
A computational study of promoter

structure and transcriptional regulation

in yeast on a genomic scale

Judith Barbara Zaugg

EMBL-European Bioinformatics Institute

University of Cambridge

A thesis submitted for the degree of

Doctor of Philosophy

13th May 2011

mailto:judith.zaug@gmail.com
http://www.ebi.ac.uk 
http://www.cam.ac.uk


I dedicate this thesis to my parents and Matthias.



Acknowledgements

I would like to thank all past and current members of the Luscombe

research group for their constant interest in my work, their continuous

willingness to answer my academic questions, and for their company

during my time at the EBI. This includes Annabel, Aswin, Anabel,

Bori, Filipe, Florence, Inigo, Juanma, Juri, Kathi, Karthi, Robert,

as well as Isabel, Ruhi, Jonathan. Special thanks goes to Bori Gerle

and Kathi Zarnack for proofreading, discussing and forming my thesis.

Most importantly, I would like to thank my supervisor Nick Luscombe

for the time he spent in meetings with me and reading my work, and

for being such a motivating advisor and also a good friend. I would

also like to thank my thesis advisory committee. Special thank goes to

Lars Steinmetz and Wolfgang Huber for the many discussions about

my data and for continuous scientific as well as personal support,

thanks also to Nicolas le Novere, and Steve Oliver for accompanying

my scientific journey, for their continuous critical evaluation of my

work, and for their scientific advice. Special thank also goes to Maria

Hondele with whom I shared many hours of scientific and other dis-

cussions, and who has been a very supportive friend during my PhD.

Furthermore, I want to thank my collaborators Jurgi Camblong, Zhenyu

Xu, Sue Mei Tan-Won, Nick Proudfoot, Manuele Castelnuovo, Elisa

Guffanti, and Francoise Stutz for sharing their data and helpful dis-

cussions.

My time at the EBI would not have been the same without the com-

pany of my fellow predocs. I would like to thank all of them for the



welcome distractions at the weekly predoc lunches and at the many so-

cial activities. I would like to especially thank Julia, Michele, Markus

and Greg with whom I shared the predoc experience from the very

beginning.

Last, but by no means least, I would like to acknowledge the people

who supported me in my personal life. First I would like to thank my

parents Brigitte and Walter who have always supported my studied,

were giving me important advice when needed and what I appreciate

most, constantly interested in my work. Then I would like to thank

my siblings, Christian and Lucia for all the enjoyble activities we

have done together. Finally, I would like to thank Matthias, the most

important person in my life. His constant loving, encouragement,

support and advise have made this work possible.



Abstract

Gene regulation is a fundamental process in living organisms as it

ensures the correct expression of specific genes at appropriate times.

The first step of gene regulation targets the process of transcription

by RNA polymerase II (PolII). This process includes: (i) rendering

the promoter accessible by changes in the nucleosome structure, (ii)

recruitment and assembly of the transcriptional machinery and (iii)

activation of PolII. Recent advances in high-throughput technologies

have dramatically increased our knowledge of genome-wide binding of

nucleosomes, transcription factors (TFs) and the transcriptional ma-

chinery. Using bakers yeast as a model organism and utilizing publicly

available datasets as well as unpublished data from collaborators, this

thesis investigates the relationship between promoter structure and

transcriptional regulation.

A genomic model of nucleosome architecture explains tran-

scriptional states Nucleosomes play an important role in gene reg-

ulation. However, there are few genome-scale principles that capture

the relationship between chromatin organisation and transcriptional

regulation. We present a qualitative model in which promoters can

assume one of four stable nucleosome configurations. Rather than the

actual expression levels, these configurations determine the transcrip-

tional state of a gene as well as the amount of expression noise.

Architecture of the transcription machinery explains fine-

tuning of expression levels PolII - the ultimate target of tran-

scriptional regulation - must be recruited to the promoter where it



becomes activated and starts transcription. The factors involved in

this processes are well studied at a molecular level. The genome-wide

picture however, is often limited to averaged profiles, which bury the

unique features found in individual promoters. We classify promoters

based on the pattern of PolII-binding using an unsupervised cluster-

ing approach. The resulting classes are strongly associated with the

binding of general TFs and most of them are regulated by distinct

sets of sequence-specific TFs. These promoter classes explain RNA

expression levels to a large extent.

Promoter architecture of non-canonical transcripts Advances

in transcriptomic techniques have led to the identification of new non-

coding RNAs (ncRNAs). Specific mutants have been shown to in-

crease ncRNA expression from genomic loci that are not normally

transcribed. However, the mechanisms by which these cryptic pro-

moters arise are still unclear. By comparing expression data for dif-

ferent mutants, we classify ncRNA transcripts by their association to

intra- or intergenic regions. By integrating functional data we then

identify features that promote ncRNA transcription and present a

typical structure of cryptic promoters for each transcript type.

Regulatory interplay between cell-cycle and metabolism Me-

tabolism and cell cycle are two highly regulated processes that have

traditionally been studied separately. Given that different steps in

the cell cycle have distinct metabolic needs, it is likely that these two

processes are transcriptionally linked. Combining publicly available

cell-cycle expression data with the metabolic network, we find that

the two processes are connected through few metabolic enzymes that

are positioned such, that just-in-time activation of pathways required

at different stages is ensured throughout the cell cycle.



Conclusion and future studies This thesis shows that promoter

structures vary extensively across a genome. These differences are

often associated with specific transcriptional behaviours, and should

therefore be accounted for when interpreting genome-wide functional

data. In future studies, it will be interesting to complement the find-

ings presented here with additional levels of control such as the three-

dimensional intra-nuclear organisation of the yeast genome.
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Chapter 1

Introduction

Gene regulation is a fundamental process in all living organisms that ensures

the correct expression of the right genes at the appropriate time [Alberts et al.,

2002]. The first step of gene regulation targets the process of transcription by the

RNA polymerase [Alberts et al., 2002]. This process includes: (i) rendering the

promoter accessible by changing the nucleosome structure, (ii) recruitment and

assembly of the transcription machinery and (iii) activation of the RNA poly-

merase [Fuda et al., 2009].

Recent advances in high-throughput technologies have dramatically increased our

knowledge regarding the genome-wide distribution of nucleosomes, and binding

by transcription factors (TFs) and the transcription machinery. Using baker‘s

yeast as a model organism and utilising publicly available datasets as well as

unpublished data from collaborators, this thesis investigates the relationship be-

tween various aspects of promoter structure and transcriptional regulation.

This chapter first gives a general introduction to the process of transcriptional

regulation at promoters of protein-coding genes. We describe the different levels

of control including: the general transcription machinery, specific transcription

factors and chromatin organisation. The second section then introduces non-

coding RNA transcripts and potential mechanisms by which their expression is

regulated. The third part gives an overview of the experimental techniques that

were used to generate the data that are included in this thesis. The chapter
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1. Transcriptional regulation

concludes with a summary of the aims of this thesis.

1.1 Transcriptional regulation of protein-coding

genes

Gene expression is the process that converts the information encoded in a DNA

template into a functional protein or RNA molecule. The first step in this pro-

cess, called transcription, is carried out by a multi-subunit enzyme, called RNA

polymerase. Protein-coding genes are transcribed by a specific class of RNA poly-

merase called RNA polymerase II (PolII), whereas ribosomal RNAs and tRNAs

are transcribed by PolI and PolIII, respectively [Alberts et al., 2002]. Here, we

focus on the activity and products of PolII.

The product of PolII transcription is called pre-mRNA and has to be processed to

become a mature mRNA [Alberts et al., 2002]. The processing includes mRNA

capping to prevent degradation, splicing to remove non-coding intronic regions,

as well as polyadenylation to mark the mRNA for nuclear export [Alberts et al.,

2002]. The mature mRNA is then exported into the cytoplasm where it is trans-

lated into an amino-acid chain through the activity of ribosomes [Alberts et al.,

2002]. The stability of the mRNA can be actively regulated and determines how

many proteins can be produced from one mRNA [Alberts et al., 2002]. The result-

ing proteins can be further processed by post-translational modification, including

phosphorylation, methylation or acetylation of specific amino-acid residues, be-

fore performing their intended function [Alberts et al., 2002].

As a consequence, the steps at which gene expression can be regulated are man-

ifold and range from the transcription to the post-translational modifications of

the mature protein. This thesis focuses on the first step of the gene-regulation

process which is regulating the activity of PolII, and is based on the model or-

ganism S.cerevisae.
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1. Transcriptional regulation

1.1.1 Overview of the PolII transcription cycle

Transcription by PolII is a multi-step process. A recent review by Fuda has sum-

marised this into eight sub-steps [Fuda et al., 2009] (Figure 1.1):

Figure 1.1: Overview of the PolII transcription cycle. (1) Nucleosomes from pro-
moters need to be removed by nucleosome-remodelling enzymes (yellow) so that
the pre-initiation complex (PIC), consisting of PolII (red) and general transcrip-
tion factors (GTFs; blue), can bind (2). After starting transcription (3), PolII is
released from the PIC (4) and becomes phosphorylated at Ser5. For productive
elongation (5) PolII exchanges its GTFs with elongation factors (blue triangle,
pink pentagon) and gets phosphorylated at Ser2. After termination (6), the com-
plex is disassembled (7). PolII is dephosphorylated and ready to undergo the
next transcription cycle (8). Adapted from Fuda [Fuda et al., 2009].

The transcription cycle starts with the remodelling of nucleosomes to render the

promoter accessible for the transcription machinery (step 1) [Fuda et al., 2009].

This step is carried out by nucleosome-remodelling enzymes that use ATP in order

to relocate or evict nucleosomes [Venters and Pugh, 2009b]. Once the promoter

is cleared, PolII can bind to it (step 2) [Fuda et al., 2009]. Since PolII itself is
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1. Transcriptional regulation

unable to recognise promoters, it requires the help of several general transcription

factors (GTFs) to recognise and bind the correct start site [Thomas and Chiang,

2006]. These factors together with the PolII constitute the pre-initiation com-

plex (PIC). Step (3) is then to initiate transcription [Fuda et al., 2009]. For this,

the DNA is unwound, so that the catalytic centre of PolII can interact with the

single-stranded DNA template [Fuda et al., 2009]. To start elongation (step 4),

PolII must be activated and released from the promoter-bound GTFs [Thomas

and Chiang, 2006]. This is facilitated by phosphorylation of the C-terminal do-

main (CTD) of PolII at serine 5 (Ser5), which disrupts the interaction with the

GTFs [Buratowski, 2009]. To continue elongation (step 5), PolII requires several

elongation factors to enhance its processivity. During elongation process, PolII

gets hyperphosphorylated at Ser2 of the CTD [Buratowski, 2009]. Finally, PolII

terminates transcription (step 6) and is disassembled (step 7) before starting a

new round of transcription (step 8) [Fuda et al., 2009].

In the following section, we discuss the individual factors that are involved in

the steps that lead to productive transcription in more detail. We combine them

into four major categories: (i) regulation of the promoter accessibility (step 1),

(ii) recruitment of the general transcription machinery including formation of the

PIC (steps 2-3), (iii) transcription initiation and activation of PolII (step 4), and

(iv) elongation and termination of the transcription process (steps 5-7).

1.1.2 Regulation of the promoter accessibility

As summarised above, the first step in transcription is to clear the promoters of

nucleosomes to allow the transcription machinery to bind. Below, we discuss the

nucleosome architecture at promoters in more detail.

1.1.2.1 Nucleosome organisation at promoters

Nucleosomes are the basic unit of chromatin and consist of a 147bp-long stretch

of DNA wrapped around a complex of histone proteins [Kornberg and Lorch,

1999; Kornberg and Stryer, 1988; Zlatanova et al., 1999]. They have mainly been

known for their role in compacting DNA: packing of DNA into nucleosomes short-
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ens the fiber length to about one third of its length [Alberts et al., 2002]. The

histone-complex within a nucleosome is positively charged and consists of two

copies of each of the core histone proteins H2A, H2B, H3 and H4. The histone

tails, particularly of H3 and H4, are often subjected to post-translational mod-

ifications Kouzarides [2007](see below). The histone H1, which is only present

in metazoan cells, is involved in compacting the DNA - at least in vitro - to a

structure of 30nm diameter [Robinson et al., 2008; Routh et al., 2008; Thomas,

1999].

Early evidence that post-translational modification of histones affect transcrip-

tion came from experiments by Allfrey [ALLFREY et al., 1964], which showed

that deacetylation prevents RNA synthesis. Later, it was shown that nucleosomes

themselves can inhibit transcriptional initiation in vitro [Lorch et al., 1987] as well

as in vivo [Adkins and Tyler, 2006; Durrin et al., 1992; Han and Grunstein, 1988;

Hirschhorn et al., 1992; Straka and Hörz, 1991].

Recent genome-wide studies have dramatically increased our knowledge of how

nucleosomes are positioned throughout the genome [Albert et al., 2007; Bai and

Morozov, 2010; Bernstein et al., 2004; Field et al., 2008; Kaplan et al., 2009; Lee

et al., 2007; Mavrich et al., 2008; Shivaswamy et al., 2008; Zawadzki et al., 2009].

In coding regions in yeast, nucleosomes are typically positioned with a spacing

of about 18bp [Lee et al., 2007; Mavrich et al., 2008; Shivaswamy et al., 2008].

It has been suggested that the intragenic organisation of nucleosomes might fa-

cilitate the process of elongation [Vaillant et al., 2010]. This is based on the

finding that there seems to be a constraint on the length of a gene-coding region

such that it can accommodate an even number of nucleosomes [Vaillant et al.,

2010]. In agreement with the observation that nucleosomes in promoter regions

inhibit transcriptional initiation, it has been found that promoters generally have

a nucleosome-free region (NFR) flanked by two well-positioned nucleosomes up-

stream of the transcription start site (TSS) [Albert et al., 2007; Bernstein et al.,

2004; Field et al., 2008; Kaplan et al., 2009; Lee et al., 2007; Mavrich et al., 2008;

Shivaswamy et al., 2008; Zawadzki et al., 2009].
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The positioning of nucleosomes across the genome is determined on the one

hand by the DNA sequence itself. It has been shown that nucleosomes have

higher affinity to certain DNA sequences and are excluded from regions with long

poly(dA:dT) tracs [Anderson and Widom, 2001; Iyer and Struhl, 1995; Kaplan

et al., 2009; Mavrich et al., 2008; Segal and Widom, 2009; Segal et al., 2006;

Yuan et al., 2005]. On the other hand, the positioning is affected by specific

nucleosome-remodelling enzymes, which influence the nucleosome architecture in

certain regions of the genome (see below). It is still a matter of active debate,

whether NFR formation is determined by trans-acting factors such as nucleosome-

remodelling enzymes and or is determined by the underlying DNA sequence [Ka-

plan et al., 2009, 2010; Zhang et al., 2009, 2010].

While this thesis was being examined another study was published reporting

that nucleosome positioning in promoters is dependent on ATP-dependent nucle-

osome remodelling factors [Zhang et al., 2011b]. This adds further evidence to the

model that promoter nucleosomes are positioned by trans- rather than cis-acting

factors.

1.1.2.2 Nucleosome-remodelling enzyme complexes

The first evidence for nucleosome-remodelling enzymes was reported by Hirschhorn

with the discovery of the SNF2/SWI2 proteins in baker‘s yeast [Hirschhorn et al.,

1992]. Since then, many more remodelling enzymes have been discovered and im-

plicated in cellular processes such as replication, cell-cycle check-point, dosage

compensation, and gene regulation [Bowman, 2010; Clapier and Cairns, 2009].

Remodeling enzymes can alter either the position of nucleosomes by shifting or

evicting them, or alter their composition by exchanging core-histones for non-

canonical histone variants (Figure 1.2) [Clapier and Cairns, 2009]. The enzymes

generally require energy in form of ATP hydrolysis to perform their activity [Bow-

man, 2010]. They have been classified into four families based on their protein

domains [Clapier and Cairns, 2009]: SWI/SNF, INO80, ISW1, and CHD. Below,

we discuss each class of enzymes and their roles in transcriptional activation.
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Figure 1.2: Overview of nucleosome remodelling in promoters. Nucleosome-
remodelling enzymes (green) often require energy from ATP hydrolysis to per-
form their task. They can move or eject nucleosomes, partially unwrap the DNA,
exchange histone variants (blue) or partially disassemble nucleosomes (top to
bottom). The first three actions can expose specific binding-sites (red) and make
them accessible to DNA binding proteins (DBP). The latter two actions result in
an altered composition of the nucleosomes. Schematic adapted from Clapier and
Cairns [Clapier and Cairns, 2009].
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SWI/SNF family: NFR formation The SWI/SNF family of remodelling

complexes is generally viewed as positive regulator of transcription [Venters and

Pugh, 2009b]. The catalytic subunit of the complex has been identified in screens

for mating-type and fermentation-deficient phenotypes in yeast [Neigeborn and

Carlson, 1984; Stern et al., 1984]. It has been shown to alter the structure of chro-

matin by shifting or ejecting nucleosomes [Hirschhorn et al., 1992; Lorch et al.,

2006]. The most important family member in terms of its role in transcriptional

initiation is the RSC (remodels structure of chromatin) complex which has been

found to be essential for NFR-formation at many yeast promoters [Cairns et al.,

1996, 1999; Hartley and Madhani, 2009]

INO80 family: exchange of nucleosome subunits The INO80 family of

remodelling complexes has a widespread role in transcription and other processes.

The complexes are involved in transcriptional activation, DNA repair, as well as

the rescue of stalled replication forks [Shen et al., 2000; Shimada et al., 2008].

The INO80 remodelling complex was first identified in a screen for genes required

for activation of INO1 gene [Ebbert et al., 1999]. An important member of the

INO80 family is the SWR complex, which has an activating effect on transcrip-

tion. It uses energy from ATP hydrolysis to exchange the histone H2A with its

variant H2A.Z [Das et al., 2010; Raisner et al., 2005; Zhang et al., 2005], which

mainly occurs at promoters. This histone variant has been shown to promote

transcription by destabilising nucleosomes [Albert et al., 2007; Krogan et al.,

2004; Zhang et al., 2005].

ISWI family: transcriptional repression Members of the ISWI family are

thought to have a repressive effect on transcription, as shown for meiotic genes

[Fazzio et al., 2001; Goldmark et al., 2000; Zhang and Reese, 2004b]. In these

promoters, the ISWI remodelling complex was found to reposition nucleosomes

to make the promoters inaccessible to the transcriptional machinery [Zhang and

Reese, 2004a].

CHD: chromatin assembly The CHD family is least understood among the

nucleosome-remodelling enzymes [Venters and Pugh, 2009b]. They have been
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1. Transcriptional regulation

reported to be involved in the assembly of both active and repressive chromatin

[Lusser et al., 2005; Tran et al., 2000].

1.1.2.3 Histone modifications and histone-modifying enzymes

Another mechanism by which transcription is regulated and that involves nucle-

osomes is through post-translational modification of the histone tails in nucleo-

somes. Even though a link between histone acetylation and gene expression has

already been made in the 1960s [ALLFREY et al., 1964], the first histone acetyl-

transferase (HAT) was discovered only about thirty years later by Brownell and

Allis [Brownell and Allis, 1995; Brownell et al., 1996]. Since then, the number of

known histone-modifying enzymes and their role in gene regulation has exploded

[Krebs, 2007].

Histone tails can be modified at several amino-acid residues. The most com-

mon modifications are acetylation and methylation of lysine residues in histone

subunits H3 and H4 [Millar and Grunstein, 2006]. Even though other types

of modifications like phosphorylation, ubiquitylation, sumoylation, ADP ribo-

sylation, deimination and proline isomerisation have been described in various

organisms [Kouzarides, 2007], here we focus on the most common modifications

(Figure 1.3).

There are two main mechanisms by which histone modifications can exert their

effect on transcription: they can either directly disrupt the nucleosome structure,

or they can recruit non-histone proteins to the chromatin and thereby tether

specific enzymatic activities to the chromatin [Kouzarides, 2007].

Histone modifications can disrupt nucleosomes One regulatory mecha-

nism is altering of higher-order chromatin structure [Ura et al., 1997; Wolffe and

Hayes, 1999]. This mechanism is mainly observed for histone acetylation since this

modification neutralises the positive charge of the lysine residues, so weakening

the electrostatic interaction with negatively charged DNA [Kouzarides, 2007].

Histone phosphorylation has been proposed to affect the nucleosome structure

similarly in a charge-dependent manner [Kouzarides, 2007].
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Figure 1.3: Overview of histone-tail amino-acid residues that can be post-
translationally modified. Histone acetyltransferases (red squares) can acetylate
(red arrow) specific lysine residues, mostly at H3 and H4. Histone deacetylases
(green squares) can remove these histone marks (green arrow). Histone methyl-
transferases (blue squares) can mono-, di- or trimethylate lysine residues mainly
of H3 and H4 and histone demethylases (HDM; yellow squares) can remove methyl
groups. Adapted from Millar [Millar and Grunstein, 2006].
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Histone modifications can modulate DNA breathing Recently, it has

been shown that certain histone modifications can affect the so-called DNA

breathing in mono nucleosomes [Neumann et al., 2009]. DNA breathing refers to

the partial unwrapping of the DNA from the histone core, allowing other factors

to bind the DNA [Li and Widom, 2004].

Histone modifications can recruit non-histone proteins Much more is

known about the role of histone modifications in recruiting non-histone proteins

[Kouzarides, 2007]. There is a number of protein domains that are known to bind

specific histone modifications. Among the best known are the bromo-domain,

which binds acetylated lysines [Sanchez and Zhou, 2009], and the PHD finger

domain which - depending on the subclass and species - can specifically bind to

several types of methylated lysines [Kouzarides, 2007; Musselman and Kutate-

ladze, 2009]. These domains are often found in proteins that either possess a

catalytic function, such as other modification enzymes, or can serve as scaffold to

form multi-subunit complexes with nucleosomes, e.g. for chromatin remodelling

[Kasten et al., 2004; Peña et al., 2006; Taverna et al., 2007; Wysocka et al., 2006].

For example, acetylated lysines can recruit the chromatin-remodelling complex

RSC, which in turn activates transcription by repositioning the nucleosome [Kas-

ten et al., 2004; Taverna et al., 2007].

Histone modifications can define global regions of active and silent

chromatin Histone modifications can help to establish specific chromatin en-

vironments such as “heterochromatin”, which is closed, compact and inaccessi-

ble to the transcription machinery, and the open and accessible “euchromatin”

[Kouzarides, 2007]. Heterochromatin in mammalian cells has been associated

with high levels of certain types of histone methylation and low levels of histone

acetylation [Kouzarides, 2007]. The recruitment of specific proteins is thought to

help maintain the heterochromatin state such as in the inactive X chromosome in

female mammals [Kouzarides, 2007]. In euchromatin regions, the DNA is more

flexible and can be unravelled for transcription or repair [Kouzarides, 2007]. In

mammalian cells it has been shown that de-compaction of chromatin requires

both, histone acetylation as well as removal of the linker histone H1 [Robinson
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et al., 2008].

Within euchromatin regions, certain histone modifications are specifically associ-

ated with gene activation, repression, DNA replication and repair. Here we focus

on the modifications that are associated with transcriptional regulation.

Histone acetylation: activation Histones are acetylated by histone acetyl-

transferases (HAT) and deacetylated by histone deacetylases (HDAC) [Millar and

Grunstein, 2006]. Acetylation has been mainly linked to active gene expression

[Kouzarides, 2007; Pokholok et al., 2005], while deacetylation has been associated

with gene repression [Kouzarides, 2007].

Histone methylation: activation and repression Compared with HATs,

histone methyltransferases (HMT) are much more specific in the residues that

they modify and often target only a single specific residue [Kouzarides, 2007].

Lysines can be mono-, di- or trimethylated and have been associated with both

activation and repression [Taverna et al., 2007]. Methylation of histone H3 at

lysine 4 (H3K4), H3K36, and H3K79 has been implicated in transcriptional ac-

tivation and elongation in yeast and humans [Guenther et al., 2007; Pokholok

et al., 2005], whereas methylation at H3K9, H3K27, and H4K20 have been asso-

ciated with gene repression in humans [Kouzarides, 2007]. Histone demethylation

is catalysed by a family of Jumanji domain containing proteins [Kouzarides, 2007;

Tsukada et al., 2006].

The mechanism of how nucleosome-remodelling and modification enzymes recog-

nise promoters will be discussed below. The activity of these remodelling enzymes

together with the intrinsic disfavour of nucleosomes for certain DNA sequences

prepares the promoter for the binding of the transcription machinery.
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1.1.3 Assembly and activation of the basal transcription

machinery

Once the promoter is cleared of nucleosomes, the next step in the transcription

cycle is the recruitment of the basal transcription machinery. This consists of

general (or basal) transcription factors (GTFs), including TFIIA/B/D/E/F/H,

Mediator, and PolII. It is capable of performing transcription at basal levels in the

absence of any other factor. To achieve promoter-specific gene regulation how-

ever, the action of an additional class of proteins is required: sequence-specific

transcription factors (TFs). TFs activate or repress transcription by interacting

with specific components of the basal transcription machinery (see below). A

schematic overview of the interactions between GTFs, PolII and TFs is shown in

Figure 1.4.

Below we discuss the components of the basal transcription machinery, how they

interact to form a functional, initiation-competent complex, the role of sequence-

specific TFs, and how they lead to productive elongation and termination.

1.1.3.1 The general transcription factors

PolII is unable to target promoters by itself and requires a set of GTFs and

co-activators to identify and bind the TSS, initiate transcription and avoid pre-

mature termination [Thomas and Chiang, 2006].

The first evidence for the existence of GTFs came from the observation that pu-

rified PolII was able to transcribe a DNA template in vitro when supplemented

with crude cellular extract [Weil et al., 1979]. In subsequent experiments this

crude extract was further separated into the fractions A-H, each of which was

then tested for its effect on PolII activity. Components of the fractions were

termed general transcription factors and labelled TFIIA, TFIIB, TFIID, TFIIE,

TFIIF and TFIIH [Matsui et al., 1980; Samuels and Sharp, 1986].

TFIIB: essential for PIC assembly and TSS selection TFIIB is involved

in various steps of PIC assembly, including PolII recruitment to the promoter,
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Figure 1.4: The general transcription machinery. General transcription factors
(GTFs) TFIIA, TFIIB, TFIID, TFIIE, TFIIF, TFIIH, together with Mediator
and PolII, form the pre-initiation complex (PIC). Sequence-specific TFs (specific
TF) possess a DNA-binding and an activation domain (DBD, AD) and interact
with co-activators and GTFs. The TATA-box (TATA) and transcription start
site (TSS) are shown as core promoter. Adapted from Maston [Maston et al.,
2006].
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start-site selection and transcriptional initiation [Deng and Roberts, 2007; Thomas

and Chiang, 2006]. It has been shown to interact directly with several subunits of

PolII [Bushnell et al., 2004; Pappas and Hampsey, 2000], with PolII-bound TFIIF

[Chen and Hampsey, 2004; Chen and Hahn, 2004] as well as with DNA-bound

TFIID [Fang and Burton, 1996; Goodrich et al., 1993; Ha et al., 1993; Sun and

Hampsey, 1996], highlighting its importance as a scaffold of the PIC. TFIIB in-

teracts with PolII prior to its integration into the PIC [Elsby et al., 2006; Ranish

et al., 1999] and is essential for PolII recruitment to the promoter [Buratowski

et al., 1989; Parvin and Sharp, 1993; Reinberg and Roeder, 1987; Sawadogo and

Roeder, 1985a; Tyree et al., 1993; Usheva and Shenk, 1994]. Furthermore, to-

gether with TFIID and TFIIF, TFIIB plays an essential role in start-site selection

[Fairley et al., 2002; Pinto et al., 1992, 1994]. Finally, due to its interaction with

the catalytic centre of PolII [Bell and Jackson, 2000; Cho and Buratowski, 1999;

Ranish et al., 1999; Werner and Weinzierl, 2005], TFIIB needs to be released

before transcription can be initiated [Zawel et al., 1995].

TFIID and the SAGA complex: PIC nucleation TFIID and SAGA (Spt-

Ada-Gcn5-acetyltransferase) are both large multi-subunit complexes [Sermwit-

tayawong and Tan, 2006; Thomas and Chiang, 2006]. They contain the TATA-box

binding protein (TBP) [Nishikawa et al., 1997], several TBP-associated factors

(TAFs) [Grant et al., 1998], and possess histone acetyltransferase (HAT) activity

[Brownell et al., 1996; Grant et al., 1998; Mizzen et al., 1996]. Both complexes

deliver TBP to the promoters and thereby initiate PIC formation [Matsui et al.,

1980; Samuels and Sharp, 1986]. They recognise promoters through TBP and

the associated TAFs [Parker and Topol, 1984; Sawadogo and Roeder, 1985b].

However, whereas SAGA binds TATA-box containing promoters, TFIID binds to

TATA-less promoters [Basehoar et al., 2004; Huisinga and Pugh, 2004]. TFIID

is highly regulated and several co-factors are known to activate or inhibit TFIID

[Auble and Hahn, 1993; Ge and Roeder, 1994; Kokubo et al., 1998; Merino et al.,

1993; Pugh and Tjian, 1990; Xie et al., 2000]. Some of these inhibiting effects

can be reversed by TFIIA (see below).
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TFIIA: anti-repressor and co-activator TFIIA is not essential for PIC as-

sembly and transcription; however, it acts as both anti-repressor and co-activator

of transcription [Thomas and Chiang, 2006]. In its anti-repressive role, it coun-

teracts the effect of negative regulators of TFIID and enhances PIC assembly

by increasing TFIID-binding to DNA [Buratowski et al., 1989; Imbalzano et al.,

1994; Kang et al., 1995; Lee et al., 1992]. As a co-activator, it stimulates overall

transcription by interacting with specific TFs (see below) and components of the

transcription machinery [Cortes et al., 1992; Lee et al., 1992; Maldonado et al.,

1990; Ozer et al., 1994; Ranish and Hahn, 1991; Usuda et al., 1991; Yokomori

et al., 1993].

TFIIF: PolII-binding and recruitment TFIIF is tightly associated with

PolII [Price et al., 1989; Sopta et al., 1985]. It binds PolII prior to integration into

the PIC and facilitates its recruitment to the promoter through interactions with

TFIIB [Flores et al., 1991; Robert et al., 1998]. Together with TFIIB and PolII,

TFIIF has been implicated in selecting the TSS [Fairley et al., 2002; Ghazy et al.,

2004]. It therefore prevents PolII from binding to non-promoter sequences and

inhibits spurious transcription [Hampsey, 1998; Orphanides et al., 1996]. TFIIF

is also necessary for the recruitment of TFIIE and TFIIH [Orphanides et al.,

1996]. Finally, it has been shown to help PolII to escape from the promoter and

to enhance elongation [Price et al., 1989; Shilatifard et al., 2003; Yan et al., 1999].

TFIIH: transcription initiation TFIIH is a multi-subunit protein complex

that has many enzymatic activities required for transcription [Thomas and Chi-

ang, 2006]. Its DNA-dependent ATPase [Conaway and Conaway, 1989; Feaver

et al., 1991; Roy et al., 1994] and ATP-dependent helicase [Drapkin et al., 1994;

Schaeffer et al., 1993; Serizawa et al., 1993] activities are required for unwinding

the DNA, promoter clearance and incorporation of the first nucleotide into the

RNA polymer [Goodrich and Tjian, 1994; Holstege et al., 1996]. The kinase ac-

tivity of the complex [Feaver et al., 1991; Serizawa et al., 1992] is required for

Ser5 phosphorylation on PolII, which triggers the release of GTFs from PolII (see

below).
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TFIIE: recruitment of TFIIH TFIIE recruits TFIIH to the promoter [Flores

et al., 1991; Maxon et al., 1994; Okamoto et al., 1998; Yokomori et al., 1998]

and stimulates its activity, thereby facilitating the formation of the initiation-

competent PolII [Lee and Young, 2000; Ohkuma and Roeder, 1994; Ohkuma

et al., 1995; Okamoto et al., 1998; Serizawa et al., 1994].

Mediator: bridging general and specific TFs Mediator is a large complex

that contains 25-30 protein subunits [Björklund and Gustafsson, 2005; Conaway

et al., 2005; Myers and Kornberg, 2000]. It directly interacts with the unphos-

phorylated form of PolII [Davis et al., 2002; Myers et al., 1998], and is released

from the PIC upon Ser5-PolII phosphorylation [Svejstrup et al., 1997]. While

bound to the PIC, Mediator stimulates TFIIH-mediated phosphorylation [Kim

et al., 1994]. It has been shown to facilitate the TBP-binding to the TATA-box,

thereby stabilising the promoter-bound scaffold of TFIIA, TFIID, TFIIE and

TFIIH [Yudkovsky et al., 1999]. There are suggestions that this scaffold can help

initiate another round of transcription [Myers and Kornberg, 2000]. Finally, since

Mediator interacts with various TFs [Ito et al., 1999; Koh et al., 1998; Lee and

Wei, 1999; Park et al., 2000], it has been proposed to act as bridge between the

promoter-specific TFs and GTFs [Myers and Kornberg, 2000].

PIC assembly and transcription initiation PIC assembly starts with the

promoter-binding of TBP in the TFIID or SAGA complexes (Figure 1.5). This

can be assisted by Mediator that is recruited by specific TFs (not shown in the

Figure). This is followed by the recruitment of TFIIB that interacts with PolII

and the PolII-bound TFIIF. Once this complex is formed, TFIIE and TFIIH are

recruited. The helicase activity of TFIIH, fuelled by its ATPase activity, then

unwinds the DNA so forming the so-called transcription bubble [Pal et al., 2005].

After inclusion of about 5 nucleotides into the nascent transcript the exit of

transcript is blocked by TFIIB that interacts with the exit tunnel of PolII [Chen

and Hampsey, 2004]. To unblock the exit of the nascent transcript, PolII has to

be released from the GTFs. The energy to exchange the GTFs with elongation

factors, and to convert the initiation complex into the elongation complex, is

provided by the collapse of the transcription bubble [Pal et al., 2005].
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Figure 1.5: PIC assembly pathway. TBP (violet) binds to the promoter, followed
by TFIIB (green) and TFIIF-bound PolII (red). With the recruitment of TFIIE
(light green) and TFIIH (yellow) they form the initiation-competent complex.
The helicase activity of TFIIH, fuelled by its ATPase activity, unwinds the DNA
so that the transcription bubble can form. TFIIH then phosphorylates Ser5 of
PolII-CTD, which in turn triggers the release of the GTFs and leads to elongation.
Figure taken from Lodish [Lodish, 2007]
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1.1.3.2 RNA polymerase II

Having described the GTFs, we next turn to the most important enzyme in the

process, the RNA polymerase II itself. PolII is a large protein complex consist-

ing of 10 subunits and a peripheral heterodimer [Cramer et al., 2008]. Its main

catalytic activity is the formation of the phosphodiester bond between ribonu-

cleotides and the growing chain of the RNA transcript [Alberts et al., 2002]. In

addition to the catalytic subunits, PolII possesses a C-terminal domain (CTD)

comprising repeats of seven amino acids (Tyr-Ser-Pro-Thr-Ser-Pro-Ser), which is

highly regulated by post-translational modifications.

