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Summary

Precise regulation of gene expression is essential in higher eukaryotes: only by
producing the correct cellular components can cells perform their intended function
correctly. Transcription is a complex process that is regulated by a combination of
factors including DNA sequence and its three-dimensional topology, transcription
factor proteins (TFs), co-factors and histone modifiers. The computational work in
this thesis focuses on trans-acting factors of eukaryotic regulation: (i) at the level
of TFs by analysing their expression across different human tissues and identifying
sets of factors that potentially confer tissue-specific expression, and (ii) at the level
of histone modification by examining the effects of the acetyltransferase protein
males-absent-on-the-first (MOF) in Drosophila melanogaster.

The thesis consists of six chapters. In Chapter 1, I introduce transcription and
its regulation in eukaryotes, discussing some of the methods employed to study these
processes. In Chapter 2, I present a new statistical method for processing microarray
data that detects which genes are specifically expressed in a small number of condi-
tions. I apply the method to a dataset of 32 human tissue samples and demonstrate
its utility by identifying both previously known and novel tissue-specific genes. In
Chapter 3, I use this analysis to examine the expression of human TFs and identify
those that are potentially responsible for controlling tissue specificity. I determine
the TFs that are ubiquitously expressed across all tissues and also highlight the
ones that are expressed specifically in particular tissues. Using co-expression and
protein-protein interaction data, I then build a network of TFs that might function
in a combinatorial manner. Using this network, I examine the relationships between
tissue-specific and ubiquitous TFs and relate groups of TFs to particular biological
functions.

In Chapter 4, I describe an investigation into the global effect of histone acety-

lation on transcription done in collaboration with Dr Asifa Akhtar’s group at the



Max-Planck Institute of Immunology in Freiburg (Germany). We use dosage com-
pensation in D. melanogaster as a model for chromosome-wide transcriptional reg-
ulation. This system up-regulates gene expression on the male X chromosome in
order to correct for the imbalance in gene dosage resulting from the absence of one
X chromosome in male cells relative to autosomes and female cells. The process is
controlled by the histone-modifying enzyme MOF which acetylates lysine 16 of hi-
stone H4 (H4K16), and causes the up-regulation of the entire male X-chromosome.
Using data from chromatin immunoprecipitation followed by high-throughput se-
quencing (ChIP-Seq) experiments, I identify the binding patterns of MOF on the fly
genome and assess the amount of H4K16 acetylation in the neighbourhood of the
MOF-binding sites. I then determine the effect of MOF-binding and acetylation on
gene expression by examining transcriptomic data from mutant flies lacking a func-
tional MOF gene. In Chapter 5, I extend this analysis by measuring the influence
of MOF on RNA polymerase II activity. Comparison of ChIP-Seq data from male
and female flies reveals that RNA polymerase II-binding is increased in the body
of dosage-compensated genes in males, showing that MOF enhances the production
of mRNAs by increasing the amount of RNA polymerase II going through dosage-
compensated genes. Finally in Chapter 6, I discuss the importance of my findings
for understanding transcriptional regulation and highlight gaps that remain in our
knowledge.

In summary, this thesis identifies TFs that are responsible for tissue-specificity
in humans and provides candidate sets of TFs involved in combinatorial regulation.
Additionally, it shows the effect of a histone-modifying enzyme on polymerase ac-
tivity on a genome-wide scale and contributes to the understanding of the role of

histone modifications in global transcriptional control.
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Introduction

All cells in a multicellular organism contain the same genetic information; however
each organism consists of a large array of cell types that perform diverse biological
functions. This cell type diversity results from differences in gene expression, the
process by which information encoded in DNA is transcribed to RNA, and then in
many cases, translated to proteins that are used by the cell to perform specific func-
tions. Importantly, gene expression is tightly regulated to produce the right amount
of protein at the right time in each cell. The focus of this thesis is the genome-
scale analysis of eukaryotic transcription and its regulation, using computational

methods.

This first chapter describes the general principles of gene expression and dis-
cusses the importance of its precise regulation. It then outlines the mechanisms
for eukaryotic transcription and its regulation. The experimental datasets, com-
putational databases and methods used in this work are introduced. The chapter

concludes with a summary of the results presented in the thesis.



