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Abstract 

 

The eukaryotic genome has to be organized to fit into the cell and this is achieved by 

packing of DNA into chromatin. The basic repeating structural unit of chromatin is the 

nucleosome, which consists of DNA wrapped around histone proteins. Histones are 

subjected to multiple covalent posttranslational modifications including, acetylation, 

methylation, phosphorylation, and ubiquitination. These modifications take part in gene 

regulation by changing the structure of chromatin and by recruiting gene regulatory 

proteins. Histone acetylation can be removed by histone deacetylases (HDACs), which 

are highly conserved enzymes that regulate a diverse number of biological processes 

including gene expression and chromosome segregation, and have shown to be closely 

linked to major diseases like cancer. This thesis described the genome-wide role of 

HDACs and transcription in S. pombe. We studied the genome wide binding targets 

and enzymatic specificity of different S. pombe HDACs and uncovered different roles 

for the enzymes at silent regions and in repression and activation of gene expression. 

We proposed that independent of gene length, a typical fission yeast gene shows a 5’ to 

3’ polarity, i.e., the histone acetylation levels peak near the ATG and gradually 

decrease in the coding regions. We also observed that different HDACs are responsible 

for different position within the ORF regions. Our genome-wide study of two different 

Mediator complexes reviled that they displayed similar binding patterns, and 

interactions with promoters and upstream activating sequences correlated with 

increased transcription activity. We also found that Mediator associates with the 

downstream coding region of many genes. We finally developed a method, E-map, 

which made it possible to systematically construct haploid double mutants. This 

method was used for constructing genome-wide genetic interaction maps of HDACs in 

S. pombe. From our preliminary results we discovered a new link between the Class III 

HDACs and a biosynthesis protein. Our data also suggest that different HDACs are 

involved in distinct biological processes. 
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1   INTRODUCTION  

Given the complexity of multicellular eukaryotes it is easy to understand why gene 

regulation in these organisms needs to be very complex. Many years of research in the 

field of gene regulation have proven what a central player chromatin is. Chromatin 

plays a fundamental role in various processes such as transcriptional regulation, DNA 

replication, DNA recombination and repair, RNA processing and chromosome 

segregation. Mechanisms that effect the condensation of chromatin include DNA 

methylation, posttranscriptional histone modifications and chromatin remodelling. The 

condensation of chromatin then affects the accessibility to DNA, which in turn has an 

effect on gene transcription. 

Even though Schizosaccharomyces pombe is a unicellular organism with a genome that 

contains some 5000 genes it is an attractive model organisms because the basis 

mechanisms for gene regulation is similar to multicellular eukaryotes such as humans.  

We have in paper I conducted genome-wide studies of different HDACs to reveal their 

roles in histone deactylation and in gene regulation. For our second study, paper II, we 

focused on the 5’ to 3’ histone modification patterns over the average gene with focus 

on histone acetylation and methylation.  

Mediator involvement in transcription was then revealed with new genome-wide 

studies in paper III where we deeper investigated which role two different Mediator 

complexes play. 

We then wanted to continue to explore the different HDACs and study how they are 

organized in to different biological processes and also which other proteins are 

associated with the enzymes and this is presented as preliminary results. To achieve 

that we first had to develop a method in S. pombe that systematically introduce pairs of 

mutations into haploid cells via a genetic cross, which then allowed us to investigate 

genetic interactions, paper IV. 
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2   TRANSCRIPTION 

The DNA that constitutes the genome can be subdivided into information called genes. 

Each gene encodes a unique protein that performs a specialized function in the cell. 

Transcription is the process where information is copied from DNA to a temporary 

carrier called RNA. While both DNA and RNA are polymers made out of nucleotides, 

they differ in several important aspects. The sugar moety in DNA is deoxyribose and 

ribose in RNA, which has important implications for the molecules stability. Both 

DNA and RNA contain four bases: two purines (adenine (A) and guanine (G)) and two 

pyrimidines (thymine (T) for DNA or uracil (U) for RNA, and cytosine (C)). 

Transcription is mediated by enzymes called RNA polymerases and there are three 

types shared by all eukaryotes: RNA polymerase I, II and III. The three enzymes have 

different substrates, RNA pol I transcribes rRNA, RNA pol III transcribes small 

structural RNAs whereas RNA pol II transcribes the most diverge set of genes. A 

number of General transcriptions factors (GTFs), Mediator, co-activators and co-

repressors are required for pol II recruitment, initiation and successful transcription. 

The process can be subdivided into three well defined steps: initiation, elongation and 

termination. Transcription is initiated when a complex of transcription factors together 

with pol II and Mediator assemble at the core promoter. Once the transcription-

initiation complex is formed the DNA strands are separated and pol II starts moving 

along. As transcription proceeds, pol II slides on the template strand to create an RNA 

copy that is complementary to the DNA template with the exception that thymine is 

replaced by uracil. In eukaryotes the pol II transcripts are terminated by the cleavage 

near the polyadenylation site followed by addition of the poly(A) tail. In eukaryotes 

DNA exists in the form of chromatin, complexed with histones and non-histone 

proteins. Depending on the degree of chromatin compaction DNA can be accessible or 

inaccessible to the transcription machinery.  
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The Mediator has been shown to be required for all pol II dependent transcription in 

vivo (Thompson and Young 1995). It is believed to function as a bridge between gene-

specific activators and the general pol II transcription machinery (Bjorklund and 

Gustafsson 2005). The S. pombe mediator complex exists in at least two specific forms: 

one smaller core Mediator (C-Mediator) that is able to associate with pol II and a larger 

form of Mediator (L-Mediator), devoid of pol II but containing the repressive four 

subunit Srb8-11 module (Samuelsen, Baraznenok et al. 2003) (Elmlund, Baraznenok et 

al. 2006). 

RNA polymerase II in S. pombe consist of 12 subunits, Rpb1 to Rpb12, that are 

structurally and functionally conserved from yeast to human (Mitsuzawa and Ishihama 

2004) and the crystal structure of pol II was recently solved (Spahr, Calero et al. 2009). 

Rpb1, which is the largest subunit of pol II contains the eukaryotic specific carboxy-

terminal domain CDT that is essential for the formation of the Mediator-pol II 

holoenzyme (Azuma, Yamagishi et al. 1991; Asturias, Jiang et al. 1999) (Myers, 

Gustafsson et al. 1998). In vitro studies of S. pombe Mediator have shown that C-

Mediator, which lacks the Cdk8 module, stimulates transcription whereas L-Mediator 

containing the Cdk8 module inhibits transcription (Spahr, Khorosjutina et al. 2003). 

Interestingly when we performed genome-wide studies in S. pombe we found that 

Mediator and the Cdk8 module displayed similar binding patterns, and that association 

of the Cdk8 module with promoters and upstream activating sequences correlated with 

increased rather then decreased transcriptional activity. We also found that Mediator 

associates with the downstream coding region of many genes (Zhu, Wiren et al. 2006) 

and the same observation was also made in S. cerevisiae (Andrau, van de Pasch et al. 

2006). These results show the complexity of the transcription machinery and further 

studies are needed to give us more understanding about the role of Mediator. It has 
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been suggested that, in humans, hyperactivity of Mediator plays an important role in the 

progression of prostate cancer (Vijayvargia, May et al. 2007). 
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3   OVERVIEW OF CHROMATIN 

The organization of the eukaryotic genomes has evolved to address two opposing 

requirements. First the genome must be compacted to fit inside the nucleus and second 

the machinery that facilitates this compaction must be flexible enough to allow access 

of this DNA to a wide variety of factors involved in transcription, repair, replication 

and segregation. Both requirements are met by the packing of DNA into chromatin. 

 

3.1   THE NUCLEOSOME 

Eukaryotic chromosomes are densely packed structures consisting of DNA and 

proteins. In eukaryotes nucleosomes are the basic units of chromatin and each 

nucleosome core contains of 146 bp of double stranded DNA wrapped around an 

octamer of four core histones H2A, H2B, H3 and H4 (Luger, Mader et al. 1997). The 

nucleosome has been shown to exhibits a modular assembly in which the two H2A-

H2B dimers can be removed while the interaction between the DNA and the H3-H4 

tetramer is maintained suggesting assembly and disassembly pathways. Furthermore 

the nucleosomal surface was discovered to be a highly curved landscape with distinct 

charge distribution, which facilitates nucleosome-nucleosome contacts to promote 

higher order structure (Figure 1).  

