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 Abstract 
 

Abstract 
 
The centromeric region in all eukaryotes is characterized by the presence of a histone H3 

variant that replaces the canonical histone H3 in centromeric nucleosomes. In the budding 

yeast Saccharomyces cerevisiae, the centromeric histone H3 variant, termed Cse4, is 

present in a single nucleosome that forms the centromeric structure. The centromeric 

nucleosome serves as a platform for the assembly of the kinetochore, which ensures the 

faithful transmission of the genetic information to the daughter cell during the cell cycle. In 

this study, we identified posttranslational modifications on Cse4 and characterized their 

contribution to centromere function. We could show for the first time that Cse4 is 

posttranslationally modified by phosphorylation on serine 33, methylation on arginine 37 

and acetylation on lysine 49. Methylation on arginine 37 as well as the acetylation on 

lysine 49 of Cse4 were determined both by mass spectrometry and by modification-

specific Cse4 antibodies. A further analysis of mutations of the modified sites in the N-

terminus of Cse4 showed no significant effect in the wild-type. Interestingly, the mutation 

of Cse4 R37 displayed lethality as well as growth defects in combination with mutations of 

genes encoding several kinetochore components. Furthermore, cse4-R37A caused a defect 

in the G2/ M-phase of the cell cycle in the absence of the Cbf1 kinetochore protein as well 

as a maintenance defect of plasmids and chromosome fragments lacking the Cbf1 binding 

sequence, CDEI. These results indicated that the methylation on arginine 37 of Cse4 

contributed to the regulation of chromosome segregation. While Cse4 methylation did not 

affect its deposition at the centromere, the mutation of Cse4 R37 significantly reduced the 

recruitment of two kinetochore proteins to the centromeric region. Together with the fact 

that the level of Cse4 R37 methylation was increased in S-phase arrested cells, these 

results suggest that the methylation on arginine 37 of Cse4 supports the recruitment of 

kinetochore components to the centromere. Surprisingly, the additional mutation of lysine 

49 to arginine led to the suppression of the growth defects of cse4-R37A suggesting an 

antagonistical effect between both modification sites. In summary, our data show that the 

centromeric histone H3 variant is posttranslationally modified, and that the methylation on 

arginine 37 of Cse4 contributes to the recruitment of kinetochore proteins to build a 

functional kinetochore for accurate chromosome segregation.  
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Zusammenfassung  
 
Die zentromerische Region in der Bäckerhefe Saccharomyces cerevisiae zeichnet sich 

durch ein einzelnes Nukleosom aus, an dem das Kinetochor bindet. Wie in allen 

Eukaryoten, wird hier das kanonische Histon H3 durch eine zentromerische Histon H3 

Variante ersetzt, welche als Cse4 bezeichnet wird. Diese Struktur ermöglicht die 

Assemblierung des Kinetochors und garantiert die Weitergabe der genetischen Information 

an die Tochterzellen während der Mitose. In der vorliegenden Arbeit wurden 

posttranslationale Modifikationen an Cse4 ermittelt und deren Rolle in der 

Chromosomensegregation untersucht. Dabei konnte zum ersten Mal gezeigt werden, dass 

Cse4 posttranslational durch Phosphorylierung am Serin 33, Methylierung am Arginin 37 

und Acetylierung am Lysin 49 modifiziert wird. Sowohl durch Massenspektrometrie als 

auch durch modifikationsspezifische Cse4 Antikörper konnten die Methylierung am 

Arginin 37 und die Acetylierung am Lysin 49 nachgewiesen werden. Weitere 

Untersuchungen zeigten, dass die Mutation der Modifikationsstellen im Cse4 keinen 

Phänotyp in Wildtypzellen zeigte. Jedoch führte die Mutation von Arginin 37 in Stämmen, 

in denen einzelne Kinetochorproteine mutiert wurden, zu Letalität und 

Wachstumsdefekten. Interessanterweise führte die Mutation von Cse4 R37 zu einem 

mitotischen Effekt in Abwesenheit des Kinetochorproteins Cbf1 und zu einem erhöhten 

Plasmid- und Chromosomenverlust von Fragmenten ohne Cbf1 Bindesequenz (CDEI). 

Diese Ergebnisse zeigten, dass die Methylierung von Arginin 37 eine Rolle während der 

Chromosomensegregation spielt. Außerdem konnte gezeigt werden, dass die 

Argininmethylierung keinen Einfluss auf die Lokalisation des Proteins am Zentromer hat, 

jedoch führte die Mutation von Cse4 R37 zu einer geringeren Assoziation zweier 

Kinetochorproteine am Zentromer. Zusätzlich dazu wurde eine erhöhte Methylierung am 

Arginin 37 in S-phase arretierten Zellen beobachtet. Dies deutete darauf hin, dass die 

Argininmethylierung eine Rolle in der Rekruitierung des Kinetochors zum Zentromer 

spielt. Überraschenderweise führte die zusätzliche Mutation vom Lysin 49 zu Arginin zu 

einer Suppression des Wachstumsdefekts von cse4-R37A, welches auf einen möglichen 

antagonistischen Effekt zwischen beiden Modifikationsstellen hindeutet. 

Zusammenfassend konnte in dieser Arbeit gezeigt werden, dass die zentromerische Histon 

H3 Variante posttranslational modifiziert wird und die Methylierung am Arginin 37 eine 

entscheidende Rolle in der Rekruitierung und Formierung des Kinetochors übernimmt um 

somit eine korrekte Chromosomensegregation zu gewährleisten. 
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CDEI/II/III   centromere DNA element I/II/III 
CenH3    centromeric histone H3 
CENP-A   centromere protein A 
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cnt    non-repetitive core 
Co-IP    co-immunoprecipitation 
COMA   Ctf19/Okp1/Mcm21/Ame1 
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1. Introduction 
 

1.1 Epigenetics  
 
The science of epigenetics is a fast-developing field, which started with the observation of 

a wide range of phenomena and has since evolved into a well-established area of research. 

The term “epigenetics” was coined by Conrad Hal Waddington in 1942 as “the branch of 

biology which studies the causal interactions between genes and their products, which 

bring the phenotype into being” (Waddington 1942). In 1957 he described his perception 

of epigenetics more precisely in an article about the epigenetic landscape (Waddington 

1957). Thereby, the cell is represented as a ball surrounded by valleys and hills. The 

growth and development of an organism is illustrated as a downhill movement through this 

landscape and thus in this model is specified, but changeable. The hills and valleys are 

flexible through the impact of external factors. Up to a certain threshold, the factors will be 

buffered and cannot affect the pathway of the cell. If the pressure of the outer parameter is 

high enough, the organism shifts its position in this model, which leads to varying 

outcomes. At the end of this concept, the organism carries the original genotype, but a 

distinct, modified phenotype (Slack 2002). 

Together with the structural discovery of DNA in 1953 by Watson and Crick (Watson and 

Crick 1953), the field of epigenetics has developed into an area of investigation that deals 

with the stable and heritable changes in expression and phenotypes without variations in 

the DNA sequence. Today’s epigenetic research is increasingly focused on the influence of 

covalent and noncovalent modifications on DNA and proteins and their contribution to the 

structure of chromatin in development and differentation.  

 

1.2 Organization of eukaryotic chromatin 
 
The DNA in the eukaryotic cell is systematically packaged with histone and non-histone 

proteins into the chromatin structure (Kornberg 1974). This assembly of DNA and proteins 

builds the fundament that is relevant for elementary processes like DNA replication, 

transcription and chromosome segregation.  

The fundamental unit of the chromatin is the nucleosome. In this structure, 147 bp of DNA 

is wrapped in a 1.65 left-handed superhelical turn around an octameric structure of histone 

proteins. Each octamer consists of two copies of H2A, H2B, H3 and H4 (Richmond and 
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Davey 2003). All of the four different core histones are distinguished by three structural 

motifs: the histone fold domain, the extra fold structure element and the exclusive N-

terminus. The latter differs in length between 13-42 amino acids (Arents and Moudrianakis 

1995). The histone fold domains of all core histones display a highly similar structural 

motif, consisting of three α-helices interrupted by two loops. This motif is responsible for 

the formation of the H2A-H2B and H3-H4 heterodimers (Luger et al. 1997). Interestingly, 

the N-terminal region of H4 enables specific contacts and can directly interact with the 

acid patch interface of the H2A-H2B dimer of an adjacent nucleosome (Luger et al. 1997). 

The DNA surrounding a nucleosome is characterized by a resistance against the cleavage 

of micrococcal nuclease (MNase), while the linker DNA between two nucleosomes does 

not show an association with the core histones and is therefore prone to cleavage by 

MNase (Hansen et al. 1989). The linker DNA varies in length depending on the cell-type 

and organism (Widom 1992; Prunell and Kornberg 1982). The 11 nm DNA fiber is also 

described as “beads on a string” (Thoma et al. 1979), which is further condensed to the 30 

nm fiber representing the second structural level of DNA organization (Figure 1). This 

condensation is implemented by the linker histone H1. H1 is less conserved than the core 

histones (Caterino and Hayes 2011). It was proposed that the molar ratio between the core 

histones H2A/H2B/H3/H4 and the linker histone H1 is 1:1 in most cell-types (Albright et 

al. 1979). Conversely, it was previously shown that in the budding yeast Saccharomyces 

cerevisiae the linker histone H1 homologue Hho1 is only bound to every 37th nucleosome 

(Freidkin and Katcoff 2001). The compaction of DNA to this higher-order chromatin by 

the linker histone H1 (Hizume et al. 2005) and the associated decrease of DNA 

accessibility has led to the proposal that this contributes to the regulation of biological 

processes like transcription. 

The determination of the nucleosome at high resolution (1.9Å) (Richmond and Davey 

2003) has not resolved the internal structure of the 30 nm chromatin fiber, this is still 

controversial and remains uncharacterized. Electron microscopy and crystal structure 

studies have led to the proposition of two models. The solenoid model was proposed by 

Finch and Klug (Finch and Klug 1976) by their observation of the formation of a 

nucleofilament under low ion conditions. Here, the DNA is wrapped around 6-8 

nucleosome cores per turn and forms a solenoid with a diameter of 25-30 nm. The 

structure is also described as one-start helix. The second model is based on the crystal 

structure of a compact tetranucleosome (Schalch et al. 2005) and supports a two-start helix. 

