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Introduction 

General introduction 
In a eukaryotic cell the genetic material is contained in long DNA molecules 
that are associated with a large number of proteins modified in various ways. 
Together the DNA and proteins form an organized and dynamic structure 
called chromatin. Proper regulation and packaging of the chromatin is im-
portant, especially when genes in the genome are expressed or silenced, e.g. 
when the genome is about to be replicated in preparation of mitosis or during 
mitosis or meiosis themselves. The formation of different states of chromatin 
at the correct time point requires contribution of a large number of factors 
and processes. Occasionally, this regulation of chromatin malfunctions and 
leads to severe illnesses as cancer, due to for example errors in the regulation 
of oncogenes and tumor suppressor genes.  

Much research attention is directed towards finding drugs that affect the 
dysregulation of chromatin in cancer cells. This type of drug discovery is 
dependent on basic research concerning the regulation and organization of 
chromatin in both fully functional and malfunctional cells in many organ-
isms. 

This thesis focuses on studies concerning the dynamics of chromatin car-
ried out in the model organism Schizosaccharomyces pombe. When using 
stress as a model for gene activation substantial changes of the chromatin 
were observed around “stress activated” genes. The stress also induced a 
change in the subnuclear localization of genes located in clusters in the ge-
nome. Functional studies concerning a factor involved in the establishment 
and maintenance of a silenced chromatin state have also been performed. 
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The model organism, Schizosaccharomyces pombe 
To study chromatin we have used the simple unicellular eukaryote 
Schizosaccharomyces pombe. The organism is also called fission yeast since 
it divides by medial division and not by budding as seen in the more com-
monly known yeast Saccharomyces cerevisiae (Yeong 2005; Piel and Tran 
2009). Yeast diverged from animals about 1,580 million years ago. The di-
vergence of Schizosaccharomyces (Archiascomycetes) and Saccharomyces 
(Hemiascomycetes) occurred approximately 1.140±80 million years ago 
(Heckman et al. 2001; Hedges 2002). The name Schizosaccharomyces origi-
nates from 1893 when a scientist called Lindner named the yeast. Sacchao-
myce reflects the type of organism (yeast) and the Schizo refers to that the 
cell divides by fission (Egel 2004). Lindner isolated S. pombe from east Af-
rican millet beer and therefore also named the Schizosaccharomyces strain 
“Pombe” which means beer in Swahili (Forsburg ; EMBL-EBI). Today all 
laboratory strains originate from the strains Urs Leupold characterized ge-
netically in the 1940s (Egel 2004). The three strains are, strain 968 
(homothallic, h90), strain 972 (heterothallic, h-), and strain 975 (heterothallic, 
h+) (Zhao and Lieberman 1995). 

The S. pombe genome (strain 972) was sequenced in 2002 (Wood et al. 
2002). The genome contains approximately 5000 open reading frames di-
vided on three chromosomes. The genome size is about 14,1 Mega bases 
(Mb) where 12,5 Mb are sequenced so far and the three chromosomes range 
from 3,5 to 5,7 Mb. The average gene length is 1416 base pairs (bp) and 
about 2300 genes contain introns. The Guanine/Cytosine (GC) content is 
about 36%, thus meaning that the fission yeast is Adenine/Thymine rich 
(Bähler and Wood 2004).  

The S. pombe cell is rod shaped, with a diameter of 3-4 µm. The newly 
divided cell is 7 µm long and grows up to 14 µm before it divides again. 
When the cell divides, it forms two 7 µm long daughter cells and these im-
mediately start to grow from the “old” end (Piel and Tran 2009). Already 
after two hours in liquid rich media the wild type cell is ready to divide 
again. 

Most vegetative growing S. pombe cells are haploid. Zygotes are formed 
when cells of both mating types, Plus (P) and Minus (M), are in close prox-
imity of each other and when the nitrogen supply in the growth medium is 
limited. The cells produce mating pheromones, which attracts one cell to a 
cell with an opposite mating type resulting in fusion and zygote formation. If 
the zygotes are kept on media depleted from nitrogen they will go into meio-
sis (figure 1) and an ascus with four haploid spores is formed. The spores are 
resistant to many types of environmental threats such as heat, cold and dif-
ferent chemicals (Egel 2004).  
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The haploid S. pombe cell originating from a spore enters the vegeta-
tive/mitotic cell cycle (figure 1) in the synthesis-phase (S phase) where the 
genome is replicated. The cell cycle is divided in two main phases, the inter-
phase and the mitosis (M-phase). Interphase can be further divided into the 
G1, S and G2 phases. Cells that have stopped dividing enter the stationary 
phase (sometimes referred to as G0). In mitosis, the cell nucleus divides into 
two, while the cell goes trough both G1 and almost the whole S phase before 
division of the two daughter cells take place. G1 and G2 are gap phases 
where cells grow and produce components such as proteins necessary for 
later processes. In S. pombe the G2 phase is extensive (Albert et al. 2002; 
Egel 2004; Knutsen et al. 2011). The transition between cell cycle phases is 
highly regulated, controlled and crucial to the cell survival. Cdc2, a protein 
kinase, and Cdc13, an essential cyclin are the two most important compo-
nents of the cell cycle control system, required both in G1-S transition and in 
the initiation of Mitosis (Stern and Nurse 1996). 

S. pombe is a popular model organism because genetic manipulations are 
easy in comparison to higher eukaryotes, since the yeast prefers to be hap-
loid and homologous recombination occurs with high efficiency. Other ad-
vantages are the rapid cell cycle (about 2 hours for wild type cells), the pos-
sibility to culture both on solid and in liquid medium and the requirement of 
quite simple growth media composition. In addition, the genome is se-
quenced and several processes in the cell resemble the human system e.g. the 
chromatin organization. Today, fission yeast research focuses on the cell 
cycle, such as mitosis, cell cycle checkpoints and cytokinesis. Another large 
area of interest is the regulation of expression and silencing of genes, with a 
focus both on single genes and on a genome wide level (Zhao and 
Lieberman 1995; Forsburg). 
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Figure 1. Meiotic and Mitotic cell cycles in Schizosaccharomyces pombe. 
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Chromatin organization 
The basic unit of chromatin, the nucleosome, consists of 147 bp of DNA 
wrapped around an octamer of histone proteins. The core of histones form-
ing the nucleosome consists in most cases of two of each of histone H2A, 
H2B, H3 and H4 (Jansen and Verstrepen 2011). The nucleosomes are con-
nected to each other by linker DNA forming a 10 nm fibre, also referred to 
as “beads-on-a-string”. In most eukaryotes the linker DNA is bound by his-
tone H1 (Szerlong and Hansen 2011). S. cerevisiae encodes an histone H1 
protein but the function is not well characterized (Li et al. 2008) whereas S. 
pombe lacks histone H1 (Kobori et al. 2003). By electron microscopy a 30 
nm fibre was visualized, formed from further packaging of the 10 nm fibre. 
The exact arrangement of the 30 nm fibre is under debate (Finch and Klug 
1976; Tremethick 2007). Nucleosomes are positioned every 154 bp, that 
means about 6,5 nucleosomes per 1000 bp in fission yeast (Lantermann et al. 
2010). Histone variants occur in specialized forms of chromatin, for example 
the histone variant CENP-A replacing canonical H3 at centromeres (Allshire 
and Karpen 2008). The histone variant H2A.Z is involved in many processes 
such as gene silencing, chromosome stability and antisense RNA suppres-
sion (Ahmed et al. 2007; Zofall et al. 2009; Hou et al. 2010). The N-terminal 
tails of the histones protruding from the nucleosomes are susceptible to post-
translational modifications that can alter the interaction between the histones 
and DNA, and thus alter the chromatin structure making it more or less con-
densed (Olsson and Bjerling 2011). 

Due to its dynamic structure, the chromatin can change accessibility to 
different factors depending on the cell status. The actively transcribed type 
of chromatin, euchromatin, is an open, or less condensed form. The histones 
H3 and H4 in euchromatin are acetylated at several positions. A specific 
position, histone H3 Lysine 4 (H3K4), is methylated in this form of chroma-
tin. The more compact structure of chromatin, heterochromatin, is recog-
nized by hypoacetylation and methylation at H3K9 (Olsson and Bjerling 
2011). 

