repression than Tup1p.

3.2.8. Different classes of genes are de-repressed in tup7 and ssn6 mutants.

The previous analysis established that different numbers of genes were de-
repressed in tup 1 and ssn6 mutants, and that the commonly de-repressed subset
of genes were repressed to different levels in the strains (Fig. 3.7). The aim of
this analysis was to determine if Tup1p and Ssn6p regulated distinct classes of
genes. To investigate this, genes de-repressed only in the tup? (115) or ssné
(306) mutants and the genes commonly de-repressed in both strains (114) were
analysed for gene ontology using the same data used to construct figure 1.7. (Fig.

3.8).
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Figure 3.8. Analysis of genes transcribed in tup?1 and ssn6 mutants.
Breakdown of gene functions found to be de-repressed at least two-fold in tup1
and ssn6 mutants relative to wild type. (A) Genes de-repressed in tup7 mutants
only (115). (B) Genes de-repressed in ssn6 mutants only (306). (C) Genes de-

repressed in both tup7 and ssn6 mutants relative to wild type (114).
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The cellular functions of genes de-repressed by Tup1p and Ssn6p were different
depending on the mutant studied (Fig. 3.8). 36 structural genes were uniquely
de-repressed in a tup1 mutant (Fig. 3.8, tup7). This includes proteins involved in
cell wall synthesis. 12 genes involved in stress responses and 40 housekeeping
genes were also found to be de-repressed only in this strain. ssn6 mutants had
19 structural genes, 32 stress response genes and 78 housekeeping genes de-
repressed unique to this strain (Fig. 3.8, ssn6). 104 genes encoding ribosomal
proteins were also found to be de-repressed only in an ssn6 mutant. Genes de-
repressed in both fup? and ssn6 mutants included 40 housekeeping genes, 18
genes involved in cell structure and 16 stress response genes (Fig. 3.8,

common).

These data suggest that Tup1p and Ssn6p repress different classes of genes.
Tup1p repressed more structural genes than Ssn6p whereas Ssn6p repressed
ribosomal protein-encoding genes uniquely. This indicates that Tup1p and Ssn6p
may be regulating unique groups of genes separately from each other and that
these genes have different functions. These data are in agreement with van Bakel
et al who mapped nucleosome and transcription changes in tup? and ssné
mutants and found differences in gene expression between mutant strains (van
Bakel et al., 2013). , though in their own study, Hughes et al described the de-
repression observed in tup? and ssn6 mutants as very large and very similar

(Hughes et al., 2000).

3.2.9. Tup1p and Ssné6p display differences in global occupancy

The previous data indicated that tup7 and ssn6 mutants regulate distinct subsets
of genes (Fig. 3.7 and 3.8). This suggests that Tup1p and Ssn6p may be directly

recruited to different subsets of genes. If Ssn6p was regulating a greater number
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of genes than Tup1p directly, it would be expected that Ssn6p would be detected
at a greater number of genes than Tup1p. To test whether this was the case, |
analysed TAP-tagged Tup1p and Ssn6p global binding data from experiments
carried out by Venters et al (Venters et al., 2011). As part of this analysis, Tup1p
and Ssn6p binding to gene upstream activation sequence (UAS) regions was

compared (Figure 3.9).
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Figure 3.9. Occupancy of gene promoters by Ssnép and Tup1p. ChIP-chip
data from Venters et al (Venters et al., 2011). Tup1-TAP and Ssn6-TAP presence
over the -320 to -260 upstream activation sequence (UAS) regions scoring
above the false discovery rate (FDR) was included in this analysis. Venn diagram

was generated using Venny (http://bioinfogp.cnb.csic.es/tools/venny/index.html).
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Strikingly, the data showed that TAP-tagged Ssn6p (Ssn6-TAP) was detected at
1684 gene promoters in total (Fig. 3.9). However, Tup1-TAP was only detected
at 150 sites in the same analysis. Both Ssn6-TAP and Tup1-TAP were detected
together at 82 gene promoters in this analysis. This suggests that Ssn6p bound
a much greater number of gene promoters globally than Tup1p, and this
difference in promoter occupancy may explain the greater number of genes de-

repressed in an ssn6 mutant compared to a tup? mutant (Fig. 3.7).