Two stacks of nucleosomes are connected by the linker DNA in a zig-zag arrangement and 
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rotated by 70° relative to each other in a left-handed manner. Finally, the 30 nm fiber is 

further condensed with non-histone proteins to form the metaphase chromosomes. 

 

 
 
Figure 1: Organization of eukaryotic chromatin.  
The picture illustrated the different packaging steps of chromatin from the DNA double helix to the 
metaphase chromosome. The DNA double helix is bound by histones to form the 11 nm fiber which is more 
condensed to the 30 nm fiber and subsequently to the metaphase chromosome. (modified from the homepage 
of the EPIgenetic Treatment Of Neoplastic disease (www.epitron.eu)). 
 

The chromatin state in eukaryotes undergoes different dynamic changes. Emil Heitz 

observed that the staining of chromosome regions in the same cell-type could differ 

between individuals. These distinctions are correlated with regions of condensed and 

decondensed chromatin, also referred to as heterochromatin and euchromatin (Heitz 1928). 

The euchromatin is characterized by an opened chromatin conformation and is found on 

active genes. The heterochromatin, which comprises the facultative and the constitutive 

heterochromatin, is highly ordered in nucleosome arrays and condensed. This represents 

the inaccessible form of the chromatin. The constitutive heterochromatin is localized to 

regions of highly repetitive and noncoding sequences, like telomeres and centromeric 

regions (Grewal and Jia 2007). The transcription rate at these genomic regions is generally 

rather low in comparison to euchromatic regions (Trojer and Reinberg 2007). The regions 

DNA-double helix

11 nm fiber

30 nm fiber

chromosome
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of facultative heterochromatin are transcriptionally silent but can alternate, depending on 

cellular signal, between heterochromatin and euchromatin, and consequently allow 

transcription after decondensation. This could be due to changes in the nuclear localization 

or in response to different developmental and cell cycle states. 

The first link between the structural form of chromatin and the influence of the 

transcription rate of the gene is represented by an observation in Drosophila melanogaster. 

After X-ray irradiation of flies, mutants were observed that showed variegation in the eye 

color (Muller 1930). This phenomenon, termed position effect variegation (PEV), is 

explained by the suppression of the gene encoding the red eye pigmentation (white+) 

through translocation to heterochromatic regions.  

In S. cerevisiae, heterochromatin is found at three genomic regions, the telomeres, the 

rDNA locus and the silent mating-type loci HMR and HML. In higher eukaryotes, 

heterochromatin can also cover an entire chromosome, as is the case in X-chromosome 

inactivation. One X-chromosome in female mammals is constantly silenced by the 

activation of the non-coding RNA Xist (Brown et al. 1991). After coating the X-

chromosome by Xist, chromosomal changes like hypoacetylation and lysine methylation 

on the histone occur that result in silency of the whole chromosome (Heard 2005). 

The chromatin structure of eukaryotes can be altered by the incorporation or removal of 

histones by ATP-dependent remodelling complexes, by histone modifications or by the 

presence of histone variants. The functions and mechanisms of theses will be introduced in 

the next chapters. 

 

1.3 ATP-dependent remodelling complexes 
 
As such, the chromatin structure can be assumed to be a relatively static material, and the 

nucleosomes are characterized by high stability and limited mobility. Therefore, it is 

necessary for the cell to provide factors that give the chromatin structure a dynamic 

character to ensure access to the DNA for biological processes like transcription, 

chromosome segregation or DNA repair. 

The chromatin remodelers are highly specialized multi-protein complexes that increase the 

accessibility of the DNA template by changing the structure and position of the 

nucleosomes. The nucleosomes are consequently spaced and the protein factors, for 

example those required for transcription and DNA repair, are able to access DNA gaps.  In 

eukaryotes, five families of chromatin remodelers are described: SWI/SNF, ISWI, 

NURD/MI-2/CHD, INO80 and SWR1 (Saha et al. 2006). The effects on the nucleosome 
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structure and positioning are remodeler dependent. The ATP-dependent remodelling 

complexes consist of a catalytic ATP-subunit and belong to the Swi2/Snf2 ATPase 

superfamiliy. All of them are characterized by using the energy of the hydrolysis of ATP to 

alter the chromatin structure within the nucleosome. 

The best-characterized classes of chromatin remodelers are the SWI/SNF and ISWI 

families. In spite of the same catalytic domain, the classes execute different tasks in vivo. 

The SWI/SNF class is characterized by an additional bromodomain in the C-terminus, a 

motif that is highly conserved (Haynes et al. 1992) and facilitates the binding of the 

complex to acetylated histone tails. In the yeast S. cerevisiae it was previously shown that 

the bromodomains of both the SWI/SNF complex and the SAGA histone acetyltransferase 

complex are necessary for stable binding to acetylated promoter nucleosomes (Hassan et 

al. 2002). Other functions of the SWI/SNF complex in budding yeast include an increase in 

the binding affinity of transcription factors to nucleosomes and the displacement of 

H2A/H2B dimers (Bruno et al. 2003). About 5 % of the yeast genome is transcriptional 

regulated by the SWI/SNF complex (Holstege et al. 1998). In comparison to the SWI/SNF 

family, the ISWI class is characterized by the presence of two characteristic domains in the 

C-terminus. Both are necessary for the recognition of the histone tail and the linker DNA 

(Grune et al. 2003). As it was shown in D. melanogaster, the ISWI complex contributes to 

the organization of nucleosome positioning and promotes transcriptional repression in vivo 

(Deuring et al. 2000). 

Many studies have provided important insights into the strategies that are used by 

SWI/SNF and ISWI complexes to slide the nucleosomes along the DNA. It is proposed 

that the ATP hydrolysis generates a DNA wave that pulls the linker DNA into the 

nucleosome and propagates it to the distal linker by diffusion (Saha et al. 2006). 

 

1.4 Histone modifications 
 
The modification of amino acid side chains in the histones also contributes to the dynamic 

regulation of the chromatin structure. One function of such histone modifications is the 

recruitment or signalling of downstream effectors or the regulation of interaction with 

other nucleosomes. However, the histone modifications also operate as epigenetic marks 

that are inherited by the daughter cells to maintain diverse types of information, for 

instance during replication. In order to maintain the epigenetic information, the old 

histones are segregated to the daughter cells and in principle can be used as template to 

copy their epigenetic information to new histones (Martin and Zhang 2007). There exists a 
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wide range of posttranslational modifications (PTMs) like acetylation, methylation, 

phosphorylation, ubiquitinylation and farnesylation. Such modifications are added 

predominantly to the N-terminus of the histone by special histone modifying enzymes 

(Figure 2). There is also evidence for modifications in the histone fold domain, which are 

primarily accessible during nuclesome unfolding or assembly (Williams et al. 2008). For 

example, the methylation on lysine 79 of histone H3 (H3K79me) in S. cerevisiae by the 

histone methyltransferase Dot1 represented the first methylation mark identified in the 

histone fold domain (van Leeuwen et al. 2002). 

 

 
 
Figure 2: Known histone modifications on the histone H3 and H4 regulate and contribute to the 
chromatin state. 
Methylation on histones is characterized on arginines and lysines (green box), phosphorylation on serine or 
threonine (red circle) and acetylation occurs on lysine residues (yellow triangle). (modified from Scharf and 
Imhof 2010). 
 

Genome-wide studies of histone modifications show that the specific state of a gene can be 

linked to the appearance of histone modifications. Modifications like di- and trimethylation 

on lysine 4 of histone H3 (H3K4me2,3) and H3K36me2,3 are associated with actively 

transcribed regions. In contrast, marks like H3K27me3 and H4K20me3 are linked to 

regions where transcription is repressed. This observation led to the hypothesis of a 

“histone code” (Strahl and Allis 2000), which suggests that histone modifications 

determine the activity state of a gene through the regulation of downstream effectors. 

Some studies extend this view over the chromosome structure and propose the 

“nucleosome code”, which enables different epigenetic states through the local 

accumulation and combination of modified nucleosomes (Jenuwein and Allis 2001). 

However, these concepts are highly controversial in the epigenetic field. For instance, it is 

debated whether these effects on the gene expression are either cumulative or the 

combination of the histone modifications (Barth and Imhof 2010).  

Histone modifications can also influence each other, either on the same histone domain or 

to another histone in the nucleosome. In S. cerevisiae, it was shown that the ubiquitination 

on lysine 123 of histone H2B mediates the methylation of histone H3 at lysine 4, which 
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regulates gene silencing (Sun and Allis 2002). This study was the first described “trans-

tail” regulation of histone modifications. Furthermore, the histone marks can influence 

each other on one histone tail. An example for the “binary-switch” model is the 

phosphorylation on serine 10 and methylation on lysine 9 of histone H3. The methylation 

on lysine 9 leads to binding of the heterochromatin protein HP1, which causes 

heterochromatin formation and gene silencing (Li et al. 2003). Once, serine 10 is 

phosphorylated during mitosis by Aurora B kinase, this decreases the binding of HP1 

(Fischle et al. 2005). This model of a binary “methyl/phos switch” is confirmed by the fact 

that the phosphatase PPI binds to phosphorylated serine 10 after exit from mitosis, thus 

causing a subsequent increase in binding of HP1 (Hsu et al. 2000). 

 

1.4.1 Histone methylation 
 
The methylation mark can be attached to the amino acids arginine and lysine on the 

histone. Lysines can be mono-, di- and trimethylated (me1, me2, me3), in contrast to 

arginine, which can occur in a mono-methyl and asymmetrical or symmetrical di-methyl 

state (me1, me2a, me2s). Both of these histone marks contribute both to active and 

repressive effects on chromatin function. The nine members of the PRMT class in 

mammalian cells catalyse arginine methylation (Di Lorenzo and Bedford 2011). Thereby, 

they transfer a methyl group from S-adenosyl-L-methionine to the guanidine nitrogen of 

arginine and are classified from type I to III according to the final methylated arginine. In 

contrast to human, only three genes for arginine methyltransferases are annotated in 

S. cerevisiae – HSL7, HMT1 and RMT2. It has been predicted that around 1 % of the 

human and yeast genome encode S-adenosyl-L-methionine-dependent methyltransferases 

(Katz et al. 2003).  

Lysine methylation can be catalyzed by a protein family containing the SET (Su(var), 

Enhancer of Zeste and Trithorax) domain, by yeast Dot1 and its homologues. Instead of 

the typical SET domain, the Dot enzyme class possesses a class I methyltransferase 

domain, which is also found in arginine methyltransferases (Dlakic 2001). 