 

 

Figure 1. Surface 
image of a nucleosome 
Reprinted by 
permission from 
Springer (Luger 2006) 
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Linker histones connect adjacent nucleosomes and stabilizes the chromatin structure 

(Luger and Hansen 2005) and it is also suggested that specific post translational 

modifications of linker histone variants can be associated with particular cellular 

functions (Wood, Snijders et al. 2009). 

 

3.2   HISTONE VARIANTS 

In eukaryotes histone variants are integrated into a subset of nucleosomes to form 

functionally specialized regions of chromatin and these variants are associated with 

particular biological processes. The different histone variants are H2A.Z, MacroH2A, 

H2A-Bdb, H2A.X, CENP-A and H3.3 and they show minor or major differences in the 

amino acid sequence compared to the core histone proteins (Henikoff, Furuyama et al. 

2004).   

The histone H3 variant CENP-A is specifically located to the centromeres and is 

essential for kinetochore formation and chromosome segregation (Mellone, Zhang et al. 

2009). Another H3 histone variant, H3.3 has been shown to have a diverse and 

widespread role and it is enriched at active genes and promoters (Elsaesser, Goldberg et 

al. 2010). Like the H3 family, the H2A family has two variants, H2A.Z and H2A.X. 

H2A.X is suggested to have a role in chromatin remodelling and H2A.Z in both 

humans and yeast promotes efficient recruitment of RNA pol II to transcription start 

sites although it has a contradictory role in silencing and heterochromatin formation. 

Little is known about the two histone variants MacroH2A and H2A-Bdb but it has been 

suggested that MacroH2A plays a role in transcriptional silencing and H2A-Bdb forms 

accessible chromatin (Talbert and Henikoff 2010). 
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3.3   HETEROCHROMATIN 

Chromatin can be subdivided into euchromatin and heterochromatin, which differ in 

degrees of compaction and gene activity. In general, euchromatic regions are accessible 

to the transcription machinery, whereas heterochromatic regions are less accessible and 

thus transcriptionally silent. These states are associated with patterns of 

posttranslational histone modifications. Silencing is an event when heterochromatin is 

spread and causes down-regulation of neighbouring sequences. Generally 

heterochromatin is found at the centromeres and telomeres whereas mating-type 

silencing is specific to S. pombe and S. cerevisiae.  

Heterochromatin assembly in S. pombe involves coordinated changes in chromatin 

modifications. After the deactylation of the histone H3 N-terminal tail by class I, II and 

III HDACs the methyltransferase Clr4 methylates histone H3 at lysine 9 creating a 

binding site for the chromodomain proteins Swi6, Chp1 and Chp2 (Buhler and Gasser 

2009).  Sequential cycles of Swi6 binding and Clr4 recruitment have been proposed to 

mediate the spreading of H3K9 methylation along the chromatin fiber. The RNAi 

pathway contributes to repression at the centromeres where siRNAs together with long 

ncRNAs are essential for heterochromatin assembly at pericentromeric repeats called 

dg and dh (Buhler and Gasser 2009).  

 

3.3.1   CENTROMERES 

The centromere is considered the most condensed region of the chromosome and it is 

essential for proper chromosome segregation in mitosis and meiosis. It is in that region 

the kinetochore, the protein structure where the spindle fiber is attached during cell 

division, is formed. Failures in these mechanisms can have highly negative effects such 

as tumour formation in somatic cells and defective chromosome segregation in meiosis.  
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Centromere function and many of the associated proteins are essential and conserved 

among eukaryotes but its specificity is not determined by the DNA sequence but it is 

suggested that chromatin composition or organization has a key role (Allshire and 

Karpen 2008). As mentioned earlier, a characteristic feature of all centromeres is the 

special histone H3 variant called CENP-A found in all eukaryotes (Malik and Henikoff 

2003). The centromere in S. pombe is assembled into silent heterochromatin, which is 

important for centromere function making fission yeast a very useful model organism 

for studying heterochromatin formation and regulation. 

 

3.3.2   TELOMERES 

Telomeres are repetitive DNA sequences that form a protective cap structure that is 

located at the end of the linear chromosome. Telomeres ensure that no chromosomal 

fusion occurs by impairing double strand break repair and the enzyme telomerase 

ensures the addition of TG repeats which would otherwise be diminished with each 

round of cell division (Buhler and Gasser 2009). These are important functions and 

research has shown that mutations in the telomerase gene and short telomeres are 

associated with different forms of cancer in humans (Wallace 2010). In both S. pombe 

and S. cerevisiae the telomeres are assembled into silent chromatin structures which 

stabilize chromosome ends and contribute to genomic stability (Huang 2002).  

 

3.3.3   rDNA 

Ribosomal DNA, rDNA, is the region that encode ribosomal RNA. Transcription of 

rDNA generates rRNA precursors that are cleaved and processed into 28S, 18S and 5,8 

rRNAs. These rRNAs then form two subunits, the large 60S and the small 40S. 

Eukaryotes have a high number of rDNA copies of which only a fraction are 

transcribed by RNA polymerase I. It is not known why the majority is silenced.  
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3.3.4   MATING TYPE IN S. POMBE 

Silencing at the mating type loci is one of the best-studied examples of transcriptional 

silencing. S. pombe is a haploid organism that produces two mating types, plus (P) and 

minus (M). Under poor growth condition cells of opposite mating types can fuse and 

form a diploid zygote. After meiosis and sporulation an ascus will form containing four 

haploid spores. The mat1 locus contains the allele that decides if it is a plus or a minus 

strain. The two silent mating type loci mat2 and mat3 carry silent copies of the P- and 

M-specific information and are responsible for the mating type switching (Klar 1992) 

(Huang 2002).  
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4   EPIGENETICS 

Epigenetics defines heritable cellular properties not encoded in the DNA, for example 

chromosomal states of gene expression. While epigenetics refers to the study of single 

genes or sets of genes, epigenomics refers to more global analyses of epigenetic 

changes across the entire genome.  

Cellular differentiation is one of the best examples of epigenetic changes in eukaryotic 

biology. A single fertilized egg changes into many different cell types such as muscle 

cells, blood vessels and neurons as it continues to divide. It is easy to understand the 

importance of the correct epigenetic codes if one considers that in humans alone there 

are over 200 known distinct cell types organized into specific tissues and organs. 

Epigenetic processes have also been seen to take place in mature humans and mice, 

either by random change or under environmental influences (Issa 2000). There are 

several types of epigenetic inheritance mechanisms that play important roles in what 

has become known as cell memory. These mechanisms include DNA methylation, 

histone tail modifications, RNA interference and chromatin remodelling (Figure 2). 

Since DNA methylation does not occur in S. pombe it will not be discussed in detail in 

this thesis. DNA methylation was one of the first epigenetic mechanisms discovered 

and it is important for gene silencing, X chromosome inactivation and genomic 

imprinting. It has also been shown to be an important part of development of different 

types of cancer (Jaenisch and Bird 2003). 

S. pombe is excellent model system to study epigenetics because even though DNA 

methylation does not occur in this organism, histone modifications, chromatin 

remodelling and RNA interference are all present.  
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4.1   HISTONE MODIFICATIONS 

Chromatin is regulated through the combined action of multiprotein complexes and 

single proteins that target specific sites in the histone sequences. In eukaryotes 

nucleosomes are the basic units of chromatin and the N-terminal histone tails that 

project from the nucleosomes contain a large number of residues that can be 

posttranslationally modified in different ways such as acetylation, methylation, 

Figure 2. Epigenetic 
mechanisms include DNA 
methylation, histone 
modifications, nucleosome 
remodeling, small and non-
coding RNAs. Reprinted by 
permission from Macmillian 
PublishersLtd: Nature (2008) 
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phosphorylation and ubiquitination (Kouzarides 2007).  