1.1 Gene expression

1.1 (ene expression

1.1.1 From DNA to proteins, a well-regulated process

Many processes take place in order to produce the final protein produced from the
genomic DNA in eukaryotic cells. These processes are highly regulated at different
steps, and allow cells to control the set of RNA and proteins that are present in
a dynamic manner. First, transcription produces RNAs by the action of the RNA
polymerases that read the genetic information encoded in DNA. This involves the
precise recruitment of many proteins and enzymes in addition to the polymerase.
Polymerase function is regulated through local and specific alteration of chromatin
structure - such as nucleosome displacement or histone modifications - as well as the
cooperative action of many general and specific regulatory proteins. Next, splicing,
which is often coupled with transcription, removes non-coding introns from pre-
mRNAs. Different exons are selectively included in the final transcript depending
on the action of sequence-specific RNA-binding proteins. The abundance of tran-
scripts is affected by the rate of degradation, as well as production, and further
processes such as mRNA-capping and polyadenylation enhance the stability of new
transcripts. Many non-coding RNAs will remain in the nucleus and function as reg-
ulatory RNAs that affect transcription itself. Mature mRNAs on the other hand,
are exported outside the nucleus to be translated by ribosomes in the cytoplasm or
the endoplasmic reticulum. Finally, the resulting polypeptide chains are folded and

often undergo post-translational modifications to become functional.

Among all the processes described above, transcription represents the first step
for the production of functional proteins in the cell. Its control is arguably the most
important point of control, and a properly functioning transcriptional regulatory

system is essential for cell viability.



Chapter 1: Introduction

1.1.2 Mis-regulation of gene expression in disease

Changes in gene expression have been associated with many diseases. Studies com-
paring diseased and normal cells have revealed that gene expression levels are often
perturbed. For example, cancer cells have been shown to express different genes
compared with normal cells, which both arises as a result of irregular cellular func-
tions and also in turn contribute to further abnormalities. Abnormal transcript level
can appear for several reasons: for example, it could result from the mis-regulation
of transcription, or expression levels might be altered owing to the presence of extra
copies of particular genes. Indeed, karyotypes of some cancers reveal extra copies of
entire or part of chromosome(s).

Further, mutations of transcription factor-coding genes and alterations of the
regulatory target sequences have been identified as contributors to developmental
disorders (reviewed in Maston et al., 2006; Engelkamp and van Heyningen V., 1996).
Transcription factors are notably overrepresented among oncogenes (Darnell, 2002;
Lopez-Bigas et al., 2006; Furney et al., 2006); for instance, ATBF1 is implicated in
human prostate cancer (Sun et al., 2005b).

Therefore it is important to increase our understanding of how gene expression

is regulated, as this is likely to reveal new targets for treating diseases.

1.2 The eukaryotic transcription

1.2.1 General view

Transcriptional regulatory mechanisms modulate the accurate recruitment and ac-
tivation of RNA polymerase at different locations in the genome, most typically
gene promoters. This is mediated at different levels (Figure 1.1), which could be

viewed as distinct but interacting modules of regulatory organisation: for example in



1.2 The eukaryotic transcription

\"
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Figure 1.1: Transcriptional regulation by modulation of RN A polymerase II function.
Different levels at which transcription is regulated: (A) promoter level: the general transcription
machinery (composed of Pol II and general TFs) is assembled and readied for activation at the
promoter by the action of general transcription regulators, (B) promoter proximal level: sequence-
specific DNA-binding TFs (lozenge and oval) bind at proximal sites working directly or with co-
regulator(s) to act on the general transcription machinery, (C) enhancer level: sequence-specific
DNA-binding TFs bind at enhancer region(s) acting directly or in collaboration with other TFs or
co-regulators on the general transcription machinery, (D) nucleosome level: chromatin modifiers
that act on nucleosomes such as nucleosome remodelers or histone modifiers (triangles). (Adapted
from Wasserman and Sandelin, 2004; Fuda et al., 2009).

cis, different regulatory events take place at promoter-proximal transcription factor
binding sites, at enhancers and at entire groups of nucleosomes to contribute to the
successful transcription of a single gene. In trans, protein complexes interact with

regulatory regions and play a critical role in transcriptional regulation.