PolII movement As described above, PolII requires several GTFs to identify

the promoter and initiate transcription. Once transcription has started, PolII

progresses on the DNA template in a very processive manner. The way it moves

along the DNA template has been described as a “Brownian ratchet mechanism”

driven by the free energy provided by the hydrolysis of the correct incoming nu-

cleotide [Bar-Nahum et al., 2005]. As a consequence, even though PolII moves

forward on average, it can pause and even backtrack several bases [Selth et al.,

2010]. To recover from backtracking, PolII requires the help of so-called elonga-

tion factors (discussed below).

Transcription fidelity To achieve accurate transcription, PolII needs to insert

the correct nucleotides in the nascent RNA transcript according to the DNA

template. Therefore, it must balance the need for high fidelity with the need for

rapid transcription. The so-called trigger loop, a mobile element in one of the core

subunits, is responsible for this [Selth et al., 2010]: It interacts with the incoming

nucleotide so that it is correctly aligned for the formation of the phosphodiester

bond [Selth et al., 2010]. Miss-matched nucleotides cannot correctly align with

the trigger loop and therefore are much less likely to form the phosphodiester

bond [Wang et al., 2006].

CTD phosphorylation The CTD of PolII shows a very dynamic phosphory-

lation pattern that regulates various steps over the course of a transcription cycle

[Buratowski, 2009]. During PIC formation, PolII must be unphosphorylated to

19



1. Transcriptional regulation

recruit the Mediator complex [Myers et al., 1998]. When integrated into the PIC,

Mediator stimulates the CTD kinase activity of the TFIIH, which in turn phos-

phorylates the CTD at Ser5. This phosphorylation destabilises the interaction

between Mediator and the PIC, and Mediator is consequently released from the

complex as transcription starts [Max et al., 2007; Svejstrup et al., 1997; Yud-

kovsky et al., 2000].

In addition to the function of releasing Mediator, Ser5 phosphorylation is im-

portant to recruit a multitude of different factors [Buratowski, 2009], such as the

mRNA capping enzyme [Fabrega et al., 2003; Komarnitsky et al., 2000; Schroeder

et al., 2000, 2004] and several histone modification enzymes (see below).

1.1.4 Sequence-specific TFs recruit the basal transcrip-

tion machinery

The basal machinery is sufficient for basal or in vitro transcription. However, to

achieve higher expression levels and gene-specific regulation, an additional class

of transcriptional regulators - sequence-specific transcription factors (TFs) - is

required (see below).

The existence of TFs was first hypothesised by Jacob and Monod based on stud-

ies of the bacterial lac operon and the λ phage. They proposed that genes are

generally in an active state unless they are repressed by a factor that was yet to

be discovered at the time [JACOB and MONOD, 1961]. The characterisation of

a TF came about ten years later when Ptashne and Gilbert isolated the λ phage

repressors that turned out to be DNA-binding proteins that block the RNA poly-

merase from binding to promoters [Ptashne and Gilbert, 1970].

Later, it was discovered that de-repression of genes only leads to low levels of tran-

scription and that additional proteins - transcriptional activators - are required

for higher expression levels [Brent and Ptashne, 1985; Ptashne et al., 1980]. TFs

were thus classified into activators and repressors. Both repressors and activators

contain a DNA-binding domain which recognises specific nucleotide sequences
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[Alberts et al., 2002]. In addition to the DNA-binding domain, transcriptional

activators generally contain an activation domain that is essential for their ac-

tivating function [Ptashne and Gann, 1997]. Repressors on the other hand, can

act either by directly competing for binding sites with GTFs and activators, or

by more elaborate inhibition based on repressive domains [Alberts et al., 2002].

In the following section we first discuss different mechanisms of how TFs can

activate or repress their target genes, and then discuss the more global aspects

of TF-gene regulatory interactions.

1.1.4.1 TFs regulate transcription by interacting with the transcrip-

tion machinery

Early studies of TF activation domains provided the first indications that they

could stimulate the basal transcription machinery [Triezenberg, 1995]. Activation

domains have generally been classified based on their amino-acid composition:

acidic residue-rich TFs, basic residue-rich TFs, and glutamine-rich, proline-rich

or serine/threonine-rich TFs [Triezenberg, 1995]. The composition appears to be

important since it has been reported that the activating strength correlates with

the enrichment of the respective amino acid in each class [Titz et al., 2006].

There are two ways by which activators regulate the expression of their tar-

get genes: they can interact with nucleosome-remodelling or modifying enzymes

thus preparing the promoter for GTF-binding, or they can directly interact with

GTFs or Mediator to recruit, or stimulate or repress their activity. Below, we

describe some examples for these mechanisms.

TFs recruit chromatin-remodelling complexes It has been proposed that

acidic activation domains stimulate transcription by helping the basal transcrip-

tion machinery to compete with nucleosomes [Workman et al., 1991]. One ex-

ample is the recruitment of chromatin-remodelling enzyme complexes, such as

SWI/SNF which is recruited and stimulated by the galactose-responsive TF Gal4

[Yudkovsky et al., 1999] and the cell-cycle specific TF Swi5 [Cosma et al., 1999].

Another complex, ISWI, is recruited by the meiosis-repressing TF Ume6 to re-
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press its target genes [Goldmark et al., 2000]. Histone-modifying enzymes have

also been shown to be recruited by TFs. These include the HAT complexes SAGA

and Ada that are recruited by the herpes simplex virus-1 VP16 [Utley et al., 1998]

or the yeast TF Pho2 [Barbaric et al., 2003].

More recently, genome-wide location studies reported that Reb1 as well as Rsc3

binding sites together with tracts of poly(dA:dT) are required for forming the

NFR in yeast promoters [Badis et al., 2008; Raisner et al., 2005].

TFs recruit GTFs Transcriptional activators have been shown to interact

with several GTFs: for example, TFIIB binds to the acidic domain of VP16 [Lin

and Green, 1991; Lin et al., 1991], the proline-rich domain of CTF1 [Kim and

Roeder, 1994], and the acidic domains of Pho4 and Adr1 [Wu and Hampsey,

1999]. TFIID interacts with the acidic VP16 domain [Stringer et al., 1990], the

ribosomal activator protein Rap1 [Garbett et al., 2007] and GCN4 [Klein and

Struhl, 1994], and its stability is also indirectly increased by interactions of its

co-activator TFIIA with TFs [Clemens et al., 1996; Dion and Coulombe, 2003;

Kobayashi et al., 1995; Ozer et al., 1994]. TFIIF has been shown to interact with,

and is potentially activated by the TF SRF [Joliot et al., 1995]. Finally, TFIIH

interacts with the acidic domains of VP16 and with the human TF p53 [Xiao

et al., 1994]. Many of these interactions are required for transcription in vitro

as well as in vivo [Colgan et al., 1993; Lin et al., 1991; Roberts et al., 1993; Wu

and Hampsey, 1999]. Another common target of transcriptional activators is the

Mediator complex [Myers and Kornberg, 2000], which interacts with certain hor-

mone receptors [Ito et al., 1999; Lee and Wei, 1999] and was found to be essential

for the TF-specific expression of several genes [Han et al., 1999; Park et al., 2000]

For many TFs however, it is still unclear how they function as transcriptional

activators.

1.1.4.2 Detection of TF-binding sites

The most common way to detect TF-DNA interactions is through chromatin

immuno-precipitation (ChIP). In this method, DNA-binding proteins are cross-

22



1. Transcriptional regulation

linked to the bound DNA molecule. After shearing the DNA, TF-bound DNA

fragments are extracted using antibodies against the TF of interest [Orlando,

2000]. Then the fragments are sequenced or hybridised to DNA micro-arrays (see

below) to identify the binding-site locations.

Using conventional sequencing analysis the first small-scale regulatory interac-

tion networks started to emerge for well-known biological processes such as for

the cell cycle [Dynlacht, 1997] or for parts of the metabolic system like phos-

phate uptake [Oshima et al., 1996] and glucose repression [Schüller, 2003]. The

development of high-throughput technologies - first micro-arrays and later high-

throughput sequencing - allowed detection of binding sites on a genomic scale

[Harbison et al., 2004; Lee et al., 2002; Schena et al., 1995; Shalon et al., 1996;

Spellman et al., 1998]. These genome-scale interaction datasets triggered the

reconstruction of large TF-target gene regulatory networks. Since baker‘s yeast

served as a model for many of the pioneering genomic studies, data are most

abundant for this organism. Large-scale transcriptional networks are becoming

available for other model organisms and humans.

1.1.4.3 Large-scale TF-target interaction networks show hierarchical

structure

The first large-scale interaction network of two different TFs was reported for

S.cerevisiae by Ren and colleagues in 2000 [Ren et al., 2000], which was followed

by the report of the first complete regulatory network under normal growth con-

ditions in YPD [Lee et al., 2002] and a cell-cycle TFs network [Horak et al.,

2002]. In the most comprehensive study to date Harbison and colleagues about

200 DNA-binding proteins in various growth conditions and reported the genomic

binding location of about 150 TFs [Harbison et al., 2004; Macisaac et al., 2006b].

The most recent addition to the collection of S.cerevisiae regulatory networks was

published only a few months ago [Venters et al., 2011] and reported an additional

200 transcription-related DNA-binding proteins.

Regulatory interaction networks can be conceptualised as graphs [Babu, 2010;
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Babu et al., 2004], in which TFs and their targets are linked by directed edges

representing the regulatory interaction. The can be analysed at four levels of

detail: (i) the interactions of individual TFs and targets, (ii) the specific network

motifs that are formed by TF-target interactions, (iii) the combination of these

motifs into larger modules, and finally (iiii) the whole network (Figure 1.6).

Transcription factor

Target gene and
binding site

(d) Transcriptional regulatory network(a) Basic unit (c) Modules(b) Motifs

Current Opinion in Structural Biology

Figure 1.6: Transcriptional regulatory networks. (a) The basic units are the indi-
vidual interactions between TFs and genes. (b) These individual interactions are
often organised into specific network motifs, such as single input multiple output
(top), multiple input multiple output (middle), or feed-forward loops (bottom).
(c) Motifs can be combined to independent modules of biological function. The
highest level (d) is the reconstruction of the full interaction network. Adapted
from Babu [Babu et al., 2004].

Network motifs determine the kinetic behaviour of regulatory interac-

tions Simple network motifs have been identified in regulatory networks across

a large number of species, indicating that they serve as common pattern of con-

nectivity [Alon, 2007]. Some common motifs include: positive or negative auto-

regulation where a TF regulates its own expression, single input motifs in which

an individual TF controls several outputs, and multiple input motifs in which

two or more TFs combinatorially regulate their targets (Figure 1.6 b). Another

common class is the feed-forward loop in which one factor regulates two targets

the first of which also regulates the second target (Figure 1.6 b) [Alon, 2007].

These motifs are interesting because they often possess very specific kinetic prop-
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erties that can be linked to particular cellular behaviours. Examples include cell

differentiation mediated by positive feedback loops [Boyer et al., 2005; Eichen-

berger et al., 2004; Kotte et al., 2010; Süel et al., 2006], and oscillatory behaviour

enabled by negative feedback loops [Nelson et al., 2004; Pomerening et al., 2003].

Transcriptional networks are organised in a hierarchical manner At a

global level, regulatory networks are organised in a hierarchical manner, with few

TFs behaving as global hubs linked to other TFs that act as more local hubs.

The hierarchical structure of the yeast transcriptional regulatory network is illus-

trated in Figure 1.7.

Figure 1.7: Hierarchical structure of the yeast transcriptional regulatory network.
The TFs (red dots) at the top of the hierarchy regulate (blue lines) TFs that are
further downstream and act more locally. Adapted from Yu [Yu and Gerstein,
2006].

It has been shown that TFs at the top of the hierarchy are long-lived, more

abundant and more noisy than the TFs in the middle or lowest layer potentially

allowing subgroups of a clonal cell population to respond differentially to external

stimuli [Jothi et al., 2009]. In addition to the hierarchical structure of networks

it has been reported that the sub-structure of regulatory networks differs greatly
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between those mediating quick responses to external conditions such as stress-

response or diauxic shift, and those involved in multi-stage processes such as

the cell cycle. The former show a simple cascade of few TFs, whereas the net-

work structure in the latter is much more intertwined, likely reflecting the higher

complexity of the response [Luscombe et al., 2004].

Combinatorial regulation TFs often work in different combination to regu-

late different sets of genes in response to different environments [Li and Johnson,

2010; Tuch et al., 2008]. Combinatorial regulation in yeast has been found to

mainly involve either paralogous TFs, potentially backing up each others role, or

physically interacting TFs, potentially regulating the specificity of the response

[Balaji et al., 2006]. In addition to noise reduction and increase in target speci-

ficity, combinatorial regulation has also been proposed to play an important role

in evolution, allowing regulatory rewiring without the loss of fitness [Li and John-

son, 2010].

1.1.5 Transcriptional elongation and termination

Once PolII leaves the promoter, it must complete transcription of the gene with-

out dissociating from the DNA template. In order to do so however, it requires a

set of elongation factors [Fuda et al., 2009], which have been classified into three

classes based on their function [Gerber and Shilatifard, 2003]. The first class,

including TFIIS, prevents PolII from premature termination and helps to rescue

it from backtracking [Yankulov et al., 1994]. The second class, including FACT

(facilitates chromatin transcription), helps PolII to transcribe through chromatin

[Orphanides et al., 1998]. The third class increases the rate of elongation by al-

tering kinetic parameters of PolII [Shilatifard et al., 1996; Thirman et al., 1994].

This class includes TFIIF [Shilatifard et al., 1996].

The transition from initiation to elongation is reflected in the phosphorylation

state of the PolII-CTD: Ser5 phosphorylation is highest when PolII is at the

5’ ends of genes and declines towards the 3’ end, whereas Ser2 phosphoryla-

tion steadily increases during elongation. The different phosphorylation states
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help recruit specific histone-modifying enzymes at different stages of elongation

[Hampsey and Reinberg, 2003]. In addition, Ser2 phosphorylation has been shown

to prevent early termination through the Nrd1/Nab3 pathway that is generally

known to terminate snRNA and snoRNA transcripts [Gudipati et al., 2008].

Transcription termination in yeast occurs after PolII has transcribed through

the poly(A) sites and involves cleavage of the transcript and dissociation of PolII

from the DNA template [Richard and Manley, 2009]. The factors involved in

termination and cleavage have been shown to be specifically recruited to the

Ser2-phosphorylated CTD [Buratowski, 2009].

Two models have been proposed for transcriptional termination. The allosteric

model, that proposes that transcription of the poly(A) site at the 3’ end of genes

induces conformational changes in the transcription complex, triggering the re-

lease of the elongation factors and the association of the termination factors

with PolII [Logan et al., 1987]. The second “torpedo” model proposes that the

nascent transcript is cleaved and polyadenylated, after PolII transcribed through

the poly(A) site. PolII keeps transcribing and the resulting uncapped 5’ end of

the RNA then attracts 5’-3’ exonucleases which start digesting, and - like a tor-

pedo - eventually “catch up” with PolII. This causes the release of PolII from the

DNA [Connelly and Manley, 1988].

1.2 Transcription of non-coding RNA transcripts

Having described the processes and factors involved in the transcription of protein-

coding genes, we next focus on a relatively newly discovered class of non-coding

RNAs transcripts (ncRNA).

The first described ncRNAs in the cell include tRNAs (transfer RNAs), trans-

ferring the amino acids to the translating ribosome, rRNAs (ribosomal RNAs),

which constitute the catalytic units of the ribosome, and snRNAs (small nuclear

RNAs) that are involved in various nuclear processes like splicing or rRNA pro-

cessing [Alberts et al., 2002].
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Another more recently discovered class is the small regulatory ncRNAs, such

as small interfering RNAs (siRNAs). These repress genes through a mechanism

involving a double-stranded RNA, which is processed by a protein called Dicer

into many, about 22nt long, siRNAs [Hamilton and Baulcombe, 1999; Hammond

et al., 2000; Parrish et al., 2000]. The siRNAs are then bound by the RNA-induced

silencing complex (RISC), which identifies target mRNAs that are complemen-

tary to the siRNAs [Elbashir et al., 2001a,b; Hammond et al., 2000].

In addition to these small regulatory RNAs, the recent development in high-

throughput technologies that allow identification of outside known gene annota-

tions, have lead to the discovery of a large number of previously unannotated

transcripts in various organisms [David et al., 2006; Davis and Ares, 2006; He

et al., 2008; Kapranov et al., 2002; Wilhelm et al., 2008]. Some of these ncRNAs

are very unstable and immediately degraded but have been found to be pervasive

in mutants lacking the RNA degradation machinery [Neil et al., 2009; Xu et al.,

2009]. In the following we describe the nature and potential functions of these

novel ncRNAs.

1.2.1 Nature and function of novel ncRNAs

ncRNAs are transcribed from various genomic locations: antisense to genes, in

promoter or terminator regions, enhancers, and intergenic regions [David et al.,

2006; Davis and Ares, 2006; He et al., 2008; Kapranov et al., 2002; Nagalakshmi

et al., 2008; Neil et al., 2009; Wilhelm et al., 2008; Xu et al., 2009]. The classifica-

tion of the ncRNAs has differed across organisms. In baker‘s yeast, the ncRNAs

are grouped based on their stability: stable unannotated transcript (SUT) and

cryptic unstable transcript (CUT). Whereas in human they are named based

on their genomic location; for example, long interspersed (lincRNAs) [Guttman

et al., 2009], or promoter/terminator associated small/long RNAs (PALR/TALR

and PASR/TASR) [Fejes-Toth et al., 2009; Kapranov et al., 2007]. Since the

terminology, except for yeast, is not yet consistent across studies, we here refer to

them as long ncRNA, to distinguish them from the small regulatory RNAs such
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as siRNAs.

Long ncRNAs have been implicated in various regulatory mechanism, some of

which are summarised in Figure 1.8. The three major routes by which they

influence gene expression are: (i) serving as scaffold for chromatin-remodelling

enzymes and recruiting them to specific genes, (ii) interfering with transcription,

and (iii) interfering with post-transcriptional processing (Figure 1.8). Below, we

describe some examples for each mechanism.
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Figure 1.8: Mechanisms of how long ncRNA can regulate gene expression. (A)
ncRNAs can serve as scaffold for the assembly of chromatin complexes and deliver
them to specific genomic locations. They can directly interfere with transcription
by (B) targeting repressor proteins to the promoter (C) acting as co-activator for
certain TFs or (D) directly binding to a gene promoter and thereby preventing the
transcription machinery from PIC formation. (E) Finally, ncRNAs can regulate
post-transcriptional events, for example by binding to the mRNA transcript and
occluding splice sites. Adapted from Mercer [Mercer et al., 2009].

1.2.1.1 ncRNAs recruit chromatin-remodelling enzymes

An example of ncRNA involved in chromatin regulation was found in a study of

the human homebox (HOX) locus (Figure 1.8 (A)) [Rinn et al., 2007]. This locus

produces an anti-sense transcript called HOTAIR (Hox transcript antisense RNA)

that recruits several chromatin-remodelling enzymes to a 40kb region around the
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HOX locus and therefore silences transcription [Rinn et al., 2007]. Another ex-

ample is the Pho84 antisense transcript in yeast, that recruits histone-modifying

enzymes to the promoter of its sense transcript, which then repress its expression

[Camblong et al., 2007].

Since many histone-remodelling enzymes have RNA-binding domains, but lit-

tle DNA sequence specificity, it has been suggested that ncRNAs could serve as a

general mechanism to target these enzymes to genomic loci [Mercer et al., 2009].

1.2.1.2 ncRNAs recruit regulatory proteins to gene promoters

Another way in which long ncRNA can interfere with transcription is by recruit-

ing RNA-binding repressor proteins to the 5’ regions of genes [Mercer et al., 2009].

An example of such a mechanism is a ncRNA that is induced in response to DNA

damage and recruits transcriptional repressor proteins to the cyclin-D promoter

[Wang et al., 2008].

ncRNAs can also act as transcriptional co-activators. This was shown in mice,

where the ncRNA Evf-2, expressed from an ultra conserved element, acts as co-

activator for the TF Dlx-2 so inducing expression of adjacent genes [Feng et al.,

2006].

In addition, ncRNA have been shown to regulate expression through direct in-

teractions with the PolII or some GTFs (Figure 1.8 (D)) [Mercer et al., 2009].

Examples include the human dihydrofolate-reductase gene where a ncRNA was

found to repress transcription through interaction with TFIIB [Martianov et al.,

2007] and the human Alu-RNA that acts as repressors during the cellular heat

shock response by binding PolII [Mariner et al., 2008].

1.2.1.3 Antisense ncRNAs can interfere with their sense transcript

Finally, ncRNA expressed in antisense to coding genes can interfere with the

post-transcriptional processing of the mRNA [Mercer et al., 2009]. Possible mech-

anisms for interference include masking specific sites, such as the splice site to
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prevent proper splicing [Beltran et al., 2008], or formulation of double-stranded

RNA which are then degraded [Ogawa et al., 2008].

The large number of antisense transcripts that have been discovered in various

organisms [David et al., 2006; Davis and Ares, 2006; He et al., 2008; Kapranov

et al., 2002; Wilhelm et al., 2008] suggests that there are many more mechanisms

yet to be discovered.

1.2.2 Cryptic transcription in yeast

As mentioned above, in yeast there are two classes of novel ncRNA transcripts:

SUTs (stable unannotated transcripts) and CUTs (cryptic unstable transcripts).

SUTs are stably expressed in wild type cells, whereas CUTs are degraded immedi-

ately by the joint activity of the exosome and the Trf4Air2mtr4p polyadenylation

(TRAmP) complex [Davis and Ares, 2006; Wyers et al., 2005]. They can only

be detected in cells lacking a functional exosome, most commonly by mutation

of the Rrp6-subunit (∆rrp6) [Davis and Ares, 2006]. Two recent genome-wide

studies showed that CUTs and SUTs are mainly transcribed from the 5’ or 3’

NFRs of protein-coding genes [Neil et al., 2009; Xu et al., 2009].

A recent study suggested that antisense interference by SUTs is a general regu-

latory mechanism in yeast during response to environmental changes [Xu et al.,

2011]. Whether CUTs have a similar function in the transcriptional regulation or

whether they are merely faulty transcripts arising from inaccurate transcription

initiation of PolII is still a matter of active research.

Small-scale studies in single promoters have shown that the amount of cryptic

transcription greatly increases in mutants that affect chromatin regulation, tran-

scriptional elongation or initiation [Cheung et al., 2008]. It was further shown

that CUT expression in promoter regions correlates with certain histone modi-

fications [Churchman and Weissman, 2011]. Despite these studies, however, the

mechanism of how these CUTs and SUTs are generated is still unknown.
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1.3 Introduction to the thesis

1.3.1 Technologies used to generate the data used in this

thesis

This thesis utilises different types of publicly available datasets. This section

briefly describes the different technologies that have been used to generate these

data and also gives a general overview of the current technologies used in func-

tional genomics.

1.3.1.1 Measurements of gene expression

Microarray was the first technology used to measure high-throughput RNA ex-

pression. The first microarrays were developed by printing cloned DNA frag-

ments, that were complementary to the genes in question, onto glass slides [Schena

et al., 1995; Shalon et al., 1996]. These arrays are generally called cDNA array

(complementary DNA) and they are typically used to compare the expression

levels in two RNA samples. For this, samples are labelled with different dyes

and simultaneously hybridised to the array. The relative concentration of each

transcript is then calculated from the fluorescence intensity measurements of the

two dyes [Schena et al., 1995; Shalon et al., 1996].

Another type of microarray is the oligonucleotide array, also called gene chips.

DNA probes are directly synthesised to the array surface using photolithographic

techniques [Southern et al., 1992]. The oligonucleotides are typically 25∼100 nu-

cleotides long and typically cover large parts of the genomic sequence. The current

Affymetrix gene chip for S.cerevisiae contains 3.2 million perfect match/mismatch

probe pairs of length 25 nucleotide tiled trough the yeast genome resulting in a

resolution of 5bp (10bp for strand-specific hybridisation) across the entire genome.

In recent years, the development of novel high-throughput sequencing technolo-

gies have led to a technique called RNA-seq [He et al., 2008; Nagalakshmi et al.,

2008; Wilhelm et al., 2008]. A typical experiment starts with an RNA sample

that is converted into a library of cDNA fragments. These are then ligated with
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adaptors at one (single-end sequencing) or both (paired-end sequencing) ends,

and sequenced using next generation sequencing. The resulting reads are then

aligned to a reference genome or assembled de novo and expression values are

calculated by counting the number of reads of a certain transcript [He et al.,

2008; Nagalakshmi et al., 2008; Wilhelm et al., 2008].

1.3.1.2 Measurements of genome-wide locations of DNA binding pro-

teins

As mentioned above, the most common method to measure genome-wide lo-

cations of DNA-binding proteins is to combine chromatin immunoprecipitation

(ChIP) with either microarrays or high-throughput sequencing [Orlando, 2000;

Park, 2009]. This approach can be applied to any DNA-binding protein for which

an antibody is available.

To map nucleosome positions, chromatin (with our without cross-linking) is

treated with micrococcal nuclease (MNase) to digest loose DNA in the expecta-

tion that any DNA that is left was wrapped around nucleosomes. The remaining

DNA is then purified either by size-exclusion or using antibodies against core-

histones H3 and H4 [Kaplan et al., 2009, 2010; Mavrich et al., 2008].

Histone-modification maps are generated similarly to TF-maps using antibod-

ies against the specific methylation and acetylation states of different histones to

isolate the modified nucleosomes and extract the DNA bound by them [Barski

et al., 2007; Pokholok et al., 2005].

Other methods to investigate the chromatin structure is by mapping the ac-

cessible sites, thereby identifying the nucleosome depleted regions, with methods

like FAIRE (formaldehyde assisted isolation of regulatory elements) [Giresi et al.,

2007] or sono-seq [Auerbach et al., 2009]. Both methods crosslink the chromatin

with formaldehyde, sonicate the DNA then and either detect protein-bound DNA

fragments (sono-seq) or the non-protein bound DNA fragments (FAIRE) to ob-

tain a global map of accessible/inaccessible DNA [Auerbach et al., 2009; Giresi
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et al., 2007].

1.3.2 Aims of this thesis

The work presented in this thesis aims to increase our understanding of transcrip-

tional regulation through the computational analysis of genome-scale datasets for

the model organism S.cerevisiae. Each chapter is dedicated to a distinct aspect

of transcriptional regulation by asking the following questions:

• How does nucleosome positioning in the promoters of protein-coding genes

affect their expression?

• How does the binding of the transcription machinery in the promoters of

protein-coding genes affect their expression?

• How do the promoters of non-annotated non-coding RNA transcripts com-

pare with those of protein-coding genes?

• Is the metabolic system coupled to the cell cycle at the transcriptional level,

and if so, how are they coupled?
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Chapter 2

Condition-specific nucleosome

behaviour explains

transcriptional activity in yeast

2.1 Introduction

Nucleosomes are the basic unit of chromatin. Originally described for their struc-

tural role in compacting genomic DNA, they have become increasingly associ-

ated with playing a central role in regulating transcription. Recent advances

in high-throughput technologies have dramatically expanded our understanding

of genome-wide nucleosome organisation [Albert et al., 2007; Bai and Morozov,

2010; Bernstein et al., 2004; Field et al., 2008; Kaplan et al., 2009; Lee et al.,

2007; Mavrich et al., 2008; Shivaswamy et al., 2008; Zawadzki et al., 2009].

Detailed molecular studies have shown that nucleosomes play an important role

in gene regulation: for genes such as Pho5 or Adh2, nucleosomes have a repressive

effect, and their removal from the promoter region is sufficient to activate gene

expression even in the absence of additional transcription factors (TFs) [Adkins

and Tyler, 2006; Durrin et al., 1992; Han and Grunstein, 1988; Hirschhorn et al.,

1992]. Further, nucleosomes have been observed to relocate within these pro-

moters upon changes in growth-conditions, so providing a means for controlling
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expression in response to environmental stimuli.

At a genomic level, several studies have attempted to classify promoters accord-

ing to nucleosome organisation. Tirosh grouped promoters based on average

nucleosome occupancies upstream of the TSS; however their subsequent analy-

sis compared the properties of only the most extreme promoters (ie, the most

occupied and most depleted promoters), and so excluded most yeast promoters

from the study [Tirosh et al., 2010]. Field used a similar classification based on

nucleosome densities around TF-binding sites [Field et al., 2008]. Both studies

reported correlations between occupancies and additional features; for instance

housekeeping and essential genes tend to have depleted promoters, whereas those

of stress-related genes are more densely occupied. The latter were also linked

with properties such as high expression plasticity and noisy expression [Albert

et al., 2007; Field et al., 2008; Tirosh et al., 2010]. However, the studies con-

sidered only the promoter region typically occupied by the -1 nucleosome, thus

excluding the contribution of the +1 nucleosome to promoter function. Further,

the promoter classifications applied arbitrary thresholds for nucleosome occupan-

cies and required additional information such as the presence of TF-binding sites.

Genomic studies have also reported conflicting observations about the relationship

between nucleosome-positioning and gene expression. On the one hand, an early

study by Wyrik showed that global depletion of nucleosomes alters the expres-

sion of a quarter of yeast genes; but contrary to expectations nearly half of these

genes were down-regulated instead of being up-regulated [Wyrick et al., 1999].

In support, Shiwasvamy described that nucleosomes tend to be evicted from the

promoters of genes whose expression levels increased during heatshock, though

this was also observed among genes that remained unchanged [Shivaswamy et al.,

2008]. Using their promoter classification, Tirosh also stated that nucleosome oc-

cupancies are lower among highly expressed genes; although here the observed

correlations were very weak [Tirosh et al., 2010]. On the other hand, studies

by Kaplan and Zawadzki reported that nucleosome-occupancies remain largely

unchanged in yeasts grown on different carbon sources [Kaplan et al., 2009; Za-

wadzki et al., 2009]. A consequence of these conflicting observations is that there
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is no agreement about whether nucleosomes-positioning is a stable and inherent

property of promoters [Field et al., 2008; Kaplan et al., 2009; Tirosh et al., 2010;

Zawadzki et al., 2009], or whether nucleosomes reposition significantly according

to cellular conditions through the action of trans-acting factors like remodelling

enzymes [Lam et al., 2008; Shivaswamy et al., 2008; Zhang et al., 2009, 2011b].

In summary, although nucleosomes are considered to be important for transcrip-

tional control, there are still few general and consistent principles that can be

applied on a global scale.

Here we utilise publicly available data to examine nucleosome-positioning be-

haviour in the yeast Saccharomyces cerevisiae under different growth conditions.

We introduce a four-state model for nucleosome architecture in promoter re-

gions, which helps to explain several important properties of gene expression. In

particular, we demonstrate that nucleosome architecture determines the switch

between on and off transcriptional states, but not the actual expression level of

a gene. In TATA-box-containing promoters, the architecture is also indicative

of the amount of transcriptional noise. Finally, by comparing data across three

growth conditions, we report that these nucleosomes display significant move-

ment relative to the TSS, with over 20% of genes altering their promoter state,

and so their expression output. We show that a combination of DNA-binding

TFs, chromatin-remodelling enzymes and the underlying genomic sequence help

establish nucleosome architecture.

2.2 Results

2.2.1 Overview of major datasets

The study was performed using publicly available genome-scale datasets. Nucleosome-

positioning data were obtained from Kaplan and Field, which presented short

sequence reads from MNase-digested DNA (MNase-Seq) for yeast grown in rich

(YPD), ethanol- (EtOH) and galactose-containing media (Gal) [Field et al., 2008;

Kaplan et al., 2009]. To estimate the genomic positions of individual nucleosomes,

we applied the GeneTrack software to the mapped sequence reads (Appendix A)
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[Albert et al., 2008]. As shown in Table 2.1, the software predicted ∼53,000

nucleosomes for each condition. MNase is known to preferentially digests AT

rather than GC nucleotides [Dingwall et al., 1981]. Since in our study we always

compared nucleosome properties between two set of nucleosomes relative to each

other, the bias introduced by MNase is be cancelled out.

# nucleosomes
condition total +1 -1

YPD1 55,657 5,120 3,851
YPD2 53,290 5,118 3,942
EtOH 53,637 5,122 3,985

Gal 53,271 5,119 3,928

Table 2.1: Number of nucleosomes in different growth conditions.

Of particular interest in this study are the nucleosomes located in gene pro-

moters. Following convention, we defined the nucleosome overlapping with the

transcription start site (TSS) of a protein-coding gene as the +1 nucleosome, and

the one immediately upstream as the -1 nucleosome. The space between them is

called the nucleosome free region (NFR). Divergent genes with shared promoters

(1320) were excluded from the study of -1 nucleosome properties, since both pro-

moter nucleosomes overlap with a 5-end of genes.

The MNase-Seq data also allowed us to estimate the binding strength and fo-

cus of each nucleosome [Albert et al., 2007]. The first measures the number of

mapped reads at a given nucleosome position, and larger values signify stronger

binding. The second was calculated as the inverse of the spread of reads about a

nucleosome position. Also called ‘phasing‘, this measures the distribution of nu-

cleosomes around a particular genomic coordinate in a population of cells: larger

values correspond to greater focus, meaning that nucleosomes are precisely posi-

tioned across all cells.

Transcriptional activities in the same three conditions were calculated using tiling-

array data from Xu et al [Xu et al., 2009]. Instead of examining expression levels
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(eg, high, medium and low expression), we examined the expression state of genes

(ie, expressed and unexpressed). For each condition, we fitted a two-component,

normal-mixture model to the distribution of expression values: the first compo-

nent encapsulated the distribution of expressed genes and the second captured

the unexpressed ones (Appendix A). We defined a conservative threshold between

expressed (ON) and unexpressed genes (OFF) as the first percentile of the first

component. Table 2.2 summarises the numbers of ON and OFF genes in each

condition.

# ON genes # OFF genes
condition total Open Closed total Open Closed

YPD 4,684 3,234 1,450 173 75 98
EtOH 4,629 3,221 1,408 134 56 78

Gal 4,736 3,384 1,352 133 72 61

Table 2.2: Number of ON and OFF genes in each growth condition.

2.2.2 NFR size distributions and nucleosome-binding prop-

erties indicate distinct classes of promoters

Previous genome-scale studies reported that nucleosome positions vary substan-

tially between different genes. In particular, nucleosome-occupancies were re-

ported to range from very high to very low levels in a continuous manner; it is

worth noting that these observations were generally made using average promoter-

wide occupancies, rather than by examining individual nucleosome positions.

Here we demonstrate that promoters can be classified into discrete groups based

on the +1 and -1 nucleosome positions. First, we examined the distribution of

NFR sizes across all yeast promoters in YPD. We observe a previously unreported

bimodal distribution with maxima at 30bp and 130bp, and a minimum at ∼80bp

(Figure 2.1). The size distribution is remarkably consistent across all growth

conditions within the Kaplan dataset, and the observations are reproduced using

data generated by other laboratories (Appendix A).