Histone modifications have been suggested to affect chromosome function in at least 

two separate hypotheses. The first one suggested is that modifications alter the charge 

of the histone, which affects the condensation of chromatin. One example for the 

charge model is that acetylation neutralizes the charge on lysine which correlates with 

increased transcription (Wade and Wolffe 1997). The second suggestion is that 

modifications serve as bindings sites for chromatin-associated proteins and this has 

been proposed by histone H3 lysine 9 methylation that provides a platform for binding 

of heterochromatin-associated protein 1 (HP1) (Jenuwein and Allis 2001) These two 

separate competing hypothesis have been tested and a study done in 2005 showed that 

there are two mechanisms for Histone 4 acetylation: a specific mechanism for lysine 16 

and a charge effect mechanism for lysine 5, 8 and 12 (Dion, Altschuler et al. 2005). In 

addition a recent study has proposed a model in which histone modifications may affect 

the interactions in between nucleosomes (Bassett, Cooper et al. 2009).  

Taking all in consideration it is easy to realize the complex and dynamic role histone 

modifications play. The right balance and control of histone modifications is of great 

importance since these epigenetic alterations may occur at different stages in 

tumorigenesis and contribute to the development and/or progression of cancer 

(Kurdistani 2007). 

 

4.2   RNAi 
 
RNA interference (RNAi) is a process that cells use to silence the activity of specific 

genes. This phenomenon was first discovered unexpectedly when plant researches 

introduced several copies of a pigment-producing gene which instead of intensifying 

the colour of the flower caused downregulation of the endogenous gene (Napoli, 

Lemieux et al. 1990). A few years later a group of researchers, who later received the 
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Nobel price for their discovery, observed the same phenomena in C. elegans. They 

found that RNAi was triggered by injection of double stranded RNA into the worm 

(Fire, Xu et al. 1998). The main biological role of RNAi silencing seems to be to 

protect the cell from invasive nucleic acids including viruses and retrotransposons but 

also to maintain the genomic stability. Double stranded RNA is cleaved to small RNA 

(siRNA) molecules of 22-25 nucleotides by a RNase III-like enzyme called Dicer 

(Bernstein, Caudy et al. 2001). These siRNAs are then loaded into a protein complex 

called RISC, containing Argonaute, which then targets complementary mRNAs for 

degradation in the cytoplasm (Caudy, Ketting et al. 2003). In a similar process miRNAs 

produced from hairpin RNA transcripts by Dicer and Drosha (another RNAse III 

enzyme) are loaded into RISC, which again targets mRNAs for degradation (Pillai 

2005). The RNAi machinery in S. pombe is similar although there are some differences. 

It contributes to the initiation of heterochromatin formation at all heterochromatic loci, 

but its only required for the maintenance of heterochromatin at the centromeres 

(Sadaie, Iida et al. 2004) . SiRNAs are loaded into a protein complex called RITS, 

which then targets nascent RNA (Verdel, Jia et al. 2004). An RNA-directed RNA 

polymerase, RdRp is also required for the RNAi machinery and it is thought to amplify 

siRNAs (Motamedi, Verdel et al. 2004). 

There have been a few studies that suggest that during RNA elongation, siRNAs acts as 

guide molecules for targeting of histone modifying enzymes to chromatin. This 

provides an important and close link between the RNAi machinery and histone 

modifications.  

 

4.3   CHROMATIN REMODELLING  

Chromatin can also be altered in a non-covalent ATP-dependent way by chromatin 

remodelling factors that change the interaction between DNA and histones. They are 
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involved in different biological processes including replication, transcriptional 

regulation, differentiation and chromosome segregation. Different mechanisms of how 

this may happen have been proposed: 1: nucleosome sliding, 2: remodelled 

nucleosome, 3: nucleosome displacement and 4: nucleosome replacement (Mohrmann 

and Verrijzer 2005). The remodelling complexes can be divided into four different 

classes of ATP-dependent chromatin-remodelling complexes, SWI/SNF, ISWI, Ino80 

and CHD (Ho and Crabtree 2010). Each of these has a distinct catalytic core ATPase 

domain and belongs to the SNF2-ATPase like family. Multiple distinct SNF2 

subfamilies have been identified and have been shown to be highly conserved in 

eukaryotes (Flaus, Martin et al. 2006) The most studied ATP-dependent chromatin-

remodelling complexes are from the SWI/SNF class which include the SWI/SNF and 

RSC complexes. In a recent study the SWI/SNF and RSC complexes were purified 

from S. pombe and suggested that the SWI/SNF complex has a direct role in 

transcriptional repression (Monahan, Villen et al. 2008). Hence, fission yeast may serve 

as an important model organism for further investigation of chromatin remodelling 

complexes. In mammalian cells several SWI/SNF subunits has been defined as tumour 

suppressors (Sansam and Roberts 2006). ISWI remodelling factors has not been 

identified in S. pombe but in mammalian cells ISWI ATPases are important for 

regulation, development and have been demonstrated to be involved in chromatin 

assembly during DNA replication (Bozhenok, Wade et al. 2002). INO80 was first 

found in S. cerevisiae and is conserved from yeast to humans. It has recently been 

shown to be essential for cell viability in S. pombe and purification resulted in 

identification of a new factor that showed similarities to a mammalian transcriptional 

regulator (Hogan, Aligianni et al. 2010). CHD homologs in both S. pombe (Hrp1) and 

S. cerevisiae (Chd1) have been shown to be involved in transcriptional termination 

(Alen, Kent et al. 2002). Hrp1 also interacts directly with the centromere were it has 
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been shown to be involved in the stable association of Cnp-1 (Walfridsson, Bjerling et 

al. 2005). Hrp1 and Hrp3 together with a histone chaperon, Nap1, have shown to 

stimulate histone removal from promoter regions (Walfridsson, Khorosjutina et al. 

2007). 

When studying the different functions in which chromatin-remodelling factors are 

involved in, it is easy to understand the complexity as well as the importance of 

dynamic structural changes to the chromatin throughout the cell cycle.  
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5   HISTONE MODIFYING ENZYMES 

Histone modifying enzymes are responsible for the addition and the removal of 

covalent modifications of histones. At least eight different classes have been 

characterized and for each class many different target sites have been identified 

(Kouzarides 2007). Most of these modifications are dynamic and enzymes that remove 

the modification have been identified. These modifications have been shown to be 

involved in a variety of cellular functions such as establishment of chromatin domains, 

transcription, DNA repair, DNA replication and chromosome condensation. 

 

5.1   HATs 

The best characterized histone modification is acetylation of lysine residues which is 

regulated by histone acetyl transferases (HATs). HATs modify the histones by 

transferring an acetyl group from acetyl coenzyme A (acetyl-CoA) to the ε-amino 

group of a lysine residue. This type of modification is reversible. There are three 

different classes of HATs; the Myst family, the Gcn5-related N-acetyltransferase 

(GNAT) family and the p300/CBP (CREB-binding protein) family. The HATs in yeast 

belong to the Myst and GNAT family. Gcn5 in S. pombe acetylates histone H3 and 

H2B sites whereas Mst1, which belongs to the Myst family, preferentially acetylates 

histone H4 and H2A (Allis, Berger et al. 2007).  Histone acetylation is involved in 

numerous processes, such as nucleosome assembly, chromatin condensation and 

folding, heterochromatin silencing and gene transcription (Shahbazian and Grunstein 

2007). HATs have also been shown to have non-histone targets. Gcn5 in S. cerevisiae 

and D. melanogaster acetylates chromatin remodelling complexes (VanDemark, 

Kasten et al. 2007) (Ferreira, Eberharter et al. 2007), HATs in humans acetylate the p53 

tumour suppressor and DNA binding proteins (Zhang and Dent 2005)  
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5.2   HDACs 

Histone deacetylases (HDACs) are the enzymes responsible for removing acetyl 

groups. HDACs are divided into four classes; class I contain Rdp3- and Hos2 like 

enzymes, class II contains Hda1 like enzymes, class III (Sirtuins) contains the Sir2 like 

enzymes and finally class IV HDAC11. Class1 and II HDACs have a conserved 

enzymatic pocket and are sensitive to TSA whereas the class III enzymes are NAD+ 

dependent. Three classes are represented by 6 different HDACs in S. pombe (Figure 3). 

Clr6 and Hos2 belong to class I, Clr3 belongs to class II and Sir2, Hst2 and Hst4 belong 

to class III.  