3.2.10. ssn6 mutants display an increase of small RNA under glucose

starvation

During the analysis of SUCZ2 transcription, RNA was visualised on formaldehyde-

agarose gels (Figure 3.10).
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Figure 3.10. Small RNA vs ribosomal RNA (rRNA) in glucose-starved cells.
Cells were grown to log phase and washed. Half were incubated with 2% glucose
(high) and half with 0.05% glucose (low); Formaldehyde-agarose gel (1 %)
showing RNA in wild type (wt), ssn6 and tup7 single mutants and a tup7ssné

double mutant under high and low glucose.
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In wild type cells, strong bands representing 26S rRNA, 18S rRNA and tRNA
were visible on the formaldehyde-agarose gels under conditions of both high and
low glucose (Fig. 3.10), although there was a slight increase in small RNAs
relative to 18S rRNA in glucose-starved cells. However, there was a dramatic
increase in apparent tRNAs in the ssn6 mutant under low-glucose conditions (Fig.
3.10, see ssné6, low glucose). tup? mutants did not display an increase in this
small RNA to the same level as seen in an ssn6 mutant when cells were grown
in low glucose. However, tup1 ssn6 double mutants did exhibit a similar increase
in small RNAs relative to 18S and 26S rRNA under glucose starvation to ssné
single mutants, indicating that it is the lack of Ssn6p that causes this phenotype.
This intriguing data may suggest a repressive role for Ssn6p in RNA Polymerase

[l transcription of tRNA genes.

3.3. Discussion

Taken together, this analysis of phenotypes in mutants deleted for either TUP1
or SSN6 shows clear differences between fup7 and ssn6é mutants. Figure 3.1
shows that there is a growth defect in both tup7 and ssn6 mutants compared to
wild type cells, although the defect is greatest in the ssn6 mutants. Importantly,
the tup1 ssn6 double mutant’s growth rate was slower than either single mutant.
This suggests that tup7 mutants and ssn6 mutants could have distinct defects in
metabolism and growth, and combining these mutations leads to a more severe

phenotype than either individual mutation.

The data show that tup7 and ssn6 mutants displayed sensitivity to a number of
stresses relative to the wild type strain (Fig. 3.2). An ssn6 single mutant was
severely impaired by growth at 37°C and 42°C, whereas tup? mutants were not

affected by heat shock at 37°C or 42°C (Fig. 3.2B and 3.2C). However, tup1 ssn6
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double mutants were also dramatically inhibited by growth at both 37°C and 42°C,
but there was less inhibition than in an ssn6 single mutant, suggesting that
additional loss of Tup1p in an ssn6 mutant improves cell survival following heat

shock.

tup1 mutants were more severely impaired by growth in the presence of SDS
than ssn6 mutants relative to growth on YEPD (Fig. 3.2D). This suggests that
loss of Tup1p affected cell wall integrity more severely than loss of Ssn6p. Finally,
while fup? mutants were not impaired while growing in the presence of
hydroxyurea (HU), ssn6 mutant growth was completely inhibited (Fig. 3.2E).
Furthermore, tup1 ssn6é mutants appeared to be less inhibited by HU than ssn6
single mutants, indicating that ssn6é mutants have a DNA replication defect, but

additional loss of Tup1p lessens the severity of this phenotype.

When viewed under the microscope, both ssné single mutants and tup7 ssné
double mutants had a large cell phenotype (Fig.3.3A). When further analysed
using a cytometer, ssn6 mutants actually displayed a wider variety in cell size.
While there were some ssn6 mutant cells of a similar size to wild type, there was
a much higher proportion of ssn6 mutants that were >9um in size when compared
to wild type cells and tup7 mutants. This indicates that loss of Ssn6p, but not
Tup1p, leads to a fault in cell size regulation, which could involve defective

budding, cell wall maintenance or protein synthesis.