In contrast to previous studies, the bimodal distributions suggest there are two
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NFR size [bp]

A: Comparison of NFR sizes in three different conditions
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Figure 2.1: Classification of promoters based on distance between +1 and -1
nucleosome position. (A) Distributions of NFR sizes for ON (blue lines) and OFF
genes (grey lines) in YPD, EtOH and Gal (left to right). Expressed genes tend
to have larger NFRs than unexpressed ones; however for both expression states,
NFR sizes fall into bimodal distributions with minima about 80bp ranging from
60-90bp (red dotted lines). (B) Distribution of distances (in bp) from the TSS
to the midpoints of the -1 and +1 nucleosomes in ON (blue) and OFF genes
(grey) in YPD. Promoters were separated into those with Open (left) or Closed
NFRs (right). The +1 nucleosome is well positioned in ON genes compared with
OFF. In contrast, the -1 nucleosome is well defined for Open/ON genes, but
relatively poorly for genes with Closed promoters. (C) Distributions of binding
strength (top) and focus (bottom) for -1 and +1 nucleosomes in Open and Closed
promoters. Genes were separated into ON (blue) OFF (grey). In all cases, the
+1 nucleosome is more strongly bound and better focused in the ON state. The
-1 nucleosomes in Closed promoters however, shows the opposite pattern with
less binding and focus in the ON than in the OFF state. Wilcoxon‘s rank sum
test, p-value<0.05 (*),<0.01 (**) and<0.001 (***).
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discrete populations of promoters with different nucleosome-binding conforma-

tions: those that are Open with large NFRs and those that are Closed with a

small NFR. A natural threshold of ∼80 (ranging from 60 to 90bp) separates the

two classes. As might be expected given the differences in DNA accessibility,

Open promoters tend to be enriched among expressed ON genes and vice versa

(Table 2.2; p<1.3e-09, Fisher‘s exact test). Surprisingly however, both ON and

OFF genes retain bimodal distributions indicating that these distinct promoter

configurations are found throughout the yeast genome irrespective of the expres-

sion state (Figure 2.1).

Next we investigated further properties of nucleosome-binding (Figure 2.1): po-

sition relative to the TSS, binding strength and focus. In Open promoters, both

+1 and -1 nucleosomes tend to occupy well-defined positions in ON genes (Figure

2.1, blue distributions) compared with OFF (grey distributions). Moreover, these

nucleosomes display much stronger and focused binding in ON genes (Figure 2.1).

In Closed promoters, the +1 nucleosome displays similar properties. The -1 nu-

cleosome is a major exception as it displays less defined, weaker and less fuzzy

binding in ON than in OFF genes. To test the robustness of the observations,

we checked for sample size effects (Appendix A), and we examined additional

MNase-Seq datasets generated by different laboratories (Appendix A). The nu-

cleosome positions display good correlation for data produced under equivalent

cellular conditions despite differences in the specifics of the MNase-Seq protocols.

Moreover the bimodal distributions of NFR sizes, and changes in nucleosome-

binding properties are maintained throughout, indicating that the observations

are very unlikely to be artefacts of the Kaplan and Fields datasets.

2.2.3 Four-state model for promoter nucleosome architec-

ture

These observations allow us to propose a qualitative model for nucleosome archi-

tecture in yeast promoters (Figure 2.2). The model consists of two NFR config-

urations, Open and Closed, and two expression states ON and OFF. Open-ON

promoters have strongly bound, highly focused +1 and -1 nucleosomes flanking
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a large NFR; but in the Open-OFF state, both nucleosomes become weakly, and

fuzzily bound. Closed promoters display similar binding for the +1 nucleosome:

strongly bound and focused in the ON state, but weak and fuzzy in OFF. A

major difference is the behaviour of the -1 nucleosome, which is already weak and

fuzzy when OFF, and becomes even weaker in the ON state.

nucleosome
chromatin 
remodeling
factor
TF/
TF binding site

high

medium
low
unbound

Affinity

OpenClosed

O
N

O
FF

+1 & -1 well positioned
Rsc9/Swr1 strongly bound

TFBS exposed
often TATA-less

low expression noise

+1 well positioned, -1 fuzzy
Rsc9/Swr1 strongly bound

TFBS mainly hidden
often TATA-box

high expression noise

+1 & -1 poorly positioned
Rsc9/Swr1 strongly bound

TFBS exposed
often TATA-less

not expressed

+1 & -1 poorly positioned
Rsc9/Swr1 not bound

TFBS mainly hidden
often TATA-box
not expressed

Legend

Figure 2.2: Model of promoter nucleosome architecture in yeast. Schematic of
the four-state model. It summarises the observations of nucleosome positioning,
gene expression behaviour and regulatory influences.

This classification can be applied to every single promoter in the yeast genome

(Table 2.2). Moreover unlike many previous studies of nucleosome positioning

in promoters, the classification is not dependent on the presence of previously

identified sequence motifs (e.g., TATA-box motifs), or arbitrary thresholds of

nucleosome occupancies.

2.2.4 Promoter states are discrete, not continuous

The bimodal distributions for NFR sizes and expression values strongly suggest

that the promoter states described in the model are discrete. However, a poten-
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tial concern is that promoters actually occupy a continuum and that the model

depends on arbitrary thresholds.

To test whether a continuous model would fit the data better, we examined

how each nucleosome-binding property varies among promoters. Between ON

and OFF genes, the main difference is in the behaviour of the +1 nucleosome.

We ranked genes according to their expression levels, and plotted them against

normalised values for the relative binding position, strength and focus (Figure

2.3). For all three properties, there is a clear transition in the region of the

previously defined threshold between ON and OFF genes. There is a steep fall

in binding strength and focus - though no corresponding change in position -

among the most highly expressed genes, which largely comprise ribosomal func-

tions. This probably occurs because the +1 nucleosome is evicted at extremely

high transcription rates. We suggest that these genes still belong to the Open-ON

class however, as the most important property - nucleosome position - remains

unchanged, and all the downstream observations apply equally well to them.

The main distinction between Open and Closed promoters among ON genes is

the behaviour of the -1 nucleosome. Genes were ranked according to NFR sizes

and plotted against the same three properties of the -1 nucleosome (Figure 2.3).

Again, there is a clear phase transition around the previously defined bound-

ary between 60 to 90bp during which the nucleosome-binding properties undergo

transitions. There is no equivalent transition for the +1 nucleosome, which is

displayed as a control. Together, these results support a discrete, rather than

continuous, model for nucleosome states.

2.2.5 Promoter state determines expression state and noise

Previous studies reported negative correlations between promoter nucleosome oc-

cupancies and expression levels. However these correlations were either very small

(R2<0.04) [Tirosh and Barkai, 2008] or observed only for the highly expressed

ribosomal genes [Shivaswamy et al., 2008].
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A: Phase transition of +1 properties at ON/OFF boundary B: Phase transition for +1 and -1 properties at Open/Closed boundary
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Figure 2.3: Phase transitions between promoter states. A: Phase transition of
+1 properties at ON/OFF boundary. The binding strength, binding focus and
the deviation from the median distance to the TSS (from to to bottom) for the
+1 nucleosome are plotted against the rank of gene expression. The values were
standardised and smoothed by a sliding window (window 200, step size 20). The
median (black dashed lines), 25-75% quantiles (grey) and 5-95% quantiles (white)
are shown. A phase transition is observed at the boundary between ON and OFF
genes as derived from expression data (red dashed lines at 1% and 5% FDR).
The sudden fall in binding strength and focus towards the very highly expressed
genes might suggest that nucleosomes get evicted upon very high expression. B:
Phase transition of +1 and -1 properties at Open/Closed boundary. The binding
strength and focus for the +1 and -1 nucleosome are plotted against the rank of
the NFR size. The values were standardised and smoothed by a sliding window
and the median (black dashed lines), 25-75% quantiles (grey) and 5-95% quantiles
(white) are shown. A phase transition was observed for the -1 nucleosomes but
not for the +1 nucleosomes. The red lines indicate the ranks at the Open/Closed
boundaries ranging from 60-90bp as identified in Figure 2.1.
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2. Results

We already demonstrated that promoter nucleosomes behave differently between

ON and OFF states: here, we tested whether nucleosome-binding properties vary

with the expression level of a gene once its activated. In contrast to earlier stud-

ies, we are unable to detect significant relationships between the amount of gene

expression and any features of the four-state model including NFR size, bind-

ing strength, focus and occupancy by chromatin remodelling factors (Figure 2.4;

Spearmans R2<0.05). Further, there are no associations between expression lev-

els and nucleosome occupancies in the gene body (Appendix A). Plots for PolII-

and TBP-binding are shown for comparison: as expected for components of the

transcriptional machinery, they display good correlation (Figure 2.4). Another

property of transcription is noise; that is, the amount of cell-to-cell variability

in the expression level of a gene. In a single-gene study, Lam showed that noise

at the Pho5 promoter rises with increased nucleosome occupancy [Lam et al.,

2008]. Both Tirosh and Field reported that promoters with high nucleosome oc-

cupancies are enriched for the TATA-box motif and noisily expressed genes [Field

et al., 2008; Tirosh and Barkai, 2008]. However, though promoter features clearly

affect expression noise, it is not obvious whether the TATA box or nucleosome

occupancy is responsible for this effect.

Using a genome-wide dataset measuring single-cell protein expression in YPD

[Newman et al., 2006], we assessed the impact of the four-state model on ex-

pression noise. Figure 2.4 shows that as expected, TATA-containing promoters

are much noisier than non-TATA ones as has been observed [Dong et al., 2011;

Landry et al., 2007; Tirosh and Barkai, 2008]. In addition to the TATA-effect,

it is apparent that Closed promoter configurations results in greater noise than

Open configurations. There is no difference among TATA-less promoters however,

indicating that the TATA-box is a prerequisite for noisy expression.

2.2.6 Cis- and trans-determinants of promoter state

There is currently intense debate about whether nucleosome-positioning is de-

termined by the underlying DNA sequence, or by regulatory proteins such as

remodelling enzymes [Kaplan et al., 2009; Segal and Widom, 2009; Zhang et al.,
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expression levels
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Figure 2.4: Effects on the promoter nucleosomes on expression levels and ex-
pression noise. A: No correlation between promoter nucleosome properties and
expression levels. NFR size and binding strength of +1 and -1 nucleosomes are
plotted against gene expression values (top to bottom) for Open and Closed pro-
moters separately. No correlation is observed with R squared lower than 0.04. B:
Correlations between transcription machinery binding and expression levels. In
contrast to nucleosome properties, the transcription machinery binding correlates
nicely with expression levels with R squared between 0.2 and 0.3. C: Closed pro-
moters tend to have noisier expression. Distributions of gene-expression noise
for TATA-containing and TATA-less promoters in Open and Closed configu-
rations. TATA-less promoters (top panel) show significantly lower noise than
TATA-containing ones (bottom panel; compare box-plots joined by red lines).
Among the latter, Closed promoters show even more noise than Open promot-
ers. There is no difference in noise levels between the two architectures among
TATA-less promoters. Wilcoxon‘s rank sum test: p-value<0.01(**) and<0.001
(***).
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2005]. Two sequence motifs that have previously been associated with promoter

nucleosome occupancies are the TATA box and poly(dA:dT) elements. Using the

genome-wide classification by Basehoar [Basehoar et al., 2004], we distinguished

between functional TATA-box elements (which are conserved in>2 species and/or

the promoter is sensitive to mutations in the TATA-box-binding protein, TBP)

and the simple presence of a TATA-sequence motif in the promoter region (which

may or may not recruit TBP). There is an increased occurrence of functional

TATA-box elements in Closed promoters (1.9-fold enrichment; p<2.2 x 10-16,

Fisher‘s exact test). Surprisingly however, the motif sequence alone doesnt dis-

play a significant enrichment (1.2-fold; p<0.24 Fisher‘s exact test). Among Open

promoters, there is only a slight increase in the occurrence of the nucleosome-

excluding 5-10bp-long poly(dA:dT) tracts, as reported by Segal and colleagues

(Appendix A) [Segal and Widom, 2009]. These observations suggest that al-

though certain nucleotide compositions probably contribute to nucleosome po-

sitioning in the promoter, they are not sufficient to explain the occurrence of

distinct promoter states.

Therefore, we examined the binding pattern of two remodelling enzymes that

are known to act specifically on promoter nucleosomes. Rsc9 is a member of the

RSC complex involved in establishing the NFR by moving the -1 nucleosome.

Swr1 is a component of the SWR complex that interacts with both the +1 and -1

nucleosomes; it is responsible for replacing the histone H2 subunit with the less

stable H2A.Z variant [Mizuguchi et al., 2004; Zhang et al., 2005]. Figure 2.5 shows

the average Rsc9 and Swr1 occupancies in each promoter type. In general, both

factors display greater binding among ON than OFF genes. However, there are

important differences in the behaviours of the two enzymes. Swr1 binds equally

to both Open and Closed promoters, indicating that it is required for switching

genes from the OFF to ON states by remodelling the +1 nucleosome. This is con-

trary to the finding reported by Guillemette that H2A.Z localises mainly to the

inactive promoters [Guillemette et al., 2005]. Rsc9 on the other hand, displays

greater occupancy at Closed promoters compared with Open; we suggest that by

associating with Closed promoters, Rsc9 helps to destabilise the -1 nucleosome

and enable binding by the transcription initiation complex. Additional support
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for this comes from the observation that Closed promoters are more sensitive

to RSC complex mutants (p<0.008, Wilcoxon‘s rank sum test; data taken from

[Steinfeld et al., 2007]), whereas both Open and Closed promoters are equally

responsive to SWR complex mutants (p=0.22).

We next examined the binding pattern of sequence-specific TFs. Promoters were

divided according to the number of conditions in which they assume the Closed

conformation (i.e., closed in 0, 1, 2 or all of YPD, EtOH and Gal), and then we

counted the number of TF-binding sites that are present. As shown in Figure

2.5, promoters that maintain an Open configuration in all three conditions have

far fewer binding sites than those with a Closed conformation in at least one

condition (p<2e-16, Wilcoxon‘s rank sum test). This suggests that promoters

with the potential to form a Closed NFR undergoes much more complex TF-

mediated regulation. In Closed promoters, most binding sites overlap with the -1

nucleosome position, indicating possible competition for DNA-binding between

histones and TFs; this may contribute to the weak and fuzzy binding by the -1

nucleosome. In contrast among permanently Open promoters, TF-binding sites

tend to be highly exposed within the NFR; although we cannot assign causality

using the current data, we suggest that TF-binding may help stabilise the Open

conformation.

2.2.7 Change in expression state across growth conditions

is associated with nucleosome movement

Finally, we examined whether promoters switch nucleosome states across differ-

ent growth conditions. Previous studies have reported apparently contradicting

observations regarding the movement of promoter nucleosomes: Zawadzki stated

that only 5% of genes displayed altered nucleosome-binding - despite 50% of

genes changing expression [Zawadzki et al., 2009] - Shivaswamy reported nucleo-

some remodelling events also in genes that didnt change expression [Shivaswamy

et al., 2008]. Further, studies conducted in single growth conditions proposed

that nucleosome-binding is an inherent property of promoters [Field et al., 2008;

Kaplan et al., 2009; Tirosh and Barkai, 2008]. Using the four-state model, we
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Figure 2.5: Different regulation of Open and Closed promoters by remodelling
factors and TFs. (A) Distributions of Rsc9 (left) and Swr1 (right) occupancy
in Open and Closed promoters for ON (blue) and OFF genes (grey). Swr1 is
present only in ON genes regardless of promoter state. In contrast, while it is
also generally more present in ON than in OFF genes, Rsc9, shows more binding
to Closed promoters among ON genes and more binding to Open NFRs among
OFF genes (compare box-plots joined by red lines). Wilcoxon‘s rank sum test,
p-value<0.05(*),<0.01(**) and<0.001(***). (B) Distributions of numbers of TF-
binding-sites for promoters that are Closed in 0, 1, 2, or 3 growth conditions (left).
Promoters that are never Closed have fewer binding sites than others. Distribu-
tions of numbers of binding sites that are exposed or hidden by nucleosomes in
Open and Closed promoters (right). Open promoters tend to have fewer binding
sites in total compared with Closed promoters; but these sites tend to be exposed.
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examined the transitions of genes between the ON and OFF, and the Open and

Closed states. To avoid potential artefacts in the latter, we considered only pro-

moters in which the NFR size changed more than 34bp; this thresholds was based

on the transition window for the phase diagrams in Figure 2.3. Figure 2.6 displays

the number of genes that switch promoter states between the three growth con-

dition; a total ∼22% of yeast genes are involved, suggesting that the nucleosome

state is a dynamic, condition-specific property of promoters. We focused the rest

of the analysis for the transitions observed between the YPD and EtOH growth

conditions. ∼100 genes switch between ON and OFF expression states. As ex-

pected from the model, the +1 nucleosome is more dynamic for the switching

genes: ∼50% of those in switching promoters were displaced by >10bp (corre-

sponding to one helical turn of the DNA) as compared to ∼15% in non-switching

ones. In agreement with the statistical positioning model, the +1 nucleosomes

movement propagates from the 5-end to the 3-end of genes (Appendix A). 460

genes switch between the Open and Closed states while remaining expressed; here

the main difference is in the behaviour of the -1 nucleosome.

360
374

284
374

98
47

63
17

ON

OFF

Open

Closed

EtOH -->  YPD
Gal  -->  YPD

Figure 2.6: Promoter state transitions. The number of promoters that switch
between the four promoter states are shown for the transitions EtOH to YPD
(blue) and Gal to YPD (red).

An interesting consequence of promoter state switching is the change in accessibil-

ity of TF-binding sites (Table 2.3). For promoters that become transcriptionally
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active in EtOH (i.e., OFF to ON), there is an increase in the numbers of ex-

posed sites for ethanol-specific transcriptional activators (CAT8, HAP2/3/4/5,

RDS2, SIP4, ADR1, CRZ1), and a corresponding decrease in accessibility for

ethanol-specific repressors (MIG1/2, NRG1/2). In contrast, there is no change

for non-condition-specific TFs. Interestingly, genes switching from Closed to

Open in EtOH are enriched for Gene Ontology functions related to peroxisome

functions that are needed for growth in ethanol (Appendix A). Genes changing

in the opposite direction from Open to Closed are enriched for respiration and

oxidative phosphorylation, which are necessary functions for growth on glucose.

These genes do not change average expression levels between the two conditions,

confirming that there is no significant relationship between promoter nucleosome-

positioning and the amount of transcription. However, an interesting consequence

of the switch in promoter architecture is the expected amount of noise in their

expression. By assuming an Open state, genes needed in a particular condition

(e.g. oxidative phosphorylation during YPD) will be expressed uniformly at op-

timal levels across an entire population of cells. In contrast the non-uniform, or

noisy expression afforded by the Closed promoter state might be advantageous

for genes that are not necessary for the condition in question (e.g. peroxisome

function in YPD), but would allow for any sudden changes in environmental con-

ditions among a subset of cells expressing them [Arkin et al., 1998; Kotte et al.,

2010; Raser and O’Shea, 2005].

Exposed TF BS Hidden TF BS exposed/hidden
EtOH YPD EtOH YPD EtOH YPD

EtOH activator 90 66 200 224 0.45 0.29
EtOH repressor 12 14 39 37 0.31 0.38

others 688 678 1,385 1,395 0.50 0.49

Table 2.3: Number of hidden and exposed binding sites of EtOH-specific regula-
tors. BS: binding sites.
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2.3 Conclusions

In this study, we propose a qualitative model for nucleosome positioning in yeast

promoters that helps explain several important properties of gene expression.

Many of the presented findings are either new, or resolve previously inconclusive

observations. Of these, the most important are that: (1) every single promoter in

the yeast genome can be classified into one of the four discrete nucleosome states;

(2) nucleosome-positioning indicates the expression state - not the level - of a gene;

(3) promoters switch states between cellular conditions and the accompanying

nucleosome-movement propagates down the length of the gene; and (4) state-

switching is largely determined by trans-acting factors. A few aspects of the

study will appear familiar to readers, since some of the reported observations

partially overlap with previous findings. These results were nonetheless included

here to place them within the context of the model.

2.3.1 Four-state model for promoter nucleosome architec-

ture

The four-state model we propose here provides a useful framework for under-

standing the role of promoter nucleosomes in the yeast genome. Assuming that

the OFF state reflects the non-regulated configuration, the model suggests that

the -1 nucleosome is actively destabilised in Closed promoters. Previous studies

grouped promoters based on nucleosome occupancies and DNA sequence motifs;

however these classifications applied only to the most extreme promoters, and

their relationship with transcriptional regulation remained unclear. Importantly,

our classification is solely based on gene expression and nucleosome-binding data,

and the natural thresholds presented by them; therefore the observations are more

complete (as they apply to most or all genes) and free of bias (as they dont de-

pend on arbitrary cut-offs). Moreover the results are robust since they can be

replicated using data generated by other laboratories (Appendix A).
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2.3.2 Impact of nucleosome architecture on gene expres-

sion

The data indicate that the nucleosome position explains the transcriptional state

of a gene, but not its expression level. This appears to contradict earlier report-

ing a positive relationship between nucleosome occupancies and expression levels;

these correlations, however, were either very small (equivalent to R2<0.04) or ap-

plied only to ribosomal genes [Shivaswamy et al., 2008; Tirosh and Barkai, 2008].

As shown in Figure 2.2, we do observe a small negative relationship between

nucleosome-binding strength and expression levels for the highly expressed genes

(mainly metabolic enzymes and ribosomal genes); however these are exceptions

involving a small proportion of the yeast genome and very likely results from the

eviction of the +1 nucleosome. Our genome-scale observations are consistent with

an earlier molecular study demonstrating that the nucleosome-binding strength

determines the threshold for transcriptional activation from the Pho5 promoter,

whereas the number of exposed TF-binding sites enables the scaling of expression

levels [Lam et al., 2008].

Another important consequence of nucleosome positioning is the variation in tran-

scriptional noise among TATA-containing promoters. Molecular and single-cell

studies have suggested that noise arises because transcription occurs in bursts

rather than as a steady stream: increased mRNA production in each burst, and

longer intervals between them contribute to noisier expression [Basehoar et al.,

2004; Stewart and Stargell, 2001; Yean and Gralla, 1997, 1999]. The TATA-box

alters these dynamics by enabling the core transcriptional machinery to remain

promoter-bound longer, so allowing multiple rounds of re-initiation instead of

just one; this increases the number of transcripts produced in a single burst, and

therefore noise [Zenklusen et al., 2008]. Our observations suggest that a Closed

promoter state adds even more noise, perhaps by introducing competition for

DNA-binding between histones, TFs and the initiation complex, so increasing

the uncertainty in the length and interval of bursts [Miller and Widom, 2003].
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2.3.3 Dynamic behaviour of promoter nucleosomes pro-

vides additional layer of regulation

Many previous studies suggested that nucleosome-binding positions are invariant

features of promoters [Field et al., 2008; Kaplan et al., 2009; Tirosh and Barkai,

2008; Zawadzki et al., 2009]. Instead by comparing nucleosome positions across

YPD, EtOH and Gal growth conditions, we identified over 450 promoters that

switch between Open and Closed states. In agreement with our earlier observa-

tions, there was no change in the average expression level of the genes involved.

Instead we suggest that changes to the promoter state might alter the amount

of noise in gene expression, though unfortunately there are currently no data

available to confirm this prediction. Transcriptional noise is generally viewed as

an invariable feature of particular promoters: with the amount of noise encoded

in the underlying DNA sequence, such as the presence of a TATA-box motif.

Promoter-state switching might allow genes to alter noise levels in a condition-

dependent manner.

While this thesis was being examined a study was published reporting the change

of nucleosome positioning during meiosis [Zhang et al., 2011a]. The authors

found that the +1 nucleosome changes position in about 800 genes, not all of

which changed expression state potentially indicating a switch between Open

and Closed promoters.

The potential benefits of such a mechanism become apparent upon inspection

of the gene functions involved in promoter-state switching. The GO annotations

indicate that Open promoters tend to occur for genes that are essential for cell

survival in a given condition, whereas the Closed conformation is mostly found

among genes that are less necessary. Previous studies have shown that noisy ex-

pression of non-essential genes can provide phenotypic advantage to a population

of cells in case of sudden changes in environmental conditions [Arkin et al., 1998;

Blake et al., 2006; Kotte et al., 2010; Raser and O’Shea, 2005]. Thus by altering

the promoter nucleosome architecture, yeast may have evolved a mechanism to

tune expression noise.
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2.3.4 Cis- and trans- determinants of promoter state

A major current debate in chromatin regulation surrounds the question of whether

nucleosome-positioning is determined in cis by DNA sequences, or in trans by ex-

ternal effectors such as TFs [Zhang et al., 2009]. Our observations indicate that,

at least in promoter regions, trans-effects are the dominant determinants of nucle-

osome architecture. Promoter states differ greatly in their binding pattern of the

chromatin-modifying and condition-specific TFs. In contrast, we detected only

weak association between the occurrence of poly(dA:dT) sequence stretches and

particular promoter states. Finally, since many promoters switch states between

growth conditions, external factors must be involved in establishing the correct

nucleosome architecture in a condition-specific manner.

While this thesis was being examined another study was published reporting

that nucleosome positioning in promoters is dependent on ATP-dependent nucle-

osome remodelling factors adding further evidence to the model that promoter

nucleosomes are positioned by trans- rather than cis-acting factors [Zhang et al.,

2011b].

2.3.5 Future directions

In establishing the model for promoter nucleosome architecture, the current study

reconciles genome-scale measurements with many previous molecular studies. In

doing so, we have demonstrated that these observations apply not only to individ-

ual genes, but more generally across the entire genome. Our findings also sets the

scene for future investigations; for example, the interplay between nucleosomes

and transcription factors is worth investigating further and it will be interesting

to associate different histone modifications with certain promoter states. Finally,

it might be possible to establish even more detailed models for transcriptional

regulation.
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2.4 Methods

2.4.1 Nucleosome-binding data

Data were obtained from the studies by Kaplan and Field [Field et al., 2008;

Kaplan et al., 2009], which used MNase extraction and Illumina sequencing to

measure the amount of nucleosome-binding at each base position in the Sac-

charomyces cerevisiae genome. MNase-Seq reads are available for three cellular

conditions: exponential growth in rich (YPD), ethanol-containing (EtOH) and

galactose-containing media (Gal).

Nucleosome positions provide the genomic coordinates delimiting the likely lo-

cation of individual nucleosomes. Coordinates were calculated using the Gene-

Track software [Albert et al., 2008]. For each condition, we pooled reads from the

three replicates (in order to maintain equivalent information content), and then

applied the GeneTrack software with the following parameters: fitting window of

75bp, standard deviation of 15bp (ie, the standard deviation of the normal distri-

bution around each nucleosome read) and peak-exclusion zone of 146bp (ie, the

minimum distance allowed between two peaks). Analyses performed using alter-

native combinations of replicates did not alter the results. Appendix A displays

10kbp regions of the yeast genome annotated with mapped reads and correspond-

ing nucleosomes as predicted by GeneTrack. Nucleosome binding strength was

calculated as the logarithm of the peak height as calculated by GeneTrack. Nucle-

osome binding focus - a measure of how precisely a nucleosome binds to particular

genomic coordinates in a population of cells - was calculated as the ratio between

the estimated number of reads for a given nucleosome (i.e. peak height), and the

number of reads within a 73bp region on either side of the peak. If a nucleosome

binds with high focus, most reads should centre at the peak, resulting in a ratio

close to 1. If a nucleosome is fuzzy, only a fraction of reads should centre on the

peak, giving a ratio of less than 1.

Classifications: The +1 nucleosome was defined as the first nucleosome that

overlaps with the 5 end of a transcript by more than 10bp (to ensure that the
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classification is robust). The -1 nucleosome was defined as the first nucleosome

upstream of the +1, unless it is a +1 nucleosome itself (i.e., by overlapping with

a divergent gene in a bidirectional promoter). We excluded NFRs>500bp since

manual inspection of such regions suggested missing data.

2.4.2 Gene Expression

Processed gene expression data were obtained from Xu [Xu et al., 2009]. The data

contains expression values for each gene from tiling-array hybridisations normal-

ized to genomic DNA. The experiment was performed in six replicates for YPD

and in triplicates for yeast grown in EtOH and Gal.

Classification of ON and OFF genes: We classified genes into transcriptionally

active (ON) and inactive (OFF) according to the expression data above. We

used the YPD replicates to determine the threshold of ON and OFF by fitting

a normal-mixture model composed of two normal distributions to the expression

values. This was done for each replicate individually. The model fits the data

very well in four out of the six replicates (Appendix A). Using the replicates that

fit well, we determined the OFF-threshold conservatively as the value at the 0.01

quantile of the distribution describing the expressed genes in YPD. This thresh-

old was then applied to all conditions. Numbers of ON/OFF genes are displayed

in Table 2.2.

2.4.3 Sliding window approach for testing continuous vs

discrete model

Promoters were ranked according to their gene expression levels to testing the

ON/OFF threshold and their NFR sizes to test the Open/Closed threshold. Nu-

cleosome properties (binding strength, focus and deviation from the median dis-

tance to the TSS) were standardised to the population of promoter nucleosomes

and smoothened using sliding window averaging (window size=200 ranks, step

size=20 ranks). Figure 2.3 displays the median and interquartile ranges against

the ranked gene expression or NFR size.
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Judging from the transition phase in Figure 2.3, we determined the error margin

between Open and Closed promoters to lie between rank 1100 and 1600 (as in-

dicated with the red dashed lines). This corresponds to NFR sizes of 54 and 88

respectively thus resulting in an error margin of 34bp.

2.4.4 Switching promoter states

Genes were said to switch expression states between ON and OFF if they (i)

changed between ON and OFF and (ii), changed expression levels more than 4-

fold between two the conditions. We considered nucleosomes to switch between

Open and Closed state between two conditions if they (i) changed label between

Open and Closed, (ii) displayed a difference in NFR size larger than error margin

(34 bp as described above) and (iii) were stronger bound than the weakest 2.5%

of genome-wide nucleosomes. The additional filters (ii and iii) were used in order

to avoid artefacts of marginal changes in NFR size and -1 binding strength.

2.4.5 Sequence motifs and binding sites in promoters

We defined promoters as the region between 50bp downstream and 356bp up-

stream of the TSS. The upstream boundary was chosen such that it includes

95% of the 5-coordinates of all -1 nucleosomes. We excluded divergent pro-

moters with a shared NFR from calculations below, in order to avoid biases

introduced by the missing -1 nucleosome. A list of functional TATA-box pro-

moters was obtained from Basehoar et al [Basehoar et al., 2004]. The list of

TATA sequence motifs was obtained by scanning the promoters for the TATA

motif (TATA(A/T)A(A/T)(A/G) (27)) within -200 and +50 bp of the TSS.

Poly(dA:dT) tracks were identified by scanning promoters for continuous poly

(dA:dT) tracks of lengths 4bp to 11bp (Appendix A). Association tests were per-

formed using Fisher‘s exact test.

Remodelling and transcription machinery and transcription factors: ChIP-chip

data for binding by Rsc9, Swr1, TBP and PolII in YPD growth were obtained

from Venters et al [Venters and Pugh, 2009a]. For each factor, we calculated
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the mean occupancy at each promoter by averaging the tiling array values in the

above defined promoter region. Differences across promoter types were tested

using the Wilcoxon‘s rank sum test. Transcription factor binding sites were ob-

tained from MacIsaac et al and Reimand [Harbison et al., 2004; Macisaac et al.,

2006b; Reimand et al., 2010].

2.4.6 Remodelling enzyme mutants

Data for mutants of remodelling enzymes were taken from the collection of Stein-

feld et al [Steinfeld et al., 2007]. Data for the effects of SWR and RSC complexes

were chosen based on the complex descriptions on YGD. Differences between

promoter types were tested using Wilcoxon‘s rank sum test.

2.4.7 Accessibility of TF-binding sites

Accessibility of TF binding sites was determined by overlapping the TF binding

sites as obtained from MacIsaac and Reimand [Harbison et al., 2004; Macisaac

et al., 2006b; Reimand et al., 2010] with the binding sites for nucleosomes as

obtained from the GeneTrack predicted nucleosomes. The nucleosome binding

sites were trimmed by 10bp on both sides to account for DNA breathing. Binding

sites were said to be inaccessible when they fully or partially overlapped with a

truncated nucleosome binding site.
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Chapter 3

Promoter architecture of the

transcription machinery explains

fine-tuning of expression levels

There are several steps in the transcriptional process that can be regulated: ren-

dering the promoter accessible for the transcription machinery, recruiting and

assembling the initiation complex and RNA polymerase II (PolII), and finally

activating PolII. This Chapter investigates the genome-wide binding-pattern of

the transcription machinery in promoters of coding-genes and its association with

other promoter features. The Chapter first introduces the different components

of the transcription machinery, and examines how their binding correlates with

gene expression. The second part introduces a classification system of promoters

based on PolII-binding profiles in promoter regions. This includes the description

and validation of the classification method, as well as functional analysis of the

resulting promoter Classes. The third part then establishes links between these

promoter Classes and other components of the transcription machinery. Finally,

the Chapter investigates the role of core-promoter motifs that help recruiting

general transcription factors (GTFs), and sequence-specific transcription factor

(TF) binding sites in establishing the promoter architecture of the transcription

machinery and so gene expression.
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3.1 Introduction

The previous Chapter showed that nucleosome positioning can explain the switch

between transcriptionally active and silent promoter states and the cell-to-cell

variability in expression levels (Chapter 2). The question of what determines the

expression level of a gene once activated however remained open. In this Chap-

ter, we investigate the pattern of binding by the transcription machinery in yeast

promoters in order to understand the fine-tuning of expression levels.

The ultimate target of transcriptional regulation is to control the activity of RNA

polymerase II (PolII). The process of transcription begins with the recruitment

of PolII and the assembly of the pre initiation complex (PIC) containing PolII

and general transcription factors (GTFs) at gene promoters. Once assembled

correctly, PolII is activated by the GTFs and initiates mRNA synthesis [Fuda

et al., 2009]. In order to escape from the promoter and continue productive RNA

transcription, PolII must then exchange the GTFs for elongation factors, which

are required for opening the chromatin so PolII can pass through [Orphanides and

Reinberg, 2000, 2002; Pokholok et al., 2002]. The different steps of transcription

are reflected in the phosphorylation state of the C-terminal domain (CTD) of

PolII: it is unphosphorylated in the initiation process and becomes phosphory-

lated during elongation: first at serines 5 and 7, later at serine 2. The respective

phosphorylation states of the CTD are required for the recruitment and release

of the relevant factors [Buratowski, 2009; Komarnitsky et al., 2000; Schroeder

et al., 2000]. The steps that can be regulated in the process of transcription,

therefore include: (i) rendering the promoter accessible for the PIC to assemble,

(ii) recruitment and assembly of the PIC to the promoter, and (iii) activating

PolII so it can start productive transcription.

Recent ChIP-chip studies of PolII and its associated initiation and elongation

factors have revealed general patterns of DNA-binding in promoters and gene

bodies [Mayer et al., 2010; Venters and Pugh, 2009a]. These studies however, av-

eraged binding profiles across all genes, or groups of genes with similar functions.