 

 

HDACs in both S. pombe and S. cerevisiae have been demonstrated to have a broad 

enzymatic specificity (Wiren, Silverstein et al. 2005) (Millar and Grunstein 2006). The 

gene encoding Class I HDAC Clr6, a homolog of RPD3 in S. cerevisiae was identified 

Figure 3. Representation of the different classes of HDACs Reprinted and modified by 
permission from Elsevier (Ekwall 2005) 
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as an essential gene that is required for silencing at the mating type, centromeres and 

telomeres (Grewal, Bonaduce et al. 1998). In vivo studies of Clr6 indicate that it is 

involved in gene repression mediated through the IGR regions and has a role in 

repressing meiotic and stress induced genes (Wiren, Silverstein et al. 2005). 

Purification of Clr6 showed that the enzyme exists in two distinct complexes, one that 

targets promoter regions and the second one coding regions (Nicolas, Yamada et al. 

2007) (Shevchenko, Roguev et al. 2008).  

HDACs were previously considered to be associated only with downregulation of 

genes but the second class I HDAC Hos2 appears to be specialized for a role at active 

genes by deacetylating histone H4K16 in both S. pombe and S. cerevisiae (Wang, 

Kurdistani et al. 2002; Wiren, Silverstein et al. 2005) suggesting that the activating 

function of Hos2 is evolutionary conserved. The class II HDAC Clr3 in S. pombe 

preferentially targets histone H3K14 and has been found to act at the centromeres, the 

mating type locus, rDNA and at the subtelomeric regions (Bjerling, Silverstein et al. 

2002) (Wiren, Silverstein et al. 2005). Purification of Clr3 showed that the protein is 

part of a multienzyme effector complex, SHREC, which contains at least two distinct 

enzymatic functions: transcriptional gene silencing and proper positioning of 

nucleosomes (Sugiyama, Cam et al. 2007).  

The class III HDAC in S. pombe, Sir2 have been shown to act at silent regions and 

affects acetylation of histone H3K9 and H4K16 in vitro (Shankaranarayana, Motamedi 

et al. 2003). In vivo studies also showed that Sir2 contributes to deacetylation of histone 

H3K9 and acts together with Clr3 at the centromeres, mating type locus, rDNA and at 

the subtelomeric regions (Wiren, Silverstein et al. 2005). The other Sirtuin, Hst4, is 

involved in transcriptional silencing, centromeric function, and genomic stability and is 

required for the deacetylation of histone H3 K56 (Freeman-Cook, Sherman et al. 1999) 

(Haldar and Kamakaka 2008). An in vivo study in S. pombe found that both Hst2 and 
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Hst4 act as repressors of gene expression (Durand-Dubief, Sinha et al. 2007). The class 

IV consists of HDAC11 only and shows similarity to class I and II HDACs (Gao, 

Cueto et al. 2002). It is highly conserved from C. elegans and D. melanogaster to 

humans and there are also related proteins in bacteria and plants (Yang and Seto 2008). 

Very little is known about its expression and function. HDACs are conserved from 

yeast to human and these enzymes have also been shown to have non-histone targets 

such as transcriptions factors, chaperones and structural proteins and disruption of 

HDACs have been linked to several forms of cancer (Glozak, Sengupta et al. 2005) 

(Stimson, Wood et al. 2009). Studies have showed that HDACs can repress the 

transcription of cyclin-dependent kinase inhibitors allowing continued proliferation and 

also inhibiting differentiation factors, allowing proliferation instead of differentiation 

(Glozak and Seto 2007). In recent years there has been many efforts to develop HDAC 

inhibitors as anticancer drugs and they are undergoing extensive clinical trials.   

 

5.3   HMTs 

Histones can be methylated on lysine or arginine residues by histone 

methyltransferases (HMTs). Lysine residues can be mono-, di- or trimethylated and 

arginine residues can be mono- or dimethylated. Enzymes responsible for these 

modifications belong to three distinct families of proteins, the arginine 

methyltransferases, the SET-domain containing protein family and the non-SET-

domain proteins.  Histone arginine and lysine methylation occurs on histone H3 and 

H4 and have in both cases been shown to contribute to active and repressive 

chromatin functions (Klose and Zhang 2007). Since methylation of lysine residues 

does not alter their charge one suggestion it that they function as binding sites for 

different proteins (Martin and Zhang 2005). With the recent identification of histone 

demethylases (HDMs) this mark should not be considered permanent any longer 
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(Agger, Christensen et al. 2008). There are four lysine methyltransferases in S. pombe 

that show specificity for one site, Clr4, Set1, Set2 and Set9 (Kouzarides 2007). Clr4 

has been linked to heterochromatic formation/silencing, Set1 and Set2 to 

transcriptional activation and Set9 to DNA-damage response (Allis, Berger et al. 

2007). Several HTMs have been linked to different types of cancer but there is 

limited knowledge about they contribute to disease development (Albert and Helin 

2010).  

 

5.4   HDMs 

It was not until 2004 the first histone lysine demethylase (HDM) was discovered, 

LSD1, which showed to be evolutionary conserved from yeast to humans and 

specifically demethylated histone H3K9 (Shi, Lan et al. 2004). After this many other 

such enzymes were also discovered. HDMs can be grouped in two families, the LSD 

family and the JMJC family. LSD family proteins can remove mono-and dimethylated 

histone marks whereas JMJC family proteins can remove mono- di- and trimethylated 

histone marks. Both families of HDMs are represented in S. pombe and the best 

characterized so far are Lsd1, Lsd2 and Jmj2. They have shown to be involved in a 

variety of functions such as transcription activation and repression and heterochromatin 

formation (Allis, Berger et al. 2007).  
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6   MATERIALS AND METHODS 

6.1   S. POMBE AS A MODEL ORGANISM 

The fission yeast Schizosaccharomyces pombe is a unicellular model organism widely 

used in molecular and cell biology. The S. pombe genome has three chromosomes that 

have been sequenced and showed to contain so far the smallest number of protein 

coding genes seen in a eukaryote, 4824 (Wood, Gwilliam et al. 2002). The small 

genome makes it an excellent tool for genetically manipulation. S. pombe is easy and 

cheap to maintain and with the available mutant collections and techniques it is an 

excellent model for studying basic eukaryote biology. It is estimated that S. pombe 

diverged from S. cerevisiae roughly 500 million years ago, similar to the evolutionary 

distance between the two yeast and H. sapiens (Sipiczki 2000). A number of cellular 

processes in S. pombe (signalling, RNAi machinery, RNA splicing and centromeric, 

telomeric and epigenetic regulation) are very similar to what is seen in other 

eukaryotes. Taking in to consideration that it also has representatives for three classes 

of HDACs makes it a great model organism to use to address the questions in our 

research. In this thesis we have used S. pombe to for genome wide studies to discover 

different roles for the HDACs. We have also looked genome wide at Mediators 

mechanistic involvement in transcription. By developing an E-map method in fission 

yeast we have also preliminary results from a genome-wide genetic interaction map of 

the HDACs.  

 

6.2   MICROARRAY PLATFORMS  

Genomics refers to the comprehensive study of genes and their function. Microarray 

analysis is a high throughput technology that is widely used to give us more 

understanding of the molecular mechanisms. We have used microarrays in this thesis 

work to measure transcriptional activity (mRNA levels) and DNA occupancy of a 
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protein. A variety of platforms have been developed and the basic idea for each is: a 

glass slide or a membrane is spotted or “arrayed” with PCR fragments or 

oligonucleotides that represent specific promoter and coding regions.  

We have used two different platforms in our work. The first one is the PCR amplified 

DNA microarray from Eurogentec and the second one is a chemically synthesized 

DNA oligomer tiling and expression profiling microarray from Affymetrix. 

The Eurogentec array, which covers the entire S. pombe genome, contains information 

for intergenic regions (IGR) and open reading frames (ORF). ORF arrays are 

constructed by spotting 500 nt probes complementary to the 500 bp immediately 

upstream of the stop codon and IGR are represented by a 500 nt probe immediately 

upstream of the start codon.  

Affymetrix Gene Chip tiling array is a high-density oligonucleotide array with a 250 bp 

resolution that covers chromosome II and half of chromosome III in S. pombe.  

Both of these platforms have their advantages and disadvantages compared to each 

other. A few advantages with Eurogentec (spotted PCR product) arrays are that arrays 

can easily be customized to specific experiments; labelling, hybridization and scanning 

can be done in the lab, which lower the overall costs.  The disadvantages compared to 

Affymetrix are the reduced sensitivity and with Affymetrix the differences between 

batches of arrays are smaller and there is a lower risk for cross-hybridization. There are 

also different labelling techniques between the two platforms. With Affymetrix which 

is a one-colour array, compared to Eurogentec, which is a two-colour array twice as 

many microarrays are of course needed to compare samples within an experiment. 