The methylation of lysines and arginines does not affect the charge of the amino acid 

group, which suggests that this modification stores information for chromatin regulation 

(Lachner et al. 2001) by changes in the interaction with other proteins. The 

methyltransferases are characterized by either a processive or a distributive methylation 

mechanism. Some of the enzymes methylate the amino acids in the histone tail in a 

sequential manner, whereas others can form the methylation state independently of the 
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presence of a lower methylated form. Arginine methylation in mammals is found on 

arginine 2, 8, 17 and 26 of histone H3 and arginine 3 of histone H4 (Wysocka et al. 2006). 

Surprinsingly, the different methylation states for H3R2 have different outcomes for the 

transcription in S. cerevisiae. The monomethylation of H3R2 is linked to activation, while 

the asymmetrical dimethylation H3R2me2a is associated with repression (Kirmizis et al. 

2009). 

Methylation on lysine 4, 36 and 79 of histone H3 is linked to active regions of chromatin, 

in contrast to lysine 9 and 27 of histone H3, which are associated with silenced regions 

(Klose and Zhang 2007). It was shown that methylation of H3K4 and H3K36 is directly 

coupled to the transcription process by the association to the RNA-polymerase II during 

elongation (Krogan et al. 2003). Interestingly, the methylation of H3K9 serves to recruit 

the heterochromatin protein HP1, both in humans and in S. pombe, demonstrating that this 

event is evolutionarily conserved (Nakayama et al. 2001; Lachner et al. 2001). However, 

previous data show that H3K9me3 and HP1 are also localized in the coding regions of 

active genes (Vakoc et al. 2005). The dimethylation of lysine 4 on histone H3 is 

characterized as a mark of the canonical histone H3 in the centromeric region in human 

cells and thereby contributes to the centromere specificity (Sullivan and Karpen 2004). 

The degree of methylation on the genome is not solely due to the activity of 

methyltransferases. In addition, demethylases contribute to the methylated state within the 

cell.  So far, three enzyme families are characterized for histone demethylation, PADI, 

LSD and JMJC (Klose and Zhang 2007). The PADI4 enzyme catalyzes the conversion of 

arginine to citrulline in histone H3 and H4 by deimination and subsequently prevents 

further methylation of arginine (Cuthbert et al. 2004).  In the budding yeast the JmjC-

domain-containing histone demethylase is the only described lysine demethylase, which is 

able to demethylate H3K36me1,2 (Tsukada et al. 2006). The observation of demethylases 

demonstrates that methylation is not a static modification, but rather a dynamic histone 

mark. 

 

1.4.2 Acetylation on lysine residues in histones 
 
The best-characterized histone modification is lysine acetylation. Thereby, an acetyl group 

from the cofactor acetyl-coenzyme A is transferred to the ε-amino group of the lysine, 

leading to the neutralization of the basic charge of the amino acid. In vitro studies show 

that the lysine acetylation antagonizes the folding of the chromatin (Annunziato and 

Hansen 2000) and the formation of the 30 nm fiber, in particular the acetylation on lysine 
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16 of histone H4 (Shogren-Knaak et al. 2006). Radioactive analysis shows that the turn-

over of acetyl groups on all histones is rather high with a half-life time of less than 15 min 

(Chestier and Yaniv 1979).  

Histone acetyltransferases are divided into three different groups: the GNAT (Gcn5-related 

N-acetyltransferase) family, the MYST (MOZ, Ybf2/Sas3, Sas2, Tip60) family and the 

CBP (CREB-binding protein)/p300 related family (Bannister and Kouzarides 2011). 

Members of the GNAT family are involved in the regulation of transcription and DNA 

repair (Carrozza et al. 2003). The histone acetyltransferase Gcn5 is the first histone-

modifying enzyme identified (Brownell et al. 1996) and is part of the SAGA complex that 

acetylates lysines 9, 14, 18 and 23 of histone H3 in vivo (Grant et al. 1999). Free Gcn5 is 

not able to acetylate nucleosomes, demonstrating that the acetyltransferase activity is 

dependent on the influence of multisubunit complexes like SAGA and ADA (Grant et al. 

1997). Interestingly, it was shown that Gcn5 could acetylate H3K14 more effectively to 

promote transcription when H3S10 is phosphorylated (Clements et al. 2003). 

Besides regulation of transcription, the MYST family is also implicated in transcriptional 

silencing. The histone acetyltransferase Sas2 in the SAS-I complex catalyzes together with 

Sas4 and Sas5 the acetylation on H4K16 and thereby defines boundaries between 

transcriptionally active and silenced regions (Suka et al. 2002). The essential histone 

acetyltransferase Esa1 is the catalytic subunit of the NuA4 (nucleosomal acetyltransferase 

of histone H4) complex and important for global acetylation of histone H4 and H2A 

leading to transcriptional activation. Recently it was shown that the acetylation by NuA4 

increases the incorporation of the histone variant H2A.Z at promoters via the SWR1 

complex (Altaf et al. 2010), thus linking lysine acetylation to chromatin remodeling. 

The deacetylation of lysine residues is characteristic of transcriptional repression and is 

carried out by histone deacetylases (HDACs). Four classes of HDACs are described 

dependent on sequence similarities and cofactor usage. Classes I and II are related to the 

yeast proteins Rpd3 and Hda1, while class III are homologous to yeast Sir2 and are 

dependent on the cofactor NAD+. The fourth class is chararcterized by only one enzyme, 

HDAC11 (Bannister and Kouzarides 2011). 

 

1.4.3 Histone phosphorylation 
 
Phosphorylation is the most frequent posttranslational modification on proteins in the 

living cell. Kinases catalyze the transfer of γ-phosphate of the ATP molecule to the 

hydroxyl group of serines, threonines and tyrosines. The phosphorylation on histones 
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occurs predominantly on the N-terminus, leading to changes in protein-protein interactions 

by introducing more negative charges on the amino acid. Several cellular processes are 

affected by this modification, like chromosome segregation, transcriptional activation and 

DNA repair. The phosphorylation on serine 14 of histone H2B is linked to apoptosis 

(Cheung et al. 2003), whereas the phosphorylation on serine 36 of histone H2B leads to 

transcriptional activation (Bungard et al. 2010). The phosphorylation sites in the histone 

H3 are of great interest, because it was shown that they are linked both to transcription and 

chromosome segregation. In interphase, histone H3 is phosphorylated on serine 10 for 

gene activation (Nowak and Corces 2004), while in mitosis the phosphorylation is 

necessary for chromosome condensation (Crosio et al. 2002). Phosphorylation was also 

identified on tyrosine 41 of histone H3. It was shown that this phosphorylation decreases 

the binding of the heterochromatin protein HP1 and subsequently leads to transcriptional 

activation (Dawson et al. 2009).  

Phosphorylation is also found on histone variants. The centromeric histone H3 variant 

CENP-A is phosphorylated on serine 7, which prevents the formation of misaligned 

chromosomes (Zeitlin et al. 2001; Kunitoku et al. 2003).  

Like acetylation and methylation, phosphorylation is a dynamic event, whereby 

phosphatases act as antagonists. The most prominent protein phosphatase is PP1. In 

S. cerevisiae, it was shown that the PPI homologue Glc7 antagonizes the Ipl1/Aurora 

activity by dephosphorylation of its targets (Pinsky et al. 2006; Francisco and Chan 1994) 

to ensure the fidelity of chromosome segregation. Interestingly, the dephosphorylation on 

threonine 3 of histone H3 is promoted by a complex containing PP1 and the regulator 

Repo-man (Qian et al. 2011). In comparison to kinases, the specificity and activity of 

phosphatases is not yet clearly defined and requires further studies of their targets. 

 

1.5 Histone variants 
 
A way to modulate and regulate the chromatin is by the incorporation of histone variants. 

In most organisms, the canonical histones are encoded by multiple genes that are highly 

similar in sequence and are expressed during S-phase. They are incorporated during DNA 

replication. However, the histone variants, the nonallelic variants of the major histones, are 

expressed independently of S-phase during the cell cycle and deposited in a DNA 

synthesis-independent manner (Boyarchuk et al. 2011).  

Histone H1 has several variants that differ in their function and distribution. Some H1 

variants are linked to transcriptional repression, as it was shown in mouse, chicken and for 
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the histone H1.1 from Caenorhabditis elegans. The absence of H1.1 in worms causes a 

global increase of H3 lysine 4 methylation and a decrease of H3 lysine 9 methylation, a 

repressive histone mark (Jedrusik and Schulze 2007). 

The canonical histone H2A has the largest number of histone variants among the core 

histones. The H2A variants like MacroH2A and H2A.Z differ both in length and sequence 

of the C-terminal tail as well as in their distribution in the genome in comparison to the 

canonical histone H2A. MacroH2A localizes to the inactive X-chromosome and is thought 

to have roles in transcriptional repression (Costanzi and Pehrson 1998). It has been 

proposed that MacroH2A blocks access to transcription factors and coactivators (Perche et 

al. 2000). In comparison to MacroH2A, the histone variant H2A.Z is linked to both 

transcriptional repression and activation (Meneghini et al. 2003). Intriguingly, H2A.Z is 

also present in centromeric chromatin and connects this variant to roles in chromosome 

segregation. In S. cerevisiae, however, H2A.Z is mostly absent from the centromeric 

region (Albert et al. 2007). In contrast, H2A.Z containing nucleosomes in mammals are 

present in pericentric and centric chromatin and contribute to the chromatin structure at the 

centromere (Greaves et al. 2007).  

The variants of the canonical histone H3 are well characterized with regard to H3.3 and 

CenH3. In 2006, Hake and Allis proposed the model “H3 barcode hypothesis”, which 

suggests that the distribution of H3 variants over the mammalian genome determines 

specific territories (Hake and Allis 2006). Unlike other histone variants, H3.3 is 

constitutively expressed during the cell cycle and has high sequence similarity to the 

canonical histone H3. In Drosophila melanogaster, the histone variant shows only four 

amino acid differences to the canonical histone (Ahmad and Henikoff 2002). This histone 

variant localizes to genes that are either poised for transcription or actively transcribed. 

