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PROLOGUE

It was the sequential appearance of proteins in the replication complex, ex-
plained by my biology teacher, that appealed to me and triggered my interest for
molecular biology. I was fascinated by this seemingly ordered and logical pro-
cess — one event being the prerequisite for the next. First year at the university
supported this impression. The same coordinated system worked in repair
processes, in transcription, in translation. Things seemed logical and nicely re-
gulated. My following studies made some corrections to this concept of clarity
and easiness.



INTRODUCTION

During RNA polymerase II (RNAPII)-dependent transcription one strand of DNA
is used to synthesise complementary mRNA. RNA synthesis is divided into three
main phases — initiation, elongation and termination. Correct regulation of all
these stages of transcription and gene expression in general is crucial for the
viability of an organism. Therefore the process of RNAPII-dependent trans-
cription has been the subject for intensive studies for decades. So far, over 10 000
scientific articles have been written about the basic mechanisms of transcription,
most of them concern transcription initiation. Just around 1700 deal with tran-
scription termination and about 1400 with elongation (PubMed, May 2011).

In all eukaryotic cells DNA is assembled into chromatin by forming com-
plexes with histone proteins. The structural elements consisting of DNA and
histones are called nucleosomes. Like all processes involving DNA as a sub-
strate, the transcriptional machinery encounters higher structures of chromatin,
which hinder the access to DNA primary sequence. Therefore it is inevitable to
wonder how RNAPII overcomes this barrier. Previous studies have determined
additional factors facilitating RNAPII elongation through chromatin by histone
post-translational modifications and nucleosome remodelling. In the case of a
high transcription level, nucleosomes are fully evicted form the transcribed gene
during elongation and reassembled after transcription repression. In the current
thesis we have experimentally determined the area of nucleosome loss and
whether pre-existing or newly synthesised histones are assembled in new
nucleosomes upon transcription inhibition. Further, more complex and closed
structures of chromatin exist, called hetero- or silenced chromatin. The classical
view has considered heterochromatic structures impenetrable obstacle for the
RNAPII. The second purpose of this study was to investigate this presumption
as previous studies have shown the existence of transcription initiation comple-
xes on promoters within silenced chromatin.

The transcription levels and levels of elongating RNAPII on different genes
vary significantly as the requirements for the gene products are not identical.
Several genome-wide studies, which have addressed the question of the
distribution of the components of transcriptional machinery have provided us
with valuable information. But as these studies draw conclusions on the average
signal from the whole cell population they fail to describe processes occurring
in a single cell. Thus, our third goal was to determine the distribution of
RNAPII complexes on a single chromatin fragment.

The literature overview in this study describes the structure of chromatin, its
remodelling and modifying and gives a short description of RNAPII-dependent
transcription with the emphasis on the budding yeast (Saccharomyces cere-
visiae) which was used as a model organism in our experiments. The results ob-
tained from our studies add new information to the basic knowledge of gene
transcription and enhance the understanding about the mechanisms of RNAPII-
dependent elongation providing the scientific community with surprising data
on less studied topics.
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I. OVERVIEW OF LITERATURE
1. Structure of chromatin

Around 1880s German biologist Walther Flemming gave the name “chromatin”
to the substance that strongly absorbed basophilic dyes and was found in the
nuclei of cells (Flemming, 1882; Olins and Olins, 2003). The name “chromatin”
has stuck to the complex of DNA and its associated proteins since then. At the
first glance the main purpose of packing DNA into chromatin seems to be the
need to fit this enormous molecule inside the nucleus in an ordered manner.
However, the dynamics of chromatin structure plays a significant role in re-
gulating different cellular processes that require access to DNA.

1.1. Structure of the nucleosome

The first level of higher order packaging of chromosomal DNA is the nucleo-
some — a complex of DNA and histone molecules (Figure 1). Histones are
positively charged nuclear proteins consisting of functionally different “histone
body” and “histone tail”. DNA is wound around the histone octamer for 1.65
superhelical left-hand turns, leading to about sixfold reduction of the original
DNA length. For different eukaryotes the number of DNA base pairs in a
nucleosomal particle may vary from 157 to 240 bp. When digested with nuclea-
ses the “core particle” of the nucleosome consists of 145-147 bp of DNA and
the histone octamer. Rest of the DNA forms a linker between nucleosomes. The
final diameter of the core particle is about 11 nm and the height is approxima-
tely 5.5 nm (Luger et al., 1997; Olins and Olins, 2003; Richmond et al., 1984).

The histone octamer consists of four histone dimers defined by H2A-H2B
and H3-H4 histone pairs. The two H3-H4 pairs interact with each other via H3
proteins. H2A and H2B pairs both interact with one of the H4 histones in the
tetramer via H2B molecules (Figure 1). In solutions with physiologically rele-
vant ionic strength, H3-H4 tetramer and the H2A-H2B dimer are present as
stable aggregates (Luger et al., 1997).

All four histone proteins contain a common structural element called
histone-fold domain that facilitates the interaction between DNA and histone
proteins. It consists of three alpha helices connected by two loops. In an
artificial nucleosome formed from recombinant histone proteins and human a-
satellite DNA, 121 bp of DNA is bound directly to the histone-fold-domains.
Each dimer from the histone pairs is associated with 27-28 bp of DNA, leaving
4 bp first-hand unbound linkers between the interactions (Luger et al., 1997). A
study revealing 1.9 A resolution crystal structure of the nucleosome shows that
binding with histone proteins induces changes in DNA conformation when
compared to free oligonucleotides and non-histone protein-DNA complexes.
These differences might play a major role in allowing the precise recognition of
nucleosomal DNA by nuclear factors (Richmond and Davey, 2003).
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~11 nm ~5,5 nm

Figure 1. Structure of the nucleosome core particle. Top and side view of 146 bp
DNA (light grey ribbon) in the complex with the eight histone proteins (red — H3;
orange — H2A; black — H4; blue — H2B). Green spots on H3 proteins indicate the
location of the K56 residue. Source: Protein Data Bank ID: 1AOI (Luger et al., 1997).

On the electron density map it is seen that the N-terminal tails of histones are
out of the DNA-octamer fold for over about one third of their total length. The
tails of H2B and H3 penetrate through the DNA super helix structure between
two minor grooves situated side by side on the histone octamer. Nevertheless,
due to weak electron density for the further tail sequences, the conformation of
the extra-nucleosomal part is not known. It is very likely that no specific
conformation exists. As these regions are highly basic and contain sites for
covalent post-translational modifications (PTM), they are probably involved in
the formation of higher order chromatin structure through interactions with
neighbouring nucleosomes (Luger et al., 1997).

1.1.1. Histone post-translational modifications

As one way of contributing to the dynamics of chromatin, histones carry
covalent modifications. These modifications are mainly found on histone tails,
but some of them have been located also to histone bodies (Figure 2).
Discovered in 1960s by Vincent Allfrey (Allfrey et al., 1964) but at that time
considered somewhat artifactual, the histone modifications made their grand
reappearance to the front pages in the end of the 1990s (Latham and Dent,
2007). In the year 2000, the “histone code” hypothesis was proposed, arguing
that specific combinatorial sets of histone modifications can guide the

12



recruitment of particular transactivating factors to carry out specific functions
(Barth and Imhof, 2010; Jenuwein and Allis, 2001; Strahl and Allis, 2000).

So far, well-known modifications of histones include co-translational
acetylation of the N-terminus, post-translational lysine acetylation, lysine and
arginine methylation, serine phosphorylation, lysine ubiquitylation and
sumoylation. Less studied are glutamic acid ADP ribosylation, arginine
deimination (citrullination), proline isomerization, lysine biotinylation and
addition of the sugar residue S-N-acetylglycosamine (O-GlcNAc) (lizuka and
Smith, 2003; Kouzarides, 2007; Sakabe et al., 2010).

There are two main mechanisms through which histone modifications work.
Firstly, some modifications change the overall charge of histones (in the case of
acetylation, less positive charge is created due to the loss of e-NH*" groups on
lysines). This can alter the strength of histone-DNA interaction. Secondly,
histone modifications help to recruit nonhistone proteins to specific regions of
DNA, therefore facilitating different cellular processes. First evidence for such
regulation was found in case of bromodomains and chromodomains recognizing
acetylated or methylated lysines, respectively (Dhalluin et al., 1999; Ferreira et
al., 2007; Jacobs and Khorasanizadeh, 2002).

N N N N
) Q-s1
@-R2 @R AKe
@- K4 A K5
A <*-K6,7
A-K9 “a-xe “ @-s10
O-s10 A K12 A K11
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©-T118

Figure 2. Common histone modifications in budding yeast. Numbers on the figure
indicate modified amino acid residues on the corresponding histone proteins. Different
modifications have been indicated by the colour code and different shapes (red
triangle — acetylation; blue sphere — methylation; green hexagon — phosphorylation;
yellow cross — ubiquitylation; magenta sun — sumoylation). N and C indicate amino-
and carboxy-termini of histone proteins, respectively.
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Histone modifications and their patterns are an intriguing topic as the vast
number of possible combinations complicates the understanding of these
patterns significantly. There are approximately 60 amino acid residues that are
modified on histones. But each histone in the nucleosome might have its own
modification pattern changing in time as modifications (acetylation, methy-
lation, phosphorylation, deimination) can appear and disappear according to
signals arriving from the environment. In addition, one modification may appear
in different forms, for example, mono-, di- and trimethylation is common for
lysines, mono- or dimethylation for arginines. It all indicates that nucleosomes
have some kind of modifications all the time, but all these modifications are in
permanent change. What more, there are some very specific histone modifying
enzymes (mainly methyltransferases and kinases), shown to covalently attach
chemical groups only to specific histone residues. But at the same time there are
histone modifiers, whose substrate discrimination is not so restricted, modifying
also other proteins in cells.

1.1.1.1. Histone acetylation
Two types of histone acetyltransferases (HATS; type B and type A) carry out
the transfer of acetyl group from acetyl-CoA to the e-amino group of lysine side
chains on histones. Type B HATs are located to the cytoplasm and are
responsible for acetylating newly synthesised free histone proteins. Right after
synthesis histone H4 is acetylated at positions K5 and K12, histone H3
preferentially at position K9. When incorporated to nucleosomes, histones are
quickly deacetylated by histone deacetylases (HDACsSs). Further modifications
take place while histones are already components of nucleosomes (Bannister
and Kouzarides, 2011; Jackson et al., 1976; Kuo et al., 1996; Parthun, 2007).

Type A HATs can be divided into at least three groups (GNAT, MYST,
CBP/p300) according to their protein structure and amino acid sequence
homology. All the enzymes in this family modify multiple sites within the N-
terminal tails of histones but also additional sites within the histone core (Figure
2). Highly conserved acetylation sites in histone H4, in addition to previously
mentioned ones, are K8, K16 and K20. N-terminal acetylation sites for H3
encompass also residues K14, K18, K23 and K27 (Bannister and Kouzarides,
2011). Whilst most modifications take place on histone tails, which are open for
possible docking of proteins and complexes with specific enzymatic activities,
acetylation mark of H3K56 is situated in the core domain of the histone. K56
residue is facing toward the major groove of the DNA in the nucleosome, being
in a very good position to disrupt DNA-histone contact when acetylated by
HAT Rtt109 (Han et al., 2007; Xu et al., 2005). Acetylation sites on H2A and
H2B are less conserved and also less studied. Nevertheless, in yeast, acetylation
of K11 and K16 on H2B and K4, K7 on H2A has been described (Ahn et al.,
2006; Fuchs et al., 2009; Suka et al., 2001).

Type A HATs can be frequently found in large multi-subunit complexes,
including the transcriptional machinery. Being involved in bigger complexes
modulates HATSs’ activity and specificity. For example, purified GenS acety-
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lates free histones but not histones within a nucleosome. When part of the
SAGA complex, it can efficiently acetylate also histones in nucleosomes (Grant
etal., 1997).