Such averaged profiles are likely to hide specific binding patterns that occur only
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in subsets of genes. Although studies have examined subsets of genes with related

functions, there is no reason why these genes should display similar PolII-binding.

Here we present an unbiased classification of yeast promoters based on their

PolII-binding pattern. We show that these Classes explain several properties

of gene expression and that they are correlated with the binding of GTFs but

not nucleosome-remodelling enzymes. We also identify sets of sequence-specific

TFs that help establish the binding pattern of nucleosome-remodelling enzymes,

GTFs, and PolII.
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3.2 Results

The results section is divided into four parts. First, we describe the data, defini-

tions and conventions used in this Chapter. The second part then establishes the

general relationship between the different components of the transcription ma-

chinery and gene expression. In the third part, we describe the classification of

yeast promoters based on PolII-binding patterns, and examine the binding pro-

files of GTFs and chromatin-remodelling enzymes within the promoter Classes

to assess how they are established. The final section investigates the role of

core-promoter elements and sequence-specific TFs in determining PolII-binding.

3.2.1 Definitions and datasets

3.2.1.1 Definitions

We use the term transcription machinery to describe PolII and all its associated

factors (remodelling enzymes, GTFs, elongation factors) that are involved in the

process of transcription.

Promoters were defined as the regions 500bp up- and downstream of the transcrip-

tion start site (TSS). We included only unidirectional promoters in our analysis

to avoid ambiguous signals resulting from the transcription of divergent genes.

Unidirectional promoters were defined as those with no divergent gene within

500bp upstream of the TSS. Since we were interested in the fine-tuning of gene

expression, we only considered ON genes.

Since we have seen that Open and Closed promoters show large differences in bind-

ing by nucleosome-remodelling enzymes and number of TF-binding sites (Chapter

2), the two promoter types were investigated separately where indicated (2354

Open and 1350 Closed promoters).

The terms gene expression and transcription rate are used interchangeably to

describe the rate of RNA synthesis. We utilised the rate of RNA synthesis in-

stead of mRNA levels, as this is a more direct measure of PolII activity (mRNA
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levels also include the effects of degradation). However, since most studies, mea-

sure expression levels rather than rates, we included these data when necessary.

We also use the terms Class and Cluster interchangeably to describe groups

of promoters obtained from pam clustering (see below).

3.2.1.2 Datasets

The Chapter employs publicly available datasets measuring gene expression, DNA-

binding by different components of the transcription machinery, occurrence of

chromatin modifications, and TF-binding sites. All experiments were performed

for yeast grown in YPD.

We utilised estimates of transcription rates obtained by dynamic transcriptome

analysis (DTA) for yeast grown in YPD [Miller et al., 2011]. This technology

combines non-perturbing metabolic RNA-labeling with dynamic kinetic model-

ing and microarray measurements [Miller et al., 2011]. Expression levels were

obtained from tiling-array data described in the previous Chapter [Xu et al.,

2009].

For the DNA-binding by the transcription machinery, we used data from two

ChIP-chip studies which were performed using high-resolution tiling arrays [Mayer

et al., 2010; Venters and Pugh, 2009a]. The data contain measurements for the

following components: nucleosome-remodelling enzymes Rsc9 and Swr1, involved

in forming the nucleosome free region (NFR) and exchanging the histone subunit

H2A with H2A.Z respectively, the GTFs TFIIB (Sua7), TFIID (TBP), TFIIH

(Kin28), TFIIF (Tfg1) and the capping enzyme (Cet1), the PolII subunits Rpo21

and Rpb3, and its three phosphorylation states at Ser2, Ser5 and Ser7 (Ser2P-

PolII, Ser5P-PolII and Ser7P-PoII), and finally the early (Spt4, Spt5, Spt6),

middle (Bur1, Ctk1, Paf1, Spt16), and late (Elf1, Spn1) elongation factors.

Measurements of chromatin-modification states were obtained from studies using

low-resolution tiling arrays (approx 44,000 probes across the genome) [Pokholok
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et al., 2005]. Data include levels of H3K9 acetylation (H3K9ac), H3K14ac, H4ac,

H3K4 mono-, di- and tri-methylation (H3K4me1/2/3), H3K36me3, H3K79me3.

The ChIP signals were normalised by H3 and H4 ChIP levels in order to correct

for variations in nucleosome occupancies.

TF-binding site locations were obtained from Macisaac [Macisaac et al., 2006b].

3.2.2 Global analysis: How components of the transcrip-

tion machinery correlate with expression

It has been shown that PolII-binding and elongation-factor occupancies in the

gene body correlate well with gene expression [Mayer et al., 2010; Ng et al., 2003;

Steinmetz et al., 2006; Venters and Pugh, 2009a]. However, the relationship be-

tween binding of transcription machinery components in promoter regions and

subsequent transcriptional activity is still unclear.

This first section is therefore devoted to understanding the general relationship

between transcription rate and the promoter occupancies by the transcription

machinery. We also compared these observations to the known associations for

PolII- and elongation-factor binding in gene bodies. Specifically, we were inter-

ested in two questions: (i) how well does binding of individual components of

the transcription machinery correlate with expression and (ii) at which positions

relative to the TSS do their binding show highest correlation.

For this, we calculated the Pearson correlation of transcription rate with mean

binding of the individual transcription-machinery components, in a sliding win-

dow of 100bp in steps of 10bp across the promoter region. We choose the mid-

point of the best-correlating interval as the point of highest correlation.

We found very good correlations between transcription rates and the binding

by GTFs, elongation factors and PolII, but not for nucleosome-remodelling en-

zymes (see Figure 3.1(a)). The correlations were highest for promoter-associated

forms of PolII (Ser5/7P-PolII) followed by the elongation and initiation factors.

65



3. Results

Components of the transcription machinery
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Figure 3.1: Correlations between binding of the transcription machinery and
transcription rate. (a) Pearson correlation coefficients for components of the tran-
scription machinery: nucleosome-remodelling enzymes, initiation factors, capping
enzyme, elongation factors PolII (left to right). Closed promoters (dark gray)
consistently show better correlation with transcription rate than Open promoters
(light grey). Horizontal lines indicate the average correlation across each cate-
gory of transcription machinery.(b) Positions of highest correlation in promoter
regions are shown for all factors grouped according to their functional category:
remodelling enzymes (cyan), initiation factors (red), capping enzyme (orange),
elongation factors (green) and PolII (pink). Most factors have their point of
highest correlation downstream of the TSS.
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Associations were stronger in Closed than in Open promoters. This could in-

dicate that the transition from binding by the transcription machinery to the

production of the actual transcript is more efficient in Closed promoters.

Figure 3.1(b) shows the binding positions of individual factors, relative to the

TSS, that display the highest correlation with expression. The initiation factors

cluster around the TSS, whereas PolII and elongation factors correlate best 200

to 400bp downstream of the TSS. Remodelling factors show highest correlation

around 200 to 400bp upstream of the TSS, though their binding is not very in-

dicative of transcription levels. This might indicate that regulation of nucleosome

remodelling is too far upstream in the process of transcriptional regulation in or-

der to have a direct impact on expression levels. This is consistent with the

ON/OFF behaviour of promoter nucleosomes observed in the previous Chapter.

In summary, we found that GTF-binding in promoters is almost as predictive for

gene expression as elongation factor- or PolII-binding downstream of the TSS.

This strong correlation indicates that most PICs that form in promoters lead to

productive transcription. Furthermore, the fact that correlations are observed

for data generated by different labs confirms high data quality and justifies the

integration of these datasets for this and the following analyses.

3.2.3 Promoters can be classified according to distinct

PolII-binding patterns

Most studies of the transcription machinery so far have either concentrated on

individual promoters [Thomas and Chiang, 2006] or averaged binding pattern

across the whole genome or subsets of functionally related genes [Mayer et al.,

2010; Venters and Pugh, 2009a]. As illustrated by the differences in correlations

between Open and Closed promoters, different types of promoters can display

distinct relationships between PolII-binding and expression. Therefore, in order

to understand the genome-wide PolII activity, it is important to appreciate dif-

ferences that arise between individual promoters.
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We used an unsupervised clustering approach to classify promoters. We then

examined the differences in PolII-binding, expression properties and associa-

tions with other components of the transcription machinery for these promoters

Classes.

3.2.3.1 Unsupervised classification of promoters based on PolII-binding

For each promoter we combined the binding profiles for the different subunits

and forms of PolII (Rpb3, Rpo21, Ser2/5/7P-PolII) in a single vector. We then

classified these vectors into 9 Clusters using the partitioning-around-medoids al-

gorithm (pam) implemented in R [Maechler et al., 2005]. As shown in Figure 3.2,

the promoters within each cluster display uniform patterns of PolII-binding.

In order to compare the binding profiles across different Classes, we calculated

the median PolII-binding profile for each cluster. As shown in Figure 3.3, there is

a large variation in binding patterns between different Classes - not only in bind-

ing level but also in their shapes. To describe the different binding shapes, we

focused on three properties: binding upstream of the TSS, binding downstream

of the TSS, and the height and location of maximal binding.

We already know from the previous section that binding downstream of the TSS

correlates best with expression (Figure 3.1(b)). This is reflected in the increase of

PolII-binding downstream of the TSS (indicated with a red cross in Figure 3.3)

with increased median expression of the genes in each Cluster (1 to 9).

Therefore as expected, Clusters containing highly expressed genes (6-9) gener-

ally display higher binding of the promoter-associated forms of PolII downstream

of the TSS than upstream (Clusters 5, 6, 7, 8, 9) whereas Clusters with lowly

expressed genes display the opposite pattern (Clusters 1, 2, 3, 4). Binding up-

stream of the TSS could arise for two reasons: they could comprise signals from

an upstream transcript or signals from PolII paused in the promoter. The high

level of Ser2-PolII binding in Clusters 2 and 4 probably indicate the presence of
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Figure 3.2: Heatmap of PolII-binding profiles in yeast promoters. Promoters
are clustered based on the binding profiles of PolII states. Clusters were sorted
according to the median expression of the genes within them (1=low, 9=high).
Levels of binding were standardised across each dataset to mean zero and standard
deviation one (blue: high binding, red: low binding). Black dashed lines indicate
the positions of the TSS.
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Figure 3.3: Average PolII-binding profiles for promoter Clusters. Medium (black
line), mean (grey line), and upper and lower quartile (dashed lines) PolII-binding
profiles are shown for each cluster. The level of maximal binding (red lines)
increases with increasing average expression in binding profiles that display a
similar shape. PolII binding downstream of the promoter increases steadily with
increasing median expression in the Clusters (red cross).
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upstream transcripts since this form of PolII is generally found in gene bodies

and 3’ end. The upstream binding of PolII in Cluster 3 on the other hand, may

originate from transcriptionally paused PolII, since we detect medium Ser5/7P-

PolII-binding but low levels of Ser2P-PolII.

Interestingly, most Clusters display no clear peak of PolII binding, and those

that do (Clusters 2, 4, 8, 9) are spread across a wide range of expression rates,

indicating that the presence of a PolII-binding peak is not linked to transcription

rate. However, whereas the peak in the lower expressed Clusters 2 and 4 occurs

upstream of the TSS, Cluster 8 and 9 had their Ser5/7P peak downstream of

the TSS. This indicates that in the low expressed Clusters, PolII pauses before it

escapes the promoter whereas in the highly expressed Clusters it is paused after

promoter escape, which has been suggested to be induced by its encounter with

nucleosomes [Churchman and Weissman, 2011].

3.2.3.2 PolII Classes associate with specific gene functions

To test whether certain PolII-binding pattern are associated with specific func-

tional Classes of genes, we next performed an enrichment analysis of gene ontology

(GO) annotations.

Seven out of nine Clusters show significant enrichments. Cluster 1 with the least

amount of PolII binding contains meiotic or peroxisome-function genes, which

are usually not needed for YPD growth. Cluster 3 (low PolII-binding) contains

many TF-coding genes that are known to have low expression levels. Cluster 9

(highest expression) is enriched for metabolic enzymes and ribosomal proteins.

Table 3.1 shows a summary of the GO enrichments for each cluster, the full table

is shown in Appendix B.

The fact that most Clusters show a significant enrichment for some biological

functions suggests that promoter clustering based on PolII-binding patterns also

captures biologically relevant features and therefore it is a valid approach to clas-

sify promoters.
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Class Enriched GO functions
1 meiotic genes; peroxisomal functions
2 no enrichment
3 RNA polymerase II transcription factor activity
4 no enrichment
5 nucleotide and cofactor biosynthesis genes
6 genes located in intracellular organelles like mitochondion
7 nuclear functions such as purine metabolism and RNA polymerases
8 proteasome functions; transport reactions
9 metabolic enzymes; ribosomal proteins

Table 3.1: Gene functions enriched in the PolII Classes. A more extensive table
including p-values is shown in the appendix B Table B.1.

3.2.3.3 PolII Classes explain major differences in expression proper-

ties

To understand the impact of the PolII-binding Classes on gene expression, we

next investigated the association of promoter Classes with several transcription-

related properties: transcription rate [Miller et al., 2011], expression levels [Xu

et al., 2009], expression noise [Newman et al., 2006] and expression levels of

promoter-associated cryptic transcripts [Xu et al., 2009].

For each property, we used the Wilcoxon‘s rank sum test to test whether the

distribution of values within a given Cluster is different to the values across the

all other promoters (Figure 3.4).

Not surprisingly, the feature that varies most across the different Clusters is

the transcription rate followed by mRNA expression levels. Interestingly, some

genes in the highest expressed Cluster 9 show lower than average expression lev-

els while still displaying higher than average transcription rates. Since mRNA

expression levels are the product of both transcription rate as well as degradation

rate, these differences indicate that degradation rates are not uniform across the

genes in Cluster 9.
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Figure 3.4: Distribution of gene-expression related properties for each PolII class.
Black dotted lines indicate the genome-wide average for each property, and red
dotted lines show the cluster-wide average. The value for each gene is represented
by a grey bar with origin at the genome-wide median. Clusters with significantly
different distributions to the genome-wide distributions are indicated with a red
star. (P-value<0.05; Wilcoxon‘s rank sum test after Benjamini-Hochberg multiple
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Expression noise is clearly lower than average in the two most highly expressed

Clusters (8 and 9) and slightly higher among the least transcribed genes (Cluster

1). Overall the differences between the Clusters are not large, however, indicating

that the PolII-binding Classes were do not explain the full range of variation of

in expression noise.

It was recently shown that upstream antisense transcription of cryptic unstable

transcripts (CUT) is very common among yeast promoters [Neil et al., 2009; Xu

et al., 2009]. The nature and characteristics of these transcripts will be discussed

in greater detail in Chapter 4. Here we compared CUT expression levels up-

stream of gene promoters to see whether there are any differences between PolII

Classes. Of the two Clusters most enriched for CUTs (6 and 8), one contains

highly expressed genes (8) whereas the other contains medium expressed genes

(6). The characteristic the two Clusters have in common is the relatively mild

drop of PolII-binding upstream of the TSS indicating that some of the promoter-

bound PolII is involved in transcribing the divergent CUTs.

In summary, we showed that promoters can be classified according to patterns

of PolII-binding. This results in a biologically meaningful grouping of genes

with similar functions. Further, by comparing the shapes of PolII binding, we

found that certain expression properties (i.e. transcription rate or upstream CUT

expression) were associated with distinct shapes, whereas others (i.e. expres-

sion noise) seemed only poorly explained by the Classes except for their anti-

correlation with median expression in the Clusters.

3.2.4 General transcription factors in the distinct PolII

Classes and their impact on expression

PolII requires several initiation factors - also termed general transcription factors

(GTFs) - in order to start transcription. Since GTFs are involved in PolII recruit-

ment (TFIIF, TFIIB), start-site selection (TFIIB, TFIID), activation (TFIIH)

and mRNA capping (Cet1), they are likely to impact on the pattern of PolII-

binding in promoters. Many biochemical studies have elucidated the protein-
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protein interactions between PolII subunits and GTF components, providing de-

tailed molecular mechanisms of how PolII is recruited to promoters [Thomas and

Chiang, 2006]. However, so far only few studies dealt with the genome-wide

binding pattern and co-occurrence of PolII and GTFs. Below we investigate the

promoter binding pattern of TFIID (TBP), TFIIB (Sua7), TFIIF (Tfg1), TFIIH

(Kin28) and mRNA capping enzyme (Cet1) and their relation to PolII-Classes

and expression regulation.

3.2.4.1 Unsupervised classification of promoters based on GTF-binding

In order to investigate the binding pattern of the GTFs, we used the same clus-

tering approach as described for PolII. GTF-binding profiles were combined and

subjected to pam clustering using 8 Clusters (see Methods and Appendix B).

Again, we sorted Clusters by median expression level of genes within them and

calculated the representative median profiles for each (Figure 3.5)

The Clusters show that different GTFs display very similar binding profiles to

each other. The only exception is TBP in Cluster 2 whose binding peaks more

upstream compared to other GTFs. In most cases, the GTFs display a single

peak around the TSS, and differ only in height. Peak heights increase with the

median expression level (Clusters 1 to 2 and 5 to 8, indicated with red lines in

Figure 3.5). Two exceptions are Clusters 3, which has a broad GTF-binding peak

extending to the upstream region of the promoter, and Cluster 4, in which the

GTF-binding peaks around -300 bp upstream of the TSS.

Next, we compared different measures of gene expression with the GTF-Classes:

transcription rate, expression levels, expression noise and promoter-associated

CUT expression (Figure 3.6). As expected, in Classes that display a single, sym-

metrical GTF peak around the TSS (the position of highest correlation with

expression (Figure 3.1)), the peak-height of the GTF-binding steadily increased

with the median expression of the genes contained in the Class.

We found that promoter-associated CUTs are depleted in promoters that are
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Figure 3.5: Average GTF-binding profiles in promoters for GTF-Clusters.
Medium (black line), mean (grey line), and upper and lower quartile (dashed
lines) GTF-binding profiles are shown for each Cluster. In general GTFs show
similar binding to each other. The peak-heights (red lines) increase with expres-
sion for cases in which GTFs bind symmetrically around the TSS.
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Figure 3.6: Distribution of gene-expression related properties for each GTF Class.
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rection.)
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either highly expressed (cluster 8) or have TBP bound upstream of the TSS

(Clusters 2 and 4). In contrast, they are enriched in Cluster 5, which shows very

symmetrical distribution of GTF-binding.

We did not detect any strong association between GTF-binding and expression

noise. Only the most highly expressed genes (Cluster 8) display less noise than

the genome-wide average.

3.2.4.2 PolII-binding Classes overlap with GTF-binding Classes

Given the importance of GTFs in PolII activity we expect a good overlap be-

tween the two classification systems. In order to test this, we calculated the ratio

of observed vs expected overlap of the two classifications using the χ2 test. We

found that the number of genes that shared the same PolII- and GTF-Classes was

significantly higher than expected from random cluster assignments (p-value<1e-

22). Each PolII Class shows an overlap that is two-fold higher than expected by

chance with at least one GTF Class (Figure 3.7).
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Figure 3.7: Number of genes that share PolII and GTF Classes. For each pair of
PolII and GTF Classes, the colour indicates the log-ratio of the observed against
the expected number of common genes (only positive values are shown; white=0
to blue=high). The statistical significance of the overlap was calculated using the
χ2 test.
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The overlap between PolII-Cluster 9 and GTF-Cluster 8, both of which con-

tain highly expressed genes, indicate that for high expression, both PolII and

GTFs are bound at high levels. The overlap between GTF-Cluster 4, in which

GTFs peak upstream of the TSS, and PolII-Clusters 3 and 8, where PolII binding

is high upstream of the TSS, shows that PolII binding follows the GTF-binding

pattern. Furthermore, since the two PolII Clusters that arise from GTF Clus-

ter 4 show very different transcription rates, this suggests that the correlation

of GTF-binding with expression is mainly a correlation between GTF- and PolII

binding.

The high overlap between GTF- and PolII-binding in promoters is in good agree-

ment with the known molecular mechanisms of how GTFs interact with PolII in

promoter regions (Chapter 1)

3.2.5 PolII Classes associate with specific chromatin states

Before PolII is recruited to the TSS, the promoter needs to be cleared of nucle-

osomes so that PIC assembly can take place [Fuda et al., 2009]. As we shown

in Chapter 2, nucleosome positioning does not correlate with transcription rate.

However, since nucleosomes - especially in Closed promoters - often occupy loca-

tions to which PolII is recruited, their positioning is likely to affect PolII-binding.

In addition, it has been shown that certain post-transcriptional chromatin modifi-

cations are associated with the transcriptional activity of genes [Kurdistani et al.,

2002; Pokholok et al., 2005; Robyr et al., 2002]. Therefore we investigated the

relationship between PolII binding and the chromatin environment in promoters.

There are two ways of analysing the chromatin environment: (i) investigate the

properties associated with the nucleosomes themselves such as binding strength,

positioning and histone modifications, and (ii) analyse the binding pattern of

specific nucleosome-remodelling enzymes.
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3.2.5.1 Highly expressed promoters have distinct chromatin states

First, we focused on the chromatin properties in promoter regions. For this

we used the nucleosome-binding properties as described in Chapter 2: binding

strength of the +1 and -1 nucleosomes and classification of Open and Closed

promoters, and measurements of chromatin modification states from a study by

Pokholok [Pokholok et al., 2005].

Nucleosome-binding properties differ across PolII Clusters To inves-

tigate the relationship between chromatin state and PolII-binding pattern, we

compared the distributions of each nucleosome property across the different PolII

Classes.

We found that many PolII Classes are significantly enriched for either Open or

Closed promoter states: Clusters 2 and 6 are significantly enriched for Closed and

Clusters 3, 7 and 9 for Open promoter states (Fisher‘s exact test; Figure 3.8).

Comparison of the PolII-binding profiles of these Classes indicates that in lowly

expressed genes PolII binds across the whole upstream region in Open promoters

(Cluster 3) whereas it is more localised to the TSS in Closed promoters (Cluster

2), maybe reflecting the competition with the -1 nucleosome and PolII. In high

and medium expressed genes (Cluster 6 vs. Clusters 7 and 9) these difference be-

tween Open and Closed is not apparent, they are both depleted of PolII binding

upstream of the TSS. However, whereas Cluster 6 shows very little GTF binding

in the promoter (it overlaps with GTF Clusters 1, 2 and 5), Clusters 7 and 9 are

highly bound by GTFs (they overlap with Cluster 6, 7 and 7, 8 respectively).

Thus, in lowly expressed Clusters, nucleosomes might compete with PolII itself,

whereas in medium to highly expressed genes they could compete with the GTFs.

The most noticeable association of +1 nucleosome binding strength is the rel-

ative weakness in promoters of the highest expressed Class 9 (Figure 3.8). We

made the same observation in Chapter 2, in which we proposed that nucleosomes

are evicted upon high transcription rates. Inspection of the PolII-binding profiles

in Cluster 9 provides evidence for this: PolII-binding in Cluster 9 peaks sharply
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Figure 3.8: Nucleosome properties across PolII Clusters. Top left: Enrichment of
Open over Closed promoters in each PolII Cluster. Red bars indicate those with
an adjusted p-value<0.05 (Fisher‘s exact test). Top right and bottom panels:
boxplots display the distributions of binding strengths in +1 nucleosomes (top
right), -1 nucleosomes in Open promoters (bottom left) and -1 nucleosomes in
Closed promoters (bottom right). Boxes are coloured red if (i) the distribution
is significantly different from the genomic distribution (adjusted p-value<0.05,
Wilcoxon’s rank sum test) and (ii) if the cluster-median differed by more than one
standard deviation from the overall median. +1 nucleosomes show very uniform
distributions except for the highest expressed Class (9). -1 nucleosomes are weak
in Clusters that have high PolII-occupancy upstream of the TSS (compare with
Figure 3.3).
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just at the TSS (Figure 3.3). Since this is the position at which +1 nucleosomes

normally reside, it is likely that high levels of PolII binding prevent nucleosomes

from reassembling in these promoters. In accordance with our previous findings,

+1-binding strength was relatively constant across the other Classes.

For the binding strengths of -1 nucleosomes, we separated promoters into Open

and Closed. We found that the -1 nucleosomes are particularly weak for both

Open and Closed promoters in PolII-Class 4, as well as for Closed promoters

in PolII-Class 3 (Figure 3.8). Inspection of the PolII-binding profiles of these

Classes revealed that they have particularly high PolII-binding upstream of the

TSS where the -1 nucleosome is normally located (Figure 3.3). This suggests

that PolII and -1 nucleosomes compete for the same binding locations in these

promoters.

In summary, we showed that nucleosome-binding properties are strongly asso-

ciated with PolII-Classes. The majority of Classes are enriched for either Open

or Closed promoters. Furthermore, we found evidence for competition of binding

between PolII and the +1 nucleosome around the TSS in highly expressed pro-

moters, and the -1 nucleosome among lowly expressed ones. Overall, however,

there was no general relationship with PolII Classes and nucleosome properties,

which is in agreement the findings in Chapter 2.

Chromatin modifications To investigate the relationship between chromatin

modifications and PolII Classes, we used the ChIP-chip data from Pokholok

[Pokholok et al., 2005]. In this study, the authors classified chromatin modi-

fications according to whether they correlate with expression, and where each

modification preferentially occurs, relative to gene coordinates. Their findings

are summarised in Table 3.2.

We summarised the chromatin state of each promoter by averaging the level of

each modification across the region where it mostly occurs: Modifications occur-

ring at the 5’ end of genes were averaged between -200 and +200bp of the TSS,

those occurring at the 3’ end of genes were averaged between 400 upstream of
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histone occurrence relative to relation with
modification gene annotation gene expression

H3K9Ac 5’ end positive correlation
H3K14Ac 5’ end positive correlation

H4K5/8/12/6Ac 5’ end positive correlation
H3K4me1 3’ end no correlation
H3K4me2 gene body no correlation
H3K4me3 5’ end positive correlation

H3K36me3 3’ end positive correlation
H3K79me3 gene body no correlation

Table 3.2: Summary of histone modifications, their occurrence relative to gene
annotations, and their relationship with gene expression [Pokholok et al., 2005].

the TSS and the TTS, and those occupying the entire gene were averaged across

the gene-body. Using these measures, we recovered the previously described as-

sociations of different modifications with each other (Figure 3.9(a)) [Pokholok

et al., 2005], as well as the correlations with transcription rates (Figure 3.9(b))

[Pokholok et al., 2005].

Since we were interested in modifications associated with transcription, the re-

maining analysis was performed with modifications that correlate with transcrip-

tion rate(H3K4/K36 trimethylation and H4/H3K9/K14 acetylation). We exam-

ined the distribution of each modification across PolII-Classes. We found that

H3K36me3 levels are significantly higher than average in Cluster 9 but show lit-

tle variation across the other PolII Classes (Figure 3.10). This suggests that its

correlation with the transcription rate results mainly from the association with

highly expressed promoters. Furthermore, since H3K36me3 occurs at the 3’ end

of genes, the association is likely reflect the transcription rate rather than PolII-

binding pattern.

Interestingly, we found a similar pattern for H3 and H4 acetylation levels across

the PolII Classes. They are very high in Cluster 9, but do not vary much across

the other Classes.
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Figure 3.9: Co-occurrence of chromatin modifications and their correlation with
transcription rate. (a) Spearman correlation coefficients between the individual
chromatin modifications are shown as heatmap. Modification levels are averaged
either around the TSS, across the gene bodies or around the TTS, depending
on the main modification (see table 3.2). (b) Scatter plots of transcription rate
against the levels of histone modifications are shown. Regression lines are indi-
cated for Pearson correlation coefficients ≥0.2.
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Figure 3.10: Distributions of chromatin modification levels for each PolII class.
Black dotted lines indicate the genome-wide average for each modification, and
red dotted lines give the cluster-wide average. Clusters with significantly differ-
ent distributions to the genome-wide average are marked with a red star. (P-
value<0.05; Wilcoxon‘s rank sum test and Benjamini-Hochberg multiple testing
correction).
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H3K4me3 on the other hand, shows a wide range of occupancy levels across

the PolII Classes. Also, since Clusters 2 to 5 show similar median transcription

rates, but different levels of H3K4me3 occupancy, this modification seems to de-

pend more on the PolII-binding pattern than just transcription rate.

These results indicate that the general correlation between histone acetylation

in promoters and expression as reported by Pokholok [Pokholok et al., 2005]

could result from the association of a small number of highly expressed genes

with high acetylation levels rather than constituting a continuous relationship

between transcription rate and acetylation. H3K4me3 on the other hand, seems

to depend directly on PolII-binding.

3.2.5.2 Remodelling-enzymes binding associates with expression noise

Next, we analysed the binding profiles of nucleosome-remodelling enzymes that

are responsible for positioning the nucleosomes in promoters. The enzymes inves-

tigated here are Swr1, a member of the SWI2/SNF-related complex, and Rsc9, a

member of the RSC complex.

To get an overview of the pattern of binding by these enzymes, we classified

the promoters using the same approach as described for PolII and the GTFs.

There are 10 Clusters that differ in their Swr1 and Rsc9 bindings. The Clusters

are shown in Figure 3.11.

In contrast to what earlier studies reported [Venters and Pugh, 2009a], we found

only few promoters (Classes 8 and 9) with Swr1-binding at both, the +1 and

-1 nucleosomes. In most promoters the enzyme binds either to the -1 nucleo-

some (as in Clusters 4, 8 and 10) or to the +1 nucleosome only (Clusters 5, 6,

7). Interestingly, some promoters show very defined binding of the remodelling

enzymes (Classes 5, 6 and 10) whereas in others they are bound across broad

regions (Classes 3, 7, 8 and 9).

We next investigated the association of gene expression, transcription noise, and
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Figure 3.11: Heatmap of nucleosome-remodelling enzyme binding profiles in pro-
moters. Promoters are grouped into 10 Clusters based on binding profiles of
remodelling enzymes. Clusters are sorted according to the median expression
levels of the genes they contain (1=low, 10=high). Binding values are standard-
ised across each dataset to mean zero and standard deviation one (blue: high
binding, red: low binding). Black dashed lines indicate the position of the TSS.
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CUT expression, with the distinct remodelling-enzyme Classes in the same way

as before. We found that transcription rate and mRNA expression levels dis-

play much weaker associations with remodelling Classes than with PolII or GTF

Classes. Interestingly however, we found that only one Class (10) was signifi-

cantly enriched for noisy genes. This Cluster has very high Rsc9 and Swr1 bind-

ing upstream of the TSS but not at the +1 nucleosome position (Figure 3.12),

and is highly enriched for Closed promoters (Fisher‘s exact test p-value=7.2e-12;

2.2-fold enriched). In contrast to what we observed for the GTFs, the overlap
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Figure 3.12: Distribution of gene-expression related properties for each
remodelling-enzyme-Class. Black dotted lines indicate the genome-wide average
for each property, and red dotted lines show the cluster-wide average. Clus-
ters with significantly different distributions to the genome-wide distributions
are indicated with a red star. (P-value<0.05; Wilcoxon‘s rank sum test after
Benjamini-Hochberg multiple correction.)

with PolII Classes was much lower for remodelling-enzyme Classes. No overlap

between any pair of PolII and remodelling-enzyme Classes is more than 2-fold

higher than random expectation (Figure 3.13). This indicates that PolII binding
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is not as directly linked to the remodelling-enzyme binding as it is to GTF bind-

ing.
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Figure 3.13: Number of genes that share PolII and remodelling-enzyme Classes.
For each pair of PolII and remodelling-enzyme Classes, the colour indicates the
log-ratio of the observed against the expected number of common genes (only
positive values are shown; white=0 to blue=high). The statistical significance of
the overlap was calculated using the χ2 test.

In summary, we showed that binding profiles of remodelling enzymes were only

poorly associated with gene expression and PolII-binding Classes. However, we

found that specific binding patterns of Rsc9 and Swr1, namely high binding up-

stream and low binding downstream of the TSS, are indicative of promoters with

noisy gene expression.

3.2.6 The role of specific DNA motifs

Having explored the binding pattern of the general transcription machinery and

how its components are linked to each other, in this final part we investigate the

role of the underlying DNA sequence of promoters. We focused on two types

of DNA motifs: (i) core-promoter motifs that are recognised by GTFs and (ii)

motifs known to recruit sequence-specific TFs.
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3.2.6.1 Core-promoter motifs

Core-promoter motifs are known to help GTFs to identify the TSS and assist the

recruitment of the general transcription machinery. The best studied promoter

motif in yeast is the TATA box, which is present in about 20% of yeast promot-

ers [Basehoar et al., 2004]. Though yeast is thought to have only a few of the

numerous motifs that have been described in higher eukaryotes, we nevertheless

tested whether any of them could play a role in establishing the different pro-

moter structures we described above.

First, we searched for known motifs, in the promoter regions where the respective

motifs are known to occur: between -50 and -400 upstream of the TSS depending

on the motif (see Table 3.3).

For TATA-boxes, we distinguished between functional TATA-box elements (which

are conserved in >2 species and/or the promoter is sensitive to mutations in the

TATA-box- binding protein, TBP) [Basehoar et al., 2004] and the simple pres-

ence of a TATA-sequence motif in the promoter region (which may or may not

recruit TBP). BREupstream and BREdownstream (referring to their position relative

to a potential TATA box) motifs have been shown to recruit TFIIB in higher

eukaryotes [Deng and Roberts, 2005; Lagrange et al., 1998]. INR are known to

interact with PolII in mammals but have also been observed in about 40% of

yeast promoters [Yang et al., 2007]. In addition to promoter motifs, we investi-

gated the AT content of promoter regions.

To test whether any of these motifs could play a role in regulating either PolII,

GTF of chromatin-remodelling enzymes binding in promoters, we tested their as-

sociations with promoter Classes based on PolII, GTF and remodelling enzymes

respectively.

We found very few BREupstream elements, indicating that these do not play a

general role in yeast promoters (Table 3.3). BREdownstream as well as INR are

very common in yeast promoters which could indicate a potential function for
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motif reference position presence

TATA box TATAWAWR Basehoar et al. [2004] -150 to -50 636 (12%)
functional
TATA

TBP sensitiv-
ity assay

Basehoar et al. [2004] -150 to -50 954 (18%)

BREupstream SSRCGCC Lagrange et al. [1998] -400 to -50 102 (2%)
BREdownstream RTDKKKK Deng and Roberts [2005] -100 to TSS 2815 (54%)
INR YYANWYY Javahery et al. [1994] -50 to TSS 2074 (40%)
AT content %AT within

promoter
-400 to TSS 63%

Table 3.3: Promoter motifs that have been suggested to play a role in S.cerevisiae
[Juven-Gershon et al., 2008]. Positions are taken from the indicated references;
the absolute number of motifs and the fraction of promoters containing a motif
are given (presence).

these motifs. The number of TATA box motifs is less than the functional TATA

boxes, this is because Basehoar defined functional TATA box based on sequence

conservation and TBP sensitivity in the promoter with no strict sequence require-

ment [Basehoar et al., 2004].

In order to test whether these motifs have an impact on the assembly of any

of the the transcription machinery components, we next tested their enrichment

among individual Classes in the three classification systems (Figure 3.14(a)).