When doing ChIP on chip using Affymetrix arrays 10 times as much amplified DNA is 

needed as compared to Eurogentec arrays.  
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6.3   GENE EXPRESSION PROFILING 

Gene expression profiling is the most common method used in microarray technology 

and it is based on the fact that only a fraction of the genes in a cell are being transcribed 

to mRNA. The first spotted cDNA microarray study was published 1995 (Schena, 

Shalon et al. 1995) and this technique became the next logical step in technology 

development after a genome has been sequenced. The most common DNA microarray 

experiment is when the mRNA levels of a mutant compared to a wild type are 

measured and analyzed.  

First step is to extract mRNA from cells and then when the Eurogentec platform is used 

labelled cDNA is synthesized by reverse transcriptase. Labelling is done with 

fluorophore-conjugated nucleotides. This is the followed by hybridization of the probes 

and finally scanning of the slide. For the Affymetrix platform, the extracted mRNA is 

handled over to the BEA core facility (www.bea.ki.se) where the rest of the steps are 

completed.  

The advantages with working with Affymetrix arrays is that by handling over the 

mRNA there is a lower risk of technical variations due to sample handling and 

reagents. The advantage with Eurogentec arrays was that when this study was done the 

entire S. pombe genome was represented on one array. 

 

6.4   CHIP ON CHIP 

ChIP on chip is a powerful and now days a commonly used method where chromatin 

immunoprecipitation is combined with DNA microarray.  It was first described and 

published in 2000 (Ren, Robert et al. 2000) and since that the method has been 

optimized and further developed. The technique is used for isolation and identification 

of the DNA sequences occupied by specific DNA binding proteins in the cell. This is a 
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useful tool to carry out in vivo studies of binding during different processes that may 

help indentify functional elements of DNA genome wide.  

Chromatin immunoprecipitation is performed by chemically cross-linking protein to 

DNA with formaldehyde. Formaldehyde inactivates cellular enzymes immediately 

when added to the cells, which provides a snapshot of protein-DNA interactions at a 

particular time point. In cases where the investigated proteins are located further away 

from the DNA, different protein-protein cross-linking agents can be used. This of 

course requires testing of different agents to optimize the conditions for a specific 

protein. This is followed by lysating the cells and then sonication to generate smaller 

DNA fragments with an average size of 500 base pairs. The chromatin extract is then 

immunoprecipitated with a specific antibody that recognize a specific protein or a 

specific modification of a protein. After a few washing steps the cross linking is 

reversed and the DNA precipitated. PCR is then used to determine the amount of 

protein bound to a specific region of the genome.  

The isolated DNA is then amplified with PCR in two steps. In the first step a linker 

sequence is ligated to both ends of the template and the second step is traditional PCR 

amplification. The amplified DNA is then purified and labelled. The selected labelling 

technique is dependent on which microarray platform that will be used. For Eurogentec 

arrays, Klenow labelling with fluorophore-conjugated nucleotides are done followed by 

hybridization of the labelled DNA to the microarray. For Affymetrix arrays the DNA is 

fragmented to around 100 base pairs using DNAse I, labelled with biotin and then 

hybridized. A more detailed description of the experimental procedure of the ChIp on 

chip method used is described in (Robyr, Suka et al. 2002; Wiren, Silverstein et al. 

2005) (Sinha, Wiren et al. 2006) 

Even though ChIp on chip is a very powerful method it has some limitations and 

difficulties. It is very expensive and experiments have to be repeated a couple of times 
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to ensure reliable maps.  High background levels are one of the most difficult problems 

one can come across. There are a few critical steps that can be worked on to limit this 

problem and that would be to carefully choose the right amount of antibody and beads 

and by optimizing the washing steps.  

 

6.5   MICROARRAY DATA ANALYSIS  

The major challenges when working with microarray is the handling and analysis of the 

large amount of data it generates. We have in this study used Gene Spring v 7.2 to 

analyze our data, which is a commercially available software. One important step is to 

normalize the data. Normalization is the processes of removing systematic variation in 

microarray experiments, which affect the measured gene expression levels. In this 

study we have used Lowess intensity-dependent normalization, which corrects for non-

linear rates for dye incorporation, 50:th percentile normalization and for the HDAC 

binding data we used the median percentile ranking developed by (Buck and Lieb 

2004) .  

 

6.6   E-MAP 

E-map (epistatic mini-array profile) is a new approach that was developed to uncover 

functional relationship in S. cerevisiae (Schuldiner, Collins et al. 2005). Identifying 

epistatic interactions makes it possible to define gene functions and ordering genes in to 

pathways. In paper IV we developed and verified this method to work in S. pombe. 

E-map uses a robotic platform to perform genetic crosses of haploid mutant strains of 

one mating type into colony arrays of mutants in the opposite mating type. By 

pinning colonies onto a series of selective media, sporulation is induced, and double 

mutant meiotic cells are obtained. There are three key selections during the course of 
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the screen: 1) antidiplod selection 2) mating type selection and 3) selection for the 

final double mutant strains.  

By measuring the growth phenotype of the double mutant, positive and negative 

interactions can be identified.  

E-map is a very powerful method that takes advantage of the yeast knockout 

collection of strains available. The difficulty with this method is how to interpret the 

results, which make follow-ups very important steps to verify identified interactions.  

Since this high throughput method is performed by a robotic platform and the 

available knockout collection for S. pombe needs to be purchased it makes it a costly 

and limited technique.   
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7   RESULTS AND DISCUSSION 

7.1   PAPER I 

Genome wide analysis of nucleosome density histone acetylation and HDAC 

function in fission yeast 

Histone deacetylases (HDACs) are important for many chromatin related cellular 

processes such as gene regulation, DNA replication and DNA repair. It has been 

suggested that acetylation at specific genes and promoters specify protein binding 

surfaces. (Kurdistani and Grunstein 2003) 

HATs and HDACs, each of which has different substrate specificity, determine these 

patterns. To understand how theses enzymes affect gene expression it is of great 

importance to determine the specificity of every enzyme. HATs and HDACs have 

shown different specificity in vivo compared to in vitro. To fully understand HDACs 

and their role in gene regulation it is important to determine their enzyme activity in 

vivo. 

We have done a systematic study of HDACs in S. pombe by combining cDNA 

expression profiling, histone acetylation maps and HDAC binding maps of different 

HDAC mutants. We were interested in comparing the effects of HDACs in the 

promoter regions (intergenic region, IGRs) and in the coding regions (open reading 

frame, ORFs) so we developed an IGR and a combined IGR+ORF DNA microarray for 

S. pombe. The arrays contains spotted 500bp PCR products with an average genome-

wide resolution of 1,2 kb.  

We used the ChIP on CHIP (Robyr, Suka et al. 2002) method to determine in vivo 

enzyme specificity for four different HDACs: Hos2, Clr6, Clr3 and Sir2. To investigate 

the enzyme specificity in vivo we delete the gene of interest, applied the ChIP on CHIP 

method with antibodies for specific acetylation sites and then compared the data to WT 

data.   
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Five highly specific antibodies for H3K9Ac, H3K14Ac, H4K5Ac H4K12Ac and 

H4K16Ac were used for ChIP of chromatin extracts from wt, hos2Δ, clr6-1, clr3Δ and 

sir2Δ cells.  

An antibody against the histone H3 C-terminal region was also used to control for 

nucleosome occupancy since earlier studies had shown that nucleosomes are not 

consistent across the budding yeast genome (Bernstein, Liu et al. 2004) (Lee, Shibata et 

al. 2004). Our data showed that all four HDACs showed a strong effect on histone 

acetylation in both IGR and ORF regions. Two of the HDACs, Sir2 and Hos2 appered 

to have an important role in preventing nucleosome loss. 