The most striking phenotype displayed by tup1, ssn6 and tup1 ssné mutants is
flocculation. Flocculation is the calcium-dependent, non-sexual aggregation
exhibited by cells expressing cell wall proteins known as flocculins. This
phenotype can be abolished by the addition of EDTA to the growth medium,

which sequesters calcium ions and disperses flocs (Smukalla et al., 2008). When
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viewed in tissue culture plates, wild type cells did not have a flocculent phenotype
(Fig. 3.4). However, ssn6 single mutants were highly flocculent, with these flocs
dispersing with the addition of EDTA. tup1 mutants appeared to form “tighter”
flocs than ssné6 single mutants, which were also dispersed with EDTA. tup? ssn6
double mutants had a similar phenotype to ssn6 single mutants, being highly

flocculent, though not forming flocs as tightly as tup 7 single mutants.

Following further analysis of this phenotype, tup7 and ssn6 mutants both showed
faster cell sedimentation compared to wild type cells (Fig. 3.4C). This indicated
that all mutants studied were flocculent, with ssn6 single and fup? ssn6 double
mutants sedimenting more quickly than tup7 single mutants. The differences in
sedimentation and flocculation phenotypes between tup7 and ssné mutants may
be partly due to differences in cell size between the mutants, with the larger ssné

and tup1 ssn6 mutants unable to pack as tightly as the fup? mutants (Fig. 3.3).

Flocculation is dependent on the expression of a family of flocculin-encoding
genes. These genes are not transcribed in wild type cells, but the major flocculin-
encoding gene in S. cerevisiae, FLO1 has been shown to be de-repressed in tup1
and ssn6 mutants (Teunissen and Steensma, 1995; Fleming and Pennings,
2001). FLOT transcription was therefore monitored alongside FLO5 and FLO9
transcription in tup7 and ssn6 mutants to determine whether Tup1p and Ssn6p
also regulate FLO5 and FLO9 repression, and to investigate the relative
contribution of FLO1, FLO5 and FLOS9 in the flocculent phenotypes previously

observed (Fig. 3.4).

In non-flocculent wild type cells, there was no FLO1, FLO5 or FLO9 transcription
detected (Fig. 3.5). However, ssn6 mutants displayed de-repression of all three

genes, with FLO1 transcription being the highest, followed by FLOS and then
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FLQOQ9 transcription. tup1 mutants showed FLO1, FLO5 and FLO9 de-repression,
but to a lesser extent than ssn6 mutants. tup7 ssn6 double mutants also exhibited
de-repression of FLO1, FLO5 and FLO9 transcription to a similar level to that
seen in ssn6 single mutants. This suggests that Tup1-Ssn6 does contribute to
repression of FLO5 and FLO9, and loss of Ssn6p has a greater impact on
transcription of FLO1, FLO5 and FLO9. The data also suggest that Ssn6p may
be carrying out repression of FLO1 transcription in the absence of Tup1p. Finally,
this analysis indicates that FLO7 is the most highly-transcribed flocculin gene
regulated by Tup1-Ssn6 and likely shows the greatest contribution to flocculation

in tup1 and ssn6 mutants.

SUC?2 is another gene under the transcriptional control of Tup1-Ssn6. SUC2
transcription is repressed in the presence of high glucose and is de-repressed in
response to low glucose (Ozcan et al., 1997). The data confirmed that SUC2 was
not transcribed under repressing (R) conditions in wild type strains (Fig. 3.6).
However, under these same conditions of high glucose, SUC2 was most highly
de-repressed in ssn6 single mutants as compared to the lower level of SUC2 de-
repression evident in tup?1 mutants. Finally, tup7 ssn6 double mutants showed
SUC2 de-repression at levels similar to those measured in the ssn6 single

mutants when grown in high glucose.