Transcriptional regulators can be grouped into three types. First, the preiniti-
ation complex (PIC) binds at the core promoter and recruit Pol II (Figure 1.1 —

A). Second, DNA-binding transcription factors bind to sites such as proximal pro-

4



Chapter 1: Introduction

moter elements and enhancers (Figure 1.1 -B & C). Third, enzymes modify the
higher-order chromatin structure by promoting the physical movement of nucleo-
somes relative to the genome and post-translationally modifying histone molecules
to alter the stability and accessibility of chromatin (Figure 1.1 -D). Thus, in the
sections below, we describe the general principles of Pol II function. We then dis-
cuss transcription factors (TFs) and the contribution of histone modifications to

transcriptional control.

1.2.2 RNA polymerases

RNA polymerases are large multi-subunit enzymes that perform transcription and
thus produce all the RNAs in the cell from a DNA template. These complexes are
assembled and tightly bound at the promoter of genes before initiating transcription.
There are three types of RNA polymerases in eukaryotes, each synthesizing different
classes of RNAs: (i) RNA polymerase I which synthesises most ribosomal RNA, (ii)
RNA polymerase II which synthesises all protein-coding mRNAs, miRNAs and some
small RNAs (e.g, those in spliceosomes), (iii) RNA polymerase III which synthesises
tRNAs, the 5S rRNA and many other small RNAs.

The RNA polymerase structure is broadly conserved from prokaryotes to all
eukaryotes (Saltzman and Weinmann, 1989). All three RNA polymerase types are
believed to have diverged from a common ancestral protein, as some subunits are
shared between them. The largest subunits of the three eukaryotic RNA polymerases
show significant similarity. Here, we will focus on RNA polymerase II (Pol II) and

its regulation, as it is at the origin of the production of all proteins in the cell.

5



1.3 The eukaryotic transcriptional process and its regulation

1.3 The eukaryotic transcriptional process and its

regulation

1.3.1 RNA polymerase 1I transcriptional mechanism

1.3.1.1 RNA polymerase II transcriptional steps

' GIfs

Figure 1.2: Transcriptional regulation by modulation of RNA polymerase II function
-A. RNA polymerase IT and general TFs (GTFs) binding at the core promoter forming the general
transcription machinery. (Adapted from Fuda et al., 2009).

Pol II must assemble at the promoter region of genes in order to perform tran-
scription. The core promoter is a small section of DNA encompassing the tran-
scription start site (T'SS) that serves as the docking site for the basic transcriptional
machinery and PIC. The main elements that have been identified on this site are: the
TATA box, Initiator Element, Downstream Core Element, TFIIB-Recognition Ele-
ment, Motif Ten Element and Downstream Promoter Element. With the exception
of the TFIIB-Recognition Element which is bound by TFIIB, all the other elements
have been described to interact with TFIID (reviewed in Smale and Kadonaga,
2003; Maston et al., 2006). Single promoters do not contain every single element

listed here, but different promoters can encode for distinct combinations of these
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elements. Further many promoters do not contain any of the consensus elements

that have been described so far.

Pol II assembly at the core promoter requires numerous general transcription
factors. These proteins form the basis of the pre-initiation complex and are believed
to be responsible for the positioning of Pol II at the core promoter region. They
have been identified by isolation, co-purification and characterised by mutagenesis

or through assays measuring Pol II activities (Hori and Carey, 1994).

Pol II activation requires DNA-binding of general transcription factors (such as
TFIID, TFIIB, TFIIE, TFIIF, TFIIH) that form the PIC. Transcriptional activators
and co-activators then interact with the complex to initiate transcription. Following
transcriptional activation, the elongation takes place with the aid of elongating
factors. Finally, the process terminates after transcription of the poly(A) site. This
is believed to occur as a result of a conformational change in Pol IT after transcribing
the poly(A) site which makes the enzyme susceptible to termination, and/or due to
the action of an exonuclease that degrades the RNA still attached to Pol II after
cleavage and release of the transcript. In summary, transcription takes place through

the recruitment and action of multiple regulatory factors.