Heterochromatin can further be divided into two types. Constitutive het-
erochromatin that is stable and will not change state, for example the 
pericentromeric heterochromatin (Bernard et al. 2001; Topp and Dawe 2006) 
and facultative heterochromatin which is more flexible. Low levels of tran-
scription can occur in both forms of heterochromatin (Cam et al. 2005; 
Djupedal et al. 2005). What the differences are, at a molecular level, of dif-
ferent types of heterochromatin is not clear. In higher eukaryotes it is sug-
gested though that constitutive heterochromatin harbour more methylated 
H3K9 and facultative heterochromatin more of methylated H3K27 (Trojer 
and Reinberg 2007). Formation of either state of chromatin is gene specific 
and highly regulated (Horn and Peterson 2006; Grewal and Jia 2007; Li et al. 
2007). Bas van Steensel argues that the current picture of the two types of 
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chromatin is highly simplified. Van Steensel and co-workers have classified 
many types of chromatin in the fruit fly, that they named blue, black, green, 
yellow, and red chromatin, all with different characteristics (Filion et al. 
2010). 

The blending of the two types of chromatin, euchromatin and hetero-
chromatin is prevented by boundaries. Examples of boundary mechanisms 
are insulators, tRNA genes and TFIIIC binding sites. tRNA genes have been 
identified to have boundary function in several organisms e.g. S. cerevisiae 
and S. pombe (Donze et al. 1999; Scott et al. 2006). TFIIIC is a “RNA poly-
merase III initiation of transcription” factor that also binds to elements lo-
cated at inverted repeats (Wallrath and Geyer 2006). The TFIIIC´s role in the 
boundary mechanism was discovered when realising that chromosome 1 in 
S. pombe only has one tRNA gene on one side of the centromere and none 
on the other side (Noma et al. 2006). Barrier insulators can also be other 
DNA sequences present between euchromatin and heterochromatin (Gaszner 
and Felsenfeld 2006; Bushey et al. 2008).  

In eukaryotic cells the centromeres and telomeres are associated with con-
stitutive heterochromatin in addition to a few gene specific facultative re-
gions. In S. pombe, the region where the mating-type information (P and M) 
is stored is heterochromatic (Olsson and Bjerling 2011).  

The organization of chromatin in the cell nucleus is very important for 
proper function of the cell. Specific regions of the chromosomes have dis-
tinct subnuclear localizations. The position can change depending on differ-
ent events in the cell. Examples of such events are the different stages of the 
cell cycle and also the status of transcription of genes in the area (Olsson and 
Bjerling 2011).  

The three centromeres in S. pombe are all found together at the nuclear 
periphery in cells at interphase. The centromeres actually attach to the spin-
dle pole body (SPB) at the nuclear membrane (Ding et al. 1993; Kniola et al. 
2001). In metaphase cells the centromeres are located in the middle of the 
nucleus together with the mitotic spindle. The centromeres split in the be-
ginning of anaphase and then start to move to the spindle poles (Funabiki et 
al. 1993). Telomeres form several clusters that in interphase are located close 
to the nucleolus and the nuclear membrane at the opposite side of the nu-
cleus compared to the SPB (Funabiki et al. 1993; Tanizawa et al. 2010). 
During meiosis the telomeres switch position with the centromeres so that 
the telomeres now attach to the SPB (Chikashige et al. 1997). The mating-
type region is found near the SPB and centromeres (figure 2) (Alfredsson-
Timmins et al. 2007).  

The arrangement of chromosomes in cells change during the cell cycle as 
described above. In interphase cells the chromosomes are believed to be 
ordered into Chromosome territories (CT) (Cremer and Cremer 2001). In the 
CTs the DNA is organized, but less compacted than in meiosis or mitosis. 
This more “lose” structure promotes transcription of genes. Several models 
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have been proposed on how these CTs are arranged (Cremer and Cremer 
2010). The Chromosome territory interchromatin compartment is a model 
where there is transcription both between CTs and inside CTs in “channels”. 
The “Lattice model” is based on 10 and 30 nm fibers observed in electron 
microscopes. In this model the CTs can intermingle with each other 
(Dehghani et al. 2005). The interchromosome network model suggests in-
termingeling between CT located close to each other and to other fibers not 
as close by forming loops (Branco and Pombo 2006). In addition transcrip-
tion factories have been proposed to be the site where transcription is taking 
place, this is located where loops meet (Fraser and Bickmore 2007). The 
transcription factories are remained also when transcription is inhibited, sug-
gesting that they are not just a collection of actively transcribed genes 
(Mitchell and Fraser 2008). There are examples of gene activation depending 
on the subnuclear localization. But due to conflicting data on where in the 
nucleus actively transcribed genes locate, there must be diverse modes of 
gene activation, which lead to different subnuclear positions (Brown et al. 
1997; Taddei et al. 2006). Co-regulated genes exist in the genome of eu-
karyotic cells (Lee and Sonnhammer 2003). For example some of the genes 
involved in the complex transcriptional program leading to meiosis in S. 
pombe are located in clusters (Mata et al. 2002). The findings are indicative 
of that the placement of genes in the genome is subjected to some kind of 
organization. 
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Figure 2. Schizosaccharomyces pombe cell nucleus. Subnuclear localization of SPB: 
spindle pole body, centromeres, mating-type region, telomeres and nucleolus. Ir-
regular black lines: chromatin. Outer black circle: nuclear membrane with nuclear 
pores.  

Centromere 
The centromere is the region of the DNA-molecule, where the kinetochore, a 
complex protein structure, is formed. To this structure the spindle micro-
tubules attach during cell division in eukaryotic cells. Separation of chromo-
somes in mitosis or meiosis is dependent on correct assembly of the compo-
nents at the centromeres (Sullivan et al. 2001). The composition of the cen-
tromeres differs in many ways in eukaryotic cells, but usually they are made 
up of repetitive DNA sequences. In a cell, the centromeres at different chro-
mosomes can differ in for example size, number of repeats and the way the 
repeats are arranged (Sullivan et al. 2001; Allshire and Karpen 2008). The 
proteins associated with the centromeres are on the other hand very similar 
in all eukaryotes. The highly conserved histone H3 variant CENP-A is found 
in the central core of functional centromeres in eukaryotes (Black and Bas-
sett 2008). In S. pombe the CENP-A homolog Cnp1 is associated with two 
conserved centromeric proteins, Mis6 and Mis12. A transcription factor of 
GATA-type, zink finger Ams2, is found to affect Cnp1 positioning (Chen et 
al. 2003b). The ATP-dependent chromatin remodeler, Hrp1, homologous to 
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S. cerevisiae CHD1, is also important for positioning of the CENP-A ho-
molog Cnp1 (Walfridsson et al. 2005; Choi et al. 2011).  

The AT-rich -satellites, the basic unit of human centromeres, is 171 bp 
long and is arranged into structures of 0,2-5 Mb, each consisting of a repeat 
unit called “higher order repeat” (HOR), reviewed in (Stimpson and Sullivan 
2010). In Saccharomyces cerevisiae, the centromeres are short, consisting of 
only one nucleosome and thus called point centromeres. They are about 125 
bp and consists of three elements called CDE I, II and III. S. pombe has lar-
ger centromeres, so called regional centromeres that are also found in human 
and fruitfly cells (Ekwall 2007). The three centromeres in S. pombe differ in 
size, ranging from 35 to 110 kb (Wood et al. 2002). The smallest centromere 
(cen1) is located on the largest chromosome and the largest centromere 
(cen3) on the smallest chromosome. The three centromeres of S. pombe have 
structural similarities. They consist of the central domain, the inner repeats 
(imrL, and imrR,) and the outer repeats (otrL and otrR) (Ekwall 2007). 
Moreover, the outer repeats consists of the dg and dh repeats (Bjerling and 
Ekwall 2002), a small part of the dg repeats is highly conserved between the 
three different chromosomes (Allshire 2004). Many tRNA genes, which 
functions as barriers between elements in the centromeres, are found close to 
or within the centromeres (Takahashi et al. 1991). The Cnp1 chromatin of 
the central core and the inner repeats of the centromere are surrounded by 
pericentromeric heterochromatin (Partridge et al. 2000; Sullivan and Karpen 
2004). 

Telomeric regions 
The telomeres are located in the extreme end of eukaryotic chromosomes 
and are composed of short tandemly repeated DNA sequences that are bound 
by protective proteins. Interacting proteins are shielding the telomeres from 
the DNA double strand break repair machinery and nucleases. In a situation 
with no protective proteins the telomeres will fuse “end to end” or be de-
graded (Moser and Nakamura 2009). Upstream of the telomeric sequence the 
subtelomeric region, also called the Telomere Associated Sequence (TAS), 
is located. The subtelomeres have a heterochromatic structure and when 
reporter genes are inserted in these sequences they become transcriptionally 
repressed (Grunstein 1997; Baur et al. 2001). Helicase genes at the subte-
lomeres have sequences similar to the centromeric dg/dh repeats and the 
cenH region in the mating-type region (see later section on the mating-type 
region), and they are silenced by Taz1, RNAi and other silencing factors 
(Hansen et al. 2006).  