Some general conclusions on the distribution of histone acetylation can be
drawn in S. cerevisiae. On actively transcribed genes more acetylation signal is
detected in the promoter and also 5 part of the gene, encompassing different
acetylation sites like H3K9, H3K14, H3K18, H4K5, H4K12 and H2AK?7.
Nevertheless, on two nucleosomes surrounding the transcription start site (TSS),
H2BK16, H4K8 and H4K16 acetylation level is low (Liu et al., 2005; Pokholok
et al., 2005). When analysing acetylation patterns on single genes, a bit more
controversial results may be obtained. For example, in case of H3K9
acetylation, data on “average gene” demonstrates that this modification peaks at
the predicted TSSs of active genes and correlates with transcription rates
genome-wide. Whereas data specifically on GALI-10 genes show that these
genes have higher activation levels if at least 3 acetylation sites on H3 — K9,
K14, K18 or K23 — are substituted with arginine or glycine (Mann and Grun-
stein, 1992; Pokholok et al., 2005). Hence indicating that histone acetylation is
not always prerequisite for efficient gene expression.

The activity of nine HATs found in budding yeast is reversed by a number of
HDACs whose activity restores the positive charge of lysines. There are four
classes of HDACs of which three are represented in budding yeast. Classes |
and II comprise of enzymes related to deacetylases Rpd3 and Hdal, class III
(sirtuins) enzymes are homologous to yeast Sir2 protein and of all the HDACs
are the ones who need NAD" as cofactor for their activity. In mammals also
class IV of HDACs exists but has only one lonely member — HDACII.
Compared to HATs, HDACs have low substrate specificity by themselves and
they are able to deacetylate different histone residues in a single nucleosome
(Fuchs et al., 2009; Kurdistani and Grunstein, 2003; Rundlett et al., 1996; Yang
and Seto, 2007). It is very likely that continuous balance between the activity of
HATSs and HDAC: is one of the determinants for gene transcription level.

1.1.1.2. Histone methylation

Histone methylation occurs on lysine and arginine side chains and is carried out
by methyltransferases. Methylation can be a multilevel process as mono-, di-
and trimethylation is possible. Trimethylation occurs only on lysine residues
whereas arginine can be dimethylated either symmetrically or asymmetrically
(Bedford and Richard, 2005). Methyltransferases are much more substrate
specific than HATs and so far 3 methylation sites for lysines on histone H3 in
budding yeast are known — H3K4, H3K36 and H3K79, methylated by Setl,
Set2 and Dotl, respectively (Briggs et al., 2001; Feng et al., 2002; Strahl et al.,
2002) (Ng et al., 2002). Arginine methylations appear on H3R2 and H4R3 and
are catalysed by arginine methylases. Methylation does not change the charge of
histone tails and therefore the predominant role of these modifications is most
likely the recruitment of additional factors needed for the execution of cellular
processes on DNA. Proteins with chromodomains and PHD domains can
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recognise methyllysines, whereas proteins with Tudor domain recognise both,
methyllysines and —arginines (Cote and Richard, 2005; Fuchs et al., 2009;
Jacobs and Khorasanizadeh, 2002; Taverna et al., 2006).

All lysine methylations in budding yeast have been associated with active
transcription. On the coding region trimethylation of H3K36 and H3K79 is
associated with elongating RNAPII although H3K79 methylation is also found
on the promoter regions. Methylation of K36 plays a somewhat controversial
role as this mark is a signal for recruiting HDAC Rpd3 to repress transcription.
Trimethylated H3K4 is more specific to the 5’ end of genes and to regulatory
regions (Carrozza et al., 2005; Pokholok et al., 2005; Rao et al., 2005). In
contrast to the activating properties of methylation in budding yeast, in higher
eukaryotes and fission yeast (Schizosaccharomyces pombe) methylation on
H3K9, H4K20 and H3K27 is associated with gene silencing and formation of
heterochromatin (Kirmizis et al., 2007; Min et al., 2003; Nakayama et al., 2001;
Yu et al., 2006).

Until recently it was believed that methylation is an irreversible histone
mark. To date already several demethylase enzymes have been described in
mammals and some in budding yeast. For example, demethylation of H3K4 by
yeast trimethyl demethylase Jhd2 antagonises active transcription and has been
shown to repress telomeric silencing (Liang et al., 2007; Shi, 2007).

1.1.1.3. Other post-translational modifications on histones

Although phosphorylation is an abundant protein modification, it is relatively
rare on histone molecules. Phosphorylation takes place on serines, tyrosines and
threonines and predominantly on the N-terminal part of histones but not
exclusively. This modification is added and removed by kinases and phospha-
tases, respectively. As in other processes, phosphorylation of histones corres-
ponds to changes in extracellular environment. For example, phosphorylation of
H3 serine 10 promotes transcription (by influencing acetylation on H3K14) in
response to the change in carbon source (Lo et al., 2001). As phosphorylation
adds negative charge to the histone, it undoubtedly influences chromatin
structure. In case of H3T118 in vitro studies have shown that phosphorylation
of this residue dramatically decreases DNA-histone octamer binding and
increases nucleosome sliding (North et al., 2011). Phosphorylation of serine 1
on H4 is required for the efficient recruitment of the SWI/SNF chromatin re-
modelling complexes (Schwabish and Struhl, 2007). Other defined phosphory-
lation sites on histones include H3S28, H3Y41, H2BS10, H2AS122, H2AT126,
H2AS129 and have been linked to diverse processes in the cell (Fuchs et al.,
2009).

Large changes to the amino-acid side chains on histones are caused by
ubiquitylation and sumoylation whereas other histone modifications cause
relatively small molecular changes. Ubiquitylation acts as a signal for protein-
protein interactions and in regulating protein stability. In budding yeast only
one ubiquitylation site has been found — on histone H2B, lysine 123. This
modification leads to the recruitment of Setl and Dotl methyltransferases that
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are essential for H3K4 and H3K79 methylation, respectively. H2B ubiquity-
lation also facilitates FACT function and that way stimulates transcript elon-
gation (Foster and Downs, 2009; Pavri et al., 2006). In contrast to ubiquity-
lation, sumoylation has been reported on all four histone proteins. Nevertheless,
specific sumoylation sites have been mapped only on H2A and H2B. The
precise role of sumoylation in transcription is largely unknown but in general it
is believed to be a repressive mark antagonizing histone acetylation (Nathan et
al., 2006).

Proline isomerization is the only non-covalent post-translational modifi-
cation on histones and the change in proline conformation can cause a signifi-
cant change in protein structure. If proline 38 on histone H3 is mutated, it
affects the ability of Set2 to methylate nearby lysine 36, therefore influencing
transcription elongation (Nelson et al., 2006).

In mammalian cells histones are known to be mono- and poly-ADP ribo-
sylated on arginine and glutamate residues. Poly-ADP ribosylated histones have
been correlated with less strained chromatin structure, probably as the con-
sequence of the negative charge caused by the modification. Also, this modifi-
cation increases the acetylation levels of the core histones (Cohen-Armon et al.,
2007; Hassa et al., 2006). Conversion of arginine to citrulline neutralizes the
positive charge of arginine and therefore has the potential to affect chromatin
structure (Cuthbert et al., 2004).

1.1.2. Histone variants

Besides the four highly conserved histones (H2A, H2B, H3, H4), nucleosomes
encompass different histone variants that have specific roles in many processes,
including DNA repair, chromosome segregation, meiotic recombination and
transcription initiation. Compared to their canonical relatives, histone variants
are much less conserved, their expression is not coupled to DNA replication and
they are found in distinct DNA regions, facilitating specific cellular processes.
The structural differences of histone variants alter the structure of nucleosomes
and through that change the dynamics of chromatin (Talbert and Henikoff,
2010).

Centromeric histone H3 variants (CenH3; Cse4 in S. cerevisiae, CENP-A in
humans) are important in the formation of kinetochore and special in their way
of forming remarkably smaller nucleosomes by size and with lower capacity to
protect DNA from nuclease attack (Dalal et al., 2007). In addition they seem to
cause the DNA wrap around the histone octamer in right-handed manner
opposed to the common left-handed wrap (Furuyama and Henikoff, 2009).

H3.3 differs from the canonical H3 by only four amino acid substitutions and
its assembly to chromatin in D. melanogaster is replication-independent
(Ahmad and Henikoff, 2002). In human and fruit fly cells H3.3 is assembled
into chromatin of transcribed genes, gene regulatory elements and promoters
(Schwartz and Ahmad, 2005). Ascomycetes, like S. cerevisiae, do not have this
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extra version of H3 and where needed, the canonical H3 is incorporated to
nucleosomes replication-independently (Mousson et al., 2007).

From the viewpoint of transcription, H2A variant Htzl (H2A.Z in humans)
has a crucial role. This histone variant is conserved from yeast to humans and in
yeast comprises about 5% of the total H2A in cells, being broadly but not
uniformly distributed throughout the chromosomes. Htzl can be found in
nucleosomes on both sides of the nucleosome free region (NFR), at tran-
scription start sites, promoting efficient RNAPII recruitment and interacting
with the components of the transcription machinery (Adam et al., 2001). Dele-
tion of Htzl in S. cerevisiae is not lethal but does make cells grow significantly
slower. Htzl is incorporated to the promoter regions of repressed GALI-10 and
PHOS genes. Although gene activation is not impaired on repressed genes when
HTZI is deleted, double mutants with chromatin remodelling complex
SWI/SNF or histone modifying complex SAGA cause significant defects in
gene induction (Santisteban et al., 2000). In general, nucleosomes containing
Htz1 version have high turnover rates and are less stable than H2A containing
nucleosomes. Being susceptible to loss they expose promoter DNA to regu-
latory proteins and that might be the mechanism behind their ability to promote
gene transcription (Zhang et al., 2005). Htzl also locates to subtelomeric
regions, restricting the spread of heterochromatin in yeast chromosomes
(Meneghini et al., 2003). In transcription elongation Htz1 is important for the
normal distribution of elongating RNAPII. In AzzIA cells elongation complexes
have different composition compared to wild-type cells. For example, in mutant
cells abundance of elongation factor Spt5 was detected on GALI gene. Hence,
establishment or maintenance of the normal RNAPII elongation complex might
be facilitated by chromatin containing the Htzl variant. Also, in mutant cells
RNAPII transcription rate is approximately 24% slower than in wild type cells,
probably caused by the increase in nucleosome occupancy in AfzIA strain
(Santisteban et al., 2011).

In DNA repair another version of H2A, H2A X, is represented. This version
of H2A has a specific phosphorylation site coming handy when DNA repair
machinery needs to be recruited. In budding yeast all H2A molecules have this
additional phosphorylation site and that is the canonical H2A for this organism
(Mannironi et al., 1989; van Attikum and Gasser, 2009; West and Bonner,
1980).

1.2. Formation and dynamics
of heterochromatin

A classical view of transcriptional silencing states that the highly condensed
heterochromatin structure elicits its repressive effects by sterically hindering the
access of sequence specific regulatory factors required for binding of tran-
scription machinery and therefore blocking the whole process (Kornberg and
Lorch, 1991).
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In S. cerevisiae heterochromatin formation requires the silent information
regulator (SIR) complex. SIR proteins are involved in silencing three main
regions — telomeres, ribosomal DNA (rDNA) locus and silent mating type loci
(HML and HMR). Classical understanding for SIR complex recruitment is a
nucleation-polymerisation model — SIR proteins spreading from silencers,
flanking the silent cassettes, along chromatin in a stepwise manner (Rusche et
al., 2003).

The mating type, a or a, of a yeast cell is determined by the allele of the
mating type locus MAT. In addition to the expressed allele in MAT locus,
Saccharomyces cerevisiae strains have silenced copies of mating type genes at
HML and HMR loci that contain cryptic copies of MATal/a2 or MATal/a2
genes, respectively. The HM loci are flanked by silencers termed E and /.
(Donze et al., 1999; Loo and Rine, 1994; Sekinger and Gross, 1999). To es-
tablish silenced chromatin, SIR proteins Sirlp, Sirdp, Sir2p and Sir3p have to
be recruited to silencer sequences. This recruitment process is hierarchical
where one event (the recruitment of a protein) leads to another (Rusche et al.,
2003).