We found that most motifs are not enriched in any of the Classes (Figure 3.14(a)),

suggesting that they are not the determinants of the binding patterns for GTFs,

remodelling factors or PolII. The TATA box (both motif, and functional) is the

only exception. It is either strongly enriched or depleted in most Classes, with

strongest signals among the remodelling-enzyme Classes. We also found that

the AT content varied most among the remodelling Classes: high AT content is

anti-correlated with Rsc9 occupancy at the -1 nucleosome position. The fact that

we did not find any enrichment (only depletion) for other known core-promoter

motifs in any of the promoter Classes suggests that these motifs have no function

in yeast.

91



3. Results

Log odds ratio (no motif vs motif)
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Figure 3.14: Core-promoter motifs and AT-content across transcription-machinery
promoter Classes. (a) Red bars indicate significant enrichment among promoter Classes
based on remodelling-enzyme binding (top), GTF binding, and PolII binding (Fisher‘s
exact test p-value<0.05 after multiple-testing correction). TATA boxes - both func-
tional and motif-based - are the only motifs that are enriched in some promoter Classes.
(b) Distribution of AT content in promoters is shown Classes based on PolII (left), GTF
(middle) and remodelling-enzyme (right) binding. Red boxes indicate significant de-
viation from the genome-wide distribution. (P-value<0.05; Wilcoxon‘s rank sum test
after Benjamini-Hochberg multiple correction.)
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3.2.6.2 Most promoter Classes are enriched for specific set of TFs

TFs can regulate different steps of the transcription initiation process. For in-

stance TFs can interact with nucleosome-remodelling enzymes in order to make

the promoter accessible for PolII [Koerber et al., 2009; Svaren and Hörz, 1997]

whereas others recruit GTFs and PolII [Clemens et al., 1996; Dion and Coulombe,

2003; Kobayashi et al., 1995; Ozer et al., 1994]. Here, we investigated the poten-

tial roles of sequence-specific TFs in establishing different arrangements of the

transcription machinery in promoters.

We obtained TF-binding sites from a study by MacIsaak [Macisaac et al., 2006b],

and tested their association with each promoter Class using Fisher‘s exact test.

To avoid random enrichments based on low numbers, we excluded TFs that have

fewer than 50 binding sites across the genome. Further, since we have shown that

Open and Closed promoter have very different numbers of TF-binding sites per

promoter, we also checked for enrichments within them separately.

We found that many PolII Classes are enriched for or depleted of specific set

of TFs (Figure 3.15). Clusters containing lowly expressed genes are mainly de-

pleted of strongly activating TFs, such as Rap1 or Abf1. This suggests that genes

in these Clusters do not share a common regulator but are mainly defined by not

being regulated by strongly activating TFs. Clusters containing the most highly

expressed genes are enriched for binding sites for the ribosomal TF Rap1 and the

cell-cycle TFs Spf1 and Fhl1. Cluster 7 is enriched for many metabolic TFs such

as Gal4, Leu3, Pho4 (Figure 3.15.)

Classes based on GTF binding-profiles display clearer though similar associa-

tions. Again, the lowest expressed genes are characterised by depletion of specific

TFs, whereas higher expressed genes show more enrichments.

Cluster 1, containing the lowest expressed genes was the only Cluster that show

no enrichment but only depletion of specific TFs. Open promoters in Cluster

2 are strongly enriched for a set of metabolic regulators. Cluster 3 shows weak
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Figure 3.15: Association of sequence-specific TFs with PolII Clusters. Sig-
nificant associations of TFs and PolII Classes are displayed as log-odds ratios
(blue=enriched, red=depleted; corrected p-value<0.01 using Fisher‘s exact test
and Benjamini-Hochberg correction). Associations are calculated separately for
Open, Closed and all promoters (left, middle, right column of each cluster).
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enrichment for a variety of TFs involved in metabolite repression and stress re-

sponse. Clusters 4 and 8 are strongly enriched for the activating TFs Rap1, FHL1

and SFP1. Rap1 was shown to directly interact with TBP of TFIID [Garbett

et al., 2007]. Significantly, both Clusters display a strong peak of TBP-binding

(3.5). However, whereas the peak locates at the TSS for promoters of the highly

expressed genes in Cluster 8, it is shifted upstream in the lower expressed genes

in Cluster 4. Cluster 6 contained many genes regulated by TFs involved in some

response to environmental stimuli. Since these genes show high expression in

YPD, the TFs are likely to also have a function in normal YPD growth condi-

tions. Cluster 7 is mainly enriched for metabolic TFs and corresponds well to

Cluster 8 of the PolII Classes with which it overlaps greatly (Figure 3.7).

The remodelling-enzyme Classes show the weakest association with TF-binding

sites. Many TFs are enriched in Clusters 9 and 10 - notably the Clusters that

are also highly enriched for TATA boxes, whereas Clusters 1 and 6 are depleted

of many TFs. Interestingly, these were the Clusters that showed least binding of

Rsc9 upstream of the TSS and have very high AT content, suggesting that pro-

moters with high AT content regulate nucleosome positioning differently. Cluster

4 is enriched for ribosomal TFs. Cluster 8, enriched for TATA-less promoters and

strong binding of Rsc9 and Swr1 upstream of the TSS, contains TFs involved in

nucleosome remodelling (such as Reb1 and Abf1).

In summary, we found much more promoter-Class specific pattern for sequence-

specific TFs than for core-promoter motifs, except TATA-boxes. Whereas Classes

based on remodelling-enzyme binding can be defined mainly by whether or not

they contained a TATA box and by their AT content, GTF-based Classes are

mostly defined by sets of sequence-specific TFs. PolII Classes show about the

same enrichment for TATA boxes as GTF Classes, but a less specific pattern for

sequence-specific TFs.
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Figure 3.16: Association of sequence-specific TFs with GTF Clusters. Sig-
nificant associations of TFs and GTF Classes are displayed as log-odds ratios
(blue=enriched, red=depleted; corrected p-value<0.01 using Fisher‘s exact test
and Benjamini-Hochberg correction). Associations are calculated separately for
Open, Closed and all promoters (left, middle, right column of each cluster).
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Figure 3.17: Association of sequence-specific TFs with remodelling-enzyme Clus-
ters. Significant associations of TFs and remodelling-enzyme Classes are dis-
played as log-odds ratios (blue=enriched, red=depleted; corrected p-value<0.01
using Fisher‘s exact test and Benjamini-Hochberg correction). Associations are
calculated separately for Open, Closed and all promoters (left, middle, right col-
umn of each cluster).

97



3. Conclusions

3.3 Conclusions

In this study we have classified promoters based on their PolII-binding pattern.

We demonstrated that these PolII binding-Classes can explain the major variation

of expression levels and that they are associated with distinct functional Classes

of genes. We then identified other promoter-associated factors that help establish

the PolII-binding profiles.

3.3.1 Model for establishing PolII-binding in promoters

We identified two Classes of promoter-associated factors that determined the

PolII-binding Classes: the GTFs on one hand show strong association with the

PolII-binding Classes as well as with gene expression. On the other hand, we

found strong enrichments for specific nucleosome architectures and chromatin

modifications across the different PolII Classes. However, whereas the modifica-

tions correlate with expression levels and therefore with levels of PolII-binding

downstream of promoters, the nucleosome architecture show no association with

the level of PolII-binding. This is consistent with our findings in Chapter 2.

PolII binding is less determined by sequence motifs in the promoter regions: nei-

ther by core-promoter motifs nor by sequence-specific TF binding motifs. How-

ever, we found that the sequence-specific TFs showed distinct associations with

GTF-binding profiles across promoters whereas the core-promoter motifs were

mostly determining the binding-profiles for the nucleosome-remodelling enzymes.

The strong association between PolII and the GTFs is in good agreement with

studies that proposed a 1:1 stoichiometry of GTF and PolII in promoters Thomas

and Chiang [2006]. Many GTFs have been shown to directly interact with spe-

cific TFs in individual promoters (Chapter 1). We demonstrated this preferential

interaction of TFs with GTFs in on a genome-wide scale.

The reason why we did not see the same strong association of specific TFs with

PolII Clusters might be that PolII binding not only depends on the GTFs but

also on the nucleosome configuration in the promoter region.
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3.3.2 PolII Classes are enriched for specific biological func-

tions

Functional analysis of these Classes showed that most of them were enriched for

some specific biological functions, suggesting that some functional groups share

similar promoter architecture in terms of PolII binding. Some of these association

can probably be explained by the expression levels of the respective genes: such

as the association of the highly expressed Cluster 9 with ribosomal genes and the

lowly expressed Cluster 1 with meiotic genes.

However, we also found functional enrichment in PolII-binding Classes that con-

tain genes expressed at intermediate levels (like proteasome functions and trans-

port reactions or nucleotide metabolism). These associations are not easily ex-

plainable just by expression levels and suggest that the PolII-Classes also capture

some biologically relevant features.

3.3.3 Nucleosome-remodelling enzymes explain noise

In agreement with the results in Chapter 2, we found no association between the

binding of nucleosome-remodelling enzymes and gene expression. However, we

found that noisy promoters display a very distinct binding pattern of remodelling

enzymes. In contrast to other promoters, they are strongly bound by both Rsc9

and Swr1 in the region where the -1 nucleosome normally binds. This suggests

that remodelling of the -1 nucleosomes might play a role in generating noisy

expression.

3.3.4 Highly expressed promoters show distinct structure

Chromatin-modification pattern have been associated with PolII activity Pokholok

et al. [2005]. However, our findings suggest that the previously reported corre-

lations of promoter acetylation could be mainly due to high acetylation levels in

the Class of highly expressed promoters.

These highly expressed promoters also contain a very weak +1 nucleosome and
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a PolII-binding peak at the position where the +1 nucleosome normally binds.

This let us speculate that high levels of promoter-nucleosome acetylation is linked

to eviction of +1 nucleosomes and can lead to high levels of expression.
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3.4 Methods

3.4.1 Re-processing of tilling-arrays

Tiling-array data for transcription machinery binding were obtained from Venters

and Mayer [Mayer et al., 2010; Venters and Pugh, 2009a]. Both studies used the

Affymetrix S.cerevisiae Tiling 1.0R Gene Chips containing 3.2 million perfect

match and mismatch probe-pairs tiled across the complete yeast genome at a 5bp

resolution [David et al., 2006]. We processed the raw data from Venters using

GCRmA background correction and quantile normalisation for each array [Wu

et al., 2004b] and then averaged the replicates. For the Mayer study, we obtained

the background corrected and normalised intensity values from the supplementary

material [Mayer et al., 2010].

3.4.2 Clustering of transcription machinery binding data

Promoter regions were defined as the regions -500 to +500bp of the TSS of a

gene. Divergent genes with overlapping promoter regions were excluded from the

analysis since the binding events of the individual transcription machinery com-

ponents could not be assigned to one or the other TSS.

We extracted the binding levels for each component of the transcription ma-

chinery from the tiling-array data described above for each promoter. These

promoter profiles were smoothed using sliding window averaging with a window

size of 100bp and a step size of 10bp.

For clustering the promoters based on PolII binding, we first standardised the

binding levels for each factor to mean zero and standard deviation one, and then

combined the binding profiles for all forms of PolII (Ser2-, Ser5-, Ser7-PolII, Rpb3

and Rpo21) such that we had one long vector of binding values for each promoter.

These vectors were then subjected to pam clustering. Since pam clustering (for

detailed description of pam-clustering see appendix B) requires the user to define

the number of clusters, we varied the number of clusters from 8 to 11 and chose

9 based on visual inspection of the clusters.
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Similarly, for the GTF clustering, we combined the binding profiles for all dif-

ferent GTFs (TBP, Sua7, Tfg1, Kin28 and Cet1) into one long vector for each

gene and subjected these to pam clustering. After varying the number of clusters

between 7 and 11, we chose to use 8 Clusters.

For the nucleosome-remodelling enzyme clustering we combined the promoter-

binding profiles for Swr1 and Rsc9 and chose 10 Clusters.

3.4.2.1 GO enrichment

GO enrichment analysis of the individual Clusters was performed using gProfiler

[Reimand et al., 2007]. Briefly, this method calculates the enrichment of gene

ontology (GO) terms in a given group of genes taking into account the hierar-

chical structure of the GO terminology. The significance for the enrichment is

calculated using hypergeometric testing and multiple-testing correction [Reimand

et al., 2007].

3.4.3 Chromatin modification data

Chromatin modification data was obtained from a study by Pokholok [Pokholok

et al., 2005]. The dataset was measured on oligonucleotide DNA microarrays

with 44,290 probes covering 85% of the yeast genome. Intergenic regions were

represented by 14,256 probes, ORFs by 27,185. In order to account for differences

in nucleosome densities we used the modification levels that were normalised

against the respective nucleosome occupancy (H3 or H4). In order to get one

modification value for each gene, we averaged the signals for each modification

across the region in which the respective modification was shown to occur (see

Table 3.2).

3.4.4 Cryptic expression in promoters

Using data of two independent tilling-array studies that both used the ∆rrp6

knockout mutant (unpublished data, see Chapter 4), we measured the expres-
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sion level between -200 and -400bp upstream of the TSS on the opposite strand

and averaged the values across the two experiments. This should capture most

promoter associated CUTs as demonstrated in Figure 4.16 in Chapter 4.

3.4.5 Enrichment of features among promoter classes

Enrichments for motifs and TFs were carried out using Fisher‘s exact test for

each pair of TF and Class. P-values were corrected using the Benjamini-Hochberg

procedure.
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Chapter 4

Promoter structure of

non-canonical transcripts

Advances in transcriptomic techniques have led to the identification of novel non-

coding RNAs. Some of these transcripts are very unstable and can only be de-

tected in cells that lack functional RNA-degradation machinery (exosome). Even

though several genes are known to increase the amount of novel RNA transcripts,

the mechanisms by which these transcripts arise and whether they have any bio-

logical function is still unclear. By comparing expression data in yeast wild type

cells and mutants that lack parts of the exosome, we classify these stable and

unstable RNA transcripts based on their position relative to gene locations. By

integrating functional data, such as binding of PolII, GTFs, nucleosome posi-

tions, and histone modification we identify features that enable the transcription

of novel RNAs. Finally, we present a model of a typical promoter structure for

the different types of novel RNA transcripts.

4.1 Introduction

The previous chapter investigated the promoter structure of protein-coding genes

in yeast. In this chapter we focus on the promoters of non-canonical transcripts.

Recent studies have shown that ∼85% of the yeast genome is expressed under
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normal growth conditions, ∼16% of which has not been annotated before [David

et al., 2006; Nagalakshmi et al., 2008]. Even more pervasive transcription was

found in expression-profiling of mutants that lack a functional exosome (∆rrp6)

[Churchman and Weissman, 2011; Neil et al., 2009; Xu et al., 2009]. These stud-

ies distinguished between the cryptic unstable transcripts (CUTs) only detectable

in the ∆rrp6 mutant and the stable unannotated transcripts (SUTs) that were

detectable in wild type cells [Neil et al., 2009; Xu et al., 2009].

These genome-wide studies provided a good overview of how SUTs and CUTs

are distributed across the genome: they both tend to initiate from within 3’ or 5’

NFRs of genes [Churchman and Weissman, 2011; Neil et al., 2009; Xu et al., 2009].

Further, it was found that mutations in certain histone-modifying enzymes and

some genes involved in transcriptional elongation affect the expression of cryptic

transcription [Cheung et al., 2008; Churchman and Weissman, 2011]. However,

it is still unclear why certain genomic regions give rise to SUTs and CUTs.

A recent study proposed a regulatory role for SUTs that are expressed anti-

sense to a gene [Xu et al., 2011]. For CUTs, however, not much is know about

their potential function in the cell, apart from two examples of antisense CUTs

that are involved in regulating their sense transcript [Camblong et al., 2007, 2009].

Here, we combined tiling-array expression data for yeast wild type cells, mutants

lacking a functional exosome (∆rrp6) and mutants that increase the expression

of cryptic transcription, with data describing the distribution of binding by the

transcriptional machinery and pattern of chromatin modifications. In doing so,

we established a model for a typical promoter structure of SUTs and CUTs.

4.2 Results

This section first defines and classifies novel non-canonical RNA (nRNA) tran-

scripts in greater detail than has been done in previous studies. Transcripts

were classified according to their stability in wild type and the position of their

transcription start site (TSS) relative to annotated coding genes. In the sec-
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ond part we describe how we combined the transcription data with information

for transcription-machinery binding and chromatin modification, and present a

model for the different types of non-canonical promoters. Finally, we tested some

aspects of the model by analysing genome-wide expression data for mutants that

affect cryptic transcription.

Definitions Throughout this chapter we refer to protein-coding gene tran-

scripts as ORF-transcripts (ORFs) and to novel non-canonical transcripts as

novel RNA transcripts (nRNA). These nRNAs are further separated into sta-

ble unannotated transcripts (SUTs) if they are stably expressed in wild type and

cryptic unstable transcripts (CUTs) if they are detectable only in mutants lacking

functional exosome (i.e. in ∆rrp6 background). Promoters producing CUTs or

SUTs are referred to as non-canonical promoters. Further classifications will be

introduced in the appropriate sections.

4.2.1 Data processing and transcript classification

We used unpublished data from the Steinmetz, Stutz and Proudfoot labs to iden-

tify nRNA transcripts in wild type, ∆rrp6 and several mutants that affect nRNA

transcription: ∆ssu72, which lacks the Ser5-PolII phosphatase Ssu72; ∆set1 lack-

ing the histone methyltransferase (HMT) Set1; ∆rpd3 and ∆hda2 each lacking

histone deacetylases (HDAC) Rpd3 and Hda2 respectively. For each mutant we

also obtained expression data in a ∆rrp6 background.

Functional analyses were performed by integrating publicly available data for

binding by the transcription machinery ([Mayer et al., 2010; Venters and Pugh,

2009a]) and distribution of chromatin modifications [Pokholok et al., 2005].

4.2.1.1 Identification of expressed transcripts

We used normalised intensity values from tiling arrays measuring expression of a

∆rrp6 mutant in YPD. To convert the expression data into a set of transcripts, we

first identified the boundaries of differentially expressed segments and determined

whether they overlap with an annotated gene. For this, we used the change-point
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algorithm implementation in the R-Bioconductor package tilingArray [Gentle-

man, 2005; Picard et al., 2005] as described in David [David et al., 2006].

Next, we determined which of the segments are expressed above background

noise. For this, we estimated the distribution of background noise in an ap-

proach adapted from David [David et al., 2006] and assigned a p-value to each

segment for belonging to this background noise distribution. Segments with a

corrected p-value <0.01 were defined as expressed (see Methods for a detailed de-

scription). Non-expressed segments and segments smaller than 50bp that didn’t

overlap with any annotated gene were discarded. This resulted in ∼11,000 tran-

scribed segments (Table 4.1).

transcribed overlapping novel
with annotated gene

#segments 11312 6021 5291

Table 4.1: Number of transcribed segments in the ∆rrp6 mutant.

Finally, we had to distinguish between segments that arise from new initiation

events (true transcripts) and those that result from heterogeneous 3’ ends of true

transcripts. For this, we compiled a set of pairs of adjacent segments (less than

50bp apart) that were both expressed, and compared the expression of the up-

stream and downstream segment. If the downstream segment was less expressed

and did not overlap with a different gene, it was defined as heterogeneous 3’ end

and discarded for the following analysis.

4.2.1.2 Classification of novel transcripts into SUTs and CUTs

The resulting transcripts (nRNAs) were next classified as CUTs if they were

significantly higher expressed in the ∆rrp6 background than in the wild type and

as SUTs otherwise (see Figure 4.15). Adjacent segments that both overlapped

with the same ORF feature were combined to one transcript. A summary of the

numbers for the different transcript types is shown in Table 4.2.
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#transcripts
ORF 5503
CUT 1335
SUT 1401

Table 4.2: Number of different transcripts types.

4.2.1.3 Positional classification of nRNAs

We next classified the nRNAs according to their position relative to coding-genes.

For this, we first separated them into gene body associated (gaRNA) if they initi-

ate antisense of a coding gene and non-genic, if their TSS lies in intergenic regions

(Figure 4.1).

gene-associated nRNA:
initiating within coding region

non-genic RNA: 
initiating in non-coding region

taRNA paRNA

igRNA

dTSS

gaRNA

dTTSdTTS dTSS

dTTS<500bp dTSS<500bp

Figure 4.1: Positional classification of nRNAs. nRNAs that initiate in antisense
to genes (left) were classified as gene-body associated (gaRNA). nRNAs initiating
from non-coding regions (right) were classified as promoter associated (paRNA)
if the distance between their TSS and the TSS of the upstream gene (dTSS) was
less than 500bp, as terminator associated (taRNA) if the distances between their
TSS and the TTS of the downstream gene (dTTS) was less than 500bp, and as
intergenic (igRNA) otherwise.

By inspecting the distribution of distances between the TSS of the nRNA and

the nearest gene TSS and TTS non-genic nRNAs were further separated into pro-

moter associated (paRNA) if they initiate with 500bp upstream of a gene TSS,
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terminator associated (taRNAs) if they initiate within 500bp downstream of a

gene transcription termination site (TTS) and intergenic (ig-nRNAs) otherwise

(Table 4.3; schematic in Figure 4.1; for details see Methods Figure 4.16). nR-

NAs that satisfied the criteria for the promoter- and the terminator-associated

category (204 for CUTs and 133 for SUTs) were classified as paRNA because the

nRNAs were generally better aligned to the upstream TSS than the downstream

TTS (Figure 4.16).

Based on these positional classes we found that the majority of SUTs initiate

from intergenic regions whereas CUTs mainly initiate from gene bodies and pro-

moter regions (Table 4.3).

associated with CUTs SUTs
promoter (pa) 423 (32%) 288 (21%)

terminator (ta) 50 (4%) 84 (6%)
gene.body (ga) 545 (41%) 251 (18%)
intergenic (ig) 317 (24%) 778 (56%)

Table 4.3: Classification of SUTs and CUTs into positional classes.

4.2.2 Characterisation of SUTs and CUTs across the po-

sitional classes

We started the characterisation of SUTs and CUTs by comparing the lengths and

expression values of transcripts in the different positional classes (Figure 4.2).

CUTs display unimodal and uniform distributions of lengths and expression lev-

els across all positional classes (Figure 4.2). The uniformity of their expression

levels could indicate that CUTs are all produced by a similar mechanism that

might lack regulation of transcript levels. The uniformity of CUT lengths sug-

gests that all subclasses are degraded by the Nrd1/Nab3 degradation mechanism

that is only active in the first 500bp of the transcription and has been shown to

be involved in the degradation of individual CUTs [Arigo et al., 2006; Carroll

et al., 2004; Thiebaut et al., 2006].
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SUTs on the other hand show a great variety of transcription levels and lengths

both, across and within the positional classes. ig- and taSUTs were generally

higher expressed than ga- and taSUTs. The lengths display the opposite pattern:

the longest SUTs were the ga- and paSUTs followed by ig- and taSUTs, which

were even shorter than the average CUTs (Figure 4.2). This contradicts the cur-

rent notion that SUTs are generally longer than CUTs [Jacquier, 2009].
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Figure 4.2: Distribution of lengths and expression levels in ∆rrp6 for CUTs and
SUTs across positional classes. (a) CUTs show uniform, unimodal distributions
of lengths and expression values across and within the positional classes, whereas
SUT lengths and expression levels differ across and within positional classes. (a)
ga- and paSUTs are longest but least expressed, whereas ig- and taSUTs are short
and highly expressed.

It has been shown that SUTs can have an impact on gene regulation through

various mechanisms: SUTs that are expressed antisense to genes can inhibit

sense expression through direct transcriptional interference [Hongay et al., 2006;
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Martens et al., 2004; Nishizawa et al., 2008] or through recruitment of chromatin-

modification enzymes that then alter the chromatin state of a gene [Berretta and

Morillon, 2009; Camblong et al., 2007; Houseley et al., 2008]. The variety of SUT

length and expression level might therefore reflect their involvement in different

mechanisms. In particular, the fact that gaSUTs (i.e. antisense transcripts to a

gene) were generally longer than other classes of SUTs might reflect their function

as antisense regulators. The differences in their expression levels further suggest

that SUTs were produced by a regulated mechanism that is different from the

one producing CUTs, and differs across the positional classes.

4.2.3 Relationship between expression of nRNAs and their

associated genes

As described above, many CUTs and SUTs are transcribed from specific genomic

positions relative to coding genes. This strongly suggests that the transcription

activity of coding genes play a role in promoting the expression of SUTs and

CUTs. In order to investigate this, we analysed the properties of genes associ-

ated with SUTs and CUTs.

We classified genes according to their association with positional classes of nR-

NAs (pa, ga and ta). Genes that are associated with more than one nRNA were

excluded from this analysis. This resulted in 100 to 450 genes associated with

each positional class of SUT/CUT1 (Table 4.4). The non-associated genes were

used as a control in the following analyses.

4.2.3.1 paRNAs are transcribed from highly expressed promoters

We found that taRNAs as well as gaSUTs are significantly enriched among un-

expressed genes, whereas paRNAs tend to emerge from promoters of expressed

genes (Figure 4.3(a)).

Comparing expression levels of ORFs in ∆rrp6, we found that gaRNAs generally

1Note that SUTs/CUTs that fell into both ta and pa are associated with two genes.
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gene associated with
SUTs CUTs

ta 104 169
ga 206 463
pa 231 360

none 3839

Table 4.4: Number of genes associated with CUTs and SUTs of different posi-
tional classes.

Log−odds ratio
enriched in OFF: −1;
enriched in ON: +1

ga

pa

ta

−1.0−0.5 0.0 0.5 1.0

* 10 of 159

*16 of 447
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Figure 4.3: Relationship of nRNA with the expression of their associated genes.
(a) taRNAs and gaSUTs are enriched among unexpressed genes (Fisher‘s exact
test, p-values=0.036, 0.001 and 0.016). (b) gaRNAs (red; left/right panel) tend to
initiate antisense to ORFs that are lower expressed than ORFs with no associated
nRNA (black dashed line; Wilcoxon‘s rank sum test p-value=7.6e-22 and 4.1e-03).
paCUTs (blue) initiate from promoters of higher expressed ORFs (p-value=3.5e-
04).
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initiate from genes that are expressed lower than genes without any associated

nRNA (Figure 4.3(b)). In addition, paCUTs initiate from promoters that are

expressed higher than average (Figure 4.3(b)).

There are two possible explanations for the association of taRNAs and gaR-

NAs with lowly expressed genes: either gaRNAs prefer to initiate from within

lowly or non-expressed genes, or antisense nRNAs have an inhibitory effect on

the expression of their associated gene. The association of paCUTs with highly

expressed genes on the other hand, could reflect that highly active promoters are

more active in both sense and anti-sense direction.

4.2.3.2 Stabilisation of gaCUTs has no effect on ORFs

It has been shown in individual genes that the stabilisation of an antisense CUT

in ∆rrp6 mutants can have a negative effect on the expression the sense tran-

script [Camblong et al., 2007, 2009]. Therefore, we next tested whether such an

effect could explain the association of ga/taCUT and lowly expressed genes.

For this, we compared the differential expression in ∆rrp6 and wild type for

CUTs and their associated ORFs. If stabilisation of antisense CUTs had an in-

hibiting effect on the sense transcript, we expected to see a negative relationship

between the differential expression in ∆rrp6 against wild type for gaCUTs and

their associated ORF transcripts.

We found no correlation between genes and their associated CUT or SUT tran-

scripts regardless of whether these were promoter-, terminator- or gene-body-

associated (Figure 4.4). In addition, we found that - apart from two outliers -

ORF expression was not affected by the loss of Rrp6.

The lack of expression coupling between genes and their associated nRNA in

∆rrp6 and wild type indicates that stabilisation of the associated transcripts has

no general effect on ORF expression. The exceptions are two genes (Pho84 and

Gyp5) which are more than 4-fold down regulated in ∆rrp6. Interestingly, these
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Differential expression of CUT/SUT
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Figure 4.4: Scatter plots for the differential expression of ∆rrp6 against wild
type for pairs of ORFs and their associated nRNA. Numbers indicate the Pearson
correlation coefficient. There is no correlation between differential expression for
any positional class of nRNAs and their associated genes. The red dots indicate
two genes that are known to be regulated by an antisense CUT [Camblong et al.,
2007, 2009].
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are known to be regulated by the stabilisation of an antisense CUT [Camblong

et al., 2007, 2009]. These two CUTs are much longer than the average (1792 and

2320bp), indicating that they are not typical CUTs.

4.2.3.3 Expression coupling between gaCUTs and ORFs

As shown above, the stabilisation of gaCUTs has no effect on the expression of

the associated ORF. However, gaRNAs preferentially arise from lowly expressed

genes. This suggests that either the low expression of a gene causes gaRNA ex-

pression, or that the repression of the associated genes does not depend on the

nRNA transcript but only on the process of transcriptions.

To test the former hypothesis, we made use of expression data from a mutant

that lacks Ssu72, a PolII-associated phosphatase specifically targeting Ser5P of

CTD [Krishnamurthy et al., 2004; Pappas and Hampsey, 2000]. It is involved

in various other functions like start site selection, gene-looping and transcription

termination [Ansari and Hampsey, 2005; Steinmetz and Brow, 2003; Sun and

Hampsey, 1996]. Most importantly for this analysis however, the ∆ssu72 mu-

tants produce many additional cryptic transcripts, mostly initiating from within

gene-bodies (Appendix C).

To test whether the expression of gaRNAs is coupled with the expression of their

associated genes we compared their expression in ∆ssu72∆rrp6 double mutant

against ∆rrp6 (Figure 4.5).

We found a negative correlation between the differential expression of gaRNAs

and their associated genes. No correlation was observed for either taRNAs or

paRNAs. This provides evidence for the hypothesis that low gene expression

causes the expression of gaRNA.

4.2.4 Functional characterisation of nRNA promoters

It has been proposed that paCUTs utilise the transcriptional activators of their

associated genes, but are then transcribed from an independent pre-initiation
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Figure 4.5: Scatter plots of differential expression of ∆rrp6∆ssu72 against ∆rrp6
for gaRNAs and their associated genes. Regression lines and are shown for cases
were ρ >0.1 (red lines; ρ are shown as numbers in panels). The expression of
gaRNA is negatively correlated with their associated gene. For other positional
classes no correlation between the expression levels of nRNAs and associated
genes is found.
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complex (PIC) [Neil et al., 2009]. In general, however, not much is known about

the promoter structures of SUTs and CUTs and how they compare to those of

ORFs. Therefore, we next investigated the properties of CUT, SUT and ORF

promoters.

4.2.4.1 CUTs and SUTs have similar promoter structure as ORFs

To compare the promoter structures of ORFs and the different positional classes

of CUTs and SUTs, we assessed the binding profiles of PolII and the general tran-

scription factors (GTFs). gaRNAs were excluded from this analysis because the

binding data is not strand specific and is not possible to distinguish the signals

of the gaRNA from the ORF. taRNAs were excluded due to the small sample

number.

We calculated the average binding profiles of each transcription-machinery com-

ponent at positions ranging from -400bp to +400bp relative to the TSS. Tran-

scripts that are shorter than 300bp were removed from the analysis. Since we

previously showed that the amount of binding by the transcription machinery

correlates well with expression levels (Figure 3), and CUTs and SUTs have gen-

erally lower expression levels than ORFs, we examined a subset of ORFs with

expression levels similar to those of nRNAs.

Figure 4.6 shows the median-binding profiles for Ser2/5P-PolII and TFIIB. Other

GTFs show similar profiles (see Appendix C). Ser5P-PolII-binding steadily de-

creases from 5’ to 3’ in paRNAs, suggesting that PolII is mainly involved in

transcribing the upstream gene. For igRNAs, the shape of Ser5P-PolII binding

pattern looks similar compared genes. The differences in the Ser5P-PolII binding-

level are likely to reflect differences in expression levels between igCUTs, igSUTs

and ORFs. The strongest difference between CUTs and SUTs is the level of

Ser2P-PolII, which is much higher in igSUTs than igCUTs.

We found that binding of TFIIB (and other GTFs) peaks around the TSS for

all classes of CUTs, SUTs and ORFs (Figure 4.6). The height and shape of the
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Figure 4.6: Binding profiles for PolII- and TFIIB-binding for positional classes
of CUTs, SUTs and ORFs. Upper panels: paCUTs (red) and paSUTs (blue) are
compared to ORFs associated with paCUTs (green dashed) and paSUTs (green
dash-dotted). Lower panels: igCUTs (red) and igSUTs (blue) are compared to
lowly expressed ORFs associated with no SUT or CUT (green).
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peaks however, varies greatly between them. ORF promoters display a defined

peak slightly upstream of the TSS (Chapter 3). In contrast, igRNAs display less

pronounced peak slightly downstream of the TSS. paRNAs have similar-height

peaks as ORFs but more upstream. However, since paRNA initiate within about

300bp of the TSS of their associated gene, it is difficult distinguish whether the

binding pattern results from the PIC of the upstream ORF or whether it is the

PIC assembled in the promoter of the paRNA.

4.2.4.2 paCUTs share the GTFs with the upstream gene

To determine whether paCUTs and paSUTs form their own independent PIC or

whether they depend on the PIC assembled at the gene TSS, we next investigated

the correlation of expression and GTF binding in promoters of the different tran-

scripts.

Given that expression levels correlate well with GTF-binding (Chapter 3), and

assuming that GTF-binding indicates a functional PIC, we can infer the location

of the PIC of a transcript by identifying the position of highest correlation be-

tween GTF-binding and expression. If CUTs and SUTs initiate from their own

PIC we expect that the distance between PIC and TSS is about the same as in

ORFs that have a paCUT or paSUT. This is based on the assumption that the

distance between PIC and TSS is the same in all transcript types.

We calculated average PolII- and GTF-binding levels in seven 100bp regions be-

tween -350bp and 350bp relative to the TSS. We then correlated those binding

levels with the expression levels of transcripts in the ∆rrp6 mutant. This was

performed separately for ORFs with associated paRNAs, ORFs with no associ-

ated nRNA, and for paCUTs, paSUTs, igCUTs and igSUTs. For each, we then

determined the region of highest correlation (indicated with “+” in Figure 4.7).

We found similar Ser5P-PolII correlation profiles for SUTs, CUTs and ORFs

indicating that all transcript types depend on PolII in a similar fashion (Figure

4.7). For Ser2P-PolII we found no correlation with paCUTs. Therefore, the Ser2-
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Figure 4.7: Correlation profiles of expression with PolII- and TFIIB-binding for
CUTs, SUTs and ORFs. Upper panels: paCUTs (red) and paSUTs (blue) are
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expression. TFIIB correlation with expression is shifted upstream for paCUTs
compared to any other transcript class.
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PolII binding we observed for paCUTs in Figure 4.6 are likely to originate from

downstream genes on the opposite strand.

For TFIIB, the correlation profile of paCUTs with expression is shifted upstream,

and drops more quickly downstream of the TSS compared with those for SUTs

ORFs and igCUTs. ORFs with no associated nRNA display uniform correlation

across the whole promoter region, indicating that there is little binding of GTFs

in the promoter regions that does not translate into transcription initiation. For

ORFs with a paRNA on the other hand, the correlation dropped sharply up-

stream of the TSS, suggesting that GTFs that are bound upstream of the TSS

are involved in the transcription of the upstream divergent nRNA.