In parallel to the action of general transcription factors and cofactors on Pol II,
the enzyme undergoes several post-translational modifications. Since these modifi-
cations dictate the functional state of the polymerase, distinct transcriptional phases
can be identified by the amino acid residues that are phosphorylated (reviewed in
Hirose and Ohkuma, 2007). These modifications occur on the carboxy-terminal do-
main (CTD) tail of the largest Pol II subunit Rpbl. First, Pol II is recruited to
the gene promoter in a hypo-phosphorylated state for assembly. Second, its release
from the promoter occurs when TFIIH (CDK7 in Drosphila) phosphorylates Ser5
(Ser5P) of the CTD. Third, Pol IT activity can be paused through the action of neg-

ative factors. Finally, elongation begins when the transcription elongation factor b
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(p-TEFb; CDK9-cyclin T in Drosphila) phosphorylates Ser2 (Ser2P) (Peterlin and
Price, 2006) (Figure 1.3). This last modification is also linked to co-transcriptional
RNA-processing as it helps recruit splicing and polyadenylating factors. At termi-
nation, the CTD modifications are then reverted by phosphatases, making the Pol
IT ready for another round of transcription. Some modifications, such as Ser5P and
Ser2P, are well characterised, while others, such as Ser7P, are still not completely
understood. There is potential for combinatorial activity and an increased knowl-
edge of how these modifications alter the behaviour of Pol II will greatly improve
our understanding of transcription at a mechanistic level.

The fact that these Pol II modifications are closely linked to different transcrip-
tional states, and the use of antibodies that are specific for particular modifications
allow us to identify Pol II at different stages of transcription. Chromatin immuno-
precipitation (ChIP) data measuring Pol II-binding on the Drosophila melanogaster
(D. melanogaster) genome are analysed in chapter 5, during which we study the

effects of histone acetylation on Pol II function.

1.3.1.2 RNA polymerase II transcription dynamics

After initiation, transcription generally continues into elongation; however, if the
transcription stops after only 20 to 50 nucleotides Promoter Proximal Pausing (PPP)
happens. Here, Pol II accumulates at the 5’end of genes while still retaining their
elongation potential (Core et al., 2008). It was first observed at the promoter of
the heat-shock gene Hsp70 in D. melanogaster (Gilmour and Lis, 1986). At this
promoter Pol II is recruited before activation, the pre-initiation complex is then
prepared for rapid activation upon heat shock (Boehm et al., 2003). More generally,
pausing can affect initiated Pol II to different extents: (i) by preventing the full-
length transcription of genes on which Pol IT has been initiated, or (ii) by regulating

the release of Pol II into productive elongation of active genes (Core and Lis, 2008).
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Performing ChIP-chip experiments in D. melanogaster, Zeitlinger et al. (2007)
and Muse et al. (2007) demonstrated that polymerase pausing is a genome-scale
phenomenon affecting ~ 30% of genes. Similar observations were made in mam-
malian systems by Guenther et al. (2007) and Core et al. (2008). This last study
used a new method called GRO-seq to detect transcriptionally engaged Pol II in
primary human lung fibroblasts. Importantly, pausing was observed over a large
dynamic range or transcript production, and both highly and lowly expressed genes
are regulated at this level. Among the paused genes identified in D. melanogaster
studies, there was a significant over-representation of genes involved in developmen-
tal regulation and cell signalling. This suggests that regulation through pausing
is a fundamental step for controlling developmental programs and enabling rapid

reaction to environmental stimuli (Zeitlinger et al., 2007; Wang et al., 2007).

Additionally, another role of pausing was recently hypothesised by Gilchrist et
al.. Performing microarray analysis of Negative Elongation Factor (NELF)-depleted
drosophila S2 cells (a negative regulator of elongation), they observed up-regulation
of genes, but also unexpectedly, down-regulation. They hypothesised that Pol II
pausing positively regulates expression by maintaining accessibility of the promoter
(Gilchrist et al., 2008). In the last few years, more and more evidence has emerged
showing that regulating Pol IT escape from pausing is a universally important control
point that prepares genes for future activation (Gilchrist et al., 2008; Lee et al., 2008;
Price, 2008; Gilmour, 2009).