The HMR-E silencer consists of binding sites for three essential factors —
origin recognition complex (ORC), Rapl and Abfl. All these proteins have
affinity for one or more SIR proteins and facilitate their recruitment to silencer.
After the binding of essential factors Sirl interacts with Orcl protein and
enhances the recruitment of other SIR proteins. Next step in the formation of
heterochromatin is the binding of Sir4 to Sirl and Rapl proteins. Sir4 is likely
responsible for bringing also Sir2 along. Sir3 protein is recruited by its binding
to Sird4 and Abfl proteins. After the assembly, SIR proteins spread from the
silencer to their target region. The spreading occurs by the binding of Sir3 and
Sir4 proteins to the tails of histones H3 and H4. Sir3 and Sir4 bind more
efficiently hypoacetylated histone tails and therefore they need the deacetylase
activity of Sir2 for this interaction. The onward binding of Sir4 and Sir3 helps
to recruit additional Sir2 proteins and that way facilitate further binding of Sir3
and Sir4 to adjacent nucleosomes (Carmen et al., 2002; Rusche et al., 2002;
Rusche et al., 2003; Zhang et al., 2002).

HMR-E silencer promotes assembly of silent chromatin bi-directionally but
has an orientation preference, silencing reporter genes more efficiently on Abfl
binding side (adjacent to the MAT A genes) than on the side that binds ORC.
This property is caused by the nucleosomal positioning on the binding sites of
those proteins, promoting spreading mainly in one direction (Zou et al., 2006).
HMR-E works also when inserted to other chromosomal contexts. An inte-
resting notion is the ability of the silencer to promote SIR protein spreading
without the classical recruitment mechanism described previously. Recently it
was shown that HMR-E promotes association of SIR proteins also with distant
nucleosomes (even more than 2 kb away) and not only adjacent ones. In the
work by Lynch and Rusche simultaneous (and not step-wise) appearance of SIR
proteins was detected on regions around the silencer. Also the speed of SIR
protein spreading seems to be dependent on the chromatin structure of the
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heterochromatin nucleation site as SIR complex spreading was faster from the
HMR-E silencer than on telomeric regions (Lynch and Rusche, 2009).

In a recent article, employing genome-wide deep sequencing, it was shown
that besides silencers the SIR proteins bind also other sites in the genome. Sir2-
dependent binding of Sir3 was seen to DNA regions close to seripauperin
(PAU) genes. The PAU genes seem to act as additional recruitment sites to
silencing proteins and facilitate the spreading of silenced chromatin near
telomeres (Radman-Livaja et al., 2011). One explanation for the findings of Sir3
binding in unexpected chromosomal sites might be the fact that SIR complex
can itself promote the formation of higher structures of chromatin through
“Sir3/distant nucleosome” interactions caused by H4K16 deacetylation. In a
reversed version, chromatin folded into higher-order state can account for Sir3
association with a number of nucleosomes away from the concrete silencer
region (Johnson et al., 2009; Shogren-Knaak et al., 2006).

For the cell it is crucial to prevent heterochromatin from spreading beyond
the desired regions or assemble to wrong places. For that, barrier elements exist
at some junctions between silenced and active chromatin. One naturally
occurring barrier near the HMR locus is the tRNA™ gene (Donze et al., 1999).
However, no barrier elements have been identified at most transition sites from
eu- to heterochromatin. For example, in telomeric region competition between
active and silenced chromatin is proposed. Active chromatin is characterised by
changes in chromatin structure, encompassing a set of histone modifications
that reduce the affinity of the silencing proteins for nucleosomes, that way
limiting the spread of heterochromatin. Presence of specific proteins involved in
modifying chromatin, assures that the equilibrium between active and silenced
chromatin is reached. Some of the important determinants at the self-forming
barriers are HAT Sas2, bromodomain protein Bdfl, histone variant Htzl,
histone methyltransferases Dotl and Setl as in case of their absence, SIR pro-
teins tend to spread a bit farther at telomeres (Kimura et al., 2002a; Krogan et
al., 2002; Ladurner et al., 2003; Meneghini et al., 2003; Suka et al., 2002; van
Leeuwen et al., 2002). In addition, only in the case of Sir3 over-expression
significant increase in heterochromatin spreading is detected. This suggests that
actually the amount of Sir3 proteins themselves (but not Sir4 or Sir2) is the
limiting factor for the spread of heterochromatin (Hecht et al., 1996; Strahl-
Bolsinger et al., 1997).

1.3. Higher-order structure of chromatin

In addition to heterochromatin formation, other higher-order structures of DNA
have been described. The nucleosomal structure needed for the formation of
heterochromatin is referred to as the “beads on a string” fibre and its discovery
is obliged to the inhabitants of the coop on the roof of the Department of
Biophysics in the heart of London’s theatre district in early 1970s. Namely the
sophisticated London chicken and their donation of erythrocytes led to the
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electron micrographs revealing the beautiful structure of nuclear DNA (Chen
and Li, 2010; Olins and Olins, 1974; Olins and Olins, 2003). In “beads on a
string” fibre the adjacent nucleosomes are attached through linker DNA, the
length of which varies among cells and species and is between 20 to 80 base
pairs (bps). In higher eukaryotes the linker DNA is associated with nuclear
histone proteins H1 or H5 (found only in avian erythrocytes), lacking in S.
cerevisiae.

The secondary structure of chromatin is a 30 nm fibre. Due to experimental
difficulties the exact structure of this compaction of chromatin fibres is not yet
clear. So far two different models have been proposed. The solenoid (one-start
helix) model states that successive nucleosomes are packed side-to-side in a
left-hand helix with bended linker DNA (Widom and Klug, 1985). The Zig-Zag
model (two-start helix) proposes the explanation where an essentially straight
linker DNA connects nucleosomes on opposite sides of the 30 nm fibre and also
has a left-handed turn (Chen and Li, 2010; Robinson and Rhodes, 2006;
Schalch et al., 2005; Williams et al., 1986; Woodcock et al., 1984). The 30 nm
fibre plays an important role in the formation of heterochromatin and in
transcription regulation. Other higher-level chromatin structures probably form
by compaction of 30 nm fibres but so far the possible uniform structure of
further construction of the chromatin has not been defined yet.

It is clear that chromatin exhibits a very dynamic balance between the open
conformation (“beads on the string”) and the compacted 30 nm structure.
Modifying this equilibrium allows gene expression control on chromatin level.

2. RNA polymerase Il dependent transcription

The encounter of two war refugees, Frangois Jacob and Jacque Monod, at the
Pasteur Institute in Paris in 1950 was the starting point for the studies of
transcription and discovery of mRNA. Seeing the same mechanism behind the
lysogeny of bacteriophage lambda induced by ultraviolet light and the ability of
Escherichia coli to make an enzyme that digests lactose only when the cell
encounters that sugar established the base for the future research in the field of
gene regulation and resulted in Nobel Prize in Physiology or Medicine for the
men involved (Gann, 2011; Jacob and Monod, 1961).

Transcription is the first and highly regulated step in gene expression
control. Whilst bacteria have single RNA polymerase consisting of 6 subunits,
most eukaryotes have three polymerases (some plants have four) specialised for
producing distinct RNA species. RNA polymerase I localises to the nucleolus
where it synthesises ribosomal RNA (rRNA). RNA polymerase III is respon-
sible for making tRNAs, 5S rRNA and 7S RNA. The fourth polymerase, dis-
covered in plants, has been shown to have role in heterochromatin formation
and gene silencing. The task of RNA polymerase II is to transcribe all protein-
coding genes and produce small nuclear RNAs.
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2.1. Structure of the RNAPII

RNA polymerase II complex consists of 12 subunits with the whole mass of 550
kDa. The subunits assemble into a structure that is roughly spherical with a cleft
(comprised of the two largest subunits — Rpbl and Rpb2) that is wide enough to
accommodate the DNA template (Figure 3). DNA enters the positively charged
cleft from down the middle of the enzyme, passing between a pair of mobile
elements termed “jaws”. In the cleft the two biggest subunits clamp the 8 bp
RNA:DNA hybrid and downstream DNA duplex. These interactions make it
possible for the elongating RNAPII to slide along DNA and RNA during
elongation and also go backwards. Kornberg and colleagues have proposed a
transcription cycle in which bending of the bridge helix (F-bridge, subdomain
of Rpbl) at the 3’ face of the RNA:DNA duplex induces translocation of the
nucleic acid by one nucleotide within the RNAPII, while following relaxation
of the bridge region opens the binding site for the next complementary NTP
(Cramer et al., 2001; Gnatt et al., 2001; Komissarova and Kashlev, 1997).

In general the 12 different subunits participate in the formation of 4 distinct
RNAPII modules. The previously mentioned Rpbl and Rpb2 comprise the
“core” module, which forms the active centre. Around the active centre subunits
Rpb3 and Rpb10, Rpb11 and Rpb12 are important for RNAPII assembly. Along
the sides of the DNA binding cleft lie additional modules — the “jaw-lobe”
module that is responsible for clamping the DNA downstream of the active site
(Rpbl, Rpb9, Rpb2), the “shelf” module (Rpb5, Rpb6, “foot” and “cleft”
regions of Rpbl), and the “clamp” module (Rpbl, Rpb2). RNAPII subunits
Rpb4 and Rpb7 were crystallised later and they constitute a tail-like sub-
complex to the whole enzyme (Figure 3) (Armache et al., 2005; Cramer et al.,
2001; Gnatt et al., 2001). Of all the 12 subunits only Rpb4 and Rpb9 are non-
essential, although their deletion causes temperature sensitivity and problems in
elongation fidelity (Hemming et al., 2000; Miyao et al., 2001).

A very interesting structural domain is the C-terminus (CTD) of Rpbl. It is
composed of tandem repeats of the hydrophilic heptapeptide Y;SPTSPS,
sequences. In yeast there are 26 repeats, in humans 52. An important feature of
CTD is its phosphorylation. Phosphorylation occurs at Serine-2 (Ser-2), Ser-5
and Ser-7 residues and is characteristic to the different phases of transcription.
Ser-2 phosphorylation level is higher on an elongating polymerase, whereas
during initiation Ser-5 phosphorylation is more abundant. Ser-7 phosphorylation
profiles are gene specific, phosphorylated RNAPII peaking either in the 5° or 3’
ends of genes or both. Ser-7 phosphorylated RNAPII is specifically enriched
over introns, maybe playing a role in splicing. The major function of the
phosphorylated CTD is to be the binding site for specific nuclear factors that
control transcription (Kim et al., 2011; Phatnani and Greenleaf, 2006).
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Figure 3. Structure of the RNA polymerase II. Ribbon representation of the 12 sub-
units of the RNAPII complex. The polymerase subunits (Rpb1-Rpb12) are coloured ac-
cording to the diagram. Source: Protein Data Bank ID: INIK (Bushnell and Kornberg,
2003).

2.2. Phases of transcription

Transcription is divided into three main phases: initiation, elongation and ter-
mination. All these phases have their own “sub-divisions” that allow exact
modulation of gene expression.

During transcription initiation RNAPII is recruited to the promoter regions
of protein coding genes. First an activator binds to the promoter and depending
on the characteristics of the promoter, recruits chromatin remodellers to evict
nucleosomes from around the TSS. Some promoter regions are kept nucleosome
free all the time and do not need the same cofactors for transcription. After
activator binding general transcription factors (GTF) start to appear. Needed co-
activators will bind and the pre-initiation complex (PIC) starts to form ~30-50
nt upstream of the TSS. PIC consists of different GTFs that bind promoter
region in a sequential and coordinated way (Nechaev and Adelman, 2011).