Recently, it was also shown in human cells that H3.3 acts as a placeholder at the 

centromeres in S-phase and is replaced by the histone variant CenH3 in the G1-phase 

(Dunleavy et al. 2011). The histone variant CenH3 is highly conserved throughout 

eukaryotes and is characterized by highly divergent N-terminal tails. One function of 

CenH3 is the formation of the proteinaceous kinetochore structure, because the depletion 

of this histone variant leads to altered localization of kinetochore proteins (Howman et al. 

2000; Blower and Karpen 2001). Other histone variants do not show as wide a range of 

distribution as H2A and H3. The histone variant of the canonical histone H2B has a very 

exclusive function in gametogenesis. For the canonical histone H4, no sequence variants 

are known so far (Kamakaka and Biggins 2005). 
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1.6 The centromeric histone H3 variant Cse4 
 
The centromeric regions in eukaryotes are characterized by the exclusive localization of 

the histone H3 variant CenH3 (Earnshaw and Rothfield 1985; Palmer et al. 1987). A 

conserved histone fold domain in the C-terminus and a highly variable N-terminus 

characterizes the centromeric histone H3 variant from yeast, fly, worm and human. In 

humans, the centromeric region is interspersed by blocks of the histone H3 variant CENP-

A with blocks of canonical histone H3 (Blower et al. 2002). The CATD (CENP-A 

targeting domain), comprising loop 1 and the alpha2 helix in the C-terminus of CENP-A, 

distinguishes the histone variant from canonical histone H3 and is necessary for the 

localization of the histone variant on the centromere (Black et al. 2004; Black et al. 2007).  

In S. cerevisiae, the centromeric histone H3 variant, which is termed Cse4, was found in 

different screens for mutations defective in chromosome segregation (Smith et al. 1996; 

Baker et al. 1998). By immunofluorescence and immunoprecipitation, its localization was 

physically described at the centromeric chromatin (Meluh et al. 1998). Interestingly, it was 

also shown by chromatin immunoprecipitation sequencing (ChIP-seq) that Cse4 is located 

at highly transcribed regions at a low level (Lefrancois et al. 2009). Cse4 has a molecular 

weight of 27 kDa and shows homology within the C-terminus of more than 60 % to the 

canonical histone H3 (Figure 3). The N-terminus is about 129 amino acids in length and 

interacts with the Ctf19 kinetochore protein (Chen et al. 2000). In a systematic 

mutagenesis of the N-terminus of Cse4, the region of amino acids 28 to 60 was described 

as sufficient for Cse4 function and was named END (essential N-terminal domain) (Keith 

et al. 1999). It was also shown that a deletion of the human ortholog CENP-A could be 

rescued by Cse4 (Wieland et al. 2004; Allshire and Karpen 2008). The overexpression of 

Cse4 does not lead to euchromatic localization and ectopic kinetochore formation, whereas 

this is the case for the D. melanogaster homologue Cid (Heun et al. 2006).  

Unlike for the human centromeric histone variant CENP-A, so far no posttranslational 

modifications like phosphorylation or acetylation are described for Cse4. Only ubiquitin-

mediated proteolysis by the E3 ubiquitin ligase Psh1 has been described, which prevents 

the mislocalization of Cse4 (Ranjitkar et al. 2010; Hewawasam et al. 2010). However, 

different posttranslational modifications on Cse4 are possible according to a comparison of 

the centromeric histone H3 variants to histone H3 modifications (Figure 3).  

Several studies characterized the function of chromatin remodelling factors at the 

centromeric region. Snf2 as a subunit of the ATP-dependent chromatin remodelling 

complex SWI/SNF also has a role in the maintenance of centromeres by removal of 
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misincorporated Cse4 from ectopic sites. Reduced levels of Cse4 at the centromeres and 

defects in chromosome segregation are observed upon deletion of SNF2 (Gkikopoulos et 

al.  2011). In the last years, several investigations have provided evidence for the 

contribution of ATP-dependent chromatin remodelers to target the centromeric histone H3 

variant to the centromeric region. In HeLa cells, an interaction between CENP-A and the 

remodelling and spacing factor (RSF) was described. In RSF-deleted cells, a reduction of 

the CENP-A level at the centromere was observed. In this study it was proposed that RSF 

contributes to the stability of the predeposited CENP-A-containing nucleosomes at the 

centromeres (Perpelescu et al. 2009). It was also shown that in S. pombe the 

Chromodomain-helicase-DNA-binding protein 1 (Chd1) homologue Hrp1 is responsible 

for keeping the Cnp1 level constant (Walfridsson et al. 2005), and a knockdown of Chd1 in 

HeLa cells leads to defects in the deposition of CENP-A (Okada et al. 2009). However, the 

ATP dependent chromatin remodelers seem to be involved in the targeting of CENP-A to 

the centromeric region and in preventing it from being incorporated into non-centromeric 

loci. 

Because of the fact that other histones and variants are deposited into the genome by 

histone chaperones, it was assumed that CenH3 also has a specific loading complex. In 

vitro studies in D. melanogaster lead to the purification of a new CenH3 chaperone, 

RbAp48, that targets CenH3 to the centromere (Furuyama et al. 2006) and also plays a role 

in CenH3 incorporation in S. pombe and humans (Hayashi et al. 2004). However, a direct 

association between CenH3 and this chaperone was not observed. It was previously shown 

that the Scm3 protein binds to CenH3 and is necessary for incorporation into the 

centromere (Camahort et al. 2007; Mizuguchi et al. 2007; Stoler et al. 2007) in S. pombe as 

well as in S. cerevisiae. In human cells, a direct association was described between CENP-

A and the Scm3 homologue HJURP (Holliday Junction Recognition Protein) in a 

prenucleosomal complex (Dunleavy et al. 2009; Foltz et al. 2009), that is ensuring the 

recruitment of CENP-A in early G1 to the centromeric region (Jansen et al. 2007). 
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Figure 3: Sequence comparison of CenH3.  
Alignment of CENP-A, Cse4 and histone H3 in relation to known modifications on the human canonical 
histone H3 (indicated as filled circle, square and triangle). Alignments were generated using Multalin 
(bioinfo.genopole-toulose.prd.fr/multalin). 
 

1.7 Composition of the centromeric nucleosome in S. cerevisiae 
 
The organization of the centromeric nucleosome in S. cereivisae is controversial and a 

matter of much debate. So far, three models for the architecture of the composition of the 

budding yeast centromeric nucleosome exist. The first one describes the nucleosome as an 

octamer, consisting of two copies of Cse4, H2A, H2B and H4 (Camahort et al. 2009) and 

is based in general on the sequence homology of the C-terminus of Cse4 with the canonical 

histone H3 of more than 60 % (Figure 4a). This is consistent with the centromeric 

nucleosome conformation in human (Tachiwana et al. 2011). The second model is 

predicted from an observation from interphase Drosophila S2 cells (Dalal et al. 2007). A 

tetrameric complex containing one copy of CenH3, H2A, H2B and H4 was purified by 

crosslinking of the CENP-A homologue Cid to chromatin (Figure 4b). This so called 

“hemisome” structure showed a stable association with 120 bp of DNA. Atomic force 

microscopy confirmed the heterotypic tetramers, because the hemisomes showed half of 

the height of a canonical octameric nucleosome (Dalal et al. 2007). The third and most 

recent model suggests a centromeric nucleosome with a newly identified protein, Scm3. 

Scm3 was identified in a screen for high-copy suppressors of the C-terminus of Cse4 

(Chen et al. 2000). Different groups have shown independently by co-immunoprecipitation 

that Cse4 is associated with Scm3 (Stoler et al. 2007; Camahort et al. 2007; Mizuguchi et 

al. 2007; Pidoux et al. 2009; Williams et al. 2009). In a Scm3-depleted mutant, the Cse4 

localization to the centromere is disturbed, and the cells show a G2/ M arrest (Stoler et al. 

2007). It was proposed that Scm3 displaces H2A/H2B dimers in the preassembled Cse4-

containing octamer in vitro (Mizuguchi et al. 2007) and forms a hexameric centromeric 

nucleosome (Figure 4c). This model is supported by chromatin immunopreciptiation 
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experiments that suggest that the histones H2A and H2B are absent at the centromere and 

that an octameric nucleosome (Cse4/H4/H2A/H2B) reconstitution is not efficient on 

centromeric DNA in vitro (Mizuguchi et al. 2007; Xiao et al. 2011). 

 

 
 
Figure 4: Models of centromeric nucleosome in S. cerevisiae.  
(a) The centromeric nucleosome as an octamer consisting of two copies Cse4, H4, H2A and H2B. (b) One 
molecule of CenH3, H4, H2A and H2B forming the tetrameric structure. (c) The H2A/H2B dimer is replaced 
by Scm3 constituting a hexameric nucleosome. Figure was taken from Camahort et al. 2009. 
 

1.8 Kinetochore-centromere organization in eukaryotes 
 
The kinetochore is a multi-protein complex that links the centromere to the plus end of the 

spindle microtubules and ensures the transmission of genetic information by coupling the 

chromosomes during mitosis and meiosis. The microtubules are highly dynamic polymers 

forming cylindrical tubes by switching between association and disassembly of alpha and 

beta tubulin (Desai and Mitchison 1997). Their instability plays an important role during 

the cell cycle to drive chromosome segregation, meaning that sister kinetochores are 

connected to opposite spindle poles. Even a single unattached kinetochore turns on the 

spindle assembly checkpoint (SAC) and prevents the onset of anaphase until all 

kinetochore-microtubule interactions are correctly formed.  
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Figure 5: Composition of the centromeric region in eukaryotes.  
In the budding yeast S. cerevisiae the centromeric region encompasses 125 bp of DNA dividing into 
CDEI/II/III. The typic point centromere is only attached by a single microtubule. S. pombe is characterized 
by a regional centromere. The centromeric nucleosomes are localized at the core element (gray box), which 
is bordered by the innermost repeats (red arrow) and the heterochromatic outer repeats (green box). The 
regional centromere in human is divided into type I α-satellite DNA (gray arrow), which is associated with 
CENP-A and the type II α-satellite DNA (green arrow). During metaphase, 20-30 microtubules bind to each 
kinetochore. (modified from Vagnarelli et al. 2008). 
 