The upstream shift of the correlation profile in paCUT promoters compared to

those of paSUTs, ORFs and igCUTs, suggests that they initiate from a PIC that

is further upstream of their TSS than in other transcripts. The sudden drop

of correlation downstream of their TSS suggests that their expression does not

depend on GTF binding downstream of the TSS, as it is the case for SUTs and

ORFs. Together, this could suggest that CUTs initiate from the same PIC as-

sembly as their associated ORF-transcripts and lose the GTFs as soon as the

PolII has started transcription. Since some of the GTFs are responsible for phos-

phorylating PolII at Ser2 this could also explain why the correlation of expression

with Ser2P-PolII levels is very low in CUTs.

These results let us propose that paCUTs initiate from the same PIC as their

associated genes whereas paSUTs form their own, independent PIC. In contrast

to SUTs and ORFs, CUTs do not depend on GTF activity downstream of their

TSS.

4.2.5 Chromatin modifications in cryptic promoters

Various chromatin modifications have been implicated in cryptic transcription:

the loss of certain histone-modification enzymes results in high levels of cryptic

transcription [Cheung et al., 2008] and paCUT expression correlates with his-
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tone acetylation in promoters [Churchman and Weissman, 2011]. However, it is

not known whether these histone modifications and enzymes are associated with

CUTs in general or whether they correlate with specific classes of CUTs. Further-

more, it is not clear whether SUTs display a similar relationship with chromatin

modification patterns.

To test the association of specific histone modifications with SUT and CUT tran-

scription, we utilised histone-modification data from Pokholok [Pokholok et al.,

2005] (described in Chapter 3). We selected modifications at residues that are

known to be modified at the 5’ end of genes (H3K9, H3K14, H4, H3K4 [Pokholok

et al., 2005]), and calculated their occupancy profiles in the promoters (+/- 400bp

of the TSS) of SUTs and CUTs. To get an unbiased overview we clustered the

modification profiles into 7 groups using pam clustering (Figure 4.8(a)).

We calculated the enrichment of SUTs and CUTs in each cluster and found a

clear separation of the two transcript types (Figure 4.8(b)) and found that CUT

promoters display either high levels of acetylation or H3K9me1/me2 (clusters 4-

7), whereas SUTs tend to be depleted in acetylation and H3K4me3 (cluster 1)

or display no particular enrichment (cluster 2). The latter mainly contains of

igSUTs, suggesting that their promoters are not associated with a well-defined

pattern of chromatin modification.

4.2.5.1 Chromatin modifications differ between CUT, SUT and ORF

Given the distinct separation of chromatin modification pattern between SUTs

and CUTs, we next compared the median occupancy profiles of these modifica-

tions for the positional classes of CUTs, SUTs, as well as ORFs associated with

paCUTs, paSUTs or no nRNA.

We found a strong difference in the H3K4-methylation pattern between ORF

and nRNA promoters (Figure 4.9). ORFs show high levels of H3K4me3 around

the TSS and downstream, whereas CUTs display high levels of H3K4me1 at their

TSS, but low levels of H3K4me3 downstream. SUTs show a similar but less
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(a) Clustering of chromatin marks across SUT and CUT promoters
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Figure 4.8: Chromatin modification pattern for SUT and CUT promoters. (a)
Heatmaps of chromatin-modifications profiles are shown for SUT and CUT pro-
moters sorted according to pam clustering (red=low; blue=high). (b) Most clus-
ters were either significantly enriched for CUTs (red) or for SUTs (blue) (middle
panel). The proportions of positional classes in each cluster are shown in the
left and right panel for SUTs and CUTs respectively. Clusters significantly en-
riched for CUTs show either high acetylation, high H3K4me1 or high H3K4me2
downstream of their TSS whereas clusters enriched for SUTs show no particular
enrichment for any chromatin mark. 123
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pronounced pattern of H3K4me1. In accordance with the high H3K4me1 at the

paCUT TSS, we also found high H3K4me1 levels upstream of ORF promoters

associated with paCUTs. For acetylation, the most striking difference was the

high H3K9ac levels in igCUTs compared with any other promoter.
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Figure 4.9: Chromatin-modification profiles in promoters of CUTs, SUTs and
ORFs. Upper panels: paCUTs (red) and paSUTs (blue) are compared to ORFs
with paCUTs (green, dashed) and ORFs with paSUT (green, dash-dotted). Bot-
tom panels: igCUTs (red) and igSUTs (blue) are compared to ORFs with no
associated nRNA (green). H3K4 methylation patterns differ greatly between
CUTs, SUTs and ORFs. Acetylation pattern are more uniform across the differ-
ent transcript types.

4.2.5.2 H3K4 methylation pattern correlates with CUT initiation

Next, we examined how well the chromatin modifications correlate with expres-

sion levels. Correlations were again calculated for the seven intervals across the

promoters.

Acetylation patterns show positive correlation with expression throughout the

promoter region for all, CUTs, SUTs and ORFs (Figure 4.10). ORF and SUT

promoters show high correlation with H3K4me3 downstream of the TSS. Both

H3K4me3 and acetylation are known to be associated with active promoters
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[Kouzarides, 2007]. Interestingly, CUTs expression shows no correlation with

H3K4me3 but is positively correlated with H3K4me1 levels. H3K4 trimethyla-

tion is though to happen co-transcriptionally [Krebs, 2007], indicating that CUTs

transcription is different from SUT or ORF transcription.
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Figure 4.10: Correlation between expression and histone modification levels across
CUT, SUT and ORF promoters. Upper panels: paCUTs (red) and paSUTs
(blue) are compared to ORFs with paCUTs (green, dashed) and ORFs with
paSUT (green, dash-dotted). Bottom panels: igCUTs (red) and igSUTs (blue)
are compared to ORFs with no associated nRNA (green). CUTs show opposite
correlations for H3K4 methylation pattern compared with ORFs and SUTs (left
panels). The correlation with acetylation pattern were similar across the different
promoter classes (right panels).

4.2.6 Model of non-canonical promoter structure

The results so far allowed us to propose a model for the different types of promoter

structures:

• paCUTs initiate preferentially from gene promoters with low H3K4me1

levels upstream of their TSS. In contrast to SUTs or ORFs, CUT expression

levels do not correlate with GTFs or elongation factors binding downstream

of their TSS, and show low levels of H3K4me3 downstream of their TSS.
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Given their dependence on the GTFs of the upstream gene, we propose that

their activity is strongly coupled to the gene-promoter activity.

• paSUT promoters look similar compared to ORF promoters: they have

high levels of H3K4me3 and depend on the activity of GTFs downstream of

the TSS. Their expression level is also less dependent on the GTF binding

of the upstream ORF compared to paCUTs.

• igCUTs initiate preferentially from highly acetylated regions. Their are

similar to ORFs in that they form their own PIC. But like paCUTs, they

also do not depend on the H3K4me3 mark.

• igSUTs initiate from regions with no particular modification pattern. They

seem to form a PIC similar to ORF promoters only that they generally have

lower levels of GTF binding. They depend on H3K9/14 acetylation and,

in contrast to igCUTs, their expression also correlates with the activation

mark H3K4me3.

• gaCUTs and gaSUTs initiate from within lowly expressed genes. Their

expression level is negatively correlated with the expression level of the

associated gene.

4.2.6.1 paCUT expression is coupled to promoters of upstream gene

To test the coupling of promoter activity between paCUTs and their associated

genes, we analysed transcriptomic data for mutants of three different chromatin-

modification enzymes: Set1, a histone methyltransferase (HMT) that specifically

acts on H3K4 [Roguev et al., 2001], and Rpd3 and Hda2, two histone deacetylases

(HDAC) that deacetylate histones H3 and H4 [Ng et al., 2003; Robyr et al., 2002].

The data consists of tiling array measurements for ∆set1, ∆rpd3 and ∆hda2 as

single mutants and as double mutants in an ∆rrp6 background.

As shown before, histone modifications affected by these enzymes correlate well

with expression levels of genes and to a lesser extent with CUTs and SUTs (Fig-

ure 4.10). We therefore expect that changes in histone-modification levels affect
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their expression.

We calculated the effect a mutant has on gene expression as the differential ex-

pression of the double mutant (in ∆rrp6 background) against the ∆rrp6 single

mutant. We then compared the effect of each mutant between pairs of nRNAs

and their associated genes.

The effects for both, paCUTs and paSUTs are positively correlated with their

associated genes (Figure 4.11) suggesting that the promoter activity of genes and

associated paRNAs are coupled in terms of histone acetylation. The correlation

is consistently stronger for paCUTs, suggesting that promoter-activity coupling

is stronger for pairs involving a paCUT.

4.2.6.2 paCUTs are independent of H3K4me3 in promoters

Next, we tested the dependency of CUTs, SUTs and ORFs on the activating

mark H3K4me3 in promoters. For this, we examined the effect that the loss of

Set1 has on the expression of the different transcripts. Set1 is the only enzyme

that generates the H3K4 methylation marks in yeast [Krogan et al., 2002; Miller

et al., 2001; Roguev et al., 2001].

We found that both SUTs and ORFs are down regulated in a ∆set1 mutant

compared to wild type. CUTs on the other hand, are not affected by the loss of

Set1 (Figure 4.12). This supports our model that CUT expression is independ

on the presence of H3K4-methylation by Set1. Since Set1 is thought to put all,

the mono-, di- and tri-methylation mark, this independence suggests that the

association of CUTs with H3K4me1 is more likely due to the anti-correlation of

H3K4me3 and CUTs rather than the causing CUT expression.
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Differential expression of CUT/SUT
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Figure 4.11: Scatter plots of differential expression of double mutants against
∆rrp6 single mutants for pairs of nRNAs and their associated genes. For all,
∆hda2∆rrp6 against ∆rrp6 (top), ∆set1∆rrp6 against ∆rrp6 (middle), and
∆rpd3∆rrp6 against ∆rrp6 the correlation between paCUTs and their associ-
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Differential expression Dset1 vs WT
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Figure 4.12: Effect of the H3K4-methyltransferase Set1 on CUT, ORF and SUT
expression. CUTs are not affected by loss of Set1, whereas SUTs and ORFs are
both down regulated in ∆set1 compared to wild type. P-values are given for
Wilcoxon‘s rank sum test.
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4.3 Conclusions

In this study, we classified non-canonical transcripts (nRNAs) based on their

position relative to gene coordinates into the positional classes paRNA, gaRNA,

taRNA and igRNA for promoter-, gene-body-, and terminator-associated, and in-

tergenic nRNAs. We then compared the promoters of these different transcripts

in terms of binding by transcription machinery and chromatin modification. For

nRNAs associated with ORFs we investigated the coupling between the expres-

sion levels of genes with their associated nRNAs. This was achieved by comparing

expression profiles in mutants that affect different types nRNA.

4.3.1 Models for CUT and SUT promoters

We found that all classes of CUT and SUT promoters show binding by PolII and

GTF. Since these factors are required for transcription in general, this observation

demonstrates the good agreement between the different datasets we employed for

identifying CUTs and SUTs, and for GTF and PolII binding.

SUT promoters are more similar to ORF than CUT promoters in that their

expression correlates with the activation mark H3K4me3 and with GTF binding

downstream of the TSS.

Among the individual positional classes we found that gaCUTs and gaSUTs

preferentially initiate within lowly expressed genes, and that their expression

levels are negatively coupled to the associated genes. paCUTs on the other hand,

depend on the activity of the upstream ORF promoter. A similar but weaker

dependence was also observed for paSUTs. The fact that SUTs show weaker

dependence on upstream promoters than CUTs could have several reasons: it

could indicate that (i) only CUTs depend on upstream promoters but that the

separation between SUTs and CUTs is not perfect so that the correlation is due

to CUTs that are misclassified as SUTs. (ii) It could mean that only some SUTs

depend on the activity of the upstream promoter whereas for CUTs this is the

majority. Yet another possible explanation (iii) could be that SUTs depend on

the upstream promoters to the same extent as CUTs but that their RNA lev-
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els are less correlated with the actual transcription rate than for CUTs. The

reason for this could be that the degradation machinery for SUTs - unlike the

one for CUTs - is still active in ∆rrp6 (Lars Steinmetz, personal communication).

The main difference between CUTs and SUTs is their stability in wild type.

Based on this, one could reason that it is the difference in their promoters leads

to either stable or unstable transcripts. CUTs are degraded by the Nrd1/Nab3

termination pathway, which is known to be more active as long as PolII is not

phosphorylated at Ser2 [Arigo et al., 2006; Carroll et al., 2004; Thiebaut et al.,

2006]. Interestingly, we found that Ser2P-binding levels are less correlated with

expression of CUTs compared to SUT and ORF expression. Therefore, a poten-

tial mechanism could be that promoters that lack H3K4me3 are unable to recruit

the enzymes that phosphorylate Ser2P, and as a consequence those transcripts

are all degraded through the Nrd1/Nab3 pathway. Thus, rather than producing

different transcript types, it could be that different chromatin modification are

better in recruiting the termination machinery.

4.3.2 Functional role of CUTs and SUTs

Non-coding RNAs have been shown to affect expression in many organisms,

mostly through a process called RNA interference (siRNA) Lau and Bartel, 2003;

Ma et al., 2003. In baker‘s yeast which lacks the processing machinery for siRNA,

direct transcriptional interference of antisense RNA with its sense transcript has

been shown to occur at certain genes [Hongay et al., 2006; Martens et al., 2004].

A recent genome-wide analysis on the potential effects of SUTs has reported that

a large fraction of antisense SUTs are involved in regulating the expression of

their sense transcript [Xu et al., 2011].

Whether CUTs have a similar widespread role in regulating expression of their

associated genes has not been confirmed. A recent study reported a mechanism

in which global down-regulation of Rrp6 - which in turn leads to stabilisation of

CUTs - is needed for cells to undergo meiosis efficiently [Lardenois et al., 2011],

suggesting that CUTs play a functional role in meiosis. To date only two cases are
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known in which the stabilisation of an antisense CUT represses the transcription

of its corresponding sense transcript [Camblong et al., 2007, 2009]. Notably, these

were the only two cases of antisene CUTs for which we found a large decrease of

the sense transcript in ∆rrp6. These two CUTs however were much longer and

higher expressed than average CUTs, indicating that these are not typical CUTs.

Since SUTs show a greater variety of length and expression values compared to

CUTs we speculate that the population of CUTs consists of two different types

of transcripts: some that have a functional role similar to SUTs and others that

merely result from faulty initiation of PolII with no biological function.

In future studies it might be useful to distinguish between functional and non-

functional nRNAs rather than between SUTs and CUTs. Assuming that most

CUTs are non-functional, whereas SUTs generally have a biological function,

we could use the CUT-specific signature (transcript length, expression level and

H3K4me1 in promoters) to separate the nRNAs into functional and non-functional

nRNAs. To gain additional power for separating them, it would also be useful to

determine the properties of nRNAs that have an effect on their associated gene,

in the mutants described above, and use them as additional criteria for defining

functional nRNA.

4.3.3 Outlook

It will be interesting to investigate further the effect of the above-described mu-

tants on nRNA transcription. In particular, it will be interesting to compare

transcripts that are newly generated only in the mutants. Together with mea-

surements of the chromatin state these would provide a good dataset to challenge

our model of cryptic promoters.

Finally, the model could be extended to other organisms. For example, H3K4me1

marks have been found to be highly enriched in mammalian enhancers [Hon et al.,

2009]. Recently, it has also been shown that RNA-PolII at enhancers transcribes

a novel class of RNAs [Kim et al., 2010; Ren, 2010]. Since we found that CUTs
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are particularly enriched in regions of high H3K4me1 levels these might consti-

tute enhancer-like elements in yeast. It will be interesting to further investigate

this possibility and potentially be able to study enhancer-like elements in yeast.
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4.4 Methods

4.4.1 Normalisation of tiling array data

This step was performed by our collaborators. Here, I briefly summarise what

has been done. RNA hybridisation intensities of probes that uniquely map to at

the yeast S288c genome were normalised against DNA by equation 4.1.

Nij = (Xij −Bj(Ai))/Ai (4.1)

Nij is the adjusted intensity of the ith probe in the jth array, Xij is the RNA

intensity, Ai is the geometric mean of the DNA hybridisation intensities across

all probes, Bj(Ai) is a continuous function that estimates the background (Bj)

of probe Ai for each array [David et al., 2006]. Normalised intensity values were

then transformed to log2 values.

4.4.2 Segmentation of tiling array data

Segmentation of the expression data was performed using the change-point algo-

rithm implementation in the Bioconductor package tilingArray [David et al.,

2006]. This method fits a piecewise constant curve to the expression data along

the chromosomal coordinates.

zki = µs + εki for ts ≤ k < ts+1 (4.2)

The model is shown in Equation 4.2 were zki is the signal from the kth probe

and the ith replicate, µs is the mean signal in the sth segment with boundaries

(or change-points) ts and ts+1 and εki are the residuals. To calculate the optimal

number of segment boundaries, the model is fitted by minimising the sum of the

squared residuals for varying numbers of segment boundaries [David et al., 2006].

4.4.2.1 Defining non-annotated segments

In a first step, segments were classified according to the extent to which they

overlap with a known ORF. For this, the percentage of the overlap with any
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annotated ORF was calculated for each segment (in case the segment overlapped

with two features, the highest overlap was taken). Based on this distribution, a

segment was classified as (i) overlapping with an ORF to 80% (ii) overlapping

between 20 and 80%, (iii) overlapping with less than 20% and (iv) not overlapping

(Figure 4.13). The majority of segments either overlapped more than 80% or less

than 20%. Therefore, we defined segments as overlapping with an ORF when it

belonged to the 80%-overlap category. Table 4.1 summarises the results of the

segmentation.
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Figure 4.13: Distribution of the overlap of annotated features and segments in
∆rrp6. Most segments either overlapped with more than 80% or less than 20%
with an annotated feature. Segments overlapping to more than 80% with an ORF
were classified as ORF-overlapping (red shade).

4.4.2.2 Defining expressed segments

Defining the expression threshold was done similarly as described in David [David

et al., 2006], where they used segments that did not overlap with any annotated

feature to estimate the distribution of non-expressed background noise. Since we

expected many non-overlapping segments to be expressed in ∆rrp6, we first com-

pared the expression distributions of the overlap-classes, and based on this chose

to use the class of <20% overlapping segments for calculating the background

signals (Figure 4.14).
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Figure 4.14: Distribution of mean array signals for the segments in ∆rrp6 for
the different segment classes based on their overlap with known features. The
distribution of background noise (grey line) was estimated from the signal distri-
bution of segments in the <20% class (yellow line). The green shading indicates
the segments that were expressed according to our p-value threshold of 0.01.
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Following the same procedure as in [David et al., 2006], we estimated µ - the

mean of the background distribution - as the mode of the mixture distribution

of the <20%-overlap class using shorth, which is a robust estimator of the mode

of a distribution [Gentleman et al.]. The background distribution of truly non-

expressed segments was then obtained by mirroring the part of the mixture dis-

tribution with values<= µ about the axis y = µ. Sigma was calculated as median

absolute deviation (mad) of this background distribution [David et al., 2006].

Using the background distribution as null distribution, we assigned a p-value

to each segment and used the Benjamini-Hochburg method to correct for multi-

ple testing. Segments with <0.05 were defined as expressed (green shaded area

in Figure 4.14).

4.4.2.3 Classification of CUTs and SUTs

Values for differential expression was obtained for each segment using shorth for

calculating the expression value per segment. To calculate differential expression

we applied linear modelling and bayes fitting using the limma package in Bio-

conductor [Smyth, 2004]. As shown in Figure 4.15, most ORFs are not show

differentially expressed between ∆rrp6 and wild type, indicating that the stabil-

isation of the unstable transcripts does not affect the expression of the ORFs.

Assuming the non-differentially expressed ORFs follow a normal distribution, we

estimated its µ and σ using shorth and mad respectively. We then assigned a

multiple-testing corrected (Benjamini-Hochburg procedure) p-value for belonging

to this distribution to each nRNA. nRNAs with p-values < 0.01 were defined as

CUTs, and as SUTs otherwise.

4.4.2.4 Classification of non-genic nRNAs into pa/ta/igRNAs

To classify non-genic nRNAs into pa/ta- and igRNAs, we first calculated the

distance between their TSS and the closest gene TSS and TTS (TSS of the

nearest upstream gene and the TTS of the nearest downstream gene on the op-

posite strand; schematic in Figure 4.1). We then plotted the distances against

each other, and based on visual inspection of the distance distributions in Figure
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Figure 4.15: Distribution of the differential expression between wild type and
∆rrp6. ORFs don’t show differential expression (green line). Parameters of the
distribution describing the non-differentially expressed segments (dashed black)
were estimated with shorth (for µ) and mad (for σ). nRNA transcripts (violet
line) were separated into CUTs (green shading) and SUTs (red shading) based on
their corrected p-values of belonging to the non-differentially expressed segments.
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4.16, we classified non-genic nRNAs as promoter-associated (paRNA) if they ini-

tiate from within 500bp upstream of an ORF TSS and as terminator-associated

(taRNA) if they initiate within 500bp downstream of an ORF TTS (black line in

Figure 4.16)
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Figure 4.16: Distribution of positions of CUTs and SUTs relative to TSS and
TTS of closest genes. Non-genic CUTs initiate mainly from upstream promoters
and to a lesser extend from the downstream terminator regions (red). SUTs are
much more likely to initiate from intergenic regions, with only small tendency to
initiate from either promoters or terminators. Classification into pa- and taRNA
was based on visual inspection of the distance distributions (black lines; 500bp).
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Chapter 5

Role of promoters in the

regulatory interplay between the

cell cycle and metabolic pathways

Metabolism and cell cycle are two highly regulated processes. They have tradi-

tionally been studied separately, however given that the different steps in the cell

cycle have distinct metabolic needs, it is natural to expect their activities to be

coordinated. We examined how the expression of metabolic and cell-cycle genes

is regulated by combining publicly available cell-cycle transcriptomic data with

a network describing the metabolic system in baker‘s yeast.

5.1 Introduction

So far, we have analysed the general structure of yeast promoters to understand

transcriptional regulation. In this Chapter, we change focus to investigate the

regulatory interplay between two specific, highly regulated biological processes:

the cell cycle and metabolism.

The cell cycle comprises many interlinked biological processes such as DNA repli-

cation, chromosome segregation, and growth that together ensure proper cell

division [Alberts et al., 2002]. Traditionally the cell cycle is divided into four
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phases, each of which comprises specific processes: after mitosis (M-phase), cells

enter a first gap phase (G1-phase) during which they grow and prepare for DNA

replication in the subsequent synthesis (S-) phase. The S-phase is then followed

by a second growth (G2-) phase, which ultimately leads back to the M-phase

[Alberts et al., 2002]. The timing of these processes is crucial; as a consequence

cell-cycle progression is tightly regulated at the transcriptional level by TFs and

at the post-translational level by cyclin-dependent kinases [Bähler, 2005; Witten-

berg and Reed, 2005].

Small-molecule metabolism is the collection of biochemical reactions that a cell

performs in order to assimilate nutrients, generate energy, and synthesise pre-

cursor molecules for macromolecules [Alberts et al., 2002]. The metabolic net-

work can be divided into smaller functional modules, termed metabolic pathways,

which are series of biochemical reactions to produce a chemical compound. These

metabolic pathways comprise several metabolic enzymes.

The regulation of the metabolic network and the cell-cycle progression have tradi-

tionally been studied independently. Studies of the metabolic system have mainly

investigated the cellular response to external nutrient perturbations [Gancedo,

2008; Persson et al., 2003; Zaman et al., 2008]. They show that enzymes that be-

long to the same metabolic pathway are generally transcriptionally co-regulated

in response to changes of nutrient-availability in the environment [Ihmels et al.,

2004; López-Maury et al., 2008; Seshasayee et al., 2008]. Studies of the cell cycle,

on the other hand, have focused on understanding the signalling cascades that

lead to the oscillatory gene expression during the cell-cycle progression [Bähler,

2005; Wittenberg and Reed, 2005]. However, given that different steps in the

cell cycle have distinct metabolic needs (e.g. nucleotides in S-Phase or cell-wall

components in G1/G2), it is likely that these two processes are transcriptionally

linked.

In this study, we address the question of whether and how the cell cycle is

connected to the metabolic network at the level of transcription. For this, we

examined the expression pattern of the metabolic enzymes during the cell cycle
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and investigated their potential regulatory links. Based on these findings, we

present a model of the interaction between the regulatory system of the cell cycle

and the metabolism. This model presents an efficient way of how the cell ensures

the availability of the required building blocks at each step of the cell cycle.

5.2 Results

The results section is divided into three parts: first, we describe the data, def-

initions and conventions used in this study. The second part investigates how

metabolic enzymes are expressed during the cell cycle. In the third part, we in-

vestigate the potential regulatory links between the two systems and propose a

model of how they are coupled.

5.2.1 Definitions and datasets

Definitions We use the terms cell-cycle-regulated, cell-cycle-controlled, periodi-

cally expressed, and cycling interchangeably to describe genes that show a periodic

expression pattern in the course of the cell cycle.

We use the terms metabolic network, metabolic system or metabolism interchange-

ably to describe the collection of all metabolic pathways.

Datasets This study is based on publicly available datasets of (i) gene ex-

pression during cell-cycle progression, (ii) annotation of the metabolic network,

biochemical pathways and genes in yeast, and (iii) datasets describing certain

aspects of transcriptional regulation.

(i) We utilised tiling-array data from Granovskaia and colleagues [Granovskaia

et al., 2010] measuring mRNA levels in synchronised S.cerevisiae cultures grown

on YPD. Measurements were taken every 5 min over three successive cell cycles

(220min). We identified 601 periodically expressed genes (for a detailed descrip-

tion see materials and methods).
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(ii) The metabolic network was obtained from Herrgard et al [Herrg̊ard et al.,

2008]. It comprises 1,761 metabolic reactions mapped to 832 enzyme- and transporter-

coding genes. This metabolic network was divided into metabolic pathways us-

ing the pathway mapping from the Saccharomyces Genome Database (SGD) and

transport reactions from the network[Herrg̊ard et al., 2008; SGD, 2009]. Path-

ways that contained less than two or only non-expressed enzymes were excluded

from the analysis. This resulted in a set of 127 biochemical pathways containing

between 3 and 20 metabolic enzymes.

(iii) The transcriptional regulatory network was taken from Janga [Janga et al.,

2008]. It comprises ∼14,000 TF-target interactions based on ChIP-chip and hand-

curated data [Janga et al., 2008]. Genomic locations of the TF-binding sites were

taken from Macisaac [Macisaac et al., 2006a] and Zhu [Zhu and Zhang, 1999].

A list of cell-cycle specific TFs was taken from [Wu and Li, 2008]. Nucleosome

binding data were obtained from Kaplan [Kaplan et al., 2009] and processed as

described in Chapter 2. Measurements for mRNA degradation were taken from

Miller [Miller et al., 2011].

5.2.2 Key enzymes are cell-cycle regulated

We first identified metabolic pathways that are transcriptionally regulated during

cell-cycle progression. For this, we identified the enzymes that is expressed in a

cell-cycle dependent manner, and analysed the metabolic pathways of which they

are part of.

We found 55 metabolic enzymes among the 601 periodically expressed genes (see

Appendix D). This corresponds to ∼7% of the metabolic enzymes and ∼10% of

all periodically expressed genes, demonstrating a link between metabolism and

cell-cycle progression. The enzymes are widely dispersed across the metabolic

network (Figure 5.1), with 25 pathways containing at least one periodically ex-

pressed enzyme and only one pathway containing more than three (see Appendix

D).
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Figure 5.1: Depiction of metabolic network expression during the cell cycle. Most
pathways are expressed under normal growth conditions on YPD (left). Some of
these contain at least one periodically expressed enzyme (middle, right). The pe-
riodically expressed enzymes are widely distributed across the metabolic network
(right). The Figure was generated using iGraph [Letunic et al., 2008].

The observation that only a small proportion of pathways is periodically ex-

pressed is surprising, since previous studies showed that entire pathways tend to

be co-regulated in response to environmental perturbations [Ihmels et al., 2004;

Seshasayee et al., 2008].

Interestingly, the periodically expressed enzymes are enriched in first-step reac-

tions (2.5-fold, Fisher‘s exact test: p-value=0.003; see Methods). This together

with the results above let us propose a model in which the cell only regulates the

key enzymes of the metabolic pathways that need to change their activity dur-

ing the cell cycle. This just-in-time-production of key enzymes implies that the

periodically expressed enzymes constitute the link between the metabolic system

and the cell cycle.

5.2.3 The functional link between periodically expressed

pathways and cell-cycle progression

Next, we assessed whether the periodically expressed pathways show a biologically

meaningful functional association with the cell-cycle phases. For this, we first
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grouped all periodically expressed genes into co-expressed classes, and then com-

pared the gene functions of non-enzyme genes with the functions of the metabolic

pathways represented in each class.

5.2.3.1 Periodically expressed enzymes peak in different cell-cycle

phases

We grouped all periodically expressed genes into five classes based on their ex-

pression profiles throughout the cell cycle (see methods). These cell-cycle classes

were then labelled according the phase in which they show peak expression: two

G1/S, S/G2/M, M, and M/G1 (Figure 5.2). Both G1/S classes peak at about the

same time, however whereas one slowly increases and quickly decreases after the

peak expression, the other increases rapidly and decreases slowly. We therefore

termed them G1/S (slow decrease) and G1/S (fast decrease). The class S/G2/M

starts being maximally expressed in S and then stays high during G2 and M. The

M-class peaks in M-phase, whereas the M/G1 peaks at M and stays high during

G1.

Each class contains between 80 and 150 genes including 4 to 13 metabolic en-

zymes (Table 5.1). Clearly, metabolic enzymes and pathways are expressed at

different times during the cell cycle. Note that individual pathways can contain

multiple enzymes that are expressed in different cell-cycle phases.

#genes #enzymes #pathways
G1/S fast decay 134 12 3
G1/S slow decay 101 13 5

S/G2/M 78 4 8
M 141 14 13

M/G1 147 12 9

Table 5.1: Number of genes, enzymes and pathways contained in each cell-cycle
cluster.
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Figure 5.2: Standardised expression profiles for periodically expressed enzymes
and other genes. Periodically expressed Enzymes are shown in red, other peri-
odically expressed genes in grey. Periodically expressed genes were clustered into
five classes based on their standardised expression profile during cell-cycle pro-
gression (pam clustering). Median profiles are shown as black lines. Expression
values were standardised to mean zero and standard deviation one for each gene
across the entire expression profile.
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5.2.3.2 Periodically expressed enzymes and non-enzymes are func-

tionally related

We investigated the functional relationship between the cell-cycle regulated en-

zymes and non-enzymatic genes, by comparing the gene functions of the latter

with the metabolic pathways represented by the former.

First, we assigned the functional annotations of the non-enzyme genes in each

cell-cycle class using GO-enrichment analysis. The enriched GO terms are sim-

ilar to what was previously described by Spellman [Spellman et al., 1998]. We

then compared the enriched terms with the functions of the metabolic enzymes

in the same clusters (Table 5.2; full tables are shown in Appendix D).

The fast decaying G1/S cluster mainly contains genes involved in DNA repli-

cation and processes in S-Phase (Table 5.2). The metabolic pathways that are

co-expressed with these genes are involved in sugar transport, cell wall, fatty

acid metabolism, nucleotide salvage, and phosphate metabolism. This metabolic

activity corresponds well with the cells requirements in G1: growth (cell wall syn-

thesis) and preparation for S-phase (recycling of nucleotides from nucleic acids,

import of phosphate and sugar).

The genes in the slow-decay G1/S are mainly involved in cell division and DNA re-

pair (Table 5.2). The metabolic pathways in this cluster are involved in nucleotide

biosynthesis, and sugar and fatty acid metabolism, all of which are involved in

producing precursors of DNA that is required during S-phase. The presence of

S-phase-linked metabolic pathways in this slow-decaying, rather than the fast-

decaying G1/S class, indicates that the activities of these enzymes are required

throughout S-phase, and not only at the beginning.

The S/G2/M-phase class is most significantly enriched for M-phase related pro-

cesses such as nuclear division and chromosome segregation (Table 5.2). The

enzymes of this class are involved in sulphur amino-acid metabolism. This clus-

ter contains genes that are active over a large proportion of the cell cycle, starting
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cell
Non-enzyme gene function cycle Metabolic pathway

class

DNA replication sugar metabolism
DNA strand elongation G1/S cell wall metabolism

mitotic cell cycle fast fatty acid synthesis
cellular response to stimulus decay nucleotide salvage pathways

S phase phosphate metabolism
S phase of mitotic cell cycle UDP-N-acetylglucosamine

biosynthesis

cell division purine, pyrimidine metabolism
response to DNA damage G1/S sugar metabolism
cellular response to stress slow lipid, fatty acid metabolism

DNA repair decay protein modifications
organelle fission tryptophan degradation

mitotic sister chromatid cohesion heme biosynthesis

mitotic cell cycle
organelle fission
nuclear division S/G2/M sulphur amino acid metabolism

M phase
chromosome segregation

microtubule-based process

M phase fatty acid, lipid metabolism
nuclear division cell wall metabolism
organelle fission M sulphate assimilation

mitotic cell cycle putrescine, spermine transport
cell division purine biosynthesis
cytoskeleton fermentation

pre-replicative complex assembly
response to pheromone M/G1 fatty acid, acetate metabolism

S phase of mitotic cell cycle sugar metabolism
protein-DNA complex assembly phosphate metabolism

response to organic substance uracil, uridine transport
DNA strand elongation redox homeostasis

Table 5.2: Summary of GO-enrichment analysis for non-enzyme genes and
metabolic pathways represented in each cell cycle class. Complete table is shown
in Appendix D.
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in the S-phase through to the M-phase. Since methionine is always the first amino

acid to be included in a protein, the activity of sulphur amino-acid metabolism

in this phase could correspond to the cells need for protein synthesis.

The M-phase class is enriched for gene functions like nuclear division and chro-

mosome segregation (Table 5.2). The metabolic pathways in this class are in-

volved in cell-wall metabolism, nucleotide biosynthesis and sulphur assimilation.

The activity of cell-wall metabolism in this phase could reflect the preparation

for cell-growth following mitosis. Sulphur assimilation has been linked to the

decision-making process of whether to enter a new round of replication [Witten-

berg and Reed, 2005].

Finally, the M/G1-phase class contains genes involved in early S-phase processes

like pre-replicative complex assembly, and pathways for fatty-acid, sugar and

phosphate metabolism, as well as uridine transport. Phosphate is required in

large quantities before the cell can start the next replication cycle, and similarly

to sulphur assimilation, has been linked to the decision-making process at the

end of G1 [Wittenberg and Reed, 2005].

These examples, together with the fact that other non-cell cycle regulated en-

zymes are generally expressed, suggest that the periodically activated metabolic

pathways are functionally coupled to other cellular processes that occur through-

out the cell cycle. This consistency between metabolic pathways and the cell-cycle

phases validates the just-in-time production model of the key enzymes.