In summary, Pol II activity can be regulated at a basic level through assembly at
the promoter, post-translational modification, and release into elongation. However,
these steps only enable low levels of transcription, and further additional levels of

regulation also modulate polymerase function.
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Figure 1.3: Pol II transcription dynamics, promoter proximal pausing. Pol II initiates
transcription but pauses after 20 to 50 nucleotides. Serine 5 (S5P) of the CTD tail are phos-
phorylated by TFIIH (top panel). Negative elongation factor (DSIF and NELF) associate with
the Pol II complex and cause Pol II to pause. The release of the paused Pol II is mediated by
phosphorylation (designated by purplish hue) of NELF, DSIF, and serine 2 of the CTD by the
kinase P-TEFb (bottom panel). Figure from Gilmour, 2009.

1.3.2 How transcription factors regulate transcription

1.3.2.1 The transcription factors

Transcription Factors (TFs) are proteins that regulate transcription by influencing
the recruitment of Pol II at promoters. These proteins generally contain DNA-
binding domains, but additionally many have an effector domain that influences
Pol II activity. In general, TFs proteins bind to specific DNA sequences at pro-
moters or enhancers. They contain one or more DNA-binding domains that are
able to recognise short, specific DNA sequences. These DNA sequences are referred
to as transcription factor binding sites (TFBS); they are typically 6-12 bp long
and their sequence content are often represented using a position weight matrix

(PWM). These matrices show the consensus DNA sequence in which certain po-
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sitions are constrained and others are more variable depending on the effect they
have on TF binding. The efficiency of TF binding can be affected by variation in
the TFBS sequence, as it directly affects the strength of binding. On the TF-side,
amino acid changes in the DNA-binding domain can alter its target-sequence. TFs
largely bind in the major groove of the DNA forming a molecular interaction be-
tween amino acid side-chains and nucleotide base edges (Luscombe et al., 2000).
TFs are usually grouped in families based on the structure of their DNA binding
domains. This is biologically relevant because some binding domains are linked to
the function of their targets. For example homeodomains are generally linked to
developmental processes (Driever and Niisslein-Volhard, 1989) and factors from the
interferon regulatory factor family trigger immune response against viral infection
(Luscombe et al., 2000). However, other families such as CyHy zinc-finger protein
family are involved in numerous cellular processes (Wu, 2002). The modular nature
of the C;Hy DNA binding domains gives them more flexibility in DNA recognition
and interactions with other proteins, which in turn offer them the possibility to

regulate a wider range of processes.

Identifying the repertoire of TFs encoded in a genome is an important step to-
wards understanding the organism’s regulatory system. Recently, a high-quality
dataset of 1,391 DNA-binding TFs in the human genome was published by Vaque-
rizas et al. (2009). Only few of these TFs are functionally characterised so far.
Some DNA-binding domains are more prevalent than others. Indeed, the Cy;Hy
zinc-finger, homeodomain and helix-loop-helix families represent 80% of the human
TF repertoire. The CyHy zinc-finger proteins are stabilized by a zinc ion that is
coordinated by two cysteines and two histidines. Homeodomains have a helix-turn-
helix DNA-binding region and members of this family are essential for formation
of the anterior-posterior body axes throughout the animal kingdom. Helix-loop-

helix proteins contain a basic region for DNA binding and a neighbouring region for
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dimer-formation.

Many TFs function as homo- or hetero-dimers formed with other members of
the same family (for example, helix-loop-helix proteins). Heterodimerisation allows
recognition of a large number of DNA-sequence targets using a relatively small set of
family members. It also allows bipartite binding sites (two binding-sites separated
by space) to be recognised (for example the Fos-Jun heterodimer, Risse et al., 1989).
Finally, TFs can act as activators, repressors or both depending on the context in

which they function (for example, the presence of other regulatory proteins).

1.3.3 Action of transcription factors

Co-regulator
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Figure 1.4: Transcriptional regulation by modulation of RN A polymerase II function -
B & C. Action of TFs on RNA polymerase II. General TFs (A) are part of the general transcription
machinery. Sequence-specific DNA-binding TFs bind to proximal promoters (B) or enhancers (C).
TFs act directly or indirectly—via co-regulator(s) such as the mediator complex—on the RNA
polymerase II to regulate the transcription. (Adapted from Fuda et al., 2009).