The kinetochore-centromere organization differs in the DNA sequence among species, but 

the presence of the centromeric histone H3 variant at the kinetochore and the segregation 

machinery are conserved (Figure 5).  In S. cerevisiae, ∼ 125 bp of DNA are wrapped 

around the centromeric nucleosome that is attached to only one microtubule (Clarke and 

Carbon 1985; Furuyama and Biggins 2007). All 16 chromosomes in the budding yeast are 

characterized at the centromeric region by three consensus elements: CDEI, CDEII and 

CDEIII. CDEI has a length of 8 bp (consensus motif: RTCACRTG) that is directly bound 

by the kinetochore protein Cbf1 (Cai and Davis 1989; Baker et al. 1989). The CDEIII 

element is a 25 bp DNA fragment that is the binding site for the CBF3 kinetochore 

complex. In contrast to CDEI, the CDEIII element is essential for centromeric activity. 

Both elements flank an AT-rich element of about 78-86 bp, designated CDEII (Clarke and 

Carbon 1985). Changes in the CDEII composition and length affect the centromere 

function by causing aberrant segregation (Gaudet and Fitzgerald-Hayes 1987).  

In contrast to S. cerevisiae, the regional centromere in S. pombe has an overall size of 40-

110 kbp, depending on the chromosome. The centromeric histone H3 variant Cnp1 

localizes to the non-repetitive core (cnt), which is surrounded by the innermost repeat 

(imr). The outer repeats (otr) are heterochromatic and contain chromatin methylated on 

H3K9 (Pidoux and Allshire 2004). The core region as well as the innermost repeats are 

required for the assembly of the kinetochore, where each kinetochore is bound by 2 to 4 
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microtubules. In comparison to yeast centromeres, the centromeric region in Homo sapiens 

is comprised of much larger DNA arrays, which results in a larger kinetochore interacting 

with 20-30 microtubules. The DNA sequence generally consists of a 171 bp α-satellite 

motif repeated in tandem over a region of about 0.1- 4 Mbp (Choo et al. 1991).  

 

1.9 Kinetochore organization in S. cerevisiae 
 
In S. cerevisiae, more than 60 proteins assemble hierarchically into diverse subcomplexes 

in order to generate the kinetochore. The kinetochore is stable throughout most of the cell 

cycle. Only during DNA replication in S-phase, the kinetochore disassembles from the 

centromeric region, enabling the replication machinery to pass through. Afterwards, the 

kinetochore quickly reassembles to link the sister chromatids to the microtubules. 

According to their position and distance from the centromeric DNA, the kinetochore 

proteins can be categorized into three classes (Figure 6; Westermann et al. 2007). The first 

class includes the inner kinetochore proteins, which are directly bound to the centromeric 

DNA and form a platform for the assembly of the other kinetochore components. 

Secondly, the microtubule-associated proteins contain motor-proteins and other 

microtubule-binding proteins. The third category comprises the central kinetochore 

proteins, which connect the outer microtubule-associated proteins with the inner 

kinetochore elements and act as a linker complex (Westermann et al. 2007). In the further 

chapters, the different categories are described in more detail with respect to their 

composition and function. 

 

 
 
Figure 6: Model of the S. cerevisiae kinetochore. 
The different subcomplexes are coloured and arranged according to their distance from the centromeric 
nucleosome and are attached to the microtubules (gray).(based on Westermann et al. 2007, and Santaguida 
and Musacchio 2009). 
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1.9.1 The inner kinetochore proteins 
 
A major protein component in the initiation of the yeast kinetochore formation is the four-

protein complex CBF3. It consists of the essential proteins Cep3, Ctf13, Skp1 and Ndc10, 

which bind to the CDEIII element of the centomeric DNA. The DNA binding activity of 

this complex is provided by the zinc-finger protein Cep3 (Espelin et al. 1997), and the 

assembly of the complex is regulated by the conserved proteins Sgt1 and HSP90 that 

activate the phosphorylation of Skp1 and Ctf13 (Kitagawa et al. 1999; Bansal et al. 2004; 

Stemmann et al. 2002). It was previously shown that the Ndc10 component binds 

independently of the CBF3 complex to the CDEII DNA element in vitro (Espelin et al. 

2003).  

Other inner kinetochore proteins like Mif2 and Cbf1 are recruited to the centromeric DNA 

in a CBF3-dependent manner. The first identified kinetochore protein, Cbf1, (Cai and 

Davis 1989; Baker et al. 1989) binds to the CDEI sequence and is not conserved in higher 

eukaryotes. Deletion of CBF1 leads to a decrease in growth rate and an increase in 

chromosome loss. In a colony colour assay, the minichromosome stability was measured to 

be 10-fold decreased in the cbf1Δ than in wild-type cells (Cai and Davis 1990). However, 

its role in the kinetochore in budding yeast is still unclear. Beside its localization in the 

kinetochore, Cbf1 binds also as a transcription factor (Cai and Davis 1990) to the DNA 

motif CACRTG, which is present at several sites including promoters of methionine-

biosynthesis gene. 

The essential budding yeast CENP-C homologue Mif2 was shown to copurify with the 

histones H2A, H2B, H4 and Cse4 by TAP-purification, indicating that the centromeric 

nucleosome plays a critical role in the recruitment of Mif2 (Westermann et al. 2003). 

Chromatin immunoprecipitation (ChIP) experiments verifiy that Mif2 is associated with 

the CDEIII sequence in vivo (Cohen et al. 2008). Temperature-sensitive mif2 alleles 

isolated by in vitro mutagenesis show an increased chromosome loss and aberrant spindles, 

leading to the hypothesis that Mif2 is responsible for the integrity of the spindle during 

anaphase spindle elongation (Brown et al. 1993). Phosphorylation of serine 54 and 325 on 

Mif2 is mediated by the yeast Aurora B kinase homologue Ipl1 (Westermann et al. 2003). 

However, its precise function in the kinetochore regulation is still unclear. 
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1.9.2 The central kinetochore proteins 
 
After DNA replication in early S-phase, the kinetochores are reassembled on the sister 

centromeres by hierarchically recruiting middle and outer kinetochore components. The 

Ctf19 complex consists of 12 proteins, whose detailed composition was characterized by 

TAP-purification (Cheeseman et al. 2002). Within this complex, Ctf19, Okp1, Mcm21 and 

Ame1 act as a four-protein complex, also known as COMA complex. However, only Okp1 

and Ame1 are required for cell viability. The COMA complex builds a platform for further 

assembly of other inner kinetochore components. A direct association between the COMA 

complex and the Mtw1 components was shown by pull-down experiments of Flag-tagged 

Ame1 (Hornung et al. 2011). Like the COMA complex, the Mtw1 complex is a four-

protein complex whose subunits are essential (Euskirchen 2002). In vitro analysis 

demonstrated that the complex can assemble from two heterodimers consisting of Mtw1-

Nnf1 and Nsl1-Dsn1, which directly interact with the microtubule-binding Ndc80 complex 

(Maskell et al. 2010). Both, COMA and Mtw1 mutants exhibit defects in chromosome 

segregation, caused for example by unstable spindle and monopolar attachment (Ortiz et 

al. 1999; Scharfenberger et al. 2003).  

The best-characterized linker in the kinetochore is the four-protein Ndc80 complex, which 

is conserved from yeast to human (Wigge et al. 1998).  All four proteins (Ndc80, Nuf2, 

Spc24 and Spc25) are essential for cell viability and have been named according to their 

close proximity to the spindle pole bodies. Mutants of the Ndc80 complex, like ndc80-1 or 

mutants of SPC24 or SPC25, show a complete detachment of the chromosomes from the 

mitotic spindle at the restrictive temperature (Wigge et al. 1998; Wigge and Kilmartin 

2001). This phenotype illustrates the importance of the Ndc80 complex in the connectivity 

between the kinetochore and microtubule attachment. The phosphorylation on the N-

terminus of Ndc80 by Ipl1 was shown to be not essential, but to participate in the 

segregation and checkpoint function of Ipl1 (Cheeseman et al. 2006; Akiyoshi et al. 2009). 

The fourth protein complex in the linker region in the budding yeast kinetochore is the 

essential Spc105 complex. Together with Kre28, the heterotrimeric complex bridges the 

centromeric heterochromatin and the microtubules. Cells lacking Spc105 show an increase 

of mono-orientated sister chromatids (Pagliuca et al. 2009). Next to the task to ensure the 

bi-orientation of sister chromatids, Spc105 also maintains the spindle assembly checkpoint 

to misaligned kinetochores until the sister chromatids are correctly orientated. 

Furthermore, it was shown that the Spc105 complex interacts with the protein phosphatase 
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Glc7, leading to the hypothesis that this interaction contributes to the regulation of the 

phosphorylation and dephosphorylation level in the kinetochore (Rosenberg et al. 2011). 

 

1.9.3 The outer kinetochore proteins 
 
The outer kinetochore proteins form the direct kinetochore-microtubule interface by 

coordinating the activity of several ATP-dependent microtubule motor proteins and 

coupling the kinetochore to the plus-end of the microtubule (Westermann et al. 2007). The 

Dam1 complex is a heterodecamer, which oligomerizes in a 50 nm ring around a 

microtubule. Several studies have contributed to our understanding of the molecular 

mechanisms of Dam1 in transforming the depolymerization of the microtubules to 

poleward movement. A recent study allowed insights into the mechanism of the Dam1-

tubulin interaction and the movement on the microtubule lattice (Ramey et al. 2011). 

Mutations of different subcomponents of the Dam1 complex show high rates of 

chromosome missegregation (Cheeseman et al. 2001; Westermann et al. 2006; Jones et al. 

2001) demonstrating an essential role of Dam1 in the maintenance of the kinetochore-

microtubule attachment.  

Other components of the outer kinetochore layer are the motorproteins Cin8, Kip1 and 

Kip3. They act as microtubule-associated kinesins, which contribute to the integrity of the 

microtubule-kinetochore interaction, for example by cross-linking clustered neighboring 

nonsister kinetochores (Hoyt et al. 1992).  

The Aurora kinase complex Ipl1 is conserved from yeast to human and consists of four 

components - Ipl1, Sli15, Bir1 and Npl1. The serine-threonine kinase Ipl1 constitutes the 

enzymatic subunit of this complex. Mutants with defects in Ipl1 activity show high 

frequencies of chromosome missegregation (Biggins et al. 1999). One function of Ipl1 is to 

facilitate chromosome biorientation by the turnover of monopolar attachment until tension 

occurs between kinetochores and the spindle pole bodies (Tanaka et al. 2002). 