The first to bind the promoter region is the TFIID complex containing
TATA-binding protein TBP. TFIID complex also contains a set of TBP-
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associated factors that serve as targets for further activation of transcription.
This complex is a binding site for additional positive and negative regulators.
TFIIA binding stabilizes DNA-TBP interaction and restricts the binding of
repressors that could stop the formation of initiation complex. Next factor to
bind is TFIIB that establishes the spacing between the TATA box and the TSS
(Fuda et al., 2009; Nechaev and Adelman, 2011).

RNAPII enters into the pre-initiation complex in association with the
Mediator and TFIIF. TFIIF stabilizes the interaction between RNAPII and
TFIIB, preventing associations with non-promoter DNA. The final general
factors to arrive are TFIIH and its stimulatory factor TFIIE. With this arrival
DNA double helix is unfold by the helicase activity of TFIIH and an open
complex is formed. RNAPII initiates transcription, attached stably to both,
DNA and nascent mRNA and transcribes the first 20-50 bps of mRNA,
escaping the promoter. During transcription initiation the CTD is mostly in
unphosphorylated state. Lack of modification on the CTD keeps the PIC pro-
teins attached to RNAPII. TFIIH (its Cdk7 subunit) is responsible for
phosphorylating Ser-5 and facilitating promoter escape (Nechaev and Adelman,
2011; Phatnani and Greenleaf, 2006).

The early elongation is a slow process and the RNAPII complex has a
tendency to pause, arrest and even terminate transcription. In human cells only
1% of the transcription initiation processes complete the whole cycle and give a
full-length transcript. This underlines that the transition from the initiation to
elongation is a crucial step in gene expression regulation (Darzacq et al., 2007;
Marshall and Price, 1992; Nechaev and Adelman, 2011).

Recruitment of P-TEFb kinase triggers transition into productive elongation
by phosphorylation of Ser-2 on the CTD. Ser-2 phosphorylation reaches its
peak levels 600-1000 nt downstream of TSS. Genome-wide occupancy profiles
of RNAPII elongation complex show that all actively transcribed genes in
proliferating yeast cells are associated with the whole complex of RNAPII
elongation factors. Elongation factors enter into the complex downstream of the
TSS within 50 nt. All the elongation factors show characteristic distribution
over transcribed genes and can be divided into 3 distinct groups. Group 1 of
elongation factors (Spt4, Spt5 and Spt6) are more abundant in the 5 and 3’ ends
of the gene, group 2 factors (EIfl and Spnl) peak in the 3’ end of gene and
group 3 factors (Burl, Ctkl, Pafl and Spt16) have a uniform distribution over
the coding region. In case of elongation termination elongation factors exit the
complex in a two-step manner. As the first step group 3 factors exit upstream of
the polyA site, factors from group 1 and 2 tend to exit further downstream
probably being present during RNA 3’ end formation and transcription
termination (Mayer et al., 2010).

24



2.2.1. Transcription elongation

The initial model for RNA polymerase II elongation predicted that the entire
RNAPII molecule advances along the DNA template at steady speed, trans-
locating as each new nucleotide is added to the mRNA. Nevertheless, DNA
footprinting studies showed that at certain short sequence intervals RNAPII was
fixed on the template while the RNA chain increased by few nucleotides
(Krummel and Chamberlin, 1992a; Krummel and Chamberlin, 1992b). These
findings led to the common understanding that during transcription elongation
RNA polymerase is moving back and forth, oscillitating between catalytically
active and inactive state (Komissarova and Kashlev, 1997). As of now a
Brownian ratchet-pawl mechanism for transcript elongation has been accepted
by the wide community. It is a model by which no energy other than provided
by thermal fluctuations is needed for RNAP translocation. By this mechanism
one structural unit of the RNAPII (F-bridge) acts as a reciprocating pawl,
pushing RNAPII forward in relation to the nucleic acid scaffold, while the
incoming substrate acts as a second, stationary pawl, preventing RNAP from
slipping backwards (Bar-Nahum et al., 2005). This model allows polymerase to
move rapidly forward, but also to move backward for several nucleotides. This
way the newly formed RNA 3’ terminus would come out of alignment with the
enzymes active site. By the ratchet movement the 3’ terminus could be brought
back to the active site or polymerase performs endonucleolytic cleavage of the
transcript, resuming elongation. All different phases of elongation with the
multiple equilibriums between different enzyme states are a good target for
regulation by cofactors. The cleavage of RNA by paused RNAPII is highly
stimulated by the elongation factor TFIIS (Izban and Luse, 1992). Also general
elongation factors TFIIF, Elongin and ELL promote elongation by shifting the
equilibriums in favour of transcript formation rather than pausing and
termination (Herbert et al., 2008).

2.2.1.1. Polymerase speed and occupancy

The estimated average speed of RNA polymerase II elongation in higher
eukaryotes is 18-40 nt per second (Kimura et al., 2002b; O'Brien and Lis, 1993;
Tennyson et al., 1995). However, in human cells the maximal speed is up to 70
bases per second, explained by the warmer environment (Darzacq et al., 2007).
Most of the constitutively expressed genes are transcribed at low levels but
transcriptional bursts occur on genes that are up-regulated by various environ-
mental signals. Also some essential proteins (histones, ribosomal proteins,
glycolytic enzymes) have high transcription levels. For such genes the maximal
transcriptional initiation rate in yeast cells is estimated to be one new mRNA
molecule in every 6-8 seconds (Iyer and Struhl, 1996).

The genome of S.cerevisiae encodes for approximately 5900 proteins. First
estimations of the number of mRNAs per one gene in yeast cell predicted it to
be 1-2 molecules (Struhl and Davis, 1981). Rather recent calculations show that
one yeast cell contains approximately 36 000 mRNA molecules under nutrient
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rich conditions. But also much higher numbers have been proposed reaching up
to 60 000 mRNA molecules (Miura et al., 2008; Zenklusen et al., 2008).
Genome-wide studies predict that the median RNAPII density is 0.096 mole-
cules per gene and average transcription rates between 2-30 mRNAs per hour
(Pelechano et al., 2010). More recent data, obtained by a newly established
method of dynamic transcriptome analysis, also reveals that only a few copies
of mRNA of most genes are produced per cell during a cell cycle and the
median half-life for mRNA is 11 minutes (Miller et al., 2011).

Global RNAPII ChIP-Chip array at high resolution shows that in general
transcription activity and RNAPII occupancy values on genes correlate rather
well. Nevertheless, there are exceptions as RNAPII signal was also obtained
from the silent mating type loci, telomeric sequences that are not transcribed
and from the genes with very low transcription activity (as shown previously by
(Holstege et al., 1998)). Therefore genes that are not producing stable tran-
scripts are associated with a significant amount of RNAPII (Steinmetz et al.,
2006). Genome-wide RNA abundance profiling confirms the correlation
between RNAPII distribution and transcription levels but also emphasises the
importance of non-productive/regulatory transcription in the control of gene
expression (Kim et al., 2010). Gene specific studies in colorectal carcinoma
cells show that the distribution of RNAPII on different genes varies. For some
genes more RNAPII is found on the 5’-end, for some on 3’-end and uniform
distribution is also possible (Glover-Cutter et al., 2008). As ChIP-chip analysis
is not giving specific data whether the polymerase on the gene is elongation
competent or not, run-on technique is used to distinctly determine the presence
of elongating RNAPII. By comparing RNAPII signals in the end of the gene
and in the beginning, run-on assays reveal that the distribution of polymerases
on different genes is an intrinsic characteristic that does not correlate with gene
length or expression level. When performing ChIP experiments and comparing
them with data obtained by run-on method, the discrepancy was evident in most
cases. This observation supports previous studies stating that polymerases tend
to become transcriptionally inactive and pause/arrest during elongation
(Rodriguez-Gil et al., 2010).

2.3. Preparing the chromatin scene
for RNAPII dependent transcription

2.3.1. Nucleosome positioning

Besides the known genetic code that directs the translation of the DNA
sequence into amino-acids and thereupon into proteins, DNA codes for far
more. First it codes for motifs for different DNA binding proteins. This code
can be rather flexible where a change in couple of nucleotide does not neces-
sarily mean getting lost in translation (Pabo and Nekludova, 2000). Second, by
its nucleotide sequence DNA codes for the access to information — for the
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position of nucleosomes. In other words, having DNA in a nucleosome makes
obtaining information from this DNA region more difficult.

Sharp bending of the DNA double-helix is needed to form nucleosomes.
Bending properties of the DNA come from its nucleotide sequence (Luger et al.,
1997). DNA sequences that support nucleosome formation (nucleosome posi-
tioning sequence — NPS) are usually enriched with AA dinucleotides, spaced
about 10 bp apart resulting in the deficiency of TT nucleotides at the same
location. This trend is reversed 5—6 nucleotides in either direction where the
complementary strand faces the histone core (loshikhes et al., 1996). When
looking for NPSs over the genome, it appeared that different genes classes have
very specific NPSs in the vicinity of their promoters, indicating their impor-
tance in gene regulation (Ioshikhes et al., 2006). Tiled microarray experiments
revealed that over 69% of nucleosomal DNA is in well-positioned nucleosomes.
What more, at RNAPII promoters a nucleosome free region (NFR) can be found
approximately 200 bp upstream from the start codon. The NFR, however, is
flanked on both sides by positioned nucleosomes (Yuan et al., 2005).

Using somewhat different approaches, in 2006 two research groups simulta-
neously presented computational models for predicting nucleosome positioning
according to DNA sequence. When comparing the predicted positioning to the
data obtained by bench experiments, the concurrence was surprising. Both
models were able to predict in vivo locations of almost half of the nucleosomes.
The results showed that the transcription factor binding sequences are located in
regions where nucleosome formation is not predicted to be favourable (AT-rich
tracts). When making the prediction model using data from chicken DNA or a
synthesized DNA, the model was able to predict nucleosome positions also in
yeast genome, indicating that the general features of DNA that influence
nucleosome positioning are universal (Ioshikhes et al., 2006; Segal et al., 2006).

In yeast only approximately 20% of RNAPII promoters are considered to
contain a TATA box. By analyzing data from nucleosome prediction studies,
different types of promoter regulation by nucleosomal structure appear. On
promoters without TATA-box, nucleosomes seem to have a positive regulatory
effect through a more uniform “nucleosome — NFR — nucleosome” structure.
Keeping the NFR means that complexes needed for transcription initiation can
be accommodated even without additional loss of nucleosomes. For TATA-box
containing promoters nucleosome loss is facilitated through different tran-
scription activators as not so defined structure of nucleosome positioning next
to TSS is seen (Ioshikhes et al., 2006; Zanton and Pugh, 2006).

2.3.2. Chromatin remodelling

Chromatin remodellers support correct packaging of the genome but also help
to grant access to densely packed DNA, which hides the cis elements needed for
DNA-binding factors.
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There are four known families of chromatin remodellers — SWI/SNF, ISWI,
CHD and INOS8O. All four use the ATP hydrolysis energy to alter the structure
of chromatin by moving, ejecting or restructuring nucleosomes. Nevertheless all
four participate in specific biological context and differ from each other by the
unique composition of their subunits and differences in the domains that regu-
late the catalytic ATPase. Common to all remodellers is their DNA sequence-
independent affinity to nucleosomes, which is facilitated by the recognition of
covalent histone modifications. All possess also domains or proteins that
recognise other chromatin or transcription factors (Clapier and Cairns, 2009;
Ferreira et al., 2007). In the regulation of gene expression chromatin remodel-
lers have dual properties. The antagonism between chromatin organisers and
disorganisers sets up a dynamic balance between nucleosome assembly and
disassembly.

Two principally different models have been proposed for chromatin re-
modelling. The first one, based on in vitro experiments with chromatin from
Drosophila embryos, argues that nucleosomes are constantly remodelled (mo-
ved back and forth) to allow access to DNA by incoming factors (Varga-Weisz
et al., 1995). Second model arises from in vivo experiments with human ISWI
complex, suggesting that remodelling complexes sample nucleosomes constant-
ly but transiently without causing remodelling. Stable interaction and remo-
delling would take place only when a specific sign is recognized. This sign can
be post-translational modification on histones or a targeting molecule (Erdel et
al., 2010).