An important goal of the study was to define the division of labor between the different 

HDACs in regulation of gene expression. To this end we performed expression-

profiling experiments where HDAC mutants were compared to WT. In addition we 

also determined the expression profile for WT cells that were exposed to TSA 

(Trichostatin A), which is a known HDAC inhibitor for Class I and II HDACs. To 

study the role of HDAC at heterochromatic genes we also carried out expression 

profiling for Swi6, which is a known heterochromatin protein. As a result we found that 

clr6-1 affected 5,1% of the genome with no significant overlap between the other 

HDAC mutants. The expression profile of WT cells treated with TSA did only show an 

overlap with genes downregulated and genes upregulated in clr6-1 demonstrating that 

Clr6 is the primary target for TSA in S. pombe. Hos2 was found to be an important 

HDAC acting in both gene repression (9.7% of the genome) and in gene expression 

(9.1% of the genome). Clr3 and Sir2 repressed genes showed a significant overlap with 

each other and also with swi6 indicating that a number of these genes are 

heterochromatic.  

To investigate if the effects Sir2 and Clr3 had on euchromatic gene repression where 

indirect or direct and the physical overlap between them, ChIP on CHIP was used to 
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create chromosomal binding maps for the two enzymes. By comparing binding data 

with expression profiling and acetylation patterns we noticed that in the IGRs Sir2 and 

Clr3 are closely linked throughout the genome and the most significant acetylation sites 

are H3K14Ac for Clr3 and H3K9Ac for Sir2. At the ORFs other HDACs did also show 

a large involvement.  

We continued to compare the relationship between gene expression and patterns of 

histone acetylation. The average WT gene expression profiles were compared to 

histone acetylation patterns in WT cells. Antibodies against five acetylation sites 

(described earlier) were used and the H3 C-terminal antibody to correct for nucleosome 

occupancy. Our results indicate that a reduced histone content in the IGRs and ORFs of 

highly expressed genes. H3K9Ac modification was high in the ORFs of highly 

expressed genes and H4K16Ac did show low acetylation levels in the ORFs of highly 

expressed genes. By comparing high and low gene expression in WT with the different 

HDAC acetylation patterns we came to the conclusion that the Hos2 enzyme is 

responsible for removing primarily H4K16Ac from ORFs of highly active genes in 

order to increase their expression.  

To further investigate the role of Clr6 in gene repression we compared clr6-1 affected 

genes with acetylation maps. We found that IGR acetylation was significantly 

increased at upregulated genes in clr6-1 but no major changes were detected with the 

downregulated genes indicating that the primary role for Clr6 is in gene repression 

mediated through the IGR regions. By comparing our data with previously published 

data on expression profiling during meiosis (Mata, Lyne et al. 2002) and under 

environmental stress (Chen, Toone et al. 2003) they did show an overlap indicating that 

Clr6 has an important role in repressing the meiotic and stress-induced transcription. 

Our final investigation was to test if the HDACs had any large chromosomal regions 

under control other then the known silent regions. By looking at the expression 
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profiling from WT it was clear that large regions at the telomeres contained a high 

number of repressed genes. By comparing our data with previously published data on 

clr3-735 (Hansen, Burns et al. 2005) we could see that clr3 affects large subtelomeric 

regions, in specifically tel1L, which contains a high proportion of mitotically repressed 

and stress- and meiosis-induced genes. 

This combined genomic study has uncovered different roles for fission yeast HDACs at 

the silent regions in repression and activation of gene expression. 

 

7.2   PAPER II 

Genome-wide patterns of histone modifications in fission yeast 

Studies have been done that confirm that histone modifications affect gene expression. 

As described earlier two models that have been proposed are the “histone code” model 

(Strahl and Allis 2000) and the “quantitative” model (Wade, Pruss et al. 1997)  

More studies are required to understand these two models and also how histone 

modifications affect gene regulation.  

In this study we have used high-resolution oligonucleotide tilling arrays to construct 

genome-wide histone acetylation maps for fission yeast. The tilling array contains 11 

oligonucleotides for each 250 bp fragment representing chromosome II and half of 

chromosome III. To analyze the histone acetylation patterns in the IGRs and the ORFs 

we used the ChIP on CHIP method and specific antibodies against H4K5Ac, 

H4K16Ac, H3K9Ac, and H3K14Ac. Since the nucleosome density is not uniform 

across the yeast genome (Bernstein, Liu et al. 2004) (Lee, Shibata et al. 2004) we used 

an antibody against H3 C-terminal to correct for that. By looking at the corrected 

histone acetylation value for the different 5’ to 3’ positions of the tilling array we could 

see how it was distributed across the IGRs and the ORFs. This showed that independent 
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of gene length the typical fission yeast gene has a clear peak of histone acetylation 

around the start codon and this peak gradually decreases in the coding regions.  

By combining our previous gene expression data with our new acetylation data it was 

obvious that histone acetylation patterns depend on gene expression levels. Both 

H3K9Ac and H4K16Ac showed stronger peaks near ATG and decreased in the coding 

regions of highly expressed genes. 

We also analyzed H3K4Me2 ChIP on CHIP data from a previously published study 

(Cam, Sugiyama et al. 2005) and H3K4Me2 seem to follow the same pattern as the five 

acetylation sites tested: peak in the ATG region and a decrease in the coding region. 

The results we obtained from our tilling microarray data were confirmed when we 

looked at a different microarray platform.  In our previous study (Wiren, Silverstein et 

al. 2005) we used spotted ORF microarrays with a 3’ bias of probe fragments within 

the ORF regions. By generating gene list of different length we could establish a list 

with different 3’ probe locations. By comparing our previously published histone 

acetylation datasets (Wiren, Silverstein et al. 2005) and new H3K4Me2 data with the 

list of different 3’ probe positions we observed that a significant part of the short genes 

had high histone acetylation- and H3K4Me2-levels in the 3’ ORF regions. Genes of 

intermediate length and long genes showed low levels of histone acetylation and 

H3K4Me2 in the 3’ ORF regions. This confirms the 5’ to 3’ patterns we observed for 

the tilling arrays.  

We also wanted to investigate if the different HDACs are involved in the specific 

acetylation patterns across the coding regions. This was achieved by comparing the lists 

of different 3’ ORF probe positions with HDAC mutant vs wild type histone 

acetylation data set and the results showed that Hos2 acts mainly in the 5’region, Sir2 

and Clr6 act in the middle region and Clr6 acts in the 3’ regions. This study of wild-

type histone acetylation patterns shows that they change as a function of distance from 
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the ATG region and also when it comes to gene expression. It also gave us an 

indication that different parts of the coding regions are affected by different HDACs. 

 

7.3   PAPER III 

Genome-wide occupancy profile of Mediator and the Srb8-11 modules reveals 

interactions with coding regions  

The Mediator complex is required for the transcription of almost all RNA polymerase 

genes in fungi and metazoans (Bjorklund and Gustafsson 2005) and it transfers 

regulatory information from enhancers and other control elements to the promoter. As 

described earlier the Mediator complex has been found both in a free form and in a 

complex with RNA polymerase II. More in vivo studies are needed to fully 

understand the mechanisms that Mediator is involved in.  

In S. pombe a Med7-TAP strain was used for study the genome wide occupancy of 

Mediator. ChIP on chip was used on both combined IGR-ORF arrays covering the 

entire genome and tilling arrays with a higher resolution but only representing 

chromosome II and half of chromosome III. Binding data showed us that the core 

Mediator interacts with promoter and unexpectedly also with coding regions. By 

comparing previously published gene expression data (Wiren, Silverstein et al. 2005) 

with binding data we noticed that the amount of genes bound by Mediator in both IGR 

and ORF regions increased as a function of high transcriptional activity. When we 

looked further on the occupancy of the core Mediator compared to gene transcription 

levels the binding to IGR and ORF gave distinct patterns indicating that binding to 

these regions might be functionally separate events. The data showed a small increase 

in Mediator binding in the ORF regions of highly transcribed genes. To further 

investigate this Mediator occupancy at highly transcribed genes was examined. The 

results showed that it binds to the promoter and coding regions after gene induction and 
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the Mediator binding pattern was distinct from the pattern seen with pol II and other 

transcription factors such as TBP, TFIIE and TFIIF.  This indicates that Mediator is 

recruited to both IGR and ORFs upon induction of highly transcribed genes. 