 

1.10 Role of posttranslational modifications in the kinetochore-
centromere organization 
 
The interaction between the centromere-attached kinetochore and the microtubules ensures 

the precise segregation of chromosomes in mitosis as well as in meiosis. To regulate the 

kinetochore activity accurately, a large number of proteins are posttranslationally 

modified. The most common posttranslational modification in the kinetochore is 
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phosphorylation. The protein kinase families Polo and Aurora catalyze most of this 

modification to the target proteins during the cell cycle. The Polo-like kinases (Plk) are 

highly conserved from yeast to humans and coordinate for example the entry into M-phase 

by the activation and control of cyclin-dependent kinase 1 (CDK1) (Archambault and 

Glover 2009).  

The Aurora family encompasses Aurora A, B and C, while only Aurora B is present in the 

budding and fission yeast. It was shown that the phosphorylation of Dam1 by the Aurora B 

homologue Ipl1 in yeast is essential for proper attachment of the microtubules (Cheeseman 

et al. 2002), while the phosphorylation on the N-terminus of Ndc80 decreases the affinity 

to the microtubules (Biggins et al. 1999; Cheeseman et al. 2006).  

Beside the modification of certain kinetochore proteins, canonical histones and histone 

variants are also targets for posttranslational modifications in centromeric chromatin. 

Phosphorylation on the centromeric histone H3 variant occurs on serine 7 in humans and 

on serine 50 in maize (Zeitlin et al. 2001; Kunitoku et al. 2003; Zhang et al. 2005). Other 

posttranslational modifications are also characteristic for the centromeric region, as it was 

shown for the histone H3 that is dimethylated at lysine 4 at the centromeric chromatin in 

D. melanogaster and human (Sullivan and Karpen 2004), and that is methylated on lysine 

9 in the pericentromeric heterochromatin (Pidoux and Allshire 2004). Most of the 

functions and roles of the posttranslational modifications on the kinetochore as well as on 

the centromeric histones are not sufficiently characterized and are topics of current 

research. 

 

1.11 Aim of this thesis 
 
Chromosomes need to be accurately transmitted to the daughter cells during cell division. 

This process is mediated through the attachment of the microtubules to the kinetochore, 

which ensures the movement of the sister chromatids to the spindle poles. The kinetochore 

is associated in all eukaryotes with a defined chromosomal location, the centromere. This 

centromeric region is characterized by the presence of a histone H3 variant, which replaces 

the canonical histone H3 in centromeric nucleosomes. In former studies it was shown that 

posttranslational modification of this histone H3 variant in human cells prevents the 

formation of misaligned chromosomes during mitosis, and therefore contributes to correct 

chromosome segregation (Zeitlin et al. 2001; Kunitoku et al. 2003). Posttranslational 

modifications, like acetylation and methylation of the centromeric histone H3 variant, 

termed Cse4, have not been described so far in the budding yeast S. cerevisiae. 
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The aim of this study was to identify such posttranslational modifications on Cse4 and to 

characterize their function during chromosome segregation and their contribution to 

centromere biology. To this end, a method was evaluated to purify the protein from S. 

cerevisiae cells and the posttranslational modifications were subsequently determined by 

mass spectrometry. Furthermore, strains encoding the mutation of the modification sites of 

Cse4 were constructed and analysed for effects on the cell viability. In this content, it was 

also determined whether the mutation of the modification site influenced plasmid and 

chromosome stability. In a next approach, it was investigated whether a loss of the 

modification affected the deposition of Cse4 at the centromeric region or whether it 

influenced the kinetochore assembly. Moreover, antibodies against these posttranslational 

modifications of Cse4 were generated and used in Western blotting to answer the question 

whether the modification of Cse4 was cell-cycle dependent. In this study, different 

strategies were used to investigate the identity of the enzymes responsible for the 

modifications of Cse4.  

Taken together, this study provided insights into the identification of novel 

posttranslational modifications of the centromeric histone H3 variant and contributed to the 

understanding of the function of the centromeric region. Furthermore, the characterization 

of these modifications highlighted their relevance for the regulation of the kinetochore and 

their involvement in chromosome segregation.  
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2. Materials and Methods 
 

2.1 Materials 
 

2.1.1 Bacterial strains 
 
DH5α F- Φ80dlacZΔM15 Δ(lacZYA-argF)U169 recA1 endA1 hsdR17(rk

-, mk
+) 

phoA supE44 thi-1 gyrA96 relA1 λ- (Invitrogen) 
 
TOP10  F- mcrA Δ(mrr-hsdRMS-mcrBC) Φ80lacZΔM15 ΔlacX74 recA1  

araD139Δ(ara-leu)7697 galU galK rpsL (StrR) endA1 nupG (Invitrogen) 
 

2.1.2 Escherichia coli media growth conditions 
 
E. coli strains used for plasmid amplification were cultured according to standard 
procedures (Sambrook et al. 1989) in LB (Luria-Bertani) medium (5 g/l yeast extract, 
10 g/l tryptone, 5 g/l NaCl) supplemented with 100 µg/ml ampicillin at 37°C.  
 

2.1.3 Sacccharomyces cerevisiae growth and media conditions 
 
Media were used as described previously (Sherman 1991). Yeast minimal medium (YM: 
6.7 g/l yeast nitrogen base w/o amino acids and 2 % glucose or YM (msg): 1.7 g/l yeast 
nitrogen base w/o amino acids and w/o ammonium sulphate with 1 g/l L-glutamic acid 
monosodium salt and 2 % glucose) was supplemented with amino acids according to the 
auxotrophic markers (20 µg/ml adenine, histidine, methionine, tryptophan and uracil or 
30 µg/ml leucine and lysine). YPD (10 g/l yeast extract, 20 g/l peptone, 2 g/l glucose) was 
used as yeast full medium. For the counterseletion against the synthesis of uracil, 5-FOA 
(5-fluoro-orotic acid; US Biological) was used in YM plates with a concentration of 
1 mg/ml with an additional supplementation of 20 µg/ml uracil. Unless indicated 
otherwise, the yeast strains were grown at 30°C. For synchronization of yeast cells, the 
strains were grown for three hours at 30°C in full medium supplemented with nocodazole 
(10 µg/ml) or hydroxyurea (200 mM). 
 

2.1.4 Generation of yeast strains and plasmids 
 
Yeast strains and plasmids used in this study are described in Table 2 and 3. Yeast cells 
were grown and manipulated according to standard genetic techniques (Sherman 1991). 
Cse4-alleles on plasmids were constructed by using the plasmid gap repair method in 
yeast. For this purpose, cse4 fragments containing the respective mutation were amplified 
by PCR-sewing and introduced by homologous recombination into a linearized plasmid in 
yeast. DNA was isolated and transferred in E. coli for amplification of the plasmid. The 
point mutations were confirmed by sequence analysis.  
For the integration of cse4-R37A, the cse4-allele was cloned into the URA3-marked 
integrative pRS306 plasmid, and the plasmid was linearized in the CSE4 ORF with SphI. 
The fragment was transformed into yeast cells (AEY4) and thus integrated into the CSE4 
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ORF. Yeast transformants were plated on 5-FOA (5-fluoro-orotic acid) medium to select 
against URA3. In order to test for the presence of the cse4-R37A allele, genomic DNA was 
isolated and CSE4 ORF was amplified by PCR for sequence analysis. 
 
 
Table 2: S. cerevisiae strains used in this study 

Straina Genotype Sourceb 
AEY1 MATα ade2-101 his3-11,15 trp1-1 leu2-3,112 ura3-1 

(W303) 
J. Rine 

AEY2 AEY1, but MATa J. Rine 
AEY3 AEY1, but ADE2 lys2∆ J. Rine 
AEY4 AEY2, but ADE2 lys2∆ J. Rine 
AEY7 MATa/α HMRa/ HMR-ss∆I ade2   

AEY685 MATα HMRa-e** cin8∆::LEU2 ade2 LYS2  
AEY2781 MATα cse4Δ::KanMX ade2 lys2 + pRS426-3xHA-CSE4 

(pAE977) 
 

AEY2797 MATa cep3-2 (SBY162) S. Biggins 
AEY2799 MATa ndc10-1 (SBY164) S. Biggins 
AEY2800 MATa ndc10-2 (SBY165) S. Biggins 
AEY2801 MATa cep3-1 (SBY168) S. Biggins 
AEY2802* MATa mif2-3 leu2 trp1 ura3 ADE2 LYS2 HIS3 L. Hartwell 

AEY4217 MATa his3 200 trp1-901 leu2-3,112 ade2 
LYS2::14lexAop-HIS3 URA3::8lexAop-lacZ-GAL4 

 

AEY4651 AEY2781 + pRS313-3xHA-cse4-S33A (pAE1485)  
AEY4653 AEY2781 + pRS313-3xHA-cse4-K49R (pAE1487)  
AEY4655 AEY2781 + pRS313-3xHA-cse4-S33A-K49R (pAE1492)  
AEY4657 AEY2781 + pRS313-3xHA-CSE4 (pAE615)  
AEY4759 AEY2781 + pRS313-3xHA-cse4-103 (pAE1514)  
AEY4814 AEY2781 cbf1Δ::NatMX  
AEY4816 AEY1 cbf1Δ::NatMX  
AEY4818 AEY4 hmt1Δ::KanMX  
AEY4820 AEY4 rmt2Δ::KanMX  
AEY4822 AEY4 hsl7Δ::KanMX  
AEY4840 AEY2781 + pRS313-3xHA-cse4-R37A (pAE1579)  
AEY4841 AEY2781 + pRS313-3xHA-cse4-R37A-K49R (pAE1581)  
AEY4846 AEY4814 + pRS313-3xHA-CSE4 (pAE615)  
AEY4847 AEY4814 + pRS313-3xHA-cse4-S33A (pAE1485)  
AEY4848 AEY4814 + pRS313-3xHA-cse4-R37A (pAE1579)  
AEY4849 AEY4814 + pRS313-3xHA-cse4-K49R (pAE1487)  
AEY4850 AEY4814 + pRS313-3xHA-cse4-S33A-K49R (pAE1492)  
AEY4851 AEY4814 + pRS313-3xHA-cse4-R37A-K49R (pAE1581)  
AEY4852 AEY4814 + pRS313-3xHA-cse4-S33A-R37A (pAE1594)  
AEY4853 AEY4814 + pRS313-3xHA-cse4-S33A-R37A-K49R 

(pAE1596) 
 