The telomeric DNA repeats are species-specific but share similar compo-
sition among different organisms. The two strands of the repeats are Gua-
nine-rich and Cytosine-rich respectively. The G-rich strand is longer and 
ends with a single-stranded 3´extension, sometimes called the G-tail. This 
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single stranded G-tail invades the double stranded DNA and forms a T-loop 
(Wei and Price 2003). In somatic cells the telomeres get shorter for each cell 
division due to the “end-replication-problem”. The DNA polymerase is not 
able to synthesize DNA in a 3´to 5´direction which results in a shortening of 
the telomeres after every replication (Jain and Cooper 2010). In germ line 
cells the telomere shortening is prevented due to addition of new telomeric 
repeats by an enzyme called telomerase, which performs synthesis of the G-
rich strand using its integral RNA core as a template. The complementary 
strand is then synthesized by a DNA polymerase. Somatic cells, which ex-
press the enzyme telomerase, are often immortalized cells as for example 
cancer cells (Nakamura et al. 1997; Blackburn 2005). 

In S. pombe the telomerase is active and keeps the telomeres at a size of 
about 300 bp. The DNA repeat consists mainly of TTACAG2-5 with some 
variation, which is considered to be more similar to higher eukaryotes than 
the telomeres in S. cerevisiae, which have more variation in their telomere 
sequence (Hiraoka and Chikashige 2004; Matulic et al. 2007). 

Organization of the telomere binding factors in S. pombe resembles the 
organisation in higher eukaryotes. Rap1 binds telomeres via Taz1 in S. 
pombe and via the Taz1 homologs TRP1 and TRP2 in humans; in S. cere-
visiae RAP1 binds directly to telomeric DNA. Also the telomeric single 
strand binding protein Pot1 is present in both S. pombe and human te-
lomeres. CDC13 performs similar functions in S. cerevisiae (Matulic et al. 
2007). 

rDNA 
The nucleolar compartment is a non-membrane area within the nucleus 
where the ribosome biogenesis occur. The rDNA, encoding the ribosomal 
RNA, consists of repetitive DNA and the transcription is regulated by silenc-
ing of the rDNA genes. Part of the chromatin in the nucleolus can form into 
an “open” state where transcription occurs and the rest is in a condensed 
state where the genes are silenced (Bártová et al. 2010).  

Mating-type region  
The mating-type region in S. pombe is located in a heterochromatic area and 
is found close to the SPB and the nuclear membrane (Alfredsson-Timmins et 
al. 2007). The region consists of three cassettes, mat1, mat2-P and mat3-M. 
The mating types P or M is expressed from the euchromatic mat1 locus. The 
other mating-type which is not expressed is silenced due to its position in the 
heterochromatic area (mat2-P and mat3-M) (Kelly et al. 1988). The mat loci 
are “flanked” by homologous sequences that take part in the initial and final 
steps of the mating-type switching, converting the mat1 locus to either P or 
M by transferring information from the silent donor loci. A region of about 
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17 kb called the L-region is located between the mat1 and mat2-P loci. The 
segment between mat2-P and mat3-M is called the K-region and a part of the 
K-region, called cenH, shares homology with the centromeric dg and dh 
repeats found at the S. pombe centromeres (Grewal and Klar 1997). 

Inverted repeats, IR-L and IR-R, flank the silent region and function as 
boundary elements for heterochromatin (Arcangioli and Thon 2004). 

The homothallic strain, h90, described by Leupold changes mating type 
during every second cell division. While the heterothallic strains, h+ and h –, 
rarely change mating type. The most commonly used heterothallic strains are 
the h+N and h-S strains. The h+N strain have rearranged mating-type cassettes, 
containing a second mat3-M cassette close to the mat1 locus, mat1 and the 
rearranged mat3-M are separated by a K-region. The h-S strain is rearranged 
in such a way that the mat2-P and mat3-M are fused and the plus informa-
tion is not able to function in a correct way. The K-region is also absent (fig-
ure 3) (Beach and Klar 1984).  

 
Figure 3. Homothallic, h90 and heterothallic h+N and h-S strains in Schizosaccharo-
myces pombe. mat1, 2 and 3: Loci in the mating-type region containing information 
about mating type. L and K: sequences located in-between the mating-type loci. 
White: where mat2 information is present, Black: where mat3 information is present. 
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Chromatin formation 
Many factors, today known to be generally needed for silencing in fission 
yeast, were originally found when screening for factors needed for silencing 
at the mating-type region in S. pombe (Thon and Klar 1992; Ekwall and 
Ruusala 1994; Thon et al. 1994; Grewal et al. 1998).  
Eukaryote organisms share various similarities in the formation of different 
kinds of chromatin. Many components are conserved between S. pombe and 
the human system but the formation of silent chromatin in S. cerevisiae dif-
fers compared to S. pombe, humans and other eukaryotes. Research in both 
of these yeasts have still contributed much to the present understanding of 
chromatin organization among eukaryotes (Bühler and Gasser 2009).  

Chromo domain proteins and histone methylation 
The heterochromatin proteins (HP1) are since long known marks of hetero-
chromatin. They bind histone H3, which is methylated on lysine 9 
(H3K9Me2/3). In humans three HP1 variants exist, HP1 , HP1  and HP1  
(Zeng et al. 2010). The HP1 proteins contain a chromo domain (CD) (Platero 
et al. 1995), which bind to the methylated H3K9 (Schotta et al. 2003) and a 
chromo shadow domain (CSD) involved in protein-protein interactions 
(Aasland and Stewart 1995). S. pombe has two HP1 homologs, Swi6 and 
Chp2 (Shimada and Murakami 2010). In addition, Chp1 is a third chromo 
domain containing protein in fission yeast that binds methylated H3K9. 
Chp1 is part of the RNA-induced transcriptional silencing (RITS) complex 
(Schalch et al. 2009). 

Methyltransferases are responsible for methylating the histone tails. The 
first identified was found in Drosophila melanogaster, as a suppressor of 
Position Effect Variegation (PEV), Su(var)3-9 (Tschiersch et al. 1994). The 
PEV effect refers to the mechanism when a gene, normally found in an eu-
chromatic area, is inserted in a heterochromatic region and is then repressed 
due to silencing mechanisms operating in the area of insertion, in other 
words, the position of the gene determines the expression/repression 
(Allshire et al. 1994). Several orthologs of Su(var)3-9 were later found, the 
homolog Clr4 in S. pombe, and for example SUV39H1 (Ivanova et al. 1998; 
Aagaard et al. 1999) and G9a (Tachibana et al. 2001) in mammals. These 
proteins contain a chromo domain and also a SET domain, which is respon-
sible for the methylation of histone H3 on lysine 9 (Zhang et al. 2008). Sev-
eral SET domain-containing proteins have been identified in the genome of 
S. pombe and four of them are involved in transcriptional regulation by 
modifying histone tails (Sadaie et al. 2008). Clr4 is the only methyltrans-
ferase in S. pombe that methylates histone H3K9. Clr4 is found together with 
Cul4, Rik1, Raf1 and Raf2 in the ClrC complex, that is recruited by Stc1 to 
the H3K9-site to be methylated (Bayne et al. 2010).  
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The methylation of histones is reversible and the opposite action is per-
formed by histone demethylases. So far two families with histone demethy-
lation activity have been described, namely Jumonji C and LSD1. A protein 
family with a biparte domain, the Jumonji C (JmjC) and Jumonji N protein 
family, was described in the year 2000 (Balciunas and Ronne 2000) and later 
on it was shown that the JmjC domain had demethylase activity (Tsukada et 
al. 2006). 

The proposed demethylase Epe1 is a conserved JmjC domain protein that 
is involved in the heterochromatization of fission yeast (Ayoub et al. 2003). 
How Epe1 functions in heterochromatin formation is not understood yet 
since Epe1 has no enzymatic demethylase activity (Trewick et al. 2005). It is 
suggested that Epe1 counteracts the repressive effect of silencing and its 
action is at the stage of histone deacetylation (Isaac et al. 2007). Recently it 
was described that Epe1 has a function at the inverted repeats (IRC ele-
ments) at centromeres. The IRC elements function as barriers between eu-
chromatin and heterochromatin. The mechanism is not known but high con-
centration of Epe1 seems to stop the spreading of heterochromatin (Zofall 
and Grewal 2006). Epe1 is found to interact with Swi6 and this interaction is 
important for the recruitment of Epe1 to heterochromatin, whereas Swi6 
phosphorylation prevents the interaction (Shimada et al. 2009). The Cul4-
Dbd1 complex is involved in the ubiquitination and thereby the degradation 
of Epe1 (Braun et al. 2011). Moreover, the Cul4 protein is also found in the 
ClrC-complex together with Clr4 (Bayne et al. 2010).  