When grown in SUC2 de-repressing (D) conditions, wild type cells displayed
SUC?2 de-repression, as previously published (Fig. 3.6). However, ssn6 mutants
exhibited higher levels of SUC2 de-repression than wild type cells when grown in
low glucose. tup1 mutants on the other hand, showed a similar level of SUC2 de-
repression to wild type cells when grown in low glucose. When both Tup1p and
Ssn6p were absent, the tup? ssn6 double mutants showed high SUC2 de-

repression similar to that of the ssné6 single mutant. Importantly, the level of SUC2
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transcription in the ssn6 mutant grown under low glucose (D) conditions was
higher than transcription of SUC2 in the wild type strain grown under these SUC2
de-repressing conditions. This therefore suggests that Ssn6p may still be having

a repressive role at SUCZ2 during normal SUC2 induction.

Together, these data indicate that (i) Ssn6p has a greater role in SUC2 repression
than Tup1p (ii) Ssn6p may be carrying out repression in the absence of Tup1p at
SUC2 and (iii) that even under SUC2 de-repressing conditions, Tup1-Ssn6 may

be acting to partially repress SUC2 in wild type strains.

Tup1-Ssn6 regulates a large number of genes in S. cerevisiae, and data
generated by DeRisi et al and Fleming, AB (unpublished) was analysed in order
to compare the contributions of each subunit to repression of transcription on a
global scale (Fig. 3.7)(DeRisi et al., 1997). In ssn6 mutants, 420 genes were de-
repressed >2-fold relative to wild type strains (Fig. 3.7A), whereas tup7 mutants
exhibited de-repression of 229 genes. 114 genes were found to be de-repressed
in both tup?1 and ssn6é mutants. Within the set of 114 commonly de-repressed
genes, ssn6 mutants showed levels of de-repression almost two-fold higher than
those of tup7 mutants (Fig. 3.7B). These data indicate that Ssn6p regulates more
genes than Tupl1p and that loss of Ssn6p had a greater impact on gene

repression than loss of Tup1p.

In the groups of genes that were uniquely de-repressed in tup1 or ssn6 mutants,
there were some interesting patterns. fup?7 mutants had many structural genes
de-repressed, especially related to cell wall structure (Fig. 3.8). This may help to
explain the fact that tup7 mutants were more vulnerable to cell wall stress than
ssn6 mutants (Fig. 3.2D). However, ssn6 mutants de-repressed many genes that

express ribosomal proteins, none of which were de-repressed in tup7 mutants.
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This suggests that tup? and ssn6é mutants may regulate different subsets of
genes, and in the gene subsets that are regulated in common, loss of Ssn6p

appears to have a more severe impact on gene transcription than loss of Tup1p.

This gene transcription data is supported by the fact that Ssn6-TAP was found to
bind a higher number of gene promoters than Tup1-TAP in a published study
(Fig. 3.9). This suggests that the greater number of genes de-repressed in an
ssn6 mutant when compared to a tup? mutant was due to the fact that Ssn6p
bound a greater number of genes than Tup1p. However, the large number of
genes bound by Ssn6-TAP compared to the lower number de-repressed in an
ssn6 mutant suggest that the majority of genes bound by Ssn6p were not de-
repressed in the absence of Ssn6p, whereas the majority of genes bound by

Tup1-TAP were de-repressed upon loss of Tup1p.