5.2.4 Cycling enzymes show hybrid regulation by metabolic

and cell-cycle TFs

So far, we have demonstrated that the metabolic system is transcriptionally and

functionally coupled to the cell cycle through the regulation of a small number

of key enzymes in specific metabolic pathways. This strongly suggests a common

regulatory mechanism between the two systems.
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To identify potential links in the regulatory system, we investigated several as-

pects of gene regulation for which either the metabolic genes or cell-cycle regu-

lated genes are known to display a specific pattern. In all cases, we compared

cell-cycle regulated enzymes with other cell-cycle regulated genes and with uni-

formly expressed enzymes.

5.2.4.1 mRNA degradation

First, we analysed mRNA half lives as it has previously been shown that tran-

scripts of some cell-cycle regulated genes tend to have short half lives during the

cell-cycle progression [Graves et al., 1987; Harris et al., 1991; Pandey and Mar-

zluff, 1987].

For this analysis, we used measurements obtained from Miller et al. [Miller

et al., 2011]. We observed that periodically expressed genes have significantly

shorter mRNA half lives than non-cell cycle genes, indicating that their mRNA

is differently regulated than that of other non-periodically expressed genes (Fig-

ure 5.3). Metabolic enzymes in general have much longer mRNA half lives than

other genes (Figure 5.3(b)). However, periodically expressed metabolic enzymes

display significantly shorter half lives than the uniformly expressed enzymes (Fig-

ure 5.3).

The shorter half-lives of periodically expressed enzymes compared with uniformly

expressed ones indicates that either the mRNA of the latter is specifically sta-

bilised or that the former are specifically destabilised. Either way it suggests

that mRNA-degradation of periodically expressed enzymes is regulated similarly

to other periodically expressed genes, and not like that of other enzymes.

5.2.4.2 General promoter structure

For the analysis of promoter structure of periodically expressed enzymes, we used

TATA-box sites from Basehoar [Basehoar et al., 2004], and our classification into

Open and Closed promoters (Chapter 3).
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Figure 5.3: mRNA half lives for different gene categories. (a) Cell-cycle regu-
lated genes show the shortest mRNA half lives. Among enzymes, the periodically
expressed show shorter half-lives than the uniformly expressed. (b) mRNAs en-
coding metabolic enzymes have longer half lives than other genes. P-values were
calculated using Wilcoxon‘s rank sum test.

We found that metabolic enzymes are highly enriched for TATA-box contain-

ing as well as for Closed promoters (Table 5.3). This is true both, for uniformly

and periodically expressed enzymes, indicating that they share a basic promoter

structure. Cell-cycle regulated non-enzyme genes, on the other hand, show nei-

ther enrichment nor depletion of either feature.

From this, we concluded that in terms of the promoter structure, the periodi-

cally expressed enzymes are more similar to the metabolic enzymes than to other

cell-cycle regulated genes.

5.2.4.3 Promoter-specific TFs

To investigate the hybrid nature of the control of periodically expressed enzymes,

we next examined their interactions with sequence-specific TFs.

Periodic enzymes share TFs with both uniform enzymes and cell-cycle

regulated genes We utilised a transcriptional regulatory network of ∼ 14,000
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category enriched for odds ratio p-value
uniformly expressed (uni) enzymes TATA box 3.9 2.5e-51
cell-cycle regulated (cc) enzymes TATA box 4.1 2.5e-06
cc other genes TATA box 1 1
uni enzymes Closed promoter 1.7 4.8e-10
cc enzymes Closed promoter 1.8 0.027
cc other genes Closed promoter 1.1 0.78

Table 5.3: Summary of the core-promoter structures in uniformly expressed
metabolic enzymes, cell-cycle regulated enzymes and other cell-cycle regulated
genes. P-values are calculated using Fisher‘s exact test.

TF-target gene interactions comprising 156 TFs and 4498 target genes identified

in various conditions [Janga et al., 2008]. For each TF, we calculated whether its

targets are enriched among (i) cell-cycle regulated enzymes, (ii) other enzymes

and (iii) other cell-cycle regulated genes.

The resulting enrichments are displayed as a heatmap in Figure 5.4. We found

a clear separation between the three gene categories: whereas periodically ex-

pressed genes are strongly enriched for known cell cycle TFs (see 10 TFs at the

top in Figure 5.4, [Wu and Li, 2008]), metabolic enzymes are mainly enriched for

metabolic TFs (see 10 TFs at the bottom in Figure 5.4). Strikingly, the period-

ically expressed enzymes, are enriched for both, the cell cycle-specific TFs and

the most dominate metabolic TFs.

Cell-cycle specific TFs The analysis above investigated the global enrich-

ment of TFs in the three categories of genes. To compare TF-gene interactions

for individual genes, we calculated the number of cell-cycle TFs (as identified by

Wu et al [Wu et al., 2004a]) and non-cell cycle TFs for each target gene, and com-

pared the average numbers per gene in periodically against uniformly expressed

enzymes and other genes.

For non-cell cycle TFs there is no difference in the numbers of periodically and

uniformly expressed genes or of periodically and uniformly expressed enzymes

(Table 5.4). For cell-cycle TFs however, periodically expressed genes and en-
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Figure 5.4: Heatmap depicting the enrichment of TFs that target groups of peri-
odically expressed genes (cycling genes), periodically expressed enzymes (cycling
enzymes) and uniformly expressed enzymes (other enzymes). The colour indi-
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the particular group of genes. Yellow stars indicate a p-value <0.05 (Fisher‘s
exact test). Rows is sorted according to the difference between the enrichment
values for the cycling genes and metabolic enzymes
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zymes are regulated by a significantly larger number compared with uniformly

expressed genes and enzymes.

average #TFs for:
TF type periodic uniform p-value

enzymes
non cc 3.1 3.2 0.68

cc 0.72 0.36 0.016
non-enzyme genes

non cc 2.7 2.6 0.18
cc 1.2 0.38 2.2e-55

Table 5.4: Regulation of enzymes and other genes by cell cycle and non-cell-
cycle TFs. Average number of cell-cycle (cc) and other (non-cc) TFs per gene
are shown for periodically and uniformly expressed enzymes (top two) and other
genes (bottom two). P-values were calculated using Wilcoxon‘s rank sum test.

Although the average number of cell-cycle TFs in periodically expressed enzymes

is lower than in other periodically expressed genes, it is still significantly higher

than for uniformly expressed enzymes. This supports the notion that periodically

expressed enzymes are regulated by cell-cycle specific TFs.

In summary, these results confirm that uniformly expressed metabolic enzymes

are regulated by metabolic TFs, and non-enzymatic cell-cycle genes are regu-

lated by cell-cycle TFs. Periodically expressed metabolic enzymes, however, are

regulated by both, metabolic and cell-cycle TFs.

5.2.5 The role of nucleosomes in cell-cycle regulation

In Chapter 2 we showed that movement of nucleosomes between different growth

conditions can change the accessibility of condition-specific TF-binding sites (see

Chapter 2). To test whether this mechanism could be in play during the cell

cycle, we compared nucleosome occupancies across binding sites of cell-cycle spe-

cific and other TFs.
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For this, we combined the TF-binding site data [Macisaac et al., 2006b] with

the nucleosome binding positions and strengths as calculated in Chapter 2. Since

the nucleosome binding data was obtained from unsynchronised cell cultures, they

represent average values across the different cell-cycle phases.

5.2.5.1 Nucleosomes occupy unneeded TF-binding sites

We compared the binding strengths of nucleosomes whose genomic positions over-

lap with binding sites of cell-cycle specific and other TFs in gene promoters. TF-

binding sites that do not overlap with any nucleosome were assigned a binding

strength of zero.

For non-cycling metabolic enzymes, we found that the binding sites for cell-cycle

TFs are significantly more occupied by nucleosomes compared with binding sites

for other TFs (Figure 5.5). The opposite pattern is apparent in cell-cycle regu-

lated non-enzyme genes, in which binding sites of other TFs are significantly more

occupied. Importantly, the periodically expressed enzymes show low occupancies

for both cell-cycle TFs and other TFs (compare dashed lines in panels of Figure

5.5), indicating that their TF-binding sites are more accessible.

These results suggest that many of the cell-cycle TF-binding sites in the pro-

moters of non-cycling enzymes are likely to be occupied by nucleosomes during

normal growth and therefore not needed during the cell cycle. The same was

observed for binding sites of non-cell-cycle TFs in promoters of periodically ex-

pressed non-enzyme genes. The fact that cell cycle and other TF binding sites is

equally poorly occupied in periodically expressed enzymes again provides support

for the hybrid regulation model.
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Figure 5.5: Distribution of nucleosome-binding strengths across TF-binding
sites for cell-cycle regulated non-enzyme genes (left), cell-cycle regulated en-
zymes (middle), and uniformly expressed enzymes (right). For each class, the
nucleosome-binding strength is shown at the binding sites of cell-cycle TFs (red)
and other TFs (blue). TF binding sites in promoters of non-enzyme genes are
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black dashed lines). P-values were calculated using Wilcoxons Rank Sum Test.
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5.3 Conclusions

5.3.1 Metabolism is coupled to cell-cycle through just-in-

time-production of key enzymes

In this chapter, we found evidence that the cell controls its metabolic needs dur-

ing the cell cycle by just-in-time-production of key enzymes of required metabolic

pathways while other metabolic enzymes are uniformly expressed. We showed

that cell-cycle regulated metabolic enzymes are transcriptionally regulated by a

hybrid mechanism of the metabolic system and the cell-cycle progression. In ad-

dition, we found evidence that the cell might exploit changes in the chromatin

architecture in order to expose the right TF-binding site.

A similar expression pattern during the cell cycle has been observed among pro-

tein complexes and it was proposed that modulating the expression of only the

essential subunits of these complexes is an efficient way to regulate the assembly,

and so the activity of the whole complex [de Lichtenberg et al., 2005a]. The just-

in-time production of only the key components of metabolic pathways, whose

activities are required at specific points during the cell cycle, could constitute

a mechanism of how the cell minimises both, potential errors in transcriptional

regulation by minimising the number of regulated processes, and energy by only

re-expressing the key enzymes instead of the entire pathways.

5.3.2 Periodically expressed enzymes show hybrid regu-

lation between cell-cycle and metabolism

Our results suggest that the regulatory principles that apply to metabolic en-

zymes during the cell cycle differ from those that apply to cellular responses to

nutrient perturbations in that only key enzymes are regulated during the cell cy-

cle compared with the whole pathways in nutrient responses [Ihmels et al., 2004;

Seshasayee et al., 2008]. Many enzymes that are known to be involved in starva-

tion response (hexose transporters and phosphatases [Ozcan and Johnston, 1999;

Persson et al., 2003]) appear to be periodically expressed during the cell cycle, and
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we speculate that the cell might suffer mild starvation in specific cell-cycle phases.

The finding that the cell cycle is linked to the metabolic system through key

metabolic enzymes, which are regulated by both, cell-cycle and also non-cell cy-

cle TFs, suggests that TFs not previously known as cell-cycle TFs should affect

cell-cycle progression. A recent study that reported about 50 TFs - most of

which non-cell-cycle TFs - that, upon their deletion, showed a defect in cell-cycle

progression [White et al., 2009], clearly supports this notion.

5.3.3 Outlook and further studies

When yeast is grown in continuous cultures under growth limitation they start

to synchronise their metabolic processes and grow in so-called respiratory bursts

[Tu et al., 2005]. It has recently been proposed that the metabolism in single cells

behaves in a similarly periodic manner even in un-synchronised cultures [Silver-

man et al., 2010]. It will be interesting to compare the phenomenon of metabolic

cycling with metabolic genes that are under cell-cycle control and see whether

these two periodic processes are coupled.

It has been shown that depletion of methionine causes cell cycle arrest in hu-

man cells [Tang et al., 2008] while overproduction of tRNA(Met) can drive can-

cer proliferation [Marshall et al., 2008] and certain metabolic enzymes have been

explored as anti-cancer targets because their inhibition stops cell division [Boros

and Boros, 2007]. Compounds of the glutamine metabolism have been proposed

as predictors for sensitivity to therapeutic agents [Rajagopalan and Deberardinis,

2011]. By analysing the biochemical reactions of the cell-cycle regulated enzymes,

this study could provide a framework for understanding how specific metabolites

affect the cell-cycle progression.
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5.4 Methods

5.4.1 Identification of cycling enzymes

Our analysis is based on the yeast tiling array data from Granovskaya et al in

which S.cerevisiae cells were synchronised using alpha factor [Granovskaia et al.,

2010]. mRNA levels were measured at 5 min over a 220 min time-course [Gra-

novskaia et al., 2010]. We excluded the time points of the first cell cycle (see

below) in order to avoid expression signals in response to the alpha factor treat-

ment.

We applied a two-step procedure to identify the periodically expressed genes.

First, we filtered genes for variability in expression levels during the time-course.

We then calculated a periodicity score by fitting sine and cosine functions to the

expression pattern (harmonic decomposition).

For the variation filtering, we calculated the interquartile ratio for each gene

across the expression profile, and defined genes with a ratio of more than 0.25

as being variably expressed. We then standardised the expression of each gene

across the cell cycle to mean zero and standard deviation one. We calculated the

amplitude of expression signals across the time-course using fast Fourier trans-

formation. We determined the cell-cycle period by calculating the sum of all

amplitudes for cell-cycle periods ranging from 40 to 70 min and picking the one

which gave the largest sum of amplitudes. Comparing the periodicity score to a

set of known cell-cycle regulated genes [de Lichtenberg et al., 2005b], we selected

a periodicity-score cut off that recovered 90% of the known cell-cycle genes and

less than 5% of expression profiles that were randomised over time.

5.4.2 Clustering of expression profiles and GO enrichment

The periodically expressed genes were clustered into five groups, using partition-

ing around medoids (pam) of their scaled expression profiles (for explanation of

pam see Appendix B). GO-enrichment analysis for each cluster was carried out

using g:Profiler [Reimand et al., 2007] (for explanation of GO-enrichment see
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methods section of Chapter 3).

5.4.3 Metabolic network

The metabolic network was taken from [Herrg̊ard et al., 2008]. To avoid crosstalk

of non pathway-specific enzymes, we removed reactions that is only mediated

by ubiquitous compounds: Acetyl-CoA, S-Adenosyl-L-methionine, ATP, ADP,

AMP, Diphosphate, CO2, Coenzyme A, Reduced glutathione, H+, H2O, Hy-

drogen peroxide, Bicarbonate, L-Homocysteine, Malonyl-CoA, (R)-Mevalonate,

5,10-Methylenetetrahydrofolate, Nicotinamide adenine dinucleotide, Nicotinamide

adenine dinucleotide - reduced, Nicotinamide adenine dinucleotide phosphate,

Nicotinamide adenine dinucleotide phosphate - reduced, Ammonium, O2, Phos-

phate, Pyruvate, Reduced thioredoxin, Flavin adenine dinucleotide oxidized, Malonyl-

ACP, Ubiquinone-6, Ferrocytochrome c, Oxidized thioredoxin

Metabolic pathways were defined based on SGD pathways [SGD, 2009]. We

added transport reactions as separate pathways and removed pathways linked to

fewer than two ORFs linked to them. The average expression level of a pathway

was calculated as mean of the mean expression during the cell cycle of the genes

in that pathway.

The network assigns a compartment to each reaction [Herrg̊ard et al., 2008]. We

used this information to define first-step reactions as those taking place outside

the cell (i.e. exported enzymes), those in the membranes (i.e. transporters), and

those that use the imported metabolites as their substrates.

5.4.4 Regulatory datasets

Data for mRNA degradation were taken from the reference dataset in the study

of Miller [Miller et al., 2011].

The TF interaction network was obtained from Janga [Janga et al., 2008] which is

a compilation of ChIP-chip data and literature-curated interactions [Janga et al.,

2008]. We excluded TFs with fewer than 50 target genes.
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Nucleosome-occupancy data were taken Kaplan [Kaplan et al., 2009] and pro-

cessed as described in Chapter 2.
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Chapter 6

Summary and conclusions

In this thesis, we investigated several aspects of transcriptional regulation in

protein-coding genes as well as non-coding RNAs that are transcribed by PolII.

After introducing the general topic of gene regulation (Chapter 1), we investi-

gated the impact of the nucleosome structure on transcriptional regulation in

Chapter 2. This was followed by an analysis of promoter structures based on

the pattern of binding by components of the transcription machinery (Chapter

3). In Chapter 4 we extended these analyses to the promoters of non-canonical

non-coding RNAs. Finally, we applied the previous findings to investigate the

transcriptional regulatory interplay between the cell cycle and metabolic system

(Chapter 5).

6.1 Nucleosomes determine the expression state

In Chapter 2, we proposed a model of promoter-nucleosome structure, in which

promoters can assume one of four discrete states. These explain the expression

state (ON/OFF) as well as the amount of transcriptional noise, but not the fine-

tuning of expression levels. We observed that about 15% of promoters switch

promoter state in response to environmental changes, and we found that promot-

ers tend to assume a Closed configuration in conditions in which the gene is not

essential.

It has been shown that noisy gene expression can contribute to phenotypic diver-

sity in single-celled organisms [Arkin et al., 1998; Kotte et al., 2010; Raser and
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O’Shea, 2005]. This can be advantageous for a population of genetically identical

cells to cope with sudden environmental changes, as particular subpopulations of

cells could respond quickly to unpredictable changes in environmental conditions

[Raser and O’Shea, 2005]. We speculate that the regulation of promoter nucle-

osomes could provide a general mechanism for modulating the variation in gene

expression across a population of genetically identical cells.

In future studies it will be interesting to test this hypothesis experimentally.

Such a study would consist of three steps. (i) Measure expression noise in EtOH-

containing medium to assess whether genes are indeed noisier when their pro-

moters transition to the Closed state. Noise can be determined by measuring

the protein expression in a population of cells using GFP-tagged proteins and

flow cytometry [Newman et al., 2006]. (ii) Test whether the introduction of

sequence-elements that make the NFR constitutively Open (e.g. by integrating

poly(dA:dT) tracts [Anderson and Widom, 2001]), makes a gene less noisy in con-

ditions where its promoter is normally Closed. Finally (iii), examine the relative

fitness of such mutants in a competition assay with wild-type cells in constantly

changing growth conditions.

In multicellular organisms, noise in gene expression can help the process of differ-

entiation during development [Raser and O’Shea, 2005]. It would be interesting to

test whether promoters of higher eukaryotes fall into similar nucleosome-structure

classes, and whether Closed promoters could play a role in development.

In conclusion, our results provide new insights into how nucleosome-positioning

in promoter regions help regulate transcriptional activity.

6.2 GTFs determine PolII-binding which determines ex-
pression level

Recent studies by Venters and Pugh [Venters and Pugh, 2009a] and Mayer [Mayer

et al., 2010] proposed a canonical pattern of promoter-binding by the transcrip-

tion machinery and PolII across that applies to all yeast genes. In Chapter

163



6. Summary and conclusions

3, we showed that there is not one, but several different categories of repre-

sentative promoter structures. We found that promoters differ not only in the

amount of PolII-binding but also in the shapes of the binding profile. Together,

these features largely explain expression properties such as transcription rate and

promoter-associated cryptic transcription.

We found that the pattern of PolII-binding is mainly determined by the occupan-

cies of GTFs and nucleosomes near the TSS. In turn, GTF-binding is established

by the combination of sequence-specific TFs-binding sites. Finally, binding by

nucleosome-remodeling enzymes is mainly associated with the presence of TATA

boxes and the AT content of promoters.

Our finding that TFs are specifically enriched among certain promoter classes

could serve as a new framework for investigating how TFs interact with the gen-

eral transcription machinery on a genome-wide scale. So far, this has only been

studied for individual promoters [Garbett et al., 2007; Klein and Struhl, 1994;

Stringer et al., 1990; Yudkovsky et al., 1999]. By comparing the binding pro-

files of GTFs, PolII and nucleosome-remodelling enzymes with the locations of

TF-binding sites, it might be possible to distinguish whether a certain TF - or

a combination of TFs - interacts with certain components of the transcription

machinery.

Another aspect that would be interesting to investigate further is the contri-

bution of histone-modification states to promoter structures. We found that the

levels of the activating H3K4me3 mark vary greatly. However the amount of

histone acetylation, which is also known to activate expression, varies minimally

except among the most highly expressed genes. This questions the current notion

that the amount of acetylation correlates with expression levels. Since, our obser-

vations are based on relatively low-resolution microarray data [Pokholok et al.,

2005] it would be interesting to investigate the modification pattern in experi-

ments that take advantage of high-throughput sequencing technologies.

In this study we have focused on the unidirectional promoters in order to avoid
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biases from divergently expressed promoters. In future studies it will be interest-

ing to focus on the divergent promoters and test whether these fall into one of

our classes or whether they form additional classes. In doing so, one has be be

careful to avoid classification mistakes based on upstream signals. This will be

easier with higher resolution data.

In conclusion we found that the binding pattern of the transcription machin-

ery varies greatly between promoters. This revealed interesting associations with

gene functions, sequence-specific TFs, and chromatin-modification states. To

appreciate such variation in genome-scale data it is important to group genes

properly before averaging those that might not have similar binding properties.

6.3 CUTs arise from active promoters or silent genes

Recent genome-wide studies in baker‘s yeast revealed thousands of novel tran-

scripts [Neil et al., 2009; Xu et al., 2009]. These fall into two classes: SUTs,

which are stably expressed in wild type cells and CUTs, which are immediately

degraded in wild type and only detectable in cells lacking a functional exosome

[Neil et al., 2009; Xu et al., 2009]. SUTs are known to modulate transcript

abundance [Xu et al., 2011], whereas only few CUTs have been shown to play a

regulatory role [Camblong et al., 2007, 2009]. Knowledge of how and why these

transcripts are expressed has been very limited.

In Chapter 4 we systematically investigated the properties of SUTs and CUTs,

including their genomic location, length, expression level, promoter structure,

and chromatin environment. We found that CUTs show very uniform expres-

sion levels and transcript lengths whereas SUTs vary considerably. CUTs mainly

emerge from highly transcribed promoters and antisense to lowly expressed genes,

whereas SUTs are mainly transcribed from intergenic regions. The expression of

promoter-associated CUTs - and to a lesser extent promoter-associated SUTs - is

positively coupled with the expression of the partner gene, whereas the expression

of gene-body associated CUTs and SUTs is negatively correlated.
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A similar class of unstable transcripts was found in human cells in which the

exosome was silenced by RNAi [Preker et al., 2008]. It will be interesting to com-

pare these transcripts with the CUTs in yeast to see whether there are common

genomic features that promote unstable transcripts, and whether there are any

conserved regulatory functions.

The differences in lengths and expression levels among SUTs could reflect the

fact that they are involved in regulation of transcription through diverse mech-

anisms. CUTs on the other hand, with a uniform distribution of lengths and

expression levels, probably have similar functions - if any - or functions that are

independent of transcript length and expression. Since we could not detect any

effect of CUT stabilisation on the associated gene, any role that CUTs might

have in gene regulation is likely to be during the transcription process itself. To

test this, one could investigate pairs of genes and CUTs in mutants that alter the

number of CUT initiation sites (such as ∆ssu72).

A recent study showed that Rrp6, which forms an essential part of the exo-

some, needs to be down-regulated during meiosis [Lardenois et al., 2011]. This

suggests that stabilisation of CUTs could play a role in the process of meiosis. In-

terestingly, Rrp6 is also periodically expressed during the cell-cycle, which could

indicate that CUTs play a role during this process.

It is likely that populations of CUTs and SUTs present in wild type cells rep-

resent a mixture of RNAs with regulatory roles, and non-functional transcripts

resulting from faulty PolII activity. According to our analysis and a study by Xu

[Xu et al., 2011], SUTs are enriched among the former and CUTs mainly belong

to the latter. The signatures of typical CUTs and SUTs, as identified in this

thesis, could be used to classify these transcripts and help reveal novel regulatory

mechanisms.
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6.4 Just-in-time production of key enzymes couples the
metabolism to the cell cycle

The cell cycle and metabolism are two systems that are traditionally studied in-

dependently. However, since the cell encounters different metabolic needs during

its progression through the cell cycle, it is natural to expect that the two processes

should be linked. In Chapter 5 we showed that the metabolic system is coupled

with cell-cycle progression through a mechanism of just-in-time production of key

metabolic enzymes.

Regulating the expression of only the key enzymes in metabolic pathways, rather

than the whole pathway - as observed during changes in nutrient availability [Ih-

mels et al., 2004] - presents an elegant way of minimising energy-cost and potential

regulatory errors while still achieving the correct timing of metabolic activity. A

similar just-in-time system was reported for the production of protein complexes

during the cell cycle [de Lichtenberg et al., 2005a].

We showed that the periodically expressed enzymes, which link the metabolism to

the cell cycle, are regulated by a combination of cell cycle and metabolism-specific

regulatory principles. Their promoter structure in terms of TATA box presence

and nucleosome architecture is similar to other uniformly expressed metabolic

enzymes, their mRNA half-live time is similar to other cell-cycle regulated genes,

and they share TFs with both other cell-cycle genes and other metabolic enzymes.

Since the cell cycle and the metabolic system are two highly conserved processes

it would be interesting to investigate whether other single-cellular organisms as

well as higher eukaryotes follow similar principles of key enzymes to regulate

metabolic activity during the cell cycle.

As mentioned above, Rrp6 is under cell-cycle control. To complete the picture

of the cell-cycle regulation, it would be interesting to measure CUT expression

levels in synchronised cell-cultures and investigate their potential roles in gene

regulation at different stages of the cell cycle. Along the same lines, it would be
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6. Summary and conclusions

interesting to follow nucleosome positioning during the course of the cell cycle to

see, whether these help to make TF binding sites accessible at appropriate times.

In conclusion, we showed that the regulatory principles of the metabolic sys-

tem in response to internal processes are different from those governing responses

to external stimuli. Whereas in the latter whole pathways are co-expressed Ih-

mels et al. [2004], in the former only the key components of metabolic pathways

are regulated.

6.5 Concluding remarks

In this thesis we investigated many aspects of transcriptional regulation in pro-

moters of protein-coding genes and non-annotated transcripts. We demonstrated

that promoter structure based on nucleosome positioning, and binding of PolII-,

GTFs- and sequence-specific TFs varies greatly across genes and can be used to

group genes into several distinct canonical promoter classes.

There are several aspects of transcriptional regulation that we have not con-

sidered. Among them are the regulatory role of non-coding RNAs and the com-

binatorial interplay between sequence-specific TFs.

Another exciting aspect of gene regulation is the three-dimensional organisation

of DNA in the nucleus. In a recent study, Duan and colleagues reported the

first model of the spatial arrangement of the yeast genome in the nucleus [Duan

et al., 2010]. It will be interesting to integrate this information to how nuclear

organisation influences promoter activities.
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Supplementary information for
chapter 2

Nucleosome prediction output by GeneTrack Genetrack applies Gaussian
smoothing to each genomic position: ie, each base position is represented by a normal
distribution with peak height equal to the number of reads and standard deviation
equal to the fitting tolerance supplied by the user. Gaussian distribution values are
summed at each base position and joined together to produce a continuous line. Peaks
are identified, by searching for non-overlapping peaks according to a user-supplied
exclusion zone. These peaks correspond to the most likely positions of nucleosomes
and peak heights correspond to the estimated number of MNase-Seq reads present at
the particular position. An example output is shown in Figure A.1
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Figure A.1: The raw data and gaussian smoothing outputted by GeneTrack [Al-
bert et al., 2008] are shown for two different 10’000 bp stretches of the genome
for YPD, EtOH and Gal. The reads (black) are smoothened by a Gaussian filter
(pink line) with fitting window of 75 bp and a standard deviation of 15 bp. The
nucleosomes (pink blocks) were predicted by a peak calling algorithm with an
exclusion zone of 147 bp.
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Definition of expression states Definition of ON and OFF expression states is
shown in Figure A.2.
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Figure A.2: Definition of ON and OFF expression states. We pooled the nor-
malised expression values for each gene of four replicates in YPD (blue line).
Two that showed a very different pattern were discarded. These distributions
were then fitted to a normal mixture model (red line) consisting of two normal
distributions. We set the cutoff distinguishing between ON and OFF at the 1%
quantile of the normal distribution representing the expressed genes (black dashed
line; cutoff=-4.7)
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Testing the model on different nucleosome datasets We tested the model
by comparing the NFR sizes to a different dataset (Figure A.3)
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Figure A.3: Testing the model on different nucleosome data sets. Comparing
the NFR size in the Mavrich Mavrich et al. [2008] and the Kaplan Kaplan et al.
[2009] data we found a population of promoters that have very similar NFR sizes
in both data sets (A), a population where one nucleosome seems to be missing
in the Mavrich data (B) and a small population where two nucleosomes seem
to be missing in the Mavrich data (C). As has been shown by Weiner et al -1
nucleosomes are quite unstable and using a high amount of MNase activity to
digest the DNA can result in their loss Weiner et al. [2009]. Thus, the fact that
the Mavrich data has ten times less reads than the Kaplan data (1.2 mio vs. 12.5
mio) it is likely that the some of the Kaplan nucleosomes were not detected in
the Mavrich data Mavrich et al. [2008]. From this we conclude that nucleosome
positions are very similar in the two experiments and thus no artefact of one
dataset.
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Excluding sample size effects Distance from TSS to nucleosome in Open and
Closed promoters are shown in Figure A.4.

Figure A.4: Excluding sample size effects. The distribution of distances from the
TSS to the midpoint of the -1 (left) and +1 (right) nucleosomes are shown for
a random subset of promoters that are ON (blue) and OFF (grey) in YPD. The
subsets were chosen such that there was the same number of promoters in the ON
and OFF category. Promoters were separated into Closed (left) and Open (right).
Clearly, ON promoters have a very defined +1 nucleosome and in the Open state
also a well defined position for the -1 compared with the OFF promoters. The
effect we show in figure 2B is therefore not an artefact of different sample sizes.
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Expression state correlates with nucleosome occupancy Figure A.5 shows
that the expression states correlate with nucleosome occupancy across gene bodies.

Figure A.5: Expression state correlates with nucleosome occupancy. Standard-
ised nucleosome occupancy across entire genes are shown for those that are ex-
pressed(ON, blue) and not expressed (OFF, grey). ON genes have significantly
lower occupancy than OFF gnes in all growth conditions (YPD, EtOH, and Gal
from left to right). Wilcoxon rank sum test, p-value ≤ 0.001 (***).
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Enrichment of poly(dA:dT) in Open promoters Promoters were scanned for
motifs of poly(dA:dT) of size 4-11. Association with Open promoters was tested using
Fisher‘s exact test. The enrichment for poly(dA:dT) in Open promoters is significant
but very small with log odd ratios between 1.2 and 1.5 (Table A.1).

length of tract adjusted p-value log odd ratio significance
4 1.90E-01 1.56
5 1.40E-03 1.43 **
6 3.70E-03 1.27 **
7 9.50E-04 1.31 ***
8 1.00E-02 1.27 **
9 4.80E-03 1.36 **

10 2.80E-02 1.32 *
11 1.40E-01 1.25

Table A.1: Enrichment of poly(dA:dT) tracts in Open promoters.

Nucleosome movement across genes For each nucleosome in the reference
YPD1 dataset, we identified the equivalent nucleosome in the EtOH, Galand YPD2
datasets as the ones that occupy overlapping genomic positions; we excluded non-
overlapping nucleosomes since they cannot be distinguished from eviction events or
missing data. If more than one nucleosome in the condition under comparison over-
lapped with a reference nucleosome in YPD1, we retained the one displaying greater
overlap (numbers shown in SOM Table 2). We used the distance between the centres
of equivalent nucleosomes as a measure of movement between cellular conditions. The
distances measured in the YPD1 v YPD2 comparison were used as a control.

The method gives a very conservative estimate of nucleosome movement, as it assumes
that nucleosomes do not shift more than the length of DNA wrapped around them
(ie, 147bp). Since 98% of reference nucleosomes in YPD1 have a counterpart in each
condition, the method captures most of the movement in the data (SOM Table 2). The
movement is displayed in Figure A.6.
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Figure A.6: Nucleosome movement starts at 5-end of genes and propagates to the
3-end. Proportion of nucleosomes at each position along the gene (numbered +1
to +9) that shift at least 10bp between two conditions for YPD1 v EtOH (left
panel) and YPD1 v Gal (right panel). Nucleosomes in gene that dont change
expression state (grey solid lines) behave similarly to the YPD1 v YPD2 control
(black dashed lines): there is least movement at the 5’-end and a slight increase
towards the 3’-end of the gene. Nucleosomes in genes that change expression
state between the two growth conditions display much greater movement (blue
solid lines): movement is greatest at the 5-end and steadily decreases towards the
3-end. Significantly larger proportions of nucleosomes in switching genes move in
the first four positions compared with non-switching genes. Fisher test, p-value
≤ 0.01(**) and ≤ 0.0001(***).
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GO enrichment analysis GO-enrichment analysis was performed using g:profiler
Reimand et al. [2007]. Enrichment was calculated for genes whose promoter configura-
tions (Open/Closed) change between growth in EtOH and YPD (Table A.7)

Figure A.7: GO enrichment for nucleosomes that change between Open and
Closed. Top: Promoter that change from Open in EtOH to Closed in YPD are
enriched in peroxisome fungions. Bottom: Promoter that are Open in YPD and
Closed in EtOH are enriched in oxidative phosphorylation functions.
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Supplementary information for
chapter 3

Description of pam clustering Pam stands for partition of medoids - represen-
tative objects of a cluster - and is a realisation of the k-medoid clustering algorithm
Kaufman and Rousseeuw [1990]. Given that k is the number of clusters and n the
number of data points pam performs the following steps:
(i) random selection of k data objects (in our case vectors containing the binding pro-
files across the promoters) as medoids
(ii) association of each data point to its closest medoid. The closest medoid is calcu-
lated using any valid distance metric, we used the Euclidean distance in this study)
(iii) for each medoid m and for each non-medoid data point p it then swaps m and p
and computes the total distance of each configuration
(iv) it then selects the configuration with the lowest cost and repeats step (ii) and (iii)
until the medoids do not change anymore.