AEY4854 MATa cbf1Δ::NatMX hsl7Δ::KanMX ade2 LYS2 met  
AEY4855 MATa cbf1Δ::NatMX hsl7Δ::KanMX ade2 lys2 met  
AEY4856 MATa cbf1Δ::NatMX hmt1Δ::KanMX ade2 lys2 met  
AEY4857 MATα cbf1Δ::NatMX hmt1Δ::KanMX ade2 LYS2 met  
AEY4858 MATα cbf1Δ::NatMX rmt2Δ::KanMX ade2 LYS2 met  
AEY4859 MATa cbf1Δ::NatMX rmt2Δ::KanMX ade2 LYS2 met  
AEY4860 AEY2781 ctf19Δ::NatMX  
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AEY4874 AEY4858 hsl7Δ::HisMX  
AEY4876 AEY 4846 sas2Δ::TRP1  
AEY4877 AEY 4848 sas2Δ::TRP1  
AEY4878 AEY4849 sas2Δ::TRP1  
AEY4879 AEY4851 sas2Δ::TRP1  
AEY4880 YJL146 MATa ade2-101 trp1-Δ63 leu2-Δ1 ura3-52 his3-

Δ200 lys2-801 mcm21Δ::TRP1 
J. Lechner 

AEY4881 YJL 158 MATa ade2-101 trp1-Δ63 leu2-Δ1 ura3-52 his3-
Δ200 lys2-801 okp1-5Δ::TRP1 

J. Lechner 

AEY4898 AEY2781 + pRS313-3xHA-cse4-S33A-R37A (pAE1594)  
AEY4899 AEY2781 + pRS313-3xHA-cse4-S33A-R37A-K49R 

(pAE1596) 
 

AEY4917 MATa csm3Δ::KanMX ade2 LYS2 A. Marston 
AEY4918 MATa iml3Δ::KanMX ade2 LYS2 A. Marston 
AEY4919 MATa chl4Δ::KanMX ade2 LYS2 A. Marston 
AEY4920 MATa ctf3Δ::KanMX ade2 LYS2 A. Marston 
AEY4921 MATa mtw1-11 ade2-1 trp1-1 can1-100 leu2-3,112 his3-

11,15 ura3 ssd1 
J. Kilmartin 

AEY4922 MATa ndc80-1 ade2-1 trp1-1 can1-100 leu2-3,112 his3-
11,15 ura3 ssd1 

J. Kilmartin 

AEY4923 MATa spc24-1 ade2-1 trp1-1 can1-100 leu2-3,112 his3-
11,15 ura3 ssd1 

J. Kilmartin 

AEY4924 MATa spc25-1 ade2-1 trp1-1 can1-100 leu2-3,112 his3-
11,15 ura3 ssd1 

J. Kilmartin 

AEY4925 MATa spc105-4 ade2-1 trp1-1 can1-100 leu2-3,112 his3-
11,15 ura3 ssd1 

J. Kilmartin 

AEY4929 AEY4 CSE4-GFP (TRP1)  
AEY4931 AEY4874 hmt1Δ::URAMX  
AEY4936 AEY4860 + pRS426-3xHA-CSE4 + pRS313-3xHA-CSE4 

(pAE615) 
 

AEY4937 AEY4860 + pRS426-3xHA-CSE4 + pRS313-3xHA-cse4-
S33A (pAE1485) 

 

AEY4938 AEY4860 + pRS426-3xHA-CSE4 + pRS313-3xHA-cse4-
R37A (pAE1579) 

 

AEY4939 AEY4860 + pRS426-3xHA-CSE4 + pRS313-3xHA-cse4-
K49R (pAE1487) 

 

AEY4940 AEY4860 + pRS426-3xHA-CSE4 + pRS313-3xHA-cse4-
S33A-R37A (pAE1594) 

 

AEY4941 AEY4860 + pRS426-3xHA-CSE4 + pRS313-3xHA-cse4-
S33A-K49R (pAE1492) 

 

AEY4942 AEY4860 + pRS426-3xHA-CSE4 + pRS313-3xHA-cse4-
R37A-K49R (pAE1581) 

 

AEY4943 AEY4860 + pRS426-3xHA-CSE4 + pRS313-3xHA-cse4-
S33A-R37A-K49R (pAE1596) 

 

AEY4944 AEY4860 + pRS426-3xHA-CSE4 + pRS313-3xHA-cse4-
103 (pAE1514) 

 

AEY4945 AEY4860 + pRS426-3xHA-CSE4 + pRS313 (pAE260)  
AEY4946 MATa ame1-4::TRP1 ade2 lys2 J. Vogel 
AEY4965 AEY4 cse4-R37A (pAE1636 integrated)  
AEY4974 AEY1 ctf19Δ::KanMX  
AEY4981 MATα cse4-R37A ADE2 lys2  
AEY4982 MATα cse4-R37A ade2 LYS2  
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AEY4983 MATα cse4-R37A ADE2 lys2  
AEY4984 MATa cse4-R37A cbf1Δ::NatMX ade2 lys2 met  
AEY4985 MATa cse4-R37A cbf1Δ::NatMX ADE2 LYS2 met  
AEY4986 MATα cse4-R37A cbf1Δ::NatMX ADE2 LYS2 met  
AEY4987 MATα cse4-R37A cbf1Δ::NatMX ADE2 lys2 met  
AEY4990 MATa cse4-R37A iml3Δ::KanMX ade2 LYS2  
AEY4991 MATα cse4-R37A iml3Δ::KanMX ade2 lys2  
AEY4992 MATα cse4-R37A chl4Δ::KanMX ade2 lys2  
AEY4993 MATa cse4-R37A chl4Δ::KanMX ade2 LYS2  
AEY4994 MATa cse4-R37A LYS2 ade2  
AEY4995 MATα cse4-R37A ade2 lys2  
AEY4996 MATa cse4-R37A csm3Δ::KanMX ade2 LYS2  
AEY4997 MATa cse4-R37A csm3Δ::KanMX ADE2 lys2  
AEY4998 MATα cse4-R37A ctf3Δ::KanMX ADE2 LYS2  
AEY4999 MATa cse4-R37A ctf3Δ::KanMX ADE2 lys2  
AEY5003 MATα cse4-R37A okp5-1::TRP1 ade2 lys2  
AEY5005 MATa/α cse4-R37A/ cse4-R37A ade2 LYS2  
AEY5006 MAT mcm21Δ:: TRP1 ade2 lys2  
AEY5014 MATα cse4-R37A ndc80-1 ade2 LYS2  
AEY5015 MATα cse4-R37A ndc80-1 ADE2 LYS2  
AEY5016 MATa cse4-R37A spc25-1 ADE2 LYS2  
AEY5017 MATa cse4-R37A spc25-1 ADE2 lys2  
AEY5022 MAT cse4-R37A spc105-4 ade2 LYS2  
AEY5024 MATα cse4-R37A ndc10-1 ade2 lys2  
AEY5025 MATa cse4-R37A ndc10-1 ade2 LYS2  
AEY5026 MATα cse4-R37A cep3-1 ADE2 LYS2  
AEY5032 MATa cse4-R37A mtw1-11 ADE2 LYS2  
AEY5033 MATa cse4-R37A mtw1-11 ade2 LYS2  
AEY5040 AEY2781 + pRS423-3xHA-cse4-R37A  
AEY5042 AEY2781 + pRS423-3xHA-cse4-R37A-K49R  
AEY5057 AEY2781 + pRS423-3xHA-CSE4  
AEY5082 MATα mif2-3 cse4-R37A ADE2 LYS2  
AEY5083 AEY1 ctf19Δ::NatMX  
AEY5084 AEY4 cse4-K49R  
AEY5085 AEY4 cse4-R37A-K49R  
AEY5086 MATα cbf1Δ::NatMX cse4-R37A-K49R ADE2 lys2 met  
AEY5088 MATα ctf19Δ::KanMX cse4-R37A-K49R ADE2 lys2  
AEY5146 AEY4 Mtw1-9xmyc-KanMX  
AEY5147 AEY4 Ame1-9xmyc-KanMX  
AEY5165 MATα cbf1Δ::NatMX Mtw1-9xmyc-KanMX cse4-R37A 

ade2 LYS2 
 

AEY5166 MATa cbf1Δ::NatMX Mtw1-9xmyc-KanMX ade2 LYS2  
AEY5173 MATα cbf1Δ::NatMX Ame1-9xmyc-KanMX ADE2 LYS2  
AEY5174 MATa cbf1Δ::NatMX Ame1-9xmyc-KanMX cse4-R37A 

ade2 LYS2 
 

AEY5186 AEY2781 + pRS313-3xHA-CSE4  
AEY5187 AEY2781 + pRS313  
AEY5188 AEY2781 + pRS313-3xHA-cse4-R37A  
AEY5189 AEY2781 + pRS313-3xHA-cse4-R37K  
AEY5190 AEY2781 + pRS313-3xHA-cse4-R37Q  
AEY5191 AEY2781 + pRS313-3xHA-cse4-R37A-K49R  
AEY5192 AEY2781 + pRS313-3xHA-cse4-R37A-K49Q  
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AEY5193 AEY4814 + pRS313-3xHA-CSE4  
AEY5194 AEY4814 + pRS313  
AEY5195 AEY4814 + pRS313-3xHA-cse4-R37A  
AEY5196 AEY4814 + pRS313-3xHA-cse4-R37K  
AEY5197 AEY4814 + pRS313-3xHA-cse4-R37Q  
AEY5198 AEY4814 + pRS313-3xHA-cse4-R37A-K49R  
AEY5199 AEY4814 + pRS313-3xHA-cse4-R37A-K49Q  
AEY5200 AEY4860 + pRS313-3xHA-CSE4  
AEY5201 AEY4860 + pRS313  
AEY5202 AEY4860 + pRS313-3xHA-cse4-R37A  
AEY5203 AEY4860 + pRS313-3xHA-cse4-R37K  
AEY5204 AEY4860 + pRS313-3xHA-cse4-R37Q  
AEY5205 AEY4860 + pRS313-3xHA-cse4-R37A-K49R  
AEY5206 AEY4860 + pRS313-3xHA-cse4-R37A-K49Q  
AEY5254 AEY2781 rmt2Δ::NatMX  
AEY5256 AEY2781 hmt1Δ::NatMX  
AEY5266 AEY2781 hsl7Δ::NatMX  

a Strains were isogenic to W303 (AEY1-4) except those with an asterisk. 
b Unless indicated otherwise, the strains were constructed during this study or were taken from the laboratory 
strain collection. 
 