For example, the ISWI complex has both positive and negative effect on
gene expression depending on the ATPase subunit (Iswl or Isw2) and its
counterparts that confer distinct properties to the ATPase. Isw2 displaces basal
transcription machinery to repress or silence transcription. Iswl, component of
two distinct complexes Iswla and Isw1b, represses initiation of transcription by
specific positioning of promoter proximal dinucleosome or by localizing to the
coding region and controlling the amount of RNAPII released into productive
elongation (Mellor and Morillon, 2004; Morillon et al., 2003; Simic et al.,
2003). In the fruit fly (Drosophila melanogaster), ISWI is part of the NURF
complex and facilitates transcription by catalyzing nucleosome sliding (Baden-
horst et al., 2002).

2.3.3. The dynamics of nucleosomes during transcription

For transcription elongation the higher structures of chromatin are highly
repressive although RNAPII can cope with the obstacle consisting of one
nucleosome. It has been shown in vifro that on chromatin template human
RNAPII or SP6 RNAP were not able to initiate transcription from a promoter
that is wrapped in a nucleosome, but once on their way and elongating, both
polymerases were capable of reading through one nucleosome. This process
caused displacement of histones (Kireeva et al., 2002; Lorch et al., 1987).
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Nevertheless, a consistent nucleosomal array is a very strong obstacle for
RNAPII and additional factors are required to facilitate chromatin transcription
(Bondarenko et al., 2006; Kireeva et al., 2005; Orphanides et al., 1998). In the
cells, where elongation factor TFIIS is deleted, the RNAPII pause sites correlate
well with the positions of nucleosomes showing that nucleosomes are the
primary cause for RNAPII pausing in vivo (Churchman and Weissman, 2011).
Interestingly, the barrier formed by nucleosomes does not represent a uniform
hindrance to transcript elongation but varies in respect of transcriptional
orientation and depends on the location of the high-affinity DNA region within
the nucleosome. Polymerase transcribes less efficiently nucleosomes where the
high-affinity DNA region lies just at the entry into the H3/H4 tetramer com-
pared to nucleosomes, where the histone affinity region is located distal to the
nucleosome dyad. Hence, the nucleosomal barrier to transcription is determined
by the combination of the DNA sequence and the position of this sequence in
the nucleosomal structure (Bondarenko et al., 2006).

Lowly transcribed regions are typically not stripped off nucleosomes as the
lack of nucleosomes would permit intrinsic transcription initiation. Rather,
nucleosomes are chaperoned around elongating RNAPII. Occasionally some
nucleosomes are ejected but this ejection is balanced by reassembly by chro-
matin remodelling factors. For example, yeast Chd1 (from the CHD remodellers
family) interacts with elongation factors and is localized to transcribed regions
and helps to restore the structure of chromatin. Also several histone chaperons
are needed in both disassembly and reassembly of nucleosomes. The H3-H4
chaperon Asfl (anti-silencing function 1) is essential for the activation of PHOS
and PHOS genes but also participates with Hirl chaperon in the reassembly of
PHOS locus. Asfl is also needed for the removal of histone octamers from the
HO promoter in concert with the SWI/SNF remodelling complex (Adkins et al.,
2004; Gkikopoulos et al., 2009; Schermer et al., 2005). In a complex with
chaperon Vps75, Asfl facilitates histone H3 acetylation by Rtt109 at the
position K56. This modification prevents the formation of higher structures of
DNA (Bowman et al., 2011; Kaplan et al., 2008; Keck and Pemberton, 2011;
Miller et al., 2008). Another H3-H4 chaperon Spt6 is responsible for main-
taining chromatin structure and mediates chromatin reassembly in the rear of
RNAPII. Spt6 mediated chromatin reformation is essential for transcriptional
repression and in the absence of competing chromatin assembly (deletion of
Spt6), there is no need for transcription activators to reinitiate the PHOS5 gene
(Adkins and Tyler, 2006; Bortvin and Winston, 1996; Kaplan et al., 2003).
H2A-H2B dimers are chaperoned by the FACT complex (Belotserkovskaya et
al., 2003; Saunders et al., 2003; Schwabish and Struhl, 2004). FACT subunit
Spt16 has been shown to be selectively required for gene activation. Genes that
have positioned nucleosomes on the transcribed region need FACT to facilitate
transcription more than genes with random nucleosome structure (Jimeno-
Gonzalez et al., 20006).

The structure of the nucleosome itself has an effect on the dynamics of chro-
matin in transcription elongation. H2A-H2B and H3-H4 dimers have different
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affinity for DNA and thereby their turnover rates vary. Studies in yeast, in slime
mold (Physarum polycephalum) and also humans have shown that H2B
assembles randomly into chromatin (promoters and also coding regions) while
genes are transcribed and also while they are inactive. During transcription
H2A-H2B moves from nucleosomes faster than H3-H4 and the exchange of H3-
H4 is more dependent on transcription as incorporation of H3 is seen only in
active genes and mainly within the promoter region (Jamai et al., 2007; Kimura
and Cook, 2001; Thiriet and Hayes, 2005).

Evidence from genome wide studies and investigations of single genes show
that gene activation causes loss of nucleosomes from the promoter and also
from the coding region of actively transcribed genes. Nevertheless, eviction of
nucleosomes is not presumption for effective transcription. For example, for
genes whose normal expression requires HATs Gen5 and Elp3 for their acti-
vation, no eviction of nucleosomes from the coding region was detected. For
counterpoise, on GAL genes eviction of nucleosomes was not dependent on the
acetylation status of histones (Boeger et al., 2003; Boeger et al., 2004; Krist-
juhan and Svejstrup, 2004; Lee et al., 2004; Schwabish and Struhl, 2004). Also,
in case of PHOS and PHOS genes, only promoter nucleosomes were lost after
activation, not coding region nucleosomes (Adkins et al., 2004). As the rate of
replication-independent H3 exchange between genes varies a lot and does not
always correlate with the rate of transcription, it might be that the amount of
nucleosomes that stay associated with DNA during transcription varies widely
between genes (Gat-Viks and Vingron, 2009).
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AIMS OF THE STUDY

During transcription elongation RNAPII has to pass the barrier formed of
higher-order structures of chromatin. The mechanism behind traversing the
nucleosomes probably depends on the preprogrammed transcription level of the
gene. On highly transcribed genes eviction of whole nucleosomes has been
reported. The first objective of this study was to determine the area of nucleo-
some loss during transcription elongation and whether already existing or newly
synthesised histones are reassembled into chromatin after transcription repres-
sion. Heterochromatic structures have been considered stronger obstacles for
RNAPII than nucleosomes. Nevertheless, formation of PIC to promoters in
silenced regions has been observed. The second goal of the current research was
to investigate whether elongating RNAPII can successfully cope with the
heterochromatic structures in the coding region of the transcribed gene. Additio-
nally we aimed to determine the distribution of elongating polymerases on a
highly transcribed region on single cell level as plethora of studies on the distri-
bution of transcriptional machinery address the question on whole population
level.
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II. RESULTS AND DISCUSSION
1. Description of the experimental system

In all the experiments budding yeast Saccharomyces cerevisiae, strain W303,
was used as the model organism (Thomas and Rothstein, 1989). Genetic mani-
pulations have been performed to construct yeast strains suitable for our experi-
mental set-up. In budding yeast studying transcription coupled chromatin
modifications is complicated by the compact genome and short genes (average
size 1.6 kb) making it hard to distinguish between chromatin modifications
on the coding region and on the promoter. Therefore, in the centre of our
studies is a long (9433 nt) non-essential gene VPSI3, indicated to be involved
in sporulation, vacuolar protein sorting and protein-Golgi retention
(http://www.yeastgenome.org).

In our experimental system, GALI0 promoter has been inserted in front of
the VPS13 open reading frame (Figure 4A) to enable the control of transcription
activation and inhibition by changing the carbon source in yeast growth media,
raffinose and glucose representing the repressed state, galactose activated state
(Kristjuhan and Svejstrup, 2004). For studying the mechanism of transcription,
foreign DNA sequences of different origin and diverse function have been
inserted in the coding region of the GAL10-VPS13 gene (Figure 4B-D).

2. Loss of nucleosomes in the coding region
is determined by elongating RNAPII (Ref. I)

In addition to the opening of short promoter regions, eviction of nucleosomes
from the coding region of transcribed genes has been detected (Kristjuhan and
Svejstrup, 2004; Schwabish and Struhl, 2004; Zhao et al., 2005). However, the
extent of nucleosome loss after transcription activation and the factors deter-
mining the nucleosome-free area on a specific locus are not fully known. Chro-
matin remodelling complex FACT has been shown to facilitate transcription
elongation by inducing disassembly of the H2A-H2B dimer and recruiting
transcriptional co-activators (Belotserkovskaya et al., 2003; Schwabish and
Struhl, 2004; Takahata et al., 2009). Also elongation factor TFIIS, by promoting
RNAPII progression from poised state, might contribute to nucleosome eviction
(Kireeva et al., 2005). Still there is no direct evidence indicating whether
RNAPII itself is able to displace the nucleosomes or some additional factors are
needed.
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Figure 4. Modifications on the VPSI3 gene. A. Scheme of the GAL-VPSI3 gene
showing the GAL10 promoter in the 5’ end. B-D. Schematic representations of the GAL-
VPS13 gene from A, with the modifications in the coding region according to the strains
used in the experiments. FBA! terminator region (red rectangle) 3 kb and 6 kb from the
VPS13 promoter (B, C); HMR-E region (yellow rectangle) 6 kb from the promoter (C);
K. lactis DNA insertion (green rectangle) 0.1 kb, 3 kb, 6 kb and 9 kb from the VPSI3
promoter (D).

Previous study using ChIP and qPCR had shown that the induction of tran-
scription of GAL-VPS13 with galactose results in nucleosome loss from the pro-
moter and coding region of the gene (Kristjuhan and Svejstrup, 2004). In our
experiments we expanded the detection area of nucleosomes and RNAPII occu-
pancy beyond GAL-VPS13, designing primers that recognised a sequence in the
SDH?2 gene located downstream of GAL-VPS13. As shown in Ref. I, Fig. 1B,
contrary to GAL-VPS13, no loss of nucleosomes or recruitment of RNAPII on
SDH?2 was detected, implying that the eviction of nucleosomes does not spread
beyond the coding region of the induced gene. We hypothesized that the pos-
sible spread of nucleosome eviction is terminated by the promoter region of
SDH? or the terminator region of GAL-VPS13.
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In order to clarify the role of elongating polymerase in determining the
nucleosome-free area, we modified the GAL10-VPS13 model gene by inserting
a strong transcription termination sequence into its coding region. We
constructed two strains with the strong FBAI RNAPII terminator sequence
inserted either 3 kb or 6 kb apart from the VPS13 promoter (Figure 4B). These
strains were grown in inducing conditions over-night and distribution of
RNAPII and nucleosomes was determined by chromatin immunoprecipitation.
The results were clear — no removal of nucleosomes was detected after the
terminator sequence in neither strains correlating with the loss of RNAPII signal
(Ref. I, Fig. 1C,D). Nucleosomes were efficiently removed only from the
regions upstream of the terminator sequences. This result confirms that drastic
nucleosome loss occurs only on the transcribed region and does not spread
beyond. We also determined more precisely the loss of nucleosomes in the close
vicinity of the terminator region using the GAL-VPS13-3kb-term strain. By
evaluating the amounts of nucleosomes and RNAPII bound to DNA
immediately up- and downstream from the terminator sequence we saw that the
area of nucleosome loss indeed overlapped with the terminator site (Ref. I, Fig.
1E). From these results we could conclude that histones are evicted only from
the transcribed DNA sequence and the nucleosome-free area does not spread
independently from the ongoing transcription. This suggests that nucleosome
eviction is tightly coupled to elongating RNAPII moving through the tran-
scribed region.