Orthologs of the human Lysine specific demethylase 1 (LSD1), specific 
for H3K4 demethylation, are found in both S. pombe and D. melanogaster 
(Mosammaparast and Shi 2010). In S. pombe the Lsd1 protein demethylates 
H3K9 instead of H3K4 (Lan et al. 2007; Hou and Yu 2010). Lsd1 has been 
found at tRNA genes known to function as barriers between euchromatin 
and heterochromatin. The Lsd1 proteins are therefore thought to be involved 
in organizing the chromatin by creating and maintaining boundaries (Lan et 
al. 2007). 

RNAi 
Small non-coding RNAs are believed to be important in host defence, tran-
scription, chromosome segregation, RNA processing, RNA stability and 
many other processes (Carthew and Sontheimer 2009). The three classes of 
small RNAs are short interfering RNAs (siRNA), micro RNAs (miRNA) and 
piwi-interacting RNAs. The later is only found in metazoans. In mammals 
and in C. elegans some of the components needed to process the miRNA and 
the siRNA are shared (Ghildiyal and Zamore 2009). In S. pombe the focus 
has been on the siRNA involved in the RNAi system, silencing both at a 
transcriptional and at a post-transcriptional level (Almeida and Allshire 
2005). Comparison with other yeast species for example S. cerevisiae re-
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vealed differences in silencing mechanisms of the chromatin. S. cerevisiae 
lacks RNAi components, but the filamentous fungi on the other hand has an 
active RNAi system working only at the post-transcriptional level (Dang et 
al. 2011). 

The dicer protein Dcr1, the argonaute Ago1 and the RNA-dependent 
RNA polymerase Rdp1 have the most important function in the RNAi sys-
tem in S. pombe, while their task in higher organisms is often divided be-
tween two or several similar proteins. In S. pombe only one version of each 
protein exists (Ghildiyal and Zamore 2009). The proteins are found in com-
plexes with other proteins, The components involved in the RNAi system are 
the dicer, Dcr1, the RNA-induced transcriptional silencing complex (RITS) 
with Ago1, Tas3 and Chp1 and the RNA-dependent RNA polymerase com-
plex (RDRC) containing Rdp1, Hrr1 and Cid12 (Halic and Moazed 2010; 
Lejeune and Allshire 2011).  

The mechanisms of gene silencing in S. pombe involving these complexes 
is discussed later in the section “Establishment and maintenance of silent 
chromatin”. 

Histone acetylation 
Acetylation of histone tails by acetyltransferases is the major mark for eu-
chromatin. There are a few groups of histone acetyltransferases (HATs), also 
known as the lysine acetyl transferases (KATs) (Allis et al. 2007), in eu-
karyotic cells. The MYST family is represented by the SAS2, SAS3 and 
ESA1 histone acetylatransferases in S. cerevisiae and by Mst1 and Mst2 in 
S. pombe (Pillus 2008; Nugent et al. 2010). Another group of these enzymes 
are the Gcn5 related N-acetyltransferases (GNAT). The founding member, 
ScGCN5, acetylates lysines and thus functions as a co-activator for transcrip-
tion, linking histone acetylation with active transcription (Brownell et al. 
1996; Barth and Imhof 2010). Histone acetylation occurs at many of the 
lysines located in the histone N-terminal tails, exemplified by histone H3 
lysine 9 (H3K9ac), H3K14ac, H4K5ac, H4K12ac and H4K16ac (Sinha et al. 
2006). 

The histone deacetylases (HDACs) antagonize the acetyltransferases by 
removing the acetyl mark from the lysines (Bannister and Kouzarides 2011). 
Three conserved groups of HDACs exist, class I, II and III. Clr6 and Hos2 
are the class I HDACs in S. pombe. Clr6, an essential gene, is homologous to 
the mammalian HDAC1 and HDAC2 and also to the S. cerevisiae RPD3 
(Grewal et al. 1998; Ekwall 2005). Clr6 acetylates many histone lysines 
(Bjerling et al. 2002; Wiren et al. 2005). The S. pombe protein Clr3 is the 
only member of S. pombe class II HDAC, S. cerevisiae has two class II en-
zymes, HDA1 and HOS3 (Ekwall 2005). The S. pombe HDAC Clr3 is a 
component of the SHREC complex (Sugiyama et al. 2007). Clr3 deacety-
lates histone H3 at lysine 14 (Bjerling et al. 2002; Wiren et al. 2005). Clr3 
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localizes to many areas in the nucleus, to the chromatin, the nuclear periph-
ery and the nucleolus (Bjerling et al. 2002). The class III HDACs is repre-
sented by three enzymes, Hst2, Hst4 and Sir2 in S. pombe. Sir2 is similar to 
the S. cerevisiae SIR2 protein (Shankaranarayana et al. 2003; Ekwall 2005). 

Remodeling 
Remodelers are needed to change or modulate nucleosome positions in the 
chromatin. The remodeling is ATP dependent; all chromatin remodelers 
have an ATPase domain responsible for the ATP hydrolysis (Laurent et al. 
1993). Several sub-families of remodelers exist in eukaryotes, namely fami-
lies SWI/SNF, INO80/SWR1, ISWI and the NURD/Mi-2/CHD (Hargreaves 
and Crabtree 2011). The remodelers are often found in complexes together 
with other proteins and these associations could have an affect on the regula-
tion and activity of the ATPase domain (Hargreaves and Crabtree 2011). 
ISWI complexes are responsible for equel spacing between nucleosomes but 
they cannot eject nucleosomes. In contrast, SWI/SNF can, and in addition 
they position evenly spread nucleosomes so they become more randomized 
(Cairns 2007). The essential Snf21 protein is an example of a SWI/SNF re-
modeler in S. pombe (Yamada et al. 2008). Another subfamily member 
(INO80/SWR1 family) is the recently characterized Iec1-Ino80 complex. 
The authors propose that the complex evicts nucleosomes and thereby affect 
the transcription of genes (Hogan et al. 2010). In both S. pombe and S. cere-
visiae, CHD factors are required for correct transcriptional termination (Alen 
et al. 2002). Hrp1 and Hrp3 are CHD paralogs and have multiple functions 
in S. pombe, like participation in transcriptional silencing and transcriptional 
termination (Yoo et al. 2000; Jae Yoo et al. 2002; Walfridsson et al. 2005). 
In addition, centromeric transcription leads to Hrp1 remodeling activity that 
replaces canonical H3 with CENP-A at both centromeres and at a few eu-
chromatic positions (Choi et al. 2011). The main function of Hrp1 is most 
likely gene induction by removing nucleosomes at the promoters, which is 
performed together with the histone chaperone Nap1 (Walfridsson et al. 
2007). Another remodeler found in S. pombe is Mit1, a member of the Snf2 
family, interacting with HDAC Clr3 in the SHREC complex (Sugiyama et 
al. 2007). 

An additional group of proteins involved in many processes concerning 
nucleosomes are the histone chaperones (Burgess and Zhang 2010). They are 
involved in placing newly synthesized nucleosomes at the correct position 
and are also involved in both replication and transcription of the DNA 
(Avvakumov et al. 2011). Among other histone chaperones such as Nap1 
(Walfridsson et al. 2007), S. pombe contains the Asf1 protein, found to be 
involved in silencing of chromatin. Mutating Asf1 at specific sites affect its 
binding to another histone chaperone, HIRA, and to the histones H3 and H4. 
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The impaired binding in turn affects silencing at heterochromatic loci 
(Yamane et al. 2011). 