When total RNA was visualised on a formaldehyde-agarose gel, ssn6 mutants
showed an increase in small RNAs relative to 18S rRNA in RNA extracted from
cells grown in low glucose (Fig. 3.10). This increase in small RNA was not seen
in wild type cells or tup? single mutants, but was observed in tup7 ssn6 double
mutants, albeit to a lesser extent. It is intriguing to suggest that this small RNA
may in fact be tRNA, as it runs at the same position as tRNA on a formaldehyde-
agarose gel. If this is the case, this may indicate a role for Ssn6p in repression of
tRNA-encoding genes and therefore Pol Ill transcription. This would be a
significant result, as a role for Tup1-Ssn6 in Pol Ill transcription has not been
established previously. In support of a potential role for Tup1-Ssn6 in regulation
of tRNA synthesis is the fact that Tup1p and Ssn6p have both been found to bind
13 tRNA genes in a genome-wide study of Tup1-Ssn6 occupancy (Hanlon et al.,

2011).
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From this analysis, it is evident that fup7 and ssn6 mutants have different
phenotypes, suggesting distinct roles for Tup1p and Ssn6p. Not only do Tupip
and Ssn6p appear to act separately, but different global binding profiles indicate
that Ssn6p binds many regions in the absence of Tup1p. The FLO7 and SUC2
transcription data indicate that Ssn6p is capable of exerting repression in the
absence of Tup1p, even at genes that are known to be de-repressed upon loss
of Tup1p. Numerous previous studies have used tup7 mutants as representative
of strains that have no Tup1-Ssn6 activity (Wong and Struhl, 2011), (DeRisi et
al., 1997). However, the data presented here would suggest that to study Tup1-
Ssn6 complex function, strains should be selected on a gene-specific basis as it
is apparent that different gene subsets may be affected separately by tup7 or

ssn6 mutants.
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Chapter 4

Tup1p and Ssn6p have different contributions to FLO1

regulation
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4.1. Introduction

The different phenotypes identified in tup7 and ssn6 mutants suggest that Tup1p
and Ssn6p play distinct roles in various cellular processes, including transcription.
Considering the flocculation phenotype was one of the most striking phenotypes
displayed by tup1 and ssn6 mutants, | decided to focus on the differences in
FLOT1 transcription that were shown in fup? and ssn6é mutants in order to
determine the contribution of each subunit to regulation of FLO7 transcription.
The FLO1 gene was chosen for analysis as it encodes the major yeast cell wall

protein responsible for the cell-to-cell aggregation, or flocculation, phenotype.

The mechanism of FLOT repression by Tup1-Ssn6 is not currently well-
understood. There are a number of mechanisms by which Tup1-Ssn6 has been
proposed to repress gene transcription. Firstly, Tup1-Ssn6 can directly interact
with RNA Polymerase Il (Pol Il) to prevent gene transcription (M. Lee et al., 2000).
Secondly, Tup1-Ssn6 can interact with multiple histone deacetylases (HDACs) in
order to remove the gene-activating histone acetyl marks from target promoters
(Watson et al., 2000; Davie et al., 2003). Tup1-Ssn6 can also propagate a
repressive nucleosomal array at gene promoters, which is thought to prevent
access by Pol Il and prevent transcription (B. Li and Reese, 2001). Finally, Tup1-
Ssn6 can mask activation domains on DNA-binding proteins and prevent
promoter access to factors that activate gene transcription (Wong and Struhl,

2011).

FLOT1 is repressed by Tup1-Ssn6 which has been shown to promote strongly
positioned nucleosomes across the gene promoter. This ordered promoter
chromatin structure is lost, and histones are depleted, upon deletion of TUP1 or

SSN6 (Fleming and Pennings, 2001). FLO1 de-repression in the absence of
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Tup1-Ssn6 has been shown to be dependent on the ATP-dependent
nucleosome-remodelling Swi-Snf complex, since FLO1 is not transcribed in a
strain null for both Swi-Snf and Tup1-Ssn6 (Fleming and Pennings, 2001). One
model for regulation of FLOT transcription might be that Swi-Snf acts in
conjunction with histone acetyltransferases (HATs) to disrupt promoter chromatin
structure and de-repress FLO7 when Tup1-Ssn6 is absent (Wong and Struhl,
2011). To gain insight into the regulation of FLOT transcription, | examined the
occupancy of Swi-Snf,