TFs are divided into two main classes: general and sequence-specific DNA-
binding TFs. General TFs are components of the pre-initiation complex and they

are necessary for basal RNA polymerase activity (see section 1.3.1.1). Sequence-
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specific DNA-binding TFs interact with the core transcription machinery and are
needed for condition-specific regulation of gene expression. They bind to specific
binding sites in promoters or enhancers. Genes in higher eukaryotic genomes are
likely to have several enhancers placed upstream and downstream, as well as within
the introns and such regulatory elements can stimulate target transcription from a
distance. Diverse mechanisms ensure that the right enhancer interacts with the right
promoter; for example, an insulator protein can stop the action of a distal enhancer
on a promoter if placed between them, or genes regulated by the same enhancers

can compete for interactions with them through the use of tethering elements.

Combinatorial interactions between TFs and co-factors are important for correct
gene expression. A repertoire of 1400 TFs is clearly not sufficient to control a
complex gene expression program in humans, if the regulators act independently;
however through combinatorial activity, they allow tight and precise spatio-temporal

control.

A good example of combinatorial regulation can be seen in D. melanogaster,
in which cis-regulatory modules (CRMs) integrate inputs from multiple TFs. By
grouping several binding sites into each enhancer, they produce precise gene expres-
sion patterns with relatively few TFs. CRMs contain a mix of high- and low-affinity
binding sites, this lead to their activation at different TF concentrations. Interest-
ingly, it has been shown that in some cases activators are broadly expressed and
activate their target genes. These genes can then be repressed only in well-defined
region(s), where a repressor —binding on the same CRMs— is expressed. For exam-
ple some stripes in drosophila embryos come from the expression, at a given place

and time, of a repressor such as Slpl (reviewed in Bonn and Furlong, 2008).

An interesting use of combinatorial regulation is the concept of a master regu-
lator that can control the activity of a large number of CRMs at one time. If TFs

are already bound to each CRM, a single master TF can have a global effect by
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completing the combination across many CRMs. An example of a master regulator
is MyoD, which controls muscle cell differentiation (Weintraub et al., 1989).

TF binding sites within enhancers are sometimes present in precisely spaced
clusters, which allow TFs to bind in a specific manner. Stable assemblies of TFs are
sometimes known as enhanceosomes, which can include not only transcriptional ac-
tivators, but also structural proteins that stabilise the assembly of proteins (Merika
and Thanos, 2001). Enhanceosomes are stable and expose a unique activating sur-
face. They offer remarkable precision and efficiency for regulation by inducing the
efficient loading of the basal transcriptional machinery. The virus-inducible enhancer
of interferon-3 is one of the best-understood enhanceosomes (Merika and Thanos,
2001). The combinatorial interaction between NF-xB proteins, the ATF-2/c-Jun
heterodimer and the I(Y) group protein leads to a highly specific gene expression
program during viral infections (Wathelet et al., 1998). The crystal structure of this
enhanceosome was determined by Panne et al. (Panne et al., 2007).

To summarise, increasing knowledge has been obtained about how TFs function
together (reviewed in Bonn and Furlong, 2008). However, there are still many TFs
to be characterised and a lot to be discovered about their combinatorial action to
regulate particular functions and cell types especially in higher organisms. Chapter

3 presents an analysis of human TF combinations in the context of tissue specificity.

1.3.4 How chromatin modifications regulate transcription

1.3.4.1 The structure of chromatin

The DNA molecule is not naked in the cell but bound by proteins resulting in a tight
and efficient packaging. The combination of compacted DNA along with the protein
components is called the chromatin. Chromatin can be restructured depending on

environmental cues, to allow more or less access for regulatory proteins. Therefore
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Figure 1.5: Transcriptional regulation by modulation of RNA polymerase II function
- D.Chromatin modification influencing RNA polymerase II activity: Histone remodelling complex
and histone modifying enzymes (triangles) act on the nucleosome to allow transcription by example
creating the nucleosome-free region (NFR) or modifying the histone tails of nuclesomes present in
the transcribed region (pink triangle). (Adapted from Wasserman and Sandelin, 2004; Fuda et al.,
2009).

chromatin structure makes an important contribution to transcriptional regulation.