Clr2 
Cryptic loci regulator 2 (Clr2) was first shown to be necessary for silencing 
at the mating-type region in S. pombe (Ekwall and Ruusala 1994; Thon et al. 
1994). Clr2 was then found to affect silencing in not only the mating-type 
region, but also in the centromeric imr repeats, the central core centromere 
and in the subtelomeric region (Bjerling et al. 2004). Clr2 associates with all 
heterochromatic areas in S. pombe. In addition, it associates with the central 
core of all three centromeres (Sugiyama et al. 2007). When deleting clr2+ the 
acetylation levels of H3K14, H4K8 and H4K12 in the mating-type region 
are alleviated. Overexpression of Clr2 does not affect silencing (Bjerling et 
al. 2004). Clr2 is part of the multienzyme complex, SHREC, containing 
Clr1, a zink finger containing protein, Clr2, Clr3, a histone deacetylase and 
Mit1, a chromatin remodeler. SHREC is involved in chromatin formation 
and was later found to associate with the HP1 homolog Chp2 (Sugiyama et 
al. 2007; Motamedi et al. 2008). No conserved domain could be found in the 
Clr2 protein (Bjerling et al. 2004). During the last years many fungi ge-
nomes have been sequenced and by bioinformatic analysis a “Clr2-region” 
has been established (IPR018839). Now proteins with some similarity to 
Clr2 have been discovered in several different fungi. In addition, a Clr2 ho-
molog is present in the closely related fungi Schizosaccharomyces japonicus 
(Rhind et al. 2011).  

Establishment and maintenance of silent chromatin 
The formation of silent chromatin is complicated and is adapted to every site 
of action. Most components are shared between the different heterochro-
matic areas but differences in their specificity and mechanisms occur (Jia et 
al. 2004; Kanoh et al. 2005; Shanker et al. 2010).  

At S. pombe centromeres the formation of heterochromatin is dependent 
on both the RNAi system and other factors (Shanker et al. 2010; Zhang et al. 
2011). Although many research groups have focused on revealing the silenc-
ing mechanism of the complex centromeres, the full picture of the hetero-
chromatin assembly at the centromeres, is not clear (Creamer and Partridge 
2011).  

The initiation of silencing is a puzzling question. Currently, small 
amounts of centromeric RNA transcripts are believed to initiate the process 
(Djupedal et al. 2009; Halic and Moazed 2010). Transcription mainly occurs 
in S-phase (Chen et al. 2008b) and these RNAs are believed to be degraded 
by the exosome, which subsequently recruits, together with the Clr-C com-
plex, the RNAi system (Shanker et al. 2010; Zhang et al. 2011). Centromeric 
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transcripts are processed into dsRNA by the RNA-dependent RNA poly-
merase complex (RDRC) (containing Rdp1, Hrr1 and Cid12) and is subse-
quently cleaved by the Dicer enzyme (Motamedi et al. 2004). The dsRNA 
can also originate from base pairing of transcripts from both DNA strands or 
from single-stranded RNA that form double stranded structures (Sugiyama et 
al. 2005; Djupedal et al. 2009). The cleaved dsRNAs form short interfering 
RNA´s (siRNAs), which associate with the RNA-induced transcriptional 
gene silencing complex (RITS). Ago1, a component of the RITS complex is 
responsible for directing the siRNAs to homologous sequences. The Chp1 
chromo domain protein, a component of the RITS complex, interacts with 
the H3K9 methylated chromatin (Verdel et al. 2004; Halic and Moazed 
2010). RITS recruits the ClrC complex since RITS associate with the ClrC 
components (Zhang et al. 2008). This leads to increased amounts of the ClrC 
complex containing Clr4, Rik1 and Cul4. The Stc1 protein is also important 
for the recruitment of ClrC (Bayne et al. 2010). The histone methyltrans-
ferase Clr4 can further methylate nearby located H3K9 sites, making it pos-
sible for other chromo domain proteins e.g. Swi6, to bind to the methylated 
lysines, causing spreading of the silent chromatin (figure 4) (Zhang et al. 
2008). 

The formation of heterochromatin at the subtelomeres is dependent on 
Taz1. RNAi is also involved in the heterochromatin formation at the subte-
lomeres but RNAi and Taz1 act independently of each other (Kanoh et al. 
2005). When mutating the core component of the cohesion complex the 
Swi6 binding to subtelomeres is affected, thus indicating that cohesion is 
important for heterochromatin formation at telomeres (Dheur et al. 2011).  

At the mating-type region heterochromatinization is known to be estab-
lished via RNAi and through the Atf1/Pcr1 pathway (Hall et al. 2002; Jia et 
al. 2004). The sequence cenH, which shares homology with the centromeric 
dg/dh repeats, is transcribed and the RNA is processed into siRNA (Hall et 
al. 2002; Noma et al. 2004). Between the cenH and the mat3 loci binding 
sites for Atf1/Pcr1 are located. When deleting either RNAi components or 
Pcr1, silencing of a reporter gene inserted at the mating-type region is af-
fected in a modest way. When making double mutants with both an RNAi 
component and Pcr1, silencing of the reporter gene is severely affected. This 
indicates that RNAi and Atf1/Pcr1 are not dependent on each other (Jia et al. 
2004). The HDAC Clr3 is located at the silent mat2/3 region. Deleting the 
HP1 homolog and SHREC-associated protein Chp2, causes loss of Clr3 as-
sociation (Yamada et al. 2005).  

The formation of heterochromatin is very complex; many components are 
shared between the different heterochromatic areas. More research needs to 
be carried out in order to obtain a full picture. 
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Figure 4. Establishment of silent chromatin in Schizosaccharomyces pombe. RDRC: 
RNA-dependent RNA polymerase complex, RITS, RNA-induced transcriptional 
silencing, ClrC: Clr4, Rik1 and Cul4 containing complex, me: methylation and 
H3K9me: methylated histone H3 lysine 9.  

Actively transcribed chromatin 
Transcription of protein-coding genes is carried out by RNA polymerase II, 
which consists of 12 subunits, structurally and functionally conserved from 
yeast to human. In S. pombe these subunits are named Rpb1-Rpb12 (Kimura 
et al. 2004). The initiation of transcription also requires additional proteins 
that are e.g. involved in histone acetylation and the remodeling of the chro-
matin. Other examples are the general transcription factors like the TFIIA-
TFIIH. These transcription factors together with RNA polymerase II as well 
as the mediator form the pre-initiation complex (Asturias 2004; Bernecky et 
al. 2011)  

To initiate transcription the chromatin needs to be reorganized to allow 
access to the pre-initiation complex. Actively transcribed chromatin i.e. eu-
chromatin is recognized by acetylation on lysines and methylation on H3K4. 
Histones become acetylated by HATs, for example by the Gcn5 protein. It is 
found in the complex “Spt-Ada-Gcn5-Acetyltransferase” (SAGA), which is 
conserved from yeast to humans (Brown et al. 2003). When Gcn5 acetylates 
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the histones, the SAGA complex becomes attached to the acetylated sites, 
thereby stabilizing the association of the SAGA complex to the promoter 
(Bhaumik 2011). In S. pombe a major increase of acetylation levels of his-
tone H3 have been associated with initiation of transcription (Wiren et al. 
2005). Also demethylation of H3K9me by for example Lsd1 is important to 
initiate transcription (Lan et al. 2007). One major event in transcriptional 
initiation is the remodeling of the nucleosomes. In S. pombe several highly 
activated genes are targeted by CHD remodelers, which evicts nucleosomes 
both in the promoter and in the coding region, when being transcribed 
(Walfridsson et al. 2007). Genome-wide studies in S. cerevisiae show evic-
tion of nucleosomes in the promoters at gene induction (Lee et al. 2004; 
Shivaswamy et al. 2008; Zawadzki et al. 2009). In addition, some highly 
transcribed genes show eviction of nucleosomes in both promoters and in the 
coding regions; one example is the Gal1 gene (Schwabish and Struhl 2004).  

Stress response in yeast 
Molecular stress response 
Cells respond to changes in the environment and large changes are referred 
to as stress. Examples are oxidative, osmotic, thermal, nutritional and 
chemical stress. The cell reacts to the stress through a complex network of 
signalling pathways, to coordinate transcriptional activation or repression of 
genes in a “defence mechanism” (Gasch et al. 2000; Causton et al. 2001). 
Some genes are affected by many kinds of stress, thus named the core envi-
ronmental stress response (CESR) genes (Chen et al. 2003a). Many MAP 
kinases regulate the expression of genes activated due to stress; these are 
called the stress-activated protein kinases (SAPK). The most known SAPKs 
are the p38 family of MAP kinases, which becomes activated by osmotic 
stress, UV-radiation and other factors such as hormones and growth factors 
(Alao and Sunnerhagen 2008). Sty1 and HOG1, the p38 homologs in S. 
pombe and S. cerevisiae respectively (Toone and Jones 1998), phosphorylate 
transcription factors, which in turn activate or repress their target genes 
(Proft and Struhl 2002; de Nadal et al. 2003). Sty1 is upstreams regulated by 
Mak1, 2 and 3, due to oxidative stress that in turn regulates Wis4 and Win1. 
Wis4 and Win1 are also activated in response to several other stresses, which 
all affect the Wis1 that in turn activates Sty1 (figure 5) (Gasch 2007). 