By analyzing those Mediator-ORF interactions they presented a negative bias at 

positions closer to the 5’ ends of genes. This negative bias trend was also confirmed 

with real-time PCR.  To better understand the observed Mediator-ORF interactions we 

did expression-profiling experiments on a Med17 mutant, which is a part of the 

Mediator complex. Analyzed data showed a strong positive correlation between high 

transcription activity and down regulation of transcription. What we also observed was 

that the down regulation of transcription in the Med17 mutants also correlates with 

changes in Mediator–ORF interactions indicating that these interactions are relevant for 

Mediator function.  

Next we investigated if Mediator interacts with ORFs of highly transcribed genes in the 

distantly related yeast S. cerevisiae. The GAL1 gene in a pol II mutant, rpb1, was 

analyzed and data showed that there is Mediator binding at highly transcribed genes 

and these results suggested that pol II function is essential for stabilizing Mediator 

interactions at both the IGR and ORF regions. Another MED17 mutant in S. cerevisiae 

was analyzed as well and showed lower recruitment of Mediator to both IGR and ORF 

regions.   

Finally we wanted to investigate the genome wide expression profile and binding of the 

Srb8-11 module, which is not in a complex with core Mediator. An Srb8-11 specific 

subunit was analyzed and interestingly we found strong correlations with core Mediator 

binding at both IGRs and ORFs. When we looked further on fold enrichment of the 

Srb8-11 module compared to gene transcription the binding to IGR and ORF gave 

almost an identical distribution as core Mediator. This suggest a close association 

between the Srb8-11 module and core Mediator on highly transcribed genes. 
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7.4   PAPER IV 

High-throughput genetic interaction mapping in the fission yeast 

Schizosaccharomyces pombe 

There have been major progresses in the systematic identification of protein complexes, 

including two large-scale affinity purification studies (Gavin, Aloy et al. 2006) 

(Krogan, Cagney et al. 2006) that defined many stable protein-protein interactions in S. 

cerevisiae (Collins, Kemmeren et al. 2007). Such data can be complemented by other 

methods such as yeast two-hybrid that are capable of identifying more transient 

interactions. However even a careful study of the stoichiometry, affinity, and lifetime 

of every protein-protein interaction would leave many functional issues unaddressed. 

Genetic interactions, which show how the function of one protein depends on the 

presence of a second, provide a natural complement to physical interaction data. Two 

approaches (synthetic genetic arrays  (SGA) (Tong, Evangelista et al. 2001) (Tong, 

Lesage et al. 2004) and diploid based synthetic lethality analysis on microarrays 

(dSLAM) (Pan, Yuan et al. 2004) (Pan, Ye et al. 2006) have been developed to identify 

negative interactions (synthetic sickness/lethal (SSL)) in S. cerevisiae . Recently the 

SGA method for generating double mutants was further developed to an approach, 

termed epistatic miniarray profile (E-MAP) (Schuldiner, Collins et al. 2005). E-MAP 

also accounts for positive interactions in where the double mutant is healthier then the 

sickest single mutant.  

We have developed a similar genetic system for Schizosaccharomyces pombe that 

allow us to systematically introduce pairs of mutations into haploid cell via a genetic 

cross. After meiosis, the cell mixture is quite complex and will contain unmated parent 

cells, small numbers of non-sporulated diploids and the haploid meiotic products.  Only 

a small proportion of these will have the desired haploid double mutant genotype. 

Moreover, many of the double mutants will show slow growth phenotypes and can be 
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easily outgrown by any remaining healthier heterozygous diploid cells. In addition, 

growth on solid medium is known to lead to nutrient starvation, which in turn may 

induce a new round of mating and meiosis and re-create heterozygous diploids. To 

minimize these problems, we developed a system that will allow for three key 

selections: 1) a selection for eliminating diploid cells (anti-diploid selection (ADS)); 2) 

a selection for only one of the mating types (mating-type selection (MTS)); and finally 

3) a double mutant selection (DMS) (Figure 4). 

Antidiploid selection: 

We developed a strategy based on recessive resistance to cycloheximide. 

Cycloheximide is produced by Streptomyces grisaeus and is a potent inhibitor of 

protein synthesis in eukaryotes. It blocks translational elongation via interference with 

the peptidyl transferase activity of the 60S ribosome. In several organisms, it has been 

shown that mutations in the large ribosomal subunit lead to cycloheximide resistance 

(Kaufer, Fried et al. 1983). After UV-mutagenesis of wild-type S. pombe we could 

identify three different recessive cycloheximide alleles. All three of them mapped the 

same residue of Rpl42 and also the same residue Pro56. We choose to continue with 

the P56Q allele since it did not show any growth defect.  

Mating type selection: 

We developed two systems for selection of the mating type (Figure 5). 

In the first system, PEM-1, we used the promoter of map3, which is a pheromone M 

factor receptor and only expressed in h+ cells, to drive expression of ura4.  The 

MAP3pr-URA4 construct is then chromosomally linked to the cycloheximide 

resistance gene in h- background (where the MAP3pr-URA4 module will not be 

expressed). These cells are mated to h+ cells and the following anti-diploid and mating-

type selection are made simultaneously using minimal medium lacking uracil and 

containing cycloheximide. In this configuration, we can also select for h- cells by 
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growth on 5-fluorootic acid (5-FOA) 

For the second system, PEM-2, we use the linkage base mating-type selection strategy.  

In this system, a cycloheximide-sensitive (cyhS) allele is introduced into the h- mating 

type locus (carrying the smt-0 mutation) of one of the starting strains while the 

endogenous locus contains a cycloheximide resistant allele (cyhR). Therefore, 

following mating and sporulation, growth on cycloheximide would allow for selection 

for h+ specific haploid cells as well as selection against diploids.  This system is the 

simplest since one plating (on cycloheximide) will provide both an ADS and MTS. 

Also, this strategy can be easily implemented in a generic fashion in a number of 

different strain backgrounds. 

By validating PEM-1 and PEM-2 we had to improve the PEM-2 system to be more 

robust. In a rare gene conversion event, the cyhS allele could be mutated to cyhR, which 

cause the diploids to be cycloheximidresistent and permitting them to pass the anti-

diploidselection. This is partly solved in the PEM-2 system where diploids contain two 

cyhS alleles (one from the endogenous locus of the h+ parent and one artificially 

introduced in the other in the other parents h- locus) and only one cyhR allele (from the 

endogenous locus of the h- parent) making the cyhS to cyhR gene conversion more 

difficult. To further prevent gene conversion in the PEM-2 system we re-engineered the 

cyhR allele by codon shuffling. 

As a proof of principal, we have used PEM-1 and PEM-2 to genetically analyze five 

genes involved in DNA repair and replication (hus2, srs2, rsd3, chk1 and cds1), some 

of which have well- documented genetic interactions in S. pombe. We generated these 

five strains; each containing a G418 marked deletion. These strains were then crossed 

against h- query strains containing the PEM-1 or PEM-2 marker, and deletions of either 

srs2 or rad3 marked with NAT (resistant to Nourseothricin). For some crosses there 

seemed to be a higher background with the PEM-1 method. We then continued with the 
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PEM-2 method to analyse the genetic relationships between hus2, srs2, rad3, chk1, and 

cds1 by generating all binary combinations of double mutants. We successfully 

repeated the published genetic interactions between hus2Δ and both srs2Δ and rad3Δ. 

We also identified new interactions between srs2Δ and rad3Δ.  

 

 

 

 

 

 

 

 

7.5   Preliminary results 

Genome-wide genetic interaction maps of HDACs in S. pombe 

During recent years many of the HDACs in fission yeast have been systematically 

isolated and functionally characterized (Nicolas, Yamada et al. 2007; Sugiyama, Cam 

et al. 2007; Shevchenko, Roguev et al. 2008). However it still remains unclear exactly 

Figure 4 

Figure 5 
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how these HDACs are organized in to a network that controls modifications and also 

which other proteins are associated with the enzymes. Recently a study in S. pombe 

was published were 550 genes involved in various aspects of chromosome function 

generated an E-MAP and uncovered a previously unidentified component of the RNAi 

machinery (Roguev, Bandyopadhyay et al. 2008) . 