GO enrichment table

Cluster p-value ID category description

1 1.89E-03 KEGG:04140 ke Regulation of autophagy
1 3.37E-04 KEGG:03450 ke Non-homologous end-joining
1 3.89E-04 KEGG:04113 ke Meiosis - yeast
1 1.39E-03 REAC:504339 re Peroxisomal lipid metabolism
1 5.36E-03 REAC:504405 re Beta-oxidation of very long

chain fatty acids
1 1.74E-03 REAC:504403 re Tryptophan catabolism
1 5.36E-03 REAC:504562 re PLC-gamma1 signalling
1 5.36E-03 REAC:504560 re G-protein mediated events
1 5.36E-03 REAC:504559 re PLC beta mediated events

continued on next page
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Cluster p-value ID category description

1 5.36E-03 REAC:504558 re Ca-dependent events
1 5.36E-03 REAC:504557 re CaM pathway
1 5.36E-03 REAC:504564 re Calmodulin induced events
1 3.65E-03 REAC:504404 re Nicotinate metabolism

3 2.08E-07 GO:0005622 CC intracellular
3 4.52E-07 GO:0044424 CC intracellular part
3 5.66E-05 GO:0003702 MF RNA polymerase II transcrip-

tion factor activity

5 3.49E-05 GO:0055086 BP ”nucleobase, nucleoside and
nucleotide metabolic process”

5 4.26E-06 GO:0006753 BP nucleoside phosphate
metabolic process

5 4.26E-06 GO:0009117 BP nucleotide metabolic process
5 1.83E-06 GO:0051186 BP cofactor metabolic process
5 2.29E-05 GO:0006732 BP coenzyme metabolic process
5 6.59E-05 GO:0043226 CC organelle
5 3.12E-07 GO:0043227 CC membrane-bounded organelle
5 8.84E-07 GO:0005622 CC intracellular
5 1.88E-06 GO:0044424 CC intracellular part
5 6.59E-05 GO:0043229 CC intracellular organelle
5 3.12E-07 GO:0043231 CC intracellular membrane-

bounded organelle

6 2.34E-05 GO:0031975 CC envelope
6 8.66E-08 GO:0043226 CC organelle
6 3.51E-09 GO:0043227 CC membrane-bounded organelle
6 5.50E-05 GO:0031974 CC membrane-enclosed lumen
6 1.53E-08 GO:0044422 CC organelle part
6 4.90E-05 GO:0043233 CC organelle lumen
6 4.14E-06 GO:0005622 CC intracellular
6 8.31E-07 GO:0044424 CC intracellular part
6 8.66E-08 GO:0043229 CC intracellular organelle
6 3.51E-09 GO:0043231 CC intracellular membrane-

bounded organelle
6 1.53E-08 GO:0044446 CC intracellular organelle part
6 4.90E-05 GO:0070013 CC intracellular organelle lumen
6 5.13E-05 GO:0031967 CC organelle envelope
6 1.27E-06 GO:0044429 CC mitochondrial part

7 1.31E-06 GO:0009058 BP biosynthetic process
7 4.29E-05 GO:0044249 BP cellular biosynthetic process
7 1.04E-05 GO:0006350 BP transcription
7 2.74E-05 GO:0016125 BP sterol metabolic process

continued on next page
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Cluster p-value ID category description

7 1.27E-05 GO:0022613 BP ribonucleoprotein complex
biogenesis

7 6.03E-06 GO:0042254 BP ribosome biogenesis
7 1.67E-06 GO:0046686 BP response to cadmium ion
7 1.91E-06 GO:0008150 BP biological process
7 4.57E-06 GO:0031974 CC membrane-enclosed lumen
7 5.09E-06 GO:0043233 CC organelle lumen
7 5.09E-06 GO:0070013 CC intracellular organelle lumen
7 6.62E-05 GO:0031981 CC nuclear lumen
7 9.23E-07 GO:0005730 CC nucleolus
7 6.71E-05 GO:0043226 CC organelle
7 6.64E-06 GO:0043227 CC membrane-bounded organelle
7 2.73E-05 GO:0005622 CC intracellular
7 2.69E-05 GO:0044424 CC intracellular part
7 6.71E-05 GO:0043229 CC intracellular organelle
7 6.64E-06 GO:0043231 CC intracellular membrane-

bounded organelle
7 6.42E-05 GO:0005634 CC nucleus
7 6.14E-05 GO:0005886 CC plasma membrane
7 5.59E-07 GO:0016564 MF transcription repressor activ-

ity
7 3.83E-05 GO:0003674 MF molecular function
7 2.94E-04 KEGG:03020 ke RNA polymerase
7 7.05E-04 KEGG:00100 ke Steroid biosynthesis
7 1.51E-03 KEGG:00230 ke Purine metabolism
7 5.20E-04 REAC:501136 re Assembly of RNA Polymerase

I Holoenzyme (human)

8 4.65E-05 GO:0034660 BP ncRNA metabolic process
8 3.95E-09 GO:0008150 BP biological process
8 5.24E-08 GO:0009987 BP cellular process
8 6.52E-07 GO:0022613 BP ribonucleoprotein complex

biogenesis
8 9.45E-08 GO:0042254 BP ribosome biogenesis
8 1.38E-05 GO:0051641 BP cellular localization
8 3.05E-05 GO:0051649 BP establishment of localization

in cell
8 1.89E-05 GO:0046907 BP intracellular transport
8 1.04E-06 GO:0051169 BP nuclear transport
8 1.04E-06 GO:0006913 BP nucleocytoplasmic transport
8 2.18E-05 GO:0051168 BP nuclear export

continued on next page
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Cluster p-value ID category description

8 4.56E-06 GO:0044267 BP cellular protein metabolic pro-
cess

8 1.72E-05 GO:0006412 BP translation
8 8.38E-07 GO:0006413 BP translational initiation
8 4.93E-06 GO:0010608 BP posttranscriptional regulation

of gene expression
8 8.54E-06 GO:0051246 BP regulation of protein

metabolic process
8 9.15E-06 GO:0032268 BP regulation of cellular protein

metabolic process
8 1.83E-05 GO:0006417 BP regulation of translation
8 1.63E-06 GO:0005730 CC nucleolus
8 3.06E-06 GO:0044452 CC nucleolar part
8 1.37E-08 GO:0032991 CC macromolecular complex
8 2.57E-07 GO:0043234 CC protein complex
8 8.06E-08 GO:0005622 CC intracellular
8 1.56E-07 GO:0044424 CC intracellular part
8 5.22E-08 GO:0000502 CC proteasome complex
8 1.02E-05 GO:0022624 CC proteasome accessory com-

plex
8 1.02E-05 GO:0005838 CC proteasome regulatory parti-

cle
8 3.32E-06 GO:0043614 CC multi-eIF complex
8 1.12E-08 GO:0005829 CC cytosol
8 4.80E-05 GO:0008565 MF protein transporter activity
8 3.93E-05 GO:0008320 MF protein transmembrane trans-

porter activity
8 1.19E-06 GO:0003743 MF translation initiation factor

activity
8 1.17E-05 GO:0003674 MF molecular function
8 8.60E-07 KEGG:03050 ke Proteasome
8 2.84E-04 REAC:504540 re Apoptosis
8 1.54E-04 REAC:504756 re Regulation of Apoptosis
8 1.54E-04 REAC:504755 re Regulation of activated PAK-

2p34 by proteasome mediated
degradation

8 1.54E-04 REAC:503734 re Proteasome mediated degra-
dation of PAK-2p34

8 2.15E-04 REAC:504580 re Regulation of DNA replica-
tion

continued on next page
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Cluster p-value ID category description

8 8.72E-05 REAC:504579 re Removal of licensing factors
from origins

8 8.72E-05 REAC:504577 re Switching of origins to a post-
replicative state

8 7.86E-05 REAC:504738 re Orc1 removal from chromatin
8 7.86E-05 REAC:504203 re Ubiquitinated Orc1 is de-

graded by the proteasome
8 1.11E-04 REAC:504576 re CDK-mediated phosphoryla-

tion and removal of Cdc6
8 7.86E-05 REAC:504199 re Ubiquitinated Cdc6 is de-

graded by the proteasome
8 6.15E-04 REAC:504693 re Cell Cycle Checkpoints
8 7.86E-05 REAC:504744 re G1/S DNA Damage Check-

points
8 7.86E-05 REAC:504743 re p53-Independent G1/S DNA

damage checkpoint
8 7.86E-05 REAC:504742 re p53-Independent DNA Dam-

age Response
8 7.86E-05 REAC:504757 re Ubiquitin Mediated Degra-

dation of Phosphorylated
Cdc25A

8 7.86E-05 REAC:503737 re Proteolytic degradation of
ubiquitinated-Cdc25A

9 7.44E-08 GO:0065008 BP regulation of biological qual-
ity

9 2.96E-08 GO:0042592 BP homeostatic process
9 3.79E-08 GO:0060249 BP anatomical structure home-

ostasis
9 3.79E-08 GO:0032200 BP telomere organization
9 2.13E-05 GO:0006450 BP regulation of translational fi-

delity
9 3.79E-08 GO:0000723 BP telomere maintenance
9 1.57E-06 GO:0014070 BP response to organic cyclic sub-

stance
9 1.57E-06 GO:0014071 BP response to cycloalkane
9 1.57E-06 GO:0046898 BP response to cycloheximide
9 1.21E-06 GO:0016052 BP carbohydrate catabolic pro-

cess
9 4.74E-07 GO:0044275 BP cellular carbohydrate

catabolic process

continued on next page
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Cluster p-value ID category description

9 1.99E-05 GO:0044282 BP small molecule catabolic pro-
cess

9 9.51E-08 GO:0046164 BP alcohol catabolic process
9 5.24E-08 GO:0046365 BP monosaccharide catabolic

process
9 1.08E-06 GO:0046165 BP alcohol biosynthetic process
9 9.99E-06 GO:0046364 BP monosaccharide biosynthetic

process
9 3.94E-05 GO:0019318 BP hexose metabolic process
9 1.78E-08 GO:0019320 BP hexose catabolic process
9 3.46E-06 GO:0019319 BP hexose biosynthetic process
9 2.25E-05 GO:0006006 BP glucose metabolic process
9 8.84E-09 GO:0006007 BP glucose catabolic process
9 2.05E-06 GO:0006090 BP pyruvate metabolic process
9 1.70E-05 GO:0006094 BP gluconeogenesis
9 4.02E-07 GO:0006096 BP glycolysis
9 1.51E-11 GO:0008150 BP biological process
9 1.26E-21 GO:0008152 BP metabolic process
9 6.10E-16 GO:0043170 BP macromolecule metabolic pro-

cess
9 8.42E-39 GO:0010467 BP gene expression
9 5.00E-23 GO:0044238 BP primary metabolic process
9 7.06E-33 GO:0019538 BP protein metabolic process
9 2.88E-42 GO:0009058 BP biosynthetic process
9 1.27E-40 GO:0009059 BP macromolecule biosynthetic

process
9 2.93E-12 GO:0009987 BP cellular process
9 1.57E-08 GO:0022613 BP ribonucleoprotein complex

biogenesis
9 3.24E-09 GO:0042254 BP ribosome biogenesis
9 9.77E-08 GO:0042274 BP ribosomal small subunit bio-

genesis
9 7.95E-06 GO:0042273 BP ribosomal large subunit bio-

genesis
9 2.81E-23 GO:0044237 BP cellular metabolic process
9 6.85E-18 GO:0044260 BP cellular macromolecule

metabolic process
9 1.01E-38 GO:0044267 BP cellular protein metabolic pro-

cess
9 2.57E-41 GO:0044249 BP cellular biosynthetic process
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Cluster p-value ID category description

9 7.06E-41 GO:0034645 BP cellular macromolecule
biosynthetic process

9 1.95E-85 GO:0006412 BP translation
9 1.23E-07 GO:0006414 BP translational elongation
9 6.78E-06 GO:0034621 BP cellular macromolecular com-

plex subunit organization
9 2.74E-13 GO:0070925 BP organelle assembly
9 8.71E-08 GO:0034622 BP cellular macromolecular com-

plex assembly
9 5.08E-12 GO:0022618 BP ribonucleoprotein complex as-

sembly
9 7.74E-15 GO:0042255 BP ribosome assembly
9 2.44E-15 GO:0042257 BP ribosomal subunit assembly
9 5.29E-07 GO:0000027 BP ribosomal large subunit as-

sembly
9 4.97E-11 GO:0000028 BP ribosomal small subunit as-

sembly
9 8.74E-27 GO:0032991 CC macromolecular complex
9 1.15E-08 GO:0043226 CC organelle
9 3.93E-42 GO:0043228 CC non-membrane-bounded

organelle
9 2.09E-07 GO:0005622 CC intracellular
9 6.66E-08 GO:0044424 CC intracellular part
9 1.15E-08 GO:0043229 CC intracellular organelle
9 3.93E-42 GO:0043232 CC intracellular non-membrane-

bounded organelle
9 8.77E-16 GO:0005737 CC cytoplasm
9 3.47E-21 GO:0044444 CC cytoplasmic part
9 5.88E-69 GO:0030529 CC ribonucleoprotein complex
9 6.72E-06 GO:0030684 CC preribosome
9 3.55E-06 GO:0032040 CC small-subunit processome
9 3.71E-87 GO:0005840 CC ribosome
9 2.00E-08 GO:0033279 CC ribosomal subunit
9 1.84E-06 GO:0015935 CC small ribosomal subunit
9 5.53E-10 GO:0003674 MF molecular function
9 1.73E-78 GO:0005198 MF structural molecule activity
9 1.51E-101 GO:0003735 MF structural constituent of ribo-

some
9 4.43E-05 GO:0003676 MF nucleic acid binding
9 8.17E-09 GO:0003723 MF RNA binding
9 1.03E-11 GO:0019843 MF rRNA binding
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Cluster p-value ID category description

9 1.62E-98 KEGG:03010 ke Ribosome
9 1.13E-03 KEGG:00010 ke Glycolysis / Gluconeogenesis
9 7.51E-68 REAC:504522 re 3’ -UTR-mediated transla-

tional regulation
9 7.51E-68 REAC:504521 re L13a-mediated translational

silencing of Ceruloplasmin ex-
pression

9 9.05E-22 REAC:501247 re Association of phospho-L13a
with GAIT element of Ceru-
loplasmin mRNA

9 6.67E-37 REAC:502167 re Dissociation of L13a from the
60s ribosomal subunit

9 3.99E-50 REAC:504343 re Metabolism of proteins
9 5.02E-37 REAC:504459 re Gene Expression
9 1.40E-62 REAC:504507 re Translation
9 1.09E-64 REAC:504612 re Eukaryotic Translation Initia-

tion
9 1.09E-64 REAC:504611 re Cap-dependent Translation

Initiation
9 9.82E-22 REAC:504610 re ” Formation of the ternary

complex, and subsequently,
the 43S complex”

9 9.82E-22 REAC:502531 re Formation of the 43S pre-
initiation complex

9 2.66E-20 REAC:504643 re ” Activation of the mRNA
upon binding of the cap-
binding complex and eIFs,
and subsequent binding to
43S”

9 2.66E-20 REAC:504671 re Translation initiation com-
plex formation

9 1.21E-20 REAC:502542 re Formation of translation ini-
tiation complexes containing
mRNA that does not circular-
ize

9 2.66E-20 REAC:502544 re Formation of translation
initiation complexes yielding
circularized Ceruloplasmin
mRNA in a’closed-loop’
conformation
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Cluster p-value ID category description

9 2.01E-74 REAC:504765 re Formation of a pool of free 40S
subunits

9 2.01E-74 REAC:503849 re Release of 40S and 60S sub-
units from the 80S ribosome

9 2.01E-74 REAC:504645 re GTP hydrolysis and joining of
the 60S ribosomal subunit

9 2.01E-74 REAC:504077 re The 60S subunit joins the
translation initiation complex

9 2.01E-74 REAC:502286 re eIF5B:GTP is hydrolyzed and
released

9 2.66E-20 REAC:504769 re Ribosomal scanning and start
codon recognition

9 1.21E-20 REAC:503952 re Ribosomal scanning
9 2.66E-20 REAC:504040 re Start codon recognition
9 1.01E-72 REAC:504506 re Eukaryotic Translation Elon-

gation
9 1.01E-72 REAC:504505 re Peptide chain elongation
9 7.57E-74 REAC:502806 re Hydrolysis of eEF1A:GTP
9 7.57E-74 REAC:501007 re Aminoacyl-tRNA binds to the

ribosome at the A-site
9 1.01E-72 REAC:504153 re Translocation of ribosome by

3 bases in the 3’ direction
9 5.24E-75 REAC:503391 re Peptide transfer from P-site

tRNA to the A-site tRNA

Table B.1: GO enrichment terms for the genes in each
PolII cluster. Enrichment has been performed using gPro-
files Reimand et al. [2007] and only significant enrichments
(corrected p-value<0.01) are shown here.
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Heatmap for GTF binding The heatmap for GTF-binding in promoters is shown
in Figure B.1.

Figure B.1: Heatmap of GTF binding profiles in yeast promoters. Promoters
were clustered based on their GTF binding profile using pam clustering with eight
clusters. Clusters were then sorted according to the median expression levels of
the genes they contain (1=low, 8=high). Binding values were standardised across
each data set to mean 0 and standard deviation 1 (blue: high binding, red: low
binding). Black dashed lines indicate the position of the TSS.
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Supplementary information for
chapter 4

Genome-wide identification of cryptic transcripts in different mutants
We applied the same procedure for identification and classification of novel transcripts
as explained for ∆rrp6 to the transcriptome data of the double mutants ∆rpd3∆rrp6,
∆set1∆rrp6, ∆ssu72∆rrp6 and ∆hda2∆rrp6. This resulted in about 9,000-13,000
transcribed segments depending on the mutant (see table 4.1). We observed an in-
verse relationship between number of expressed segments and average lengths of novel
transcripts with least but longest transcripts in ∆rpd3∆rrp6 and most but shorter
transcripts for ∆hda2∆rrp6. Classification into CUTs, SUTs and heterogeneous 3’
ends revealed the highest number of CUTs and SUTs for cells lacking Ssu72 and the
lowest number of them for cells lacking Rpd3.

#transcribed #overlapping #novel length of novel [bp]
mutant segments with feature segments average std dev

∆rpd3∆rrp6 9424 5981 3443 1200 1300
∆set1∆rrp6 12617 6484 6133 760 900
∆hda2∆rrp6 13510 6984 6526 790 900
∆ssu72∆rrp6 13175 5684 7491 730 620

Table C.1: Number of transcribed segments that were identified for each mutant.
Average lengths are shown for novel transcripts only.
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experiment transcripts # heterogeneous 3’ ends
in ∆rrp6 in wildtype

∆rpd3 ORF 5538 381 62
CUT 222 283
SUT 1397 1541

∆set1 ORF 5815 627 42
CUT 953 258
SUT 2364 2558

∆ssu72 ORF 5574 105 5
CUT 1964 444
SUT 3729 1354

∆hda2 ORF 6240 669 75
CUT 1498 945
SUT 1742 2341

Table C.2: Number of segments that are assigned to each transcript type for the
∆rrp6∆xx (xx=rpd3, set1, ssu72, hda2) experiments. Segments were classified
as transcripts if they were either separated by more than 50bp from or lower
expressed than the adjacent downstream segment. Otherwise they were classified
as heterogeneous 3’ ends. By this definition, a transcript can have more than one
heterogeneous 3’ end.
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Cryptic transcripts show similar initiation site locations relative to
ORFs Plotting the relative distances of novel transcript initiation sites to TSS and
TTS - as we have done for ∆rrp6 - revealed very similar distributions of the mutant
initiation sites. We therefore classified them according to the same procedure as used
for ∆rrp6. Table C.3 shows the numbers of promoter, terminator, gene and intergenic
SUTs and CUTs. Loss of Ssu72 produced a very different proportions of transcript
initiation sites than either ∆rrp6 or any of the histone modification enzyme mutants.
Most of the cryptic transcripts emerging from Ssu72 mutant were intragenic (65% of
CUTs, 61% of SUTs) whereas only 23-43% of CUTs in other mutants were gene associ-
ated. This finding is well in line with the known function of Ssu72 to dephosphorylate
Ser5P or the PolII-CTD which in turn leads to closure of the chromatin.

mutant associated with CUTs SUTs
∆rpd3 promoter 64 (29%) 237 (17%)

terminator 16 (7%) 78 (6%)
gene.body 51 (23%) 212 (15%)
intergenic 91 (41%) 870 (62%)

∆set1 promoter 338 (35%) 455 (19%)
terminator 44 (5%) 121 (5%)
gene.body 326 (34%) 791 (33%)
intergenic 245 (26%) 997 (42%)

∆ssu72 promoter 311 (16%) 516 (14%)
terminator 73 (4%) 189 (5%)
gene.body 1271 (65%) 2284 (61%)
intergenic 309 (16%) 740 (20%)

∆hda2 promoter 457 (31%) 329 (19%)
terminator 67 (4%) 121 (7%)
gene.body 648 (43%) 298 (17%)
intergenic 326 (22%) 994 (57%)

Table C.3: Positional classification of nRNAs. Number of transcripts and per-
centage are shown.
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Binding profiles of GTFs and PolII in promoters of SUTs and CUTs
GTFs show a very similar binding profile across promoters for the different positional
classes of SUTs and CUTs (Figure C.1)
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Figure C.1: Binding profiles for PolII- and GTF-binding for positional classes of
CUTs, SUTs and ORFs. Upper panels: paCUTs (red) and paSUTs (blue) are
compared to ORFs associated with paCUTs (green dashed) and paSUTs (green
dash-dotted). Lower panels: igCUTs (red) and igSUTs (blue) are compared to
lowly expressed ORFs associated with no SUT or CUT (green).
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Appendix for chapter 5

List of metabolic pathways The list of metabolic pathways is given in Table D.1
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enzymes
Metabolic pathway #cc #total

Sulfate assimilation pathway 1 5
Tryptophan degradation via kynurenine 1 5
UDP-N-acetylglucosamine biosynthesis 1 4
Homocysteine biosynthesis 1 2
Chitin biosynthesis 2 3
Homocysteine and cysteine interconversion 1 2
Folate biosynthesis 2 18
Folate interconversions 2 13
Folate transformations 1 12
Glycogen biosynthesis 1 5
Mannose degradation 1 4
Heme biosynthesis 1 4
Protein modifications 2 7
Dolichyl phosphate D-mannose biosynthesis 1 4
Fatty acid oxidation pathway 1 9
Sphingolipid metabolism 1 15
Myo-inositol biosynthesis 1 3
Nicotinamide riboside salvage pathway II 1 2
Nicotinate riboside salvage pathway II 1 2
Pyrimidine deoxyribonucleotide salvage pathway 1 3
Pyrimidine ribonucleotide salvage pathway 2 6
Biosynthesis of purine nucleotides 4 22
Biosynthesis of pyrimidine deoxyribonucleotides 3 8
Maltose transport 2 4
D-fructose transport; glucose transport 2 12

Table D.1: Metabolic pathways that contain at least one periodically expressed
enzyme are shown. cc: cell cycle regulated, total: all enzymes.
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Enriched genes in the different cell-cycle phases The complete list of GO-
enrichment terms for each cell-cycle cluster is given in Table D.2.

Cluster GO ID Description p-value

0006260 DNA replication 3.33E-17
0022616 DNA strand elongation 4.21E-17
0006271 DNA strand elongation involved in DNA replication 4.21E-17
0006261 DNA-dependent DNA replication 4.09E-16
0000278 mitotic cell cycle 2.34E-12
0006270 DNA-dependent DNA replication initiation 7.49E-12
0006259 DNA metabolic process 4.24E-11
0051716 cellular response to stimulus 5.11E-11
0051320 S phase 8.17E-11
0000084 S phase of mitotic cell cycle 1.07E-10
0006273 lagging strand elongation 3.18E-10

G1/S 0006281 DNA repair 1.34E-09
fast 0007064 mitotic sister chromatid cohesion 1.81E-08

decay 0006974 response to DNA damage stimulus 3.01E-08
0006267 pre-replicative complex assembly 9.37E-08
0051325 interphase 1.20E-07
0051301 cell division 1.73E-07
0051329 interphase of mitotic cell cycle 2.51E-07
0033554 cellular response to stress 2.62E-07
0019219 ”regulation of nucleobase, nucleoside, nucleotide and

nucleic acid metabolic process”
2.71E-07

0051171 regulation of nitrogen compound metabolic process 2.84E-07
0007062 sister chromatid cohesion 3.95E-07
0050896 response to stimulus 4.41E-07
0048519 negative regulation of biological process 5.76E-07
0048523 negative regulation of cellular process 5.78E-07
0051052 regulation of DNA metabolic process 5.91E-07
0009892 negative regulation of metabolic process 9.13E-07

G1/S 0051726 regulation of cell cycle 1.11E-06
fast 0016458 gene silencing 1.56E-06

decay 0006298 mismatch repair 1.91E-06
0031324 negative regulation of cellular metabolic process 2.11E-06
0000087 M phase of mitotic cell cycle 2.67E-06
0065004 protein-DNA complex assembly 2.94E-06
0000731 DNA synthesis involved in DNA repair 3.23E-06
0048285 organelle fission 3.46E-06
0045814 ”negative regulation of gene expression, epigenetic” 4.19E-06

continued on next page
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Cluster GO ID Description p-value

0006342 chromatin silencing 4.19E-06
0009890 negative regulation of biosynthetic process 4.60E-06
0016043 cellular component organization 4.68E-06
0040029 ”regulation of gene expression, epigenetic” 4.74E-06
0000003 reproduction 4.81E-06
0019222 regulation of metabolic process 7.17E-06
0010629 negative regulation of gene expression 8.04E-06
0000819 sister chromatid segregation 8.66E-06
0010033 response to organic substance 9.40E-06
0045892 ”negative regulation of transcription, DNA-

dependent”
1.03E-05

0051253 negative regulation of RNA metabolic process 1.13E-05
0031327 negative regulation of cellular biosynthetic process 1.20E-05
0051172 negative regulation of nitrogen compound metabolic

process
1.36E-05

0031323 regulation of cellular metabolic process 1.36E-05
0045934 ”negative regulation of nucleobase, nucleoside, nu-

cleotide and nucleic acid metabolic process”
1.36E-05

0000279 M phase 1.46E-05
G1/S 0010605 negative regulation of macromolecule metabolic pro-

cess
1.49E-05

fast 0000280 nuclear division 1.70E-05
decay 0006275 regulation of DNA replication 1.76E-05

0019236 response to pheromone 2.04E-05
0000070 mitotic sister chromatid segregation 2.09E-05
0006355 ”regulation of transcription, DNA-dependent” 2.47E-05
0023052 signaling 3.19E-05
0006950 response to stress 3.24E-05
0071824 protein-DNA complex subunit organization 3.31E-05
0045449 regulation of transcription 3.33E-05
0006302 double-strand break repair 3.77E-05
0051252 regulation of RNA metabolic process 3.98E-05
0006350 transcription 4.18E-05
0010558 negative regulation of macromolecule biosynthetic

process
4.31E-05

2000113 negative regulation of cellular macromolecule biosyn-
thetic process

4.31E-05

0043570 maintenance of DNA repeat elements 4.53E-05
0071103 DNA conformation change 5.02E-05
0030174 regulation of DNA-dependent DNA replication initia-

tion
5.07E-05

0009059 macromolecule biosynthetic process 5.26E-05

continued on next page
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Cluster GO ID Description p-value

0016481 negative regulation of transcription 5.62E-05
0090304 nucleic acid metabolic process 5.68E-05

0007049 cell cycle 8.16E-08
0051301 cell division 4.38E-07
0022402 cell cycle process 3.57E-06

G1/S 0006974 response to DNA damage stimulus 5.01E-06
slow 0033554 cellular response to stress 1.06E-05

decay 0006281 DNA repair 1.45E-05
0048285 organelle fission 5.57E-05
0007064 mitotic sister chromatid cohesion 6.33E-05
0022403 cell cycle phase 6.57E-05

0000278 mitotic cell cycle 1.13E-23
0048285 organelle fission 7.97E-20
0022403 cell cycle phase 1.51E-19

S/G2/M 0000280 nuclear division 4.44E-19
0000279 M phase 7.17E-18
0007059 chromosome segregation 1.49E-17
0000087 M phase of mitotic cell cycle 2.02E-16
0007017 microtubule-based process 4.58E-16
0007067 mitosis 5.02E-16
0051276 chromosome organization 6.98E-15
0000070 mitotic sister chromatid segregation 1.33E-14
0000226 microtubule cytoskeleton organization 1.39E-14
0000819 sister chromatid segregation 3.54E-14
0048519 negative regulation of biological process 4.55E-14
0071103 DNA conformation change 1.16E-13
0006323 DNA packaging 9.25E-13
0006996 organelle organization 9.43E-13
0007051 spindle organization 2.47E-11
0071842 cellular component organization at cellular level 3.01E-11
0016043 cellular component organization 6.29E-11
0051726 regulation of cell cycle 6.72E-11
0048523 negative regulation of cellular process 2.24E-10
0007010 cytoskeleton organization 2.34E-10
0009892 negative regulation of metabolic process 2.44E-10
0007052 mitotic spindle organization 3.16E-10
0006334 nucleosome assembly 4.94E-10
0010605 negative regulation of macromolecule metabolic pro-

cess
5.23E-10

0071841 cellular component organization or biogenesis at cel-
lular level

2.46E-09

0031497 chromatin assembly 3.14E-09

continued on next page
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Cluster GO ID Description p-value

0010564 regulation of cell cycle process 8.70E-09
S/G2/M 0071840 cellular component organization or biogenesis 1.03E-08

0045786 negative regulation of cell cycle 2.59E-08
0051301 cell division 2.61E-08
0071174 mitotic cell cycle spindle checkpoint 5.46E-08
0051129 negative regulation of cellular component organization 5.81E-08
0031577 spindle checkpoint 8.85E-08
0007346 regulation of mitotic cell cycle 9.55E-08
0071156 regulation of cell cycle arrest 1.49E-07
0000075 cell cycle checkpoint 1.49E-07
0007018 microtubule-based movement 2.52E-07
0007050 cell cycle arrest 2.74E-07
0007093 mitotic cell cycle checkpoint 3.13E-07
0030472 mitotic spindle organization in nucleus 3.33E-07
0051172 negative regulation of nitrogen compound metabolic

process
6.52E-07

0045934 ”negative regulation of nucleobase, nucleoside, nu-
cleotide and nucleic acid metabolic process”

6.52E-07

0006333 chromatin assembly or disassembly 1.09E-06
0034728 nucleosome organization 1.22E-06
0009890 negative regulation of biosynthetic process 1.40E-06
0034502 protein localization to chromosome 1.41E-06
0007019 microtubule depolymerization 1.47E-06
0031324 negative regulation of cellular metabolic process 3.38E-06
0065004 protein-DNA complex assembly 3.64E-06
0050794 regulation of cellular process 3.80E-06
0010558 negative regulation of macromolecule biosynthetic

process
4.16E-06

2000113 negative regulation of cellular macromolecule biosyn-
thetic process

4.16E-06

S/G2/M 0050789 regulation of biological process 4.72E-06
0007020 microtubule nucleation 5.71E-06
0016481 negative regulation of transcription 6.87E-06
0071173 spindle assembly checkpoint 7.23E-06
0051784 negative regulation of nuclear division 7.23E-06
0045839 negative regulation of mitosis 7.23E-06
0045841 negative regulation of mitotic metaphase/anaphase

transition
7.23E-06

0007094 mitotic cell cycle spindle assembly checkpoint 7.23E-06
0031327 negative regulation of cellular biosynthetic process 7.26E-06
0010639 negative regulation of organelle organization 8.13E-06
0010629 negative regulation of gene expression 8.38E-06

continued on next page
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0010948 negative regulation of cell cycle process 1.25E-05
0071824 protein-DNA complex subunit organization 1.66E-05
0051303 establishment of chromosome localization 1.80E-05
0051310 metaphase plate congression 1.80E-05
0007080 mitotic metaphase plate congression 1.80E-05
0031134 sister chromatid biorientation 1.80E-05
0006325 chromatin organization 2.20E-05

S/G2/M 0051128 regulation of cellular component organization 2.24E-05
0030071 regulation of mitotic metaphase/anaphase transition 2.41E-05
0051261 protein depolymerization 2.68E-05
0007076 mitotic chromosome condensation 3.54E-05
0000122 negative regulation of transcription from RNA poly-

merase II promoter
3.73E-05

0019222 regulation of metabolic process 3.98E-05
0065007 biological regulation 5.29E-05
0030261 chromosome condensation 5.84E-05
0031109 microtubule polymerization or depolymerization 5.84E-05
0070550 rDNA condensation 6.18E-05
0051783 regulation of nuclear division 6.21E-05
0007088 regulation of mitosis 6.21E-05
0030473 nuclear migration along microtubule 7.33E-05

0000279 M phase 6.38E-09
0000280 nuclear division 3.43E-08

M 0000087 M phase of mitotic cell cycle 5.49E-08
0048285 organelle fission 6.89E-08
0000278 mitotic cell cycle 7.87E-08
0007067 mitosis 8.73E-08
0051301 cell division 6.55E-07
0090068 positive regulation of cell cycle process 5.35E-05

0006267 pre-replicative complex assembly 2.61E-08
0019236 response to pheromone 3.64E-07
0000084 S phase of mitotic cell cycle 8.27E-07

M/G1 0050789 regulation of biological process 2.88E-06
0051320 S phase 3.71E-06
0065004 protein-DNA complex assembly 7.11E-06
0010033 response to organic substance 1.11E-05
0065007 biological regulation 1.44E-05
0022616 DNA strand elongation 1.58E-05
0006271 DNA strand elongation involved in DNA replication 1.58E-05
0006270 DNA-dependent DNA replication initiation 1.58E-05
0051329 interphase of mitotic cell cycle 1.89E-05
0043900 regulation of multi-organism process 2.27E-05

continued on next page
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0046999 regulation of conjugation 2.27E-05
0031137 regulation of conjugation with cellular fusion 2.27E-05

M/G1 0051325 interphase 3.24E-05
0050794 regulation of cellular process 3.64E-05
0071824 protein-DNA complex subunit organisation 4.33E-05

Table D.2: GO enrichment in cell-cycle phases. The complete
list of significantly enriched GO terms (describing biological
processes) are shown for each cell cycle cluster (hypergeo-
metric test, gProfiler Reimand et al. [2007]). Only genes that
were not enzymes were used to calculate the enrichment.
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Cluster Pathway Enzyme

G1/S chitin biosynthesis CHS1
fast D-fructose; glucose transport HXT2

decay biosynthesis of purine nucleotides ADK2
maltose transport MAL11, MAL31
nicotinamide riboside salvage pathway II URH1
nicotinate riboside salvage pathway II URH1
salvage pathways of pyrimidine deoxyribonucleotides URH1
salvage pathways of pyrimidine ribonucleotides URH1
UDP-N-acetylglucosamine biosynthesis QRI1

G1/S D-fructose transport; glucose transport HXT4
slow biosynthesis of purine nucleotides RNR1, YNK1

decay biosynthesis of pyrimidine deoxyribonucleotides RNR1, YNK1, CDC21
dolichyl phosphate D-mannose biosynthesis PMI40
folate biosynthesis CDC21
folate interconversions CDC21
glycogen biosynthesis GSY2
heme biosynthesis HEM15
mannose degradation PMI40
protein modifications PMT3, PMT5
salvage pathways of pyrimidine ribonucleotides YNK1
sphingolipid metabolism LAC1
tryptophan degradation via kynurenine BNA1

S/G2/M homocysteine and cysteine interconversion STR3
homocysteine biosynthesis MET2
superpathway of sulfur amino acid biosynthesis MET2

M chitin biosynthesis CHS2
biosynthesis of purine nucleotides ADE12
folate biosynthesis MTD1
folate interconversions MTD1
folate transformations MTD1
putrescine transport TPO4
spermine transport; putrescine transport TPO1
sulfate assimilation pathway MET16

M/G1 myo-inositol biosynthesis INM1
fatty acid oxidation pathway FAA3
glycero-3-phosphocholine transport GIT1
uracil transport FUR4
uridine transport FUI1

Table D.3: Pathways and the cell cycle regulated enzymes that represent them
in each cell cycle cluster are shown.
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