3. New histones are incorporated
to nucleosomes during chromatin reassembly (Ref. I)

After transcription repression with glucose, chromatin structure on the tran-
scribed locus is restored within few minutes (Ref. I, Fig. 2) indicating that this
process is replication independent. Reloading of nucleosomes rapidly after
transcription repression has been detected also on the GALI0 and HSPS82 genes
(Schwabish and Struhl, 2004; Schwabish and Struhl, 2006; Zhao et al., 2005).

Our next question was, whether the histones that are reloaded to DNA come
from the free pool of histone proteins or pre-existing nucleosomes are trans-
ferred from in front of the RNAPII to the already transcribed area?

To distinguish between newly synthesised and pre-existing nucleosomes we
constructed a new yeast strain based on the GAL-VPS13-6kb-term strain. In
addition to constitutively expressed histone H3 with an E2 epitope, an addi-
tional copy of histone H3 with a myc tag was inserted to the HIS3 locus. Ex-
pression of H3-myc was under the control of galactose-inducible promoter as in
case of GAL-VPSI3 (Ref. 1, Fig. 3A). Therefore, after the shift of cells to
galactose-containing medium, the transcription of both — GAL-VPS13-6kb-term
reporter gene and H3-myc, was induced.

During the experiment cells were first grown in raffinose containing medium
(repressed condition for galactose-inducible genes), then shifted to galactose-
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containing medium for 80 minutes and transcription was stopped by the ad-
dition of glucose to the growth medium. Western blotting confirmed that the
expression of H3-myc was successfully induced in galactose containing me-
dium and a significant amount of H3-myc was still present after 30 minutes of
glucose inhibition (Ref. I, Fig. 3B). This result encouraged us to move on to
ChIP experiments to determine the possible incorporation of newly synthesised
histones into nucleosomes after transcription shut-down. If only old nucleo-
somes are incorporated to the transcribed locus after transcription, no H3-myc
signal should be detected on the gene as H3-myc did not exist before the in-
duction of transcription. If random (new and old) histones are incorporated to
the reassembled chromatin, incorporation of H3-myc in addition to H3-3F12 is
highly likely and we should be able to detect assembly of newly synthesised
histones.

As indicated on Ref. I, Fig. 3C, only low quantities of newly synthesised
histones were detected in a non-coding region of chromosome VIII and in the
telomeric region of chromosome VI. These signals represent the background
incorporation of new histones due to DNA replication and repair-dependent
exchange of histones during the whole experiment. Similar low level of in-
corporation was also detected on the 8.5 kb region of GAL-VPS13-6kb-term
gene indicating that no significant exchange of nucleosomes took place on the
non-transcribed region of the induced gene. But interestingly, considerable
incorporation of new histones was observed 3.5 kb downstream of the promoter
on the model gene, designating the region that is actively transcribed. These
results demonstrate that indeed, old histones are evicted and newly synthesised
histones are incorporated to nucleosomes assembled after transcription shut-
down.

Similar dynamics of nucleosomes has been detected also on the promoter
region of the PHOS5 gene, where nucleosomes from the soluble histone pool,
rather than from the chromatin fraction, were used to build up nucleosomes
after transcription inhibition (Schermer et al., 2005).

Probably the removal of nucleosomes from actively transcribed loci is a
common mechanism for achieving high levels of gene expression. Other studies
have shown that H2A-H2B dimers are constantly exchanged during tran-
scription (Jamai et al., 2007) and removal of H3 and H4 has been reported to
take place on highly transcribed loci and on promoter regions (Dion et al., 2007,
Katan-Khaykovich and Struhl, 2011; Rufiange et al., 2007). It is possible that
for genes with lower expression levels no eviction of nucleosomes takes place.
In that case nucleosome traversal by RNAPII, facilitated with the assistance of
TFIIF and also TFIIS, has been proposed (Luse and Studitsky, 2011).

In our experimental system we can’t exclude the possibility that both, old
and new histones are incorporated into reassembled chromatin. What we do see
is that new histones are also incorporated and a mixture of old and new histones
forming nucleosomes can exist. This notion is supported by a recent paper by
Katan-Khaykovich and Struhl, where they demonstrated that at loci with rapid
H3 exchange, both old and new H3 are used in reassembly of nucleosomes. The
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observed splitting of H3-H4 tetramer and generation of chimeric old-new
tetramers was not an extensive feature but observed only at highly dynamic
chromatin regions (Katan-Khaykovich and Struhl, 2011). High transcription
level and nucleosome exchange is also the case in our experimental system, thus
we could as well predict incorporation of both, new and also some old histones.
This suggests a mechanism for so called “transcriptional memory”, where a
transcribed region is marked for future action as old histones may carry histone
modification signals. That would be an interesting topic to look into in the
future.

4. Elongating RNAPII overcomes the barrier of
heterochromatin (Ref. Il)

It has been long established that in in vivo conditions RNAPII is capable of
surmounting the physical obstacle to transcription created by the nucleosomal
structure of chromatin. Additional factors are needed to assure the efficiency of
this process but in general, nucleosomes do not seem to be the biggest problem
for the polymerase. Nontheless, heterochromatic structure of chromatin is also
an important level in gene expression control. The classical view states that by
creating physical barrier, heterochromatin blocks the access to DNA for
sequence-specific regulatory factors required for the execution of DNA related
processes (Kornberg and Lorch, 1991). Recent studies argue that actually
heterochromatic structures are permissive to constitutive binding of PIC com-
ponents, transcription activators and even RNAPII to the promoter regions of
repressed genes (Sekinger and Gross, 1999; Sekinger and Gross, 2001). There-
fore another step besides initiation is repressed by heterochromatin. Indeed, in
the work of Gao and Gross (Gao and Gross, 2008) it was established that
mainly the transition point between RNAPII initiation and elongation is targeted
by silenced chromatin as the recruitment of 5’-capping enzymes and elongation
factors is disturbed. Considering that data, our next question was whether
RNAPII that has already overcome the transition point and entered the elon-
gation phase of transcription can contend with heterochromatic structures in the
coding region of a gene?

In order to assemble a heterochromatic structure at a location where we
would be able to control transcription activation and elongation, a yeast HMR-E
silencer was inserted into the coding region of our model gene GAL-VPSI3
(Figure 4C; Ref. II Fig. 1A). The insertion site was located 6 kb downstream
from the beginning of the ORF of VPSI3 and first we controlled if hetero-
chromatin formed on the desired location. Successfully, in the repressed state of
transcription, SIR proteins were efficiently recruited to the HMR-E sequence on
the model gene (Ref. II Fig. 1B) leaving the promoter and the beginning of the
gene free from heterochromatin. As a control we also constructed a strain with
the same insertion of the silencer into GAL-VPSI3, but with the additional
deletion of the SIR4 gene that is needed for the formation of heterochromatic
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structures. In GAL-VPS13-HMR-E-sir4 strain no recruitment of SIR proteins to
the silencer was detected (Ref. II Fig. 1B).

Remarkably, upon induction of GAL-VPSI3-HMR-E transcription, SIR
complexes were removed from the entire locus of the model gene (Ref. II Fig.
1B). To confirm normal transcriptional activity we also determined the distri-
bution of RNAPII and nucleosomes on the GAL-VPSI3-HMR-E locus in
comparison to GAL-VPSI3 (Ref. II Fig. 2A, B). Surprisingly RNAPII was
recruited to the GAL-VPSI3-HMR-E locus upon transcription activation and
nucleosomes were evicted on the same level as on the locus without the
silencer.

Nevertheless, no RNAPII signal or nucleosome removal was detected down-
stream of the silencer region although the SIR proteins were removed from the
entire coding region (Ref. II Fig. 2A, B). The same dynamics of RNAPII and
nucleosomes was also seen in the sir4 strain, establishing the HMR-E sequence
as a strong terminator for transcription (Ref. II Fig. 2C). Reverse transcriptase
PCR (RT-PCR) experiments (Ref. II Fig. 5) also failed to detect VPSI3
transcripts beyond the HMR-E sequence, affirming the previous result.

Even though the removal of SIR complexes from the model gene was
concurrent with the appearance of elongating polymerase in the coding region,
it remained possible that disassembly of heterochromatin was triggered by
transcriptional activation itself and not by elongating RNAPII. To test this
possibility we constructed a yeast strain bearing a FBAI terminator sequence
followed by the silencer sequence at different positions in the coding region of
the GAL-VPS13 gene (Ref. II Fig. 4A). Such a strain enabled us to determine
whether SIR complexes were displaced also from the region where the activity
of elongating polymerase did not extend. Upon transcription activation no
removal of SIR proteins was detected (Ref. II Fig. 4B). This result confirmed
our notion that, as in case of the removal of nucleosomes from the coding
region of the GAL-VPSI3 gene, elongating RNAPII is required for the displace-
ment of SIR complexes. Promoter activation event alone is not enough to
trigger the removal of silencing complexes.

Having confirmed that RNAPII is capable of pervading heterochromatic
structures, the next step was to determine if competing with these structures
changes the kinetics of transcription. To test this conception we monitored the
accumulation of VPS13 mRNA after the induction of the GAL-VPSI13-HMR-E
and GAL-VPSI13 genes. RNA samples were collected at after galactose in-
duction and further analyzed by RT-PCR. As a result we saw practically
identical kinetics of VPS/3 mRNA accumulation in both GAL-VPS13-HMR-E
and GAL-VPS13 strains (Ref. II Fig. 5), indicating that SIR complexes did not
have an effect on the kinetics of gene induction and transcript elongation
through the region.
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4.1. Histone H3 lysine 56 acetylation is needed for effective
elongation through heterochromatin on the coding region (Ref. 1l)

Next we wanted to know which factors are needed for the successful tran-
scription through heterochromatin. In order to clarify this issue we analyzed the
efficiency of GAL-VPSI13-HMR-E mRNA induction in 12 yeast strains with
deletions of genes required for different transcription-coupled chromatin
modifications. Our main focus was on enzymes that facilitate post-translational
histone modifications and therefore control the dynamics of chromatin. Also the
effect of deletion of chromatin remodeling factor RCSI, histone variant H7Z1
and histone chaperon ASF/ genes was investigated.

Deletion of BRE! (abolishing transcription coupled H2B K123 monoubi-
quitylation and also subsequent methylations of histone H3 residues K4 and
K79 (Wood et al., 2003)); H3 methyltransferase genes SET!, SET2, and DOTI,
chromatin remodeling factor gene RSCI; or histone deacetylase gene RPD3 had
no inhibitory effect on kinetics of GAL-VPSI13-HMR-E induction. We repro-
ducibly detected slightly slower induction of GAL-VPSI3-HMR-E mRNA in
sas2A and genSA strains (Ref. II Fig. 6A), confirming the earlier results that
both histone acetyltransferases play a role in the control of heterochromatin
spreading (Kimura et al., 2002a; Kristjuhan et al., 2003; Suka et al., 2002).

Of all the tested strains, severe impairment of GAL-VPS13-HMR-E induction
was observed in r#t109A, asfIA and htzIA strains. Intriguingly, Rtt109 and Asfl
are required for histone H3 lysine 56 acetylation both in vivo and in vitro,
Rtt109 possessing the acetyltransferases activity and Asfl chaperoning H3
(Driscoll et al., 2007; Han et al., 2007; Recht et al., 2006; Schneider et al., 2006;
Tsubota et al., 2007). Htzl is a histone H2A alternative form incorporated into
chromatin near the promoters and at subtelomeric regions. It has also been
shown to restrict the spreading of SIR complex (Li et al., 2005; Meneghini et
al., 2003; Zhang et al., 2005).