Sty1 regulates the CESR genes. Many of these genes also show a depend-
ency on the transcription factor Atf1 from the CREB/ATF family (Chen et 
al. 2003a; Gasch 2007; Chen et al. 2008a; Eshaghi et al. 2010). Sty1 is re-
cruited to both promoters and to open reading frames (ORFs) of Atf1-
dependent genes (Reiter et al. 2008). Besides the CESR genes, Atf1 also 
regulates genes important in many types of specific stress responses such as 
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osmotic stress, nutritional stress, oxidative stress and thermal stress. For 
example the gene gpd1+, involved in the glycerol biosynthesis, is Aft1-
dependent and is upregulated due to osmotic stress (Wilkinson et al. 1996). 
Atf1 can together with Pcr1 form heterodimers that bind DNA. Both proteins 
contain leucine zippers (bZIP), like other proteins in the highly conserved 
CREB/ATF family of transcription factors. Atf1 and Pcr1 share promoter 
recognition sites in the genome (Eshaghi et al. 2010); however, Atf1 and 
Pcr1 do not show the same phenotype when deleted. This indicates that Atf1 
and Pcr1 also have different functions when forming homodimers or het-
erodimers together with other bZIP proteins (Davidson et al. 2004; Sansó et 
al. 2008).  

Nitrogen starvation in S. pombe 
When nitrogen is depleted from the growth medium hundreds of genes are 
regulated due to the nutritional stress (Mata et al. 2002). Cells will arrest in 
G1 due to nitrogen starvation as reviewed in (Nielsen 1993). In a cell-
suspension containing cells of opposite mating types, the cells form zygotes 
and go directly into meiosis (Egel 2004) The h+N or h-S have rearrangements 
in their mating-types making them strictly P or M maters (Egel 2004). Cells 
in a culture with only one mating-type will not go into meiosis but a tran-
scriptional program up- and down- regulating genes will start (Chikashige et 
al. 1997; Mata et al. 2002). In (Mata et al. 2002), four groups of genes af-
fected by nitrogen starvation were classified. When removing the nitrogen 
from the growth medium 250 genes were up-regulated. These genes re-
sponded to the starvation and were thus put into the group “response to nutri-
tional changes”. The three other groups were called “premeiotic S phase and 
recombination”, “meiotic division” and “spore formation”. The genes in the 
“response to nutritional changes” group were further divided into three sub-
groups, the early, transient and delayed genes. Binding sites for the tran-
scription factor Ste11 were found in promoters of the delayed genes. Ste11 is 
induced by nitrogen starvation and is a DNA-binding protein belonging to 
the HMG family and an important regulator of meiotic genes (Sugimoto et 
al. 1991). Ste11 targets genes that code for proteins involved in sexual dif-
ferentiation (Mata and Bähler 2006).  

Cadmium stress 
When S. pombe cells are subjected to cadmium the cells respond by inducing 
the transcription of glutathione and sulphate transporters (Baudouin-Cornu 
and Labarre 2006). The essential protein Pof1 is also up-regulated due to 
cadmium stress. Pof1 regulates the bZip1 transcription factor, thought to be 
involved in the transcription of genes needed for survival when exposed to 
heavy metals (Harrison et al. 2005). 
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Figure 5. Sty1 stress response pathway in Schizosaccharomyces pombe.  
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Present investigation  

Aims 
The overall objective of the work in Papers I and II was to study the very 
moment when genes become activated. In Paper I we investigated the rear-
rangement of the chromatin during regulation of all genes but with a special 
attention to the highly induced genes. In Paper II we use live imaging to 
investigate where in the subnuclear compartment clusters of these highly 
induced genes are located both before and after induction.  
In Paper III the focus is on the protein Clr2 needed for the establishment of 
silent chromatin. Clr2 is part of the deacetylation and remodeling complex 
SHREC and the aim is to gain more knowledge of the function of Clr2 in the 
complex. 

Paper I and II 
When genes are being transcribed many processes need to be coordinated. 
We used nitrogen starvation as a model system to study gene induction with 
a focus on changes at the chromatin level due to transcription. Moreover, we 
also studied the subnuclear localization of genes and gene clusters before 
and after initiation of transcription.  

Nutritional stress was chosen to induce transcription. When S. pombe 
cells are starved for nitrogen a transcriptional program regulating hundreds 
of genes is started. Within 1 hour after nitrogen withdrawal approximately 
250 genes change their transcription level (Mata et al. 2002). If mating 
pheromones and cells with opposite mating types (P or M) are present, the 
cells conjugate and go into meiosis forming four haploid spores. Since we 
did not use a mixture of strains, only one mating type was available and mat-
ing and subsequent sporulation did not occur.  

To be able to study the change in chromatin and subnuclear localization 
during induction of genes we starved the S. pombe cells of nitrogen for only 
20 minutes. Previous studies have investigated expression after 60 minutes 
of starvation (Mata et al. 2002).  

Co-regulated genes in the genome are found in eukaryotic cells (Lee and 
Sonnhammer 2003). When depriving cells of nitrogen five different gene 
clusters regulated together are identified. One cluster is located in the middle 
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of the left arm of chromosome I and the other four are placed close to the 
subtelomeric regions on chromosomes I and II (Mata et al. 2002).  

Paper I 

“Nitrogen depletion in the fission yeast Schizosaccharomyces 
pombe causes nucleosome loss both in promoters and coding 
regions of activated genes” 
Several studies concerning nucleosome occupancy in Saccharomyces cere-
visiae during stress have been performed on a genome-wide scale (Lee et al. 
2004; Shivaswamy et al. 2008; Zawadzki et al. 2009). Many other studies 
have been focusing on a single gene basis or on ongoing transcription 
(Schwabish and Struhl 2004; Mas et al. 2009). 

We performed an expression profiling comparing RNA levels before and 
after nitrogen starvation for 20 minutes. We also studied the chromatin to 
investigate the histone occupancy and two acetylation marks when depleting 
nitrogen from the surrounding media. These studies are the first comparing 
the chromatin before and after activation of genes using a whole genome 
approach in fission yeast. 

After 20 minutes 118 genes in the S. pombe genome (of approximately 
5000 genes) were up-regulated by the nitrogen starvation. Many genes were 
involved in pyrimidine salvage and nucleotide catabolism. Several of these 
genes were found in clusters, named Chr1, Tel1L and Tel1R. Chromatin 
changes were investigated by Chromatin immunoprecipitation (ChIP). The 
product from the ChIP was hybridized on a tiling microarray chip (ChIP-
chip). When aligning all genes in the genome no difference in histone occu-
pancy was observed before and after nitrogen starvation. When we aligned 
the 118 significantly up-regulated genes we observed a significant nu-
cleosome loss in both the promoter and in the coding region. Two examples 
of highly induces genes are urg1+ and urg2+. These genes localize in the 
Chr1 cluster and have a high level of nucleosome loss in both the promoter 
and in the coding region. Interestingly, both of these genes have a higher 
degree of nucleosome loss in the coding region than in the promoter. A 
search for candidates involved in the modification of chromatin due to the 
induction of the highly up-regulated genes was performed. To search for 
candidates important for the regulation of chromatin, we performed chroma-
tin immunoprecipitations (ChIP), against candidates in cells starved for ni-
trogen as well as subjected strains lacking candidates to nitrogen starvation. 
This approach, however failed to reveal any factor involved in the regulation 
of chromatin during gene induction. 

To investigate if the nucleosome loss in both promoter and coding region 
was limited to nitrogen starvation or if it was a more general effect, we 
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treated the cells with cadmium and compared to the nitrogen starvation. A 
loss of nucleosomes in both promoter and coding region were observed at 
the pof1+ and SPCC965.05 genes during both cadmium stress and nitrogen 
depletion. 

An overlap was revealed between genes known to be involved in stress, 
the CESR genes, and the nitrogen-regulated genes. In this group both sig-
nificantly up-regulated and significantly down-regulated genes were found. 
The Sty1 and Atf1 dependent genes involved in conjugation were signifi-
cantly up-regulated after nitrogen starvation. Since conjugation is dependent 
on nitrogen starvation this result is not very surprising. Sty1 and Atf1 are 
also known to regulate the CESR genes; they are e.g. up-regulated after 
stress by osmosis or oxidation (Chen et al. 2003a; Chen et al. 2008a).  