This project will include genome wide interaction maps of HDACs in S. pombe. This 

has been accomplished by combining the recently published E-map method for S. 

pombe with the collection of deletion strains that was purchased from Bioneer. The 

library contains around 3000 strains where the selection marker, KanMX4 module that 

gives geneticin (G418) resistance has been used to replace the deleted gene.  As 

described previously there are in total six HDACs present in S. pombe and these are 

divided in to three classes. We have in this study investigated these three classes of 

HDACs and interacting proteins in their complexes. The first step was to ensure that 

the genes of interest were replaced with a NAT module and that they were in the PEM2 

background. By using the Singer robotic platform we could systematically cross the 

HDACs and their interacting proteins with the library of 3000 strains. By comparing 

the observed colony sizes to the expected values we did quantitative measurements for 

both positive (double mutant grew better then expected) and negative (double mutant 

grew more slowly then expected) interactions. This was followed by hierarchical 

clustering which yielded a number of functional subtrees. By analyzing the cluster map 

we were able to see interaction patterns for a specific gene and also the different 

biological processes the HDAC classes showed specificity for. 

When analyzing data for class III HDACs both sir2 and hst2 showed suppression 

(positive interactions) with coq9. Coq9 in S. pombe is a predicted ubiquinone 

(coenzyme Q) biosynthesis protein, which has a known ortholog in S. cerevisiae. 

Coenzyme Q is a lipid electron carrier, which moves freely through the mitochondrial 
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membrane and is part of the respiratory chain. After glycolysis and the citric acid cycle 

some electrons are carried to the electron transport chain (were coenzyme Q is 

involved) by NADH. NADH is then oxidized to NAD+ by a protein in the membrane, 

which then passes the electrons to coenzyme Q. The class III enzymes are NAD+ 

dependent. One possible theory that we see suppression in coq9Δsir2Δ and coq9Δhst2Δ 

double mutants could be that when the electron transport has been blocked Sir2 and 

Hst2 somehow compensate for each other. It has previously been published that Hst2 is 

able to back up Sir2 in both S. pombe and S. cerevisiae although in different cell 

physiology functions (Lamming, Latorre-Esteves et al. 2005; Durand-Dubief, Sinha et 

al. 2007). More studies are needed to follow up the relationship between Coq9 and the 

two NAD+ dependent HDACs.  One thing could be to measure if the levels of NAD+ 

are increased in a coq9 mutant and what phenotype a coq9Δsir2Δhst2Δ mutant would 

show. 

We then analyzed genes that one unique component of each HDAC complex showed 

negative interactions with, which would indicate that they work in compensatory 

pathways. To determined the GO terms associated with these genes we used GOMiner 

(Zeeberg, Feng et al. 2003). We only consider the GO terms that gave a false discovery 

rate of less the 0.001. By sorting the GO terms that were unique for each gene 

investigated we observed different biological processes, (Table 1). Clr3 showed 

specificity for stimuli response whereas hos2 seems to be involved in endosome 

transport. The two different Clr6 complexes were found to be involved in distinct 

processes. Rxt2, which is part of the Clr6 complex I, showed to be involved in protein 

transport while alp13 a component of Clr6 complex II seems to be specifically involved 

in chromatin and chromosome organisation. 
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Clr3  SHREC  Class II  Alp13  Clr6 Complex II  Class I 

DNA metabolic process  mitotic cell cycle 

primary metabolic process  cellular component disassembly 

cellular metabolic process  chromatin assembly or disassembly 

regulation of cellular protein metabolic process  chromosome segregation 

regulation of DNA metabolic process  microtubule-based process 

one-carbon metabolic process  microtubule cytoskeleton organization 

nitrogen compound metabolic process  regulation of organelle organization 

response to external stimulus  cytoskeleton organization 

response to extracellular stimulus  cellular macromolecular complex subunit organization 

cellular response to extracellular stimulus  macromolecular complex subunit organization 

response to nutrient levels  regulation of cellular component organization 

cellular response to nutrient levels  localization 

protein modification process  organelle localization 

protein amino acid methylation  establishment of organelle localization 

protein amino acid alkylation  

post-translational protein modification  

methylation  

biopolymer modification  

biopolymer methylation  

 

 

Rxt2  Clr6 Complex I  Class I  Hos2 Class I 

glycosylation  endosome transport 

biopolymer glycosylation  

protein amino acid glycosylation  

glycoprotein metabolic process  

glycoprotein biosynthetic process  

cellular protein metabolic process  

cellular carbohydrate metabolic process  

protein metabolic process  

cellular process  

intracellular protein transport  

protein transport  

intracellular transport  

Golgi vesicle transport  

establishment of protein localization  

establishment of localization in cell  

regulation of cell cycle  
 

Table 1, The distinctive biological processes the 
different HDAC complexes show specificity for. 
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8   CONCLUSIONS  

We have been trying to understand how fundamental components of chromosomes 

affect gene expression and genome stability. Nuclear chromosomes are packaged into 

a condensed structure called chromatin that is found in two varieties and a general 

view is that heterochromatin domains are enriched with hypoacetylated and 

hypomethylated histones, while euchromatin is associated with hyperacetylated and 

hypermethylated histones. Genome-wide histone modification mapping experiments 

have identified the distribution of acetylation and methylation marks of portions of 

the Drosophila melanogaster, human, mouse and several yeast genomes and revealed 

the relationship of these marks with hetero and euchromatin. 

Histone deacetylases (HDACs) are highly conserved enzymes that regulate a diverse 

number of biological processes including gene expression and chromosome segregation 

and have shown to be closely linked to major diseases like cancer. 

In paper I we studied the genome wide binding targets and enzymatic specificity of 

different S. pombe HDAC enzymes. The results displayed that the HDACs have a 

broad substrate specificity, which suggest redundant functions in histone deacetylation. 

On the other hand, when acetylation data was compared with binding data it was clear 

that HDACs also demonstrate specific direct effects in acetylation changes. Including 

more binding data and using micro-arrays with a higher resolution would generate 

more information. One interesting study would be to follow up the suggested idea that 

the HDACs contribute to the regulation of nucleosome density in regions affected by 

chromatin remodelers (Walfridsson, Khorosjutina et al. 2007).  

In paper II we continued to studied genome-wide patterns for histone modifications in 

fission yeast using a high-resolution tilling array. We proposed that independent of 

gene length, a typical fission yeast gene shows a 5’ to 3’ polarity, i.e., the histone 

acetylation levels peak near the ATG and gradually decrease in the coding regions. We 
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also observed that different HDACs are responsible for different position within the 

ORF regions. A recent study in budding yeast propose a model for that H3K4 

methylation recruits one HDAC complex to the 5’ ends of genes whereas H3K36 

methylation recruits another HDAC complex further downstream (Kim and Buratowski 

2009). More studies are needed in fission yeast to investigate if this is a conserved 

event. In this study the microarrays used only covered chromosome II and half of 

chromosome III and by repeating the experiment on arrays covering the entire genome 

more accurate data could be produced.  

Our genome-wide study of two different Mediator complexes in paper III reviled that 

they displayed similar binding patterns, and interactions with promoters and upstream 

activating sequences correlated with increased transcription activity. We also found that 

Mediator associates with the downstream coding region of many genes. Further studies 

are required to investigate the similarity and differences between the two distinct 

complexes and also if Mediator is involved in any structural organisation of genes.  

In Paper IV we developed the E-map technology for S. pombe where it was possible 

to systematically construct haploid double mutants and measure their growth 

phenotype. This was achieved by successfully select for 1: anti-diploids, 2: one mating 

type and finally 3: the double mutant.  This is a powerful method that has been applied 

on S. cerevisiae, E. coli and recently S. pombe to reveal new protein-protein 

interactions and suggest biological pathways.  

In our final study we constructed genome-wide genetic interaction maps of HDACs in 

S. pombe using the E-map method. From our preliminary results we discovered a new 

link between the Class III HDACs and a biosynthesis protein. Our data also suggest 

that different HDACs are involved in distinct biological processes. Follow up studies 

are necessary such as protein-purification, ChIp on chip, gene expression microarrays 

and silencing assays. Our data could shield light on the different pathways HDACs 
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function in. It can also be possible to find non-histone targets for HDACs, which so far 

have not been discovered in S. pombe.  

In recent years, it has turned out that HDACs themselves are also subject to post-

translational modification. Such structural alterations can determine the stability, 

localization, activity and protein-protein interactions of HDACs. This would then of 

course affect the modification of their substrates and the coordination of cellular 

signaling networks. 

It is very difficult to evaluate the exact contribution of each modification to the 

distinct overall structure and function and since many modifications exist within a 

chromatin region it makes it easy to understand that there is much left to explore. 
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