Our next aim was to determine whether the observed defects in transcript
formation in rtt109A, asfiA and htzIA deletion strains were due to hindrance by
heterochromatin or had an overall impact on GALI( promoter-driven tran-
scription. To understand the nature of impairment of transcript formation we
determined the efficiency of mRNA production on the endogenous hetero-
chromatin free GALI0 gene in the same strains (Ref. II Fig. 6B). Induction of
endogenous GALI0 was severely delayed only in the AtzIA strain. It is also
possible that in deletion strains transcription of long genes is impaired due to
general defects in transcription elongation. To test this idea we introduced the
same deletions into strains carrying GAL-VPS13 without the HMR-E sequence.
While Rtt109 and Asfl deletions affected specifically only the GAL-VPSI3-
HMR-E locus, htzIA strain showed remarkable delay in GAL-VPS13 induction
(Ref. II Fig. 6C). These results indicate that Asfl and Rtt109 are crucial for
transcription of the heterochromatic locus while deletion of Htzl causes an
overall defect in transcription on GALI0 promoter derived genes. The effect of
htzIA was rather expected as previous studies have also observed slow
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induction of inducible genes (including GAL-VPS13) in htzIA background and
decreased RNAPII occupancy (Adam et al.,, 2001; Santisteban et al., 2011;
Santisteban et al., 2000).

Interestingly, Rtt109, Arfl and Htzl are required only for the normal, quick
induction of the heterochromatin-covered gene as after overnight growth in
galactose-containing medium the mRNA of the model gene was induced in all
strains (Ref. II Fig. 6, lane O/N). The probable explanation for this phenomenon
might be that during the long-term growth under inducing conditions hetero-
chromatic structures are removed from the gene due to replication, enabling
transcription elongation to take place.

To confirm the requirement of H3 K56 acetylation for RNAPII elongation
through heterochromatin we also constructed a strain where lysine 56 in histone
H3 was mutated into arginine, mimicking the deacetylated state of this residue.
As in case of rtt109A and asfIA strains, transcript production from the hetero-
chromatic locus GAL-VPS13-HMR-E was severely impaired (Ref. II Fig. 6D)
while induction of the endogenous GAL10 or heterochromatin free GAL-VPS13
loci was unchanged when compared to the wild-type strain (Ref. II Fig. 6). We
also confirmed that transcription of the heterochromatic locus was not impaired
in strains where H3K56 deacetylases Hst3 and Hst4 were deleted, causing
constitutive acetylation of K56. In addition, no impairment of heterochromatic
locus transcription was observed in the strain where lysine on position 56 was
replaced with glutamine (H3K56Q), also mimicking the permanently acetylated
state of this residue (Ref. II Fig. 6E). More importantly, when the H3K56Q
mutation was combined with the deletion of Rtt109, the inhibitory effect of
rtt] 09A was reversed indicating that H3K56 acetylation and not Rtt109 protein
itself was needed for the disturbance of heterochromatic complexes (Ref. II Fig.
6E).

H3K56 acetylation is cell cycle regulated and appears predominantly in S
phase when nucleosomes are re-formed after DNA replication (Masumoto et al.,
2005). Therefore we speculated that progression through the S-phase might be
needed for the effective transcription of heterochromatic GAL-VPS13-HMR-E
locus. To test this hypothesis we induced cell cycle arrest in G1 phase with
yeast peptide pheromone a-factor and analysed the kinetics of GAL-VPSI3 and
GAL-VPS13-HMR-E mRNA induction. Severe inhibition of mRNA synthesis
on GAL-VPSI13-HMR-E appeared again only in the strain with H3 K5S6R mutant
background (Ref. II Fig. 7). These results indicated that no progression through
the S-phase is needed for the effective RNAPII progression through hetero-
chromatin but acetylation of H3 K56 is crucial for the process.

As a final confirmation for the need of K56 acetylation we performed a ChIP
experiment directly detecting K56 acetylation mark on nucleosomes in the
transcribed locus before, during and after transcriptional induction. In both,
GAL-VPS13 and GAL-VPS13-HMR-E strains elevated K56 acetylation levels
were seen at the 5.5 kb region of the model gene 120 min after switching to
transcription permissive conditions and shortly after transcription inhibition
(Ref. 1I Fig. 8). No fluctuation of the acetylation mark was detected in GAL-
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VPS13-HMR-E strain on 6.4 kb region, confirming that H3 acK56 was brought
to the locus in transcription-dependent manner as the 6.4 kb region was not
transcribed in this strain (Ref. II Fig. 6).

In general, H3 K56 acetylation mark that occurs only before incorporation of
H3 into chromatin, is removed by Hst3/4 deacetylases after the DNA synthesis
is completed (Celic et al., 2006; Maas et al., 2006; Yang et al., 2008). Repli-
cation independent appearance of K56 acetylation mark has been reported
mainly on promoter proximal nucleosomes and also in the coding region of
highly expressed genes (Rufiange et al., 2007; Schneider et al., 2006). As H3
K56 acetylation is characteristic to newly synthesised histones, nucleosomes
bearing this mark confirm transcription-coupled incorporation of new histones
into highly transcribed loci.

What might be the role of K56 acetylation in displacement of SIR proteins
facilitated by RNAPII? Residue 56 is located in the globular domain of histone
H3 extending towards the DNA major groove at the entry and exit points of the
nucleosome core particle (Figure 1) (Hyland et al., 2005; Ozdemir et al., 2005).
This position makes it a very attractive candidate for regulation of the histone
octamer-DNA and nucleosome-nucleosome interactions. In the presence of K56
acetylation nucleosomes are more loosely bound to DNA and could be removed
more easily. Therefore acetylation of K56 might facilitate removal of nucleo-
somes during transcription elongation. As the elongating RNAPII progresses
through the transcribed locus, it displaces nucleosomes from its way. New
histones with K56 acetylation will be loaded to chromatin when RNAPII moves
away and that might be an advantage for the next polymerases transcribing the
same locus (Kaplan et al., 2008; Rufiange et al., 2007; Schneider et al., 2006).

Another possibility is that K56 acetylation inhibits re-association of SIR
complexes with the transcribed locus and that way helps to open the hetero-
chromatic structures. In the presence of K56 acetylation, formation of SIR
complexes is disrupted on telomeres. Also, in silenced chromatin H3 K56 is
mainly in hypoacetylated state (Miller et al., 2008; Xu et al., 2007; Yang et al.,
2008). As implied by the unequal distribution of SIR complexes on our model
gene (Ref. II Fig. 1B), the border of heterochromatic region is probably not
strictly defined but rather in a constantly changing equilibrium between SIR
protein binding and free chromatin. As the nucleosomes are constantly inter-
changed in transcribed locus, the new histone-DNA complexes would contain
K56 acetylated H3 that acts as a hindrance to SIR complex formation (Xu et al.,
2007; Yang et al., 2008). Therefore, as a result of K56 acetylation the border
between eu- and heterochromatin could be shifted in favour of euchromatin. In
the absence of K56 acetylation such mechanism is abolished, new nucleosomes
do not restrict SIR complex spreading and the opening of the heterochromatic
locus is slower than in wild type cells.
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5. RNAPII occupancy on a transcribed locus (Ref. Ill)

The amount of mRNA produced is generally reflected by the level of RNAPII
recruitment to the gene. However, uneven distribution of RNAPII on different
genes has been reported previously by genome-wide studies. In some loci
RNAPII signal has been found to be more abundant in the 3’-end of the gene, in
others in 5’ end and on some loci elevated levels of RNAPII have been detected
on both ends of the gene (Glover-Cutter et al., 2008; Kim et al., 2010;
Rodriguez-Gil et al., 2010; Steinmetz et al., 2006).

Previous studies on the model gene GAL-VPSI3 revealed that the distri-
bution of the elongating RNAPII along the investigated locus was not uniform
(Kristjuhan and Svejstrup, 2004). We repeatedly detected considerably higher
amount of RNAPII in the 5 than in the 3’ region of the induced gene (Ref. I,
Fig. 1B; Ref. III, Fig. 1). This would be an expected pattern of polymerase
distribution in the initial stage of gene activation when transcription starts in the
majority of cells simultaneously. Nevertheless, we could see the same pattern
also after a long period in cells grown over-night when the expression of
galactose-induced gene should be already stabilized after the initial burst of
transcription.

In case of our model gene the gradual loss of RNAPII signal towards the end
of the gene poses two possible explanations. Firstly, the elongation rate of
RNAPII might accelerate towards the end of the gene, creating a longer distance
between adjacent RNAPII molecules. Secondly, as our studies have been made
on whole cell population, it might be that only a fraction of cells express full-
length transcript while others abort transcription on random positions in the
transcribed locus. Such a situation would create a deceptive RNAPII ChIP
enrichment signal in the beginning of the transcribed gene as most of the cells in
the population have polymerases at the beginning of the gene but only some of
them have RNAPII also at the end.

To further analyse the actual distribution of elongating RNAPII we first
reaffirmed that the decrease of the amount of RNAPII signal towards the end of
the gene was not caused by uneven efficiency of qPCR primers used to analyse
different regions of co-precipitated VPS/3 DNA. To analyse the presence of
RNAPII at different regions of GAL-VPSI13 without primer bias, we made a
panel of yeast strains containing insertions of a 700 bp DNA sequence
(originating from Kluyveromyces lactis VPS13 gene) at different distances (0.1
kb, 3 kb, 6 kb and 9 kb) from the promoter of the GAL-VPS13 gene (Figure 4D;
Ref. III, Fig. 2A). ChIP analysis of these strains showed that after over-night
induction of the GAL-VPS13 gene, the relative amount of RNAPII on the DNA
insert was again dependent on the distance of the inserted DNA from the
promoter of the gene (Ref. III, Fig. 2B). RNAPII signal was approximately 3
times higher in the beginning of the gene compared to the 3’ end. As we were
operating with 4 separate yeast strains we also controlled the identical induction
of the galactose-regulated genes in all those strains to rule out any fluctuations
of RNAPII level due to the differences in gene induction. RNAPII recruitment
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to the GAL10 control gene was analysed and the results confirmed that RNAPII
levels in all strains were very similar (Ref. III, Fig. 2C). Therefore we
concluded that the elevated levels of RNAPII in the beginning of GAL-VPS13
were not detected due to primer bias and reflected a real decrease on RNAPII
level towards the 3’ region of the gene.

5.1. Uniform distribution of RNAPII on
an active gene determined by re-ChlIP (Ref. l1I)

In previous studies in situ hybridisation and measuring real-time GFP-bound
mRNA synthesis show remarkable variability of gene expression in individual
yeast cells (Larson et al., 2011; Zenklusen et al., 2008). Such experiments fit
well for estimating the number of actively transcribing polymerases in a single
locus but they do not describe the distribution of these polymerases along the
transcribed gene. The conventional ChIP method reflects the average density of
RNAPIIs in cell population and therefore is not suitable to distinguish whether
the higher RNAPII signal in the 5° end of the gene is due to higher density of
polymerases in all cells or, alternatively, more polymerase is detected due to the
initiation of GAL-VPS13 in most cells, while only in a fraction of them RNAPII
completes the transcription cycle reaching the end of the gene. Hence we
needed a more sensitive method to detect multiple transcribing RNAPII com-
plexes on a single GAL-VPSI13 locus and to determine the distribution of these
complexes.

We constructed new yeast strains where the Rpb3 subunit of RNAPII was
tagged with E2 epitope in its genomic locus and in addition, two extra copies of
RPB3 genes, carrying either E4- or myc-tags, were inserted into HIS3 and LEU?2
loci. As RNAPII complex contains only one Rpb3 subunit, every RNAPII in
this strain was tagged either with E2-, E4- or myc-tag. ChIP data confirmed that
all differently tagged Rpb3 subunits were equally incorporated into functional
RNAPII complexes as all of them were efficiently recruited to GAL-VPSI3
locus after galactose induction (Ref. III, Fig. 3).