At about 70 regions genome-wide, the amount of histone H3 was signifi-
cantly reduced. These regions harbours 110 genes, and many of these genes 
were involved in transmembrane transport and pyrimidine salvage, which 
agrees with our findings that genes up-regulated during 20 minutes of nitro-
gen starvation are involved in pyrimidine salvage. Reduced transcription of 
genes involved in the ribosome biogenesis was observed during nitrogen 
depletion and moreover these regions also gained nucleosomes.  

This is the first genome-wide study of this kind performed in fission 
yeast. It revealed nucleosome eviction in both the promoter and in the coding 
region of highly activated genes all over the genome. The result agrees with 
the steady state studies performed in S. pombe (Wirén et al. 2005; 
Walfridsson et al. 2007). In addition, it indicates that large rearrangements of 
the chromatin occur at promoters as well as at coding regions, when high 
expression of a gene is suddenly needed. 

Paper II 

“Reorganization of chromatin is an early response to nitrogen 
starvation in Schizosaccharomyces pombe” 
Some of the genes affected by nitrogen starvation colocalize in different 
clusters. In this study we investigate subnuclear localization of two of these 
gene clusters. One cluster is found in the middle of chromosome I and the 
other cluster at the subtelomeric region at the left telomere of chromosome I. 
The telomeric cluster (Tel1) is about 185 kb long. Six genes induced early 
by nitrogen starvation are located in a smaller region of 11 kb. The other 
cluster (Chr1), includes seven genes affected by nitrogen starvation. The 
region is 22 kb and is found in the middle of the left arm of chromosome I. 
Genes in these two clusters are also found to be slightly up-regulated in a 
strain lacking the histone deacetylase Clr3. 
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The genes in the clusters are known to be highly induced after 60 minutes 
of nitrogen starvation (Mata et al. 2002). We aimed to investigate differences 
in the subnuclear localization before and after gene induction. To study the 
localization effect due to activation of genes a shorter time period for nitro-
gen starvation, 20 minutes, was chosen. 

The clusters were visualized by inserting tandem lacO repeats at the locus 
of interest. LacR-GFP was endogenously expressed in the cell nucleus and 
when bound to lacO the locus could be visualized by fluorescent micros-
copy. The nuclear membrane protein Pom152 and the Spindle pole body 
(SPB) component, Cut12, were labelled with CFP and used as references.  

When cells grew in the presence of nitrogen the two clusters resided at the 
nuclear periphery. When nitrogen was removed both Chr1 and Tel1 clusters 
moved to a more interior position. Expression/activation of the genes was 
confirmed by RT-PCR. When combining the clusters with a deletion of clr3+ 
encoding a histone deacetylase, both Chr1 and Tel1 clusters were in a more 
interior position already when nitrogen was present. When depriving the 
cells of nitrogen no difference in position was observed for the two clusters 
in the deletion strain. When investigating an enzymatically inactive point-
mutation of Clr3, an intermediate phenotype was observed. The Tel1 cluster 
was delocalized from the nuclear membrane compared to the wild type but 
not as much as for the completely deleted clr3+. 

To investigate if the movement was dependent on transcription, the cells 
were treated with 1,10-phenanthroline, an inhibitor of transcription. The 
Tel1 cluster was unaffected in medium containing nitrogen. When starved 
for nitrogen no effect was observed, which indicates that the move of the 
Tel1 cluster was transcription-dependent. 

Regions of DNA changed subnuclear localization when genes were tran-
scribed. The localization was dependent on both a chromatin modifier and 
transcription. Rearrangement of chromatin due to gene induction, described 
in paper I, is accompanied by subnuclear localization changes of induced 
genes. 

Paper III 

“Functional study of the Clr2 silencing protein” 
The protein Clr2 affects silencing of reporter genes inserted at heterochro-
matic areas in S. pombe (Bjerling et al. 2004). Clr2 is also part of a multien-
zyme complex called SHREC which includes a chromatin remodeler and a 
histone deacetylase (Sugiyama et al. 2007). The function of Clr2 in silencing 
and in the SHREC complex is the focus of this study.  
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Since no conserved domains have been found and the similar fungi pro-
teins give no clue of the molecular function of Clr2, we made internal dele-
tions of the protein. Six constructs were made where zero to about 100 
amino acids were removed. The constructs were cloned into a fission yeast 
expression vector containing an N-terminal Pk (V5) tag and they were then 
transformed into yeast strains where the endogenous Clr2 were deleted. The 
different strains contained reporter genes at known transcriptionally re-
pressed areas. The Clr2 proteins with internal deletions could be detected on 
a western blot using an antibody against the V5 epitope.  

We investigated the ability of Clr2 with internal deletions to silence a re-
porter gene. In cells with a reporter gene inserted at the mating-type region, 
silencing only occurred when the strain was transformed with the full-length 
Clr2 construct. When the reporter gene was inserted at the inner repeats of 
centromere 1 silencing occurred together with the full-length Clr2 but also 
partly together with two N-terminal deletion constructs. In the strain where a 
reporter gene was inserted at the central core of centromere 2 the reporter 
gene was silenced together with the full-length protein but also together with 
a deletion of 12 amino acids in the C-terminal part of the protein. Surpris-
ingly the small deletion construct repressed the reporter gene even better 
than the construct containing the full-length Clr2. 

We performed a similarity search among every present sequence in the 
TREMBL and Swissprot sections in the interprokb database. 50 similar se-
quences were found and the 11 best hits were used to perform a motif search. 
All the 11 sequences came from different fungi species. The search revealed 
three conserved motifs, which were present in all proteins in the same order. 
Motive 1 was the previously described Clr2 region. When deleting motive 1 
and one third of motif 3, identical to one of the deletion constructs described 
above, silencing of the reporter gene was disrupted. An additional search 
was performed using the motifs as templates that identified many proteins, 
several containing the “Clr2-region” (IPR018839). 

We also expressed recombinant Clr2; with an N-terminal His-tag. Both 
the full-length deletion construct and the one lacking motif 1 were expressed 
in E. coli.  

Since the formation of silent chromatin differs between areas in S. pombe, 
it is not surprising that Clr2 have diverse effects on different regions. The 
interaction with the central core of the centromeres, which is not observed by 
the other SHREC components (Sugiyama et al. 2007) indicates numerous 
functions for Clr2 or at least that Clr2 is interacting with several other pro-
teins. Still more work is required in order to draw any further conclusions. 
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Future perspectives 
Paper I and II 
Chromatin changes during transcriptional initiation will be studied further. A 
larger genome-wide study of cells exposed to many different types of stress 
could establish if the nucleosome eviction seen in both promoter and in the 
coding region in paper I is only observed in a few types of stress or if it is a 
general effect. The mechanism behind the chromatin changes due to nitrogen 
starvation is important to determine. Chromatin remodelers, histone acety-
lases, histone deacetylases and histone chaperones are most certainly in-
volved. As a first step known candidates could be investigated further by 
exposing strains lacking one of the candidates to nitrogen starvation in order 
to study the effects of the highly induced genes. Another way to study on a 
single factor level is to ChIP against known candidates to reveal enrichment 
of the DNA encoding the highly induced genes. Some candidates have al-
ready been ChIPed, but no enrichment of the highly induced genes was 
found.  

To investigate whether the move of the gene clusters in the subnuclear 
compartment is important for the induction of the highly activated genes 
located in the Chr1 cluster, a tethering of the gene cluster to the nuclear 
membrane will be performed. By inserting a farnesylation site, CCVC, fused 
to a Gal4 DNA binding domain, the expressed protein will bind to the Gal4 
site inserted near the Chr1 cluster, thus tethering the chromatin to the nuclear 
membrane through the hydrophobic surface of the farnesyl group (Omer and 
Gibbs 1994). When depriving the cells of nitrogen the clusters will not be 
able to move and the expression of the nitrogen affected genes will be inves-
tigated. If the move is necessary for the expression, the tethering will de-
crease expression levels; whereas the change in localization would not have 
any effect if the move is not required for expression. 

Paper III 
The main goal of this study is to determine the role of Clr2 in the silencing 
mechanism. The focus will be both on revealing important features about the 
protein itself and to collect information of the role Clr2 have together with 
other factors involved in silencing.  