The basic unit of chromatin is the nucleosome: it consists of a 147bp segment
of DNA wrapped around an octamer of histone molecules (H2A, H2B, H3, H4—two
molecules of each histone). These core histone proteins are small and highly basic.
Their amino acid sequences are highly conserved in all eukaryotes. Structurally, each
protein contains a globular domain and a flexible “histone tail” protruding from the
surface of the nucleosome (Figure 1.6). Chromatin at this level of compaction is also

described as the 11nm fibre. Since nucleosomes do not provide enough compaction,
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they are packaged further into a higher order structure called the 30nm fibre. This
involves the linker histone H1 protein which is present in most higher eukaryotes
—yeasts have a linker histone HHO1, which is thought to be orthologous to meta-
zoan H1. Linker histone H1 binds to the segment of DNA linking two adjacent
nucleosomes. At a higher order level of structure, we observe the 300-700nm fibre
in the interphase and metaphase cell. The final chromatin structure can compact

the original DNA by 10,000 fold of its original length.
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Figure 1.6: The nucleosome and associated histone modifications. Schematic representa-
tion of a nucleosome, octamer of the core histone proteins (H2A, H2B, H3, H4) around which DNA
is wrapped. Histone molecules have long unstructured tails that can be covalently modified. All
the known modifications for the Arginine (R) or Lysine (K) methylation (me), Lysine acetylation
(Ac) and Serine (S) phosphorylation (P) are indicated. (Figure based on a figure from Allis et al.,
2007)

The chromatin is generally characterised by two states; the euchromatin and
the heterochromatin. Euchromatin or “active” chromatin is decondensed chromatin,
consisting largely of coding sequences with the potential for transcriptional activity.

This chromatin state undergoes many modifications through the action of many dif-
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ferent proteins. For example, chromatin remodelling proteins utilise ATP to move
a nucleosome along the DNA. In other cases, histone-modifying enzymes can intro-
duce covalent modifications to specific histone residues. Heterochromatin can be
defined as highly compact and silenced chromatin. It includes among other regions
the centromeric and telomeric chromosomal domains and covers 96% of the mam-
malian genome. This state contains some well-known histone variants and histone
modifications (see section 1.3.4.2). It is thought to have an essential role in the

overall genome structure, expression and faithful chromosome segregation.

A recent study performed in Drosophila by Filion et al. (2010) refined this rather
simple description of the chromatin states by identifying five different chromatin
states (referenced by five colors) based on different combinations of chromatin com-
ponent proteins. The RED and YELLOW chromatin correspond to active chro-
matin. The RED chromatin contains many tissue-specific genes and hotspots where
many seemingly unrelated proteins co-localise. The YELLOW chromatin contains
a majority of ubiquitously expressed housekeeping genes. The BLUE chromatin is
characterized by the binding of Polycomb group proteins, which repress transcrip-
tion. The BLACK chromatin is the most prevalent repressive chromatin type and
contains two thirds of all silent genes. Finally, the GREEN chromatin is marked by
the heterochromatin protein 1 (HP1) and SU(VAR)3-9, with several HP1-associated
proteins and covers large domains in pericentric regions. However this state does not
correspond to the repressive state usually attributed to the term heterochromatin
but rather to a neutral alternative (reviewed in van Steensel, 2011). Furthermore,
several recent papers have described more than two chromatin states by identifying
combination of histone marks in different cell types or species (Kharchenko et al.,

2010; Gerstein et al., 2010; Ernst and Kellis, 2010).

At a more detailed level of resolution, individual nucleosomes have been shown

to displace in response to transcriptional activity. Nucleosome-free regions are often
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observed upstream of the TSS and downstream of the 3’-end of expressed genes
(essentially described in yeast, Mavrich et al., 2008). The upstream nucleosome-free
region is likely to permit the assembly of the transcription machinery. More gen-
erally, the nucleosome-free region is created through the action of specific enzymes
that replace histone molecules (SWR1 remodelling complex: H2A to H2A.Z), re-
move them (RSC complex and chaperones) or move them along the DNA (Swi/Snf
complex). Therefore, nucleosome dynamics is important as it regulates DNA acces-

sibility.

1.3.4.2 Histone variants and modifications

Isoforms of histone subunits and covalent modifications of the histone tails are impor-
tant contributors for creating hetero- and euchromatin. In certain chromatin regions,
nucleo