The constructed strains enabled us to perform sequential ChIP (re-ChIP)
experiments. At least two rounds of chromatin immunoprecipitation were
performed after the induction of GAL-VPSI3 gene. In the first round the anti-
body recognising E2-tag was used, pulling down RNAPII complexes carrying
this epitope (one third of all polymerases in the cell extract). In the second
round we re-precipitated the eluate with another antibody against another Rpb3
tag. RNAPII signals from the second round of ChIP were analysed. No signal in
the second round meant that only one RNAPII molecule carrying the E2-tag
was bound to the studied DNA region. A detectable RNAPII signal in the
second round of the ChIP indicated that we had at least two differently tagged
polymerases attached to a single DNA fragment. Importantly, successful
recovery of DNA in the re-ChIP assay confirms that the whole RNAPII-DNA
complex originated from the same cell, because multiple polymerases were
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bound to the same DNA fragment. Therefore we have an opportunity to detect
the presence of multiple transcribing polymerases on a single chromatin frag-
ment.

We compared the recovery of RNAPII in the second round of re-ChIP with
different antibodies on the entire GAL-VPSI3 locus. The 4HS antibody re-
cognising Rpbl subunit of RNAPII was used to detect the general efficiency of
RNAPII immunoprecipitation in the second round of the re-ChIP. 4HS8 antibody
recognises all RNAPII complexes regardless of their epitope tag, therefore the
signal detected with this antibody, was defined as the maximal possible reco-
very of RNAPII complexes. Expectedly, the signal recovery with E4 or myc
antibodies was less efficient than with 4H8, remaining to 30—40 per-cent of the
maximal possible recovery (Ref. III, Fig. 4A). To our surprise we did not
observe major differences in the efficiency of RNAPII recovery in different
regions of the GAL-VPSI3 gene hence in the distribution of the polymerase as
detected previously with conventional ChIP. The recovery of differently tagged
polymerases was uniform all over the GAL-VPSI3 locus regardless of the
distance from the promoter. This suggests that the uneven distribution of
RNAPII on the GAL-VPS13 gene detected by conventional ChIP assay was
deceptive and reflects the heterogeneity of the cell population rather than the
different spacing of polymerases in individual cells.

When applying re-ChIP to genes that are less intensively transcribed we
were unable to detect DNA in the second round of re-ChIP. This might result
from the low sensitivity of the re-ChIP assay, or, only one polymerase might be
transcribing lowly expressed genes and in that case no signal from the re-ChIP
would be expected. The latter possibility is also supported by several over-
genome studies showing that transcription of most genes is a rare event and
occurs only few times during the cell cycle (Holstege et al., 1998; Nagalakshmi
et al., 2008; Pelechano et al., 2010). Also the in situ hybridisation studies
showed that most constitutively expressed genes are transcribed by single
polymerase (Zenklusen et al., 2008).

Next we were interested in the number of polymerases, which are present in
a single precipitated DNA-protein complex. We created a formula describing
the probable relation between the recovery of a differently tagged polymerase in
the second round of re-ChIP and the corresponding number of polymerases
(Ref. III, Fig. 4B). The probability curve for multiple RNAPII complex de-
tection gives the minimal number of RNAPII complexes bound to the same
DNA fragment. When fitting our experimentally obtained re-ChIP values to the
probability curve we saw that there are at least 2 to 2.5 polymerase complexes
on the same DNA fragment in the GAL-VPS13 locus. As the average length of
the DNA fragments in our experiments was around 500 bp as determined by
DNA gel-electrophoresis, it makes minimally one RNAPII complex per
250 bps.

As our results indicated there seems to be two possibilities to achieve the
uniform distribution of RNAPII complexes on transcribed genes. Either a
portion of all the transcribing polymerases abort transcription in a coordinated
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way or the leading polymerase elongates slower than the following polyme-
rases. In the latter case the “holes” caused by premature spontaneous termi-
nation of transcription would be filled by faster polymerases that catch up with
the leading polymerase. Probably both possibilities are true. DNA damage and
the subsequent DNA repair mechanisms may cause displacement and
ubiquitylation of elongating polymerases in the coding region of genes (Somesh
et al., 2005; Woudstra et al., 2002). The leading polymerase, on the other hand,
might be slowed down by the encounter of relatively more obstacles on its way
compared to the following polymerases. Often pausing and backtracking of the
elongating polymerase occur (Churchman and Weissman, 2011; Sigurdsson et
al., 2010). During transcription elongation RNAPII complex has to open the
structure of chromatin and displace the histones in the coding region on highly
transcribed genes (Kristjuhan and Svejstrup, 2004; Lee et al., 2004; Schwabish
and Struhl, 2004). These processes are good candidates for slowing down the
leading polymerase whereas the following polymerases can take advantage of
the opened chromatin. Or even if the nucleosomes are reassembled behind the
first RNAPII, they might be more loosely attached as a result of H3K56 acety-
lation occurring on the newly synthesised histones.

Also, leading polymerases might be more prone to abortions than the
followers. Many regulated genes are expressed as transcriptional bursts, where
rapid induction of the gene and transcription of multiple mRNAs is followed by
relative inactivity of the promoter (Chubb et al., 2006; Pare et al., 2009; Raj et
al., 2006; Zenklusen et al., 2008). In this case a number of polymerases tran-
scribe the same gene and if the first one aborts, its place is taken over by the
next RNAPII, preserving the uniform distribution of polymerases as seen in our
experiments. This scenario suggests a situation where the absolute number of
transcribing polymerases decreases towards the end of the transcribed gene,
nevertheless full-length transcript is synthesised if there are enough polyme-
rases and at least some of them reach the end of the gene. Such mechanism
might be the most efficient strategy for gene expression control as it enables the
cooperation of individual polymerases in competing with the barrier of
nucleosomes on a template (Jin et al., 2010; Kulaeva et al., 2010).

In the light of our results it would be wise to interpret whole-genome studies
with caution. In these studies the higher signal of RNAPII in the 5 end of genes
is often interpreted as the promoter-proximal pausing of polymerases. In the
context of our study the actual distribution of RNAPII might be much more
uniform and therefore the so-called paused polymerases actually represent
termination of RNAPII in early steps of transcription.
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CONCLUSIONS

In the current work budding yeast was used as a model system to study the
mechanisms of RNAPII-dependent transcription elongation. To understand
better the process of nucleosome eviction from the coding region of highly
transcribed genes we defined the area of nucleosome removal and showed its
dependence on elongating RNAPII. In addition we investigated the dynamics of
histones after transcription repression and detected the incorporation of newly
synthesised histone molecules to reassembled nucleosomes. We also found that
elongating RNAPII is capable of traversing heterochromatic structures, so far
considered impenetrable for the transcription machinery. When looking for the
factors facilitating the displacement of silencing complexes, we identified
histone H3 acetylation at lysine residue 56 as the post-translational modification
needed for this process.

While studying the whole cell population we repeatedly detected higher
levels of RNAPII signal in the 5° end of the model gene than in the 3 end.
Hence we decided to analyze the distribution of RNAPII also on single chro-
matin fragment. Interestingly, we discovered that on single cell level elongating
RNAPII complexes are uniformly distributed throughout the entire length of the
gene.

Shortly, the following conclusions can be drawn from the current study:

1. Elongating RNAPII determines the area of nucleosome loss in transcribed
locus.

2. Newly synthesised histones are incorporated into nucleosomes after
transcription inhibition.

3. Elongating RNAPII displaces silencing complexes from the coding region of
the gene.

4. Acetylation of H3 K56 is required for RNAPII elongation through
heterochromatin.

5. Elongating RNAPII is uniformly distributed on transcribed locus.
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SUMMARY IN ESTONIAN

RNA poliimeraas ll-s6ltuva transkriptsiooni elongatsiooni
mehhanismide uurimine

Koigis eukartiiootsetes rakkudes on DNA seotud histoonivalkudega, moodus-
tades nukleosoome. DNA ja valkude kompleksi nimetatakse kromatiiniks ning
see struktuur on takistuseks koigile DNA-ga toimuvatele protsessidele. Kées-
olevas t60s uurisime, kuidas tuleb selle takistusega toime DNA-It informat-
siooni kopeeriv ensiiiim RNA poliimeraas II. Mudelorganismina kasutasime
katsetes pagaripdrmi (Saccharomyces cerevisiae).

Protsessi, mille kéigus DNA-l oleva informatsiooni pdhjal siinteesitakse
mRNA, nimetatakse transkriptsiooniks. Trankriptsioon jagatakse kolmeks
erinevaks etapiks — initsiatsioon, elongatsioon ja terminatsioon. DNA kdrgem
kokkupakitud olek mdjutab eelkdige elongatsiooniprotsessi, mille jooksul
transkribeeriv RNA poliimeraas peab ldibima DNA-st ja histoonidest moodus-
tunud nukleosoomid. Varasematest t0ddest on teada, et geenidelt, mida aktiiv-
selt transkribeeritakse, eemaldatakse nukleosoomid transkriptsiooni kaigus
taielikult ning nukleosoomne struktuur taastub pérast protsessi 16ppu. Minu t66
itheks eesmargiks oli uurida, kui suures ulatuses eemaldatakse DNA-It nukleo-
soomid ning kas kromatiini struktuuri taastamisel kasutatakse samu histooni
molekule, mis sealt transkriptsiooni kédigus eemaldati. Leidsime, et selle ala
ulatuse, millelt nukleosoomid eemaldatakse, méarab dra elongeeriv poliimeraas
ning taastatud kromatiini struktuuris detekteerisime ka ,,uusi* histooni mole-
kule. Seega on just RNA poliimeraas peamiseks kromatiini struktuuri muutusi
esilekutsuvaks komponendiks ning kromatiini struktuuri taastamisel kasutatakse
nii ,,vanu‘‘ kui ,,uusi‘ histoone.

Lisaks nuklesoomsele struktuurile on RNA poliimeraas II jaoks takistavaks
teguriks ka nn vaigistatud kromatiin ehk heterokromatiin. Vaigistatud kroma-
tiini puhul on nukleosoomid seotud represseerivate valgukompleksidega, mida
pagariparmis nimetatakse SIR valkudeks. Katsetes onnestus meil tekitada olu-
kord, kus SIR kompleksid paiknesid ka meie mudelgeenil. Ténu sellele saime
uurida heterokromatiinsete komplekside mdju transkribeerivale RNA poliime-
raas Il-le. Selgus, et juba elongeeriv poliimeraas suudab SIR valgud DNA-It
eemaldada ning edukalt mRNAJ siinteesida. Selgitasime ka vélja, et hetero-
kromatiini 16hkumiseks on vaja, et mdned nuklesoomis olevatest histooni
valkudest oleks keemiliselt modifitseeritud. Nimelt peab histoon H3 56. posit-
sioonis olev liisiinijadk olema atsetiileeritud, et RNA poliimeraas saaks hetero-
kromatiinsete kompleksidega kaetud ala transkribeerida.

Mitmetest katsetest selgus, et indutseerides mudelgeenil transkriptsiooni,
jaotus RNA poliimeraas II geenil ebaiihtlaselt — ndgime, et poliimeraasi komp-
lekse on rohkem geeni 5’ otsas kui 3° otsas. Kuna meie katsed olid tehtud
kasutades materjali kogu rakupopulatsioonist, huvitas meid, kas poliimeraas on
transkribeeritaval geenil samamoodi jaotunud ka iihe raku tasemel. Kasutades
jérjestikust kromatiini immuunopretsipitatsiooni leidsime, et transkribeeritaval
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geenilookusel on RNA poliimeraas II-e molekulid jaotunud iihtlaselt. Seega on
poliimeraasi populatsioonisisese ebaiihtlase jaotuse pdhjuseks pigem see, et
monedes rakkudes transkriptsiooni kiill alustatakse, kuid see katkeb. Neis rak-
kudes, kus poliimeraas viib protsessi 10puni, on ta jaotunud aga ihtlaselt iile
kogu trankribeeritava piirkonna.

Antud toost saadud tulemused on oluliseks tdienduseks baasteadmistele
transkriptsiooni elongatsioonist ning rikastavad arusaama RNA poliimeraas II-
soltuva transkriptsiooni elongatsiooniprotsessist.
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