The three motifs characterized in this study will be investigated further. 
Point mutations of the most conserved amino acids will be performed. If we 
find a point or a double mutation in the Clr2 protein that disrupts silencing it 
would be of interest to investigate if these changes in amino acids or the 
existing deletion constructs affect the interactions with the other proteins in 
the SHREC complex. We would also like to investigate if the different muta-
tions and deletions have an effect on the association of Clr2, to the chroma-
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tin in S. pombe. Since Clr2 associates with the central core of centromeres 
and the other proteins in the SHREC complex do not, it would also be inter-
esting to investigate if the association is lost both with the heterochromatin 
and the central core. If the association with only one type of chromatin is lost 
one could argue for dual mechanisms of action for Clr2. 

The recombinant expression of the Clr2 constructs aims to investigate the 
DNA binding ability of Clr2. We know that Clr2 associates with chromatin 
but not which part of the protein that is responsible for the interaction. If the 
interaction of Clr2 with chromatin is dependent on the SHREC complex, 
both Clr1, the Zn-finger containing protein, as well as the chromo domain 
containing protein Chp2, could be mediating the association. One possibility 
could be that joined interaction of several proteins in the complex is neces-
sary for binding chromatin.  

The recombinant proteins will also be used to determine the folding of 
Clr2 and the mutant proteins. This can reveal if the phenotypes of the strains 
containing Clr2 deletion constructs can simply be explained by improper 
folding of the deletion proteins.  
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Concluding remarks 

The change in chromatin due to transcription or recombination is an impor-
tant step regulating the genome. Faults in the regulation can lead to for ex-
ample inflammation, cancer and diabetes type II.  
In paper I we observed changes in chromatin due to nutritional stress. 118 
genes were up-regulated due to a short starvation of nitrogen. Some of these 
genes are located in clusters. In genes with high induction, we detect a loss 
of nucleosomes both in the promoter and in the coding region. In certain 
highly induced genes, we observe even more nucleosome loss in the coding 
region than in the promoter. Many of the up-regulated genes are involved in 
pyrimidine salvage and in nucleotide catabolism. The chromatin change is 
not limited to nitrogen starvation as it is also observed during cadmium 
stress. The genes induced by the 20 minutes of nitrogen starvation overlap 
with other stress related genes, known as the CESR genes. 

In Paper II we studied the change of subnuclear localization due to nitro-
gen starvation. We studied two clusters, Chr1 and Tel1, and determined 
them to be located near the nuclear membrane when nitrogen is present in 
the growth medium. When nitrogen is depleted both clusters are relocated 
from the nuclear periphery to a more interior position. When treating the 
yeast with an inhibitor of transcription the movement is not observed for the 
Tel1 cluster, thus establishing that the move of the Tel1 cluster from the 
nuclear envelope to the interior of the nucleus is transcription dependent. 
When investigating the gene clusters in a strain lacking histone deacetylase 
Clr3, both Chr1 and Tel1 clusters are in a more interior position in the pres-
ence of nitrogen. Thus the localization to the nuclear membrane is dependent 
on Clr3.  

The Clr2 silencing factor studied in Paper III, is part of a complex called 
SHREC with remodeling and deacetylating activity. The protein does not 
contain any annotated conserved domains with a suggested function. In this 
study three motifs were identified in the Clr2 protein using bioinformatic 
tools.  

To investigate the protein further a deletion study was performed. In the 
mating-type region and in the inner most repeats of centromere 1, transcrip-
tional repression could not fully operate when any part of the Clr2 protein 
was deleted. In the central core all but one construct disrupted the formation 
of silent chromatin. In the strain with a deletion of 12 amino acids in the C-
terminal part of Clr2, the reporter gene was even better repressed than by the 
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construct containing the full-length protein. We hypothesize, that the dele-
tion of 12 amino acids changes the SHREC complex confirmation in a bene-
ficial manner. This leads to the re-localization of the SHREC complex to the 
central core and thus to a more efficient repression of the reporter gene com-
pared to, when only the full-length Clr2 protein is present. 

In summary, the gene induction of highly induced genes has been investi-
gated. Nucleosomes are evicted in both promoters and in coding regions 
during induction. Moreover, the clusters where highly induced genes are 
located, move to a more interior subnuclear position when they are activated; 
the reason is not fully understood. A protein important for proper silencing 
of genes has been functionally studied. Still many questions remain to be 
answered about the role of the Clr2 protein in the SHREC and other yet un-
described complexes. 
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Populärvetenskaplig sammanfattning 

Organismers arvsmassa, så kallat genom, består av hårt packade DNA-
molekyler. Det är viktigt att DNA:t packas och organiseras korrekt för att de 
gener som finns på DNA:t ska slås på och av vid rätt tillfälle. Detta är viktigt 
bland annat vid celldelning när genomet kopieras. Om denna process inte 
fungerar riktigt kan detta leda till sjukdomar som exempelvis cancer.  

DNA:t och olika typer av proteiner bildar tillsammans en struktur som 
kallas för kromatin. Nukleosomer är de byggstenar som bildar kromatinet; en 
nukleosom består av DNA som virats runt en kärna av histon-proteiner. När 
gener ska uttryckas måste kromatinet öppnas upp för att de proteiner som 
avkodar DNA:t, så kallat transkriptionsfaktorer, ska komma åt och läsa av 
generna. Vi har använt jästen Schizosaccharomyces pombe, även kallad fis-
sions jäst, för att studera denna dynamik av packning och uppackning av 
kromatinet. Jäst är en viktig modellorganism för att förstå hur celler funge-
rar. Många cellulära mekanismer delas av jäst och högre organismer. Fis-
sionsjästens kromatin är organiserat på ett sätt som liknar den hos männi-
skor. 

När man utsätter celler för näringsbrist reagerar de med att öka uttrycket 
av några gener och minska uttrycket av andra. Vi tog bort kvävekällan ifrån 
cellens näringsmedia under 20 minuter. Målet var att studera vad som händer 
med kromatinet just när cellen sätter igång uttrycket av gener. Alla gener i 
fissionsjästens genom studerades. Denna typ av studie har aldrig tidigare 
genomförts i denna jäst. För de gener som redan efter 20 minuter hade 
kommit igång med sin transkribering såg vi att histon-kärnorna hade kastats 
ut från kromatinet både i själva genen och i den reglerande regionen. Vi såg 
även att liknande saker händer när man utsätter cellen för andra faktorer, i 
det här fallet kadmium. 

I den andra studien tittade vi på var i cellen en del av de gener som påver-
kas av näringsbristen, i första studien, befinner sig. De gener vi tittade på är 
samlade tillsammans i kluster på kromosomerna. Vi jämförde positionen av 
dessa kluster före och efter 20 minuters näringsbrist. Generna finns i utkan-
ten av cellkärnan före näringsbristen och flyttade sig till en position längre in 
i kärnan efter 20 minuters kvävesvält. Vi såg också att när man tog bort ett 
protein som påverkar modifieringen av kromatinet, befann sig dessa kluster, 
redan vid närvaro av kväve, inne i kärnan. Efter 20 minuters kvävebrist hade 
ingen ytterligare förflyttning av klustrena skett i cellen.  
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I en tredje studie tittade vi på ett protein som är involverat i regleringen av 
att bilda en speciell typ av kromatin som leder till att gener stängs av. Kro-
matinet reglerar uttrycket av gener genom att packa DNA:t hårdare eller 
lättare tillsammans med proteiner. Det protein vi studerade heter Clr2 och 
har hittats i ett komplex tillsammans med andra proteiner som påverkar kro-
matinets struktur. Clr2 har en viktig roll när det gäller att packa kromatinet 
hårdare och därmed stänga av eller tysta ner gener, men exakt vilken roll 
proteinet spelar är inte klarlagt. Vi vill ta reda på vad Clr2 har för funktion 
både tillsammans med kromatinproteinerna i komplexet och tillsammans 
med eventuella andra proteiner. Genom att med bioinformatiska metoder 
jämföra Clr2:s DNA sekvens med andra nyligen sekvenserade svampprotei-
ner kunde tre motif identifieras. Vi tog också bort några delar av Clr2 protei-
net för att undersöka hur viktiga dessa är för proteinets funktion. Ett Clr2-
protein där 12 aminosyror tagits bort fungerade bättre än fulllängds-proteinet 
för att stänga av uttrycket i den centrala delen av centromer 2. 

Resultaten i den första studien visar på stora generella förändringar av 
kromatinet när en gen plötsligt måste sättas igång. Detta leder också till att 
kromatinet skiftar plats i cellkärnan. Clr2 är ett protein som påverkar pack-
ningen av kromtinet. När några delar av proteinet tas bort fungerar pack-
ningen av kromatinet inte längre som det ska. Clr2 har alltså en viktig funk-
tion i denna process, mer studier behövs för att klargöra proteinets specifika 
uppgift.  
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