 
Table 3: Plasmids used in this study 

Plasmida Description Source 
pAE615 pRS313-3xHA-CSE4  
pAE524 pACT2  
pAE940 pRS423-3xHA-cse4-K49R  
pAE956 pBTM 117c-CTF19  
pAE977 pRS426-3x HA-CSE4  
pAE1485 pRS313-3xHA-cse4-S33A  
pAE1487 pRS313-3xHA-cse4-K49R  
pAE1492 pRS313-3xHA-cse4-S33A-K49R  
pAE1510 pRS313 cse4-103  
pAE1513 pRS316-3xHA-CSE4  
pAE1514 pRS313 3xHA-cse4-103   
pAE1579 pRS313-3xHA-cse4-R37A  
pAE1581 pRS313-3xHA-cse4-R37A-K49R  
pAE1594 pRS313-3xHA-cse4-S33A-R37A  
pAE1596 pRS313-3xHA-cse4-S33A-R37A-K49R  
pAE1636 pRS306-cse4-R37A   
pAE1637 pRS306-cse4-K49R  
pAE1638 pRS306-cse4-R37A-K49R  
pAE1755 pRS423-3xHA-cse4-R37A  
pAE1756 pRS423-3xHA-cse4-R37A-K49R  
pAE1768 URA3, ARS3, SUP11, TEL, CEN6 CDEI∆ 

(pYCF5/d66) 
P. Hieter 

pAE1769 URA3, ARS3, SUP11, TEL (pYCF5) P. Hieter 
pAE1771 TRP1, ARS1, CEN6-CDEI∆ (d66) P. Hieter 
pAE1810 pACT2-CSE4  
pAE1811 pACT2-cse4-K49R  
pAE1812 pACT2-cse4-R37A  
pAE1822 pRS313-3xHA-cse4-R37K  
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pAE1840 pRS313-3xHA-cse4-R37A-K49Q  
pAE1841 pRS313-3xHA-cse4-R37Q  

a Unless indicated otherwise, plasmids were constructed during this study or taken from the laboratory 
plasmid collection.  
 
 
The oligonucleotides used in this study were synthesized by Metabion (Martinsried) and 
dissolved at a concentration of 100 pmol/µl. Genome sequences derived from the 
Saccharomyces Genome database (www.sgd.com) were used to design the primers. 
 
 
Table 4: Oligonucleotides used in this study 

Primer Primer sequence 
Cse4-pRS313 –fw GCTATGACCATGATTACGCCAAGC 
Cse4-pRS313 –rev CGCCAGGGTTTTCCCAGTCACG 
Cse4-S33A-fw GGAGACCAACAAGCTATTAACGATCGTGCGTTATCGTTAGC 
Cse4-S33A-rev CGATCGTTAATAGCTTGTTGGTCTCCTGCAAGCC 
Cse4-R37A-fw CAATCTATTAACGATGCTGCGTTATCGTTATTGCAGAG 
Cse4-R37A-rev CGATAACGCAGCATCGTTAATAGATTGTTGGTCTCCTGC 
Cse4 R37Q fw CAATCTATTAACGATCAAGCGTTATCGTTATTGCAGAG 
Cse4 R37Q rev CGATAACGCTTGATCGTTAATAGATTGTTGGTCTCCTGC 
Cse4 R37K fw CAATCTATTAACGATAAAGCGTTATCGTTATTGCAGAG 
Cse4 R37K rev CGATAACGCTTTATCGTTAATAGATTGTTGGTCTCCTGC 
Cse4-S33A-R37A-
fw 

CTTGCAGGAGACCAACAAGCTATTAACGATGCTGCGTTATC
GTTATTGCAG 

Cse4-S33A-R37A-
rev 

CTGCAATAACGATAACGCAGCATCGTTAATAGCTTGTTGGT
CTCCTGCAAG 

Cse4-K49R-fw GCGACAAGGAACCTGTTTCCAAGAAGAGAGGAAAGAAGA
CG 

Cse4-K49R-rev GGAAACAGGTTCCTTGTCGCTCTTGTTCTCTGCAATAACG 
Cse4-K49Q-fw GCGACACAGAACCTGTTTCCAAGAAGAGAGGAAAGAAGAC

G 
Cse4-K49Q-rev GGAAACAGGTTCTGTGTCGCTCTTGTTCTCTGCAATAACG  
Cse4-R37A-3`-fw GACCAACAATCTATTAACGATGC 
Cse4-K49R-3`fw GAGAACAAGAGCGACAAG 
KanMX K2 GCCCCTGAGCTGCGCACGTC 
KanMX K3 CCCAGATGCGAAGTTAAGTGCGC 
Cse4-S1-for 
 

GAAGGACTGAATATAGAAAGAATACTAATATAACATAATC
ATGCGTACGCTGCAGGTCGAC 

Cse4-S2 
 

ATAAACCCCGAAAAAGGGAAAAATCGGCTCCAGCCCTGAA
GCACAAATATCACTAATCGATGAATTCGAGCTCG 

Cse4-S3 
 

TACTATAATGAAGAAAGACATGCAACTAGCAAGAAGAATC
AGGGGACAGTTTATTCGTACGCTGCAGGTCGAC 

Cse4-S4-rev CGAATCACTTTGAATAGCAGAACTAACCCATTGTTGTTTAC
TTGACATCGATGAATTCTCTGTCG 

Cse4 A1 fw GATAATCGTATAGCCGATGTG 
Cse4 A4 rev TTGTAGAAAACATGGTGC 
Cse4 rev CTAAATAAACTGTCCCCTGATTC 
pRS313-fw-seq GCACCCCAGGCTTTACACTTTATGC 
pRS313-rev-seq CGCAACTGTTGGGAAGGGCG 
CBF1-S1-for GTGCTTAAAATATAATACGGTTTTCTACACTTTTATTAACG
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ATGCGTACGCTGCAGGTCGAC 
CBF1-S2-rev CATAGGGAGACTCGAAATACATTTAGCTATCTATTTTTAAC

TCTCAATCGATGAATTCGAGCTCG 
CBF1-300bp-for GTACATCGATGTACGTGATC 
CBF1-300bp-rev GAAAACGGAGGTTGTGC 
CTF19-S1-for GCTAGTGTGATCTTGTTGATACTAGGTCGGCAAAGAACGCA

AATATGCGTACGCTGCAGGTCGAC 
CTF19-S2-rev CGTTTAAGCAAGCCGTCCAGTTGGCAATGGCAAATGGAAC

ATCAATCGATGAATTCGAGCTCG 
CTF19-300bp-for CTGTGTTGTATTAAGCCACGTG 
CTF19-300bp-rev CAAAGGCTCGCATCCCATATC 
HMT1-S1-for CCAAAAAAGAGTTAGAACCGACAAATTCATCCAAAGAAAA

TAATGCGTACGCTGCAGGTCGAC 
HMT1-S2-rev GTTTATTTGCTTTTCAAATTTTTTTCTTTCTCCAGCAAACAA

AAGTCTTAATCGATGAATTCGAGCTCG 
HMT1-300bp-for GTTAGACTAGCCCCATGAG 
HMT1-300bp-rev CCGACATAGGTTGGAAATTG 
HSL7-S1-for CTTTTATACATATAATTTTTATATATACAAAGGGTTCAGTTT

GCATATGCGTACGCTGCAGGTCGAC 
HSL7-S2-rev GGATAGTTATTTGTTGCCGCAGTATATAGTATACAATGCAG

AATTCAATCGATGAATTCGAGCTCG 
HSL7-300bp-for CCCTCGTTTTGCACTGAG 
HSL7-300bp-rev GACAAGGCTGAAGGAAAAC 
RTM2-S1-for CAACGGCTAGGTGTTTACACCAAGGACTTTTAATATATTCA

AGTATGCGTACGCTGCAGGTCGAC 
RMT2-S2-rev GGAAATCGGCCCCTGCCATTGTGCAATTTACATTATTCTAT

AATTAATCGATGAATTCGAGCTCG 
RMT2-300bp-for GTGACATTAGCTGCGAGTAAG 
RMT2-300bp-rev GAGATTTTGAATATTCTTGCGG 
Mtw1-S3 for 
 

GATATTGAAGAGCCTCAATTGGATTTACTTGATGATGTGTT
ACGTACGCTGCAGGTCGAC 

Mtw1-S2 rev 
 

CATACATCATATCATAGCACATACTTTTTCCCACTTTATATT
AATCGATGAATTCGAGCTCG 

Ame1-S3 for 
 

GATAAATAAAATTAATGAAAATCTTTCTAACGAATTACAAC
CAAGTCTACGTACGCTGCAGGTCGAC 

Ame1-S2 rev 
 

CATATATATATATATATATATATATATACATCTTTTGAACC
AATTCCCTAATCGATGAATTCGAGCTCG 

 

2.2 Methods 
 

2.2.1 FACS (Fluorescence associated cell scanning) 
 
For FACS analysis, strains were grown in YPD at 23°C and shifted for five hours to 37°C. 
Samples of 0.1 OD were harvested in mid-exponential phase at both temperatures. After 
washing the samples with H2O, cells were fixed in 500 µl of 70 % EtOH over night at 
room temperature. The cells were subsequently washed in 20x TE, resuspended in 100 µl 
of 20x TE with RNase A (10 µl of 10 mg/ml) for four hours at 37°C and washed again 
with PBS. Staining with propidium iodide (0.1 mg/ml) was performed in 50 µl PBS at 4°C 
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over night. The samples were diluted 1:10, sonicated briefly and analysed with the flow 
cytometer (Calibur, BD). 
 

2.2.2 Plasmid loss assay 
 
Plasmid loss was measured in a wildtype (AEY4) and a cse4-R37A strain (AEY4965) 
carrying a CEN6-TRP5 plasmid containing either a functional centromere sequence 
(pRS414) or a centromere sequence without the CDEI element (pAE1771). First, yeast 
cells were grown in 2 ml selective YM-medium to stationary phase over night at 30°C, and 
cells were then used to inoculate 5 ml YPD medium supplemented with adenine, histidine, 
leucine, lysine, tryptophan and uracil. The cells were grown for at least 12 doublings at 
30°C and 37°C over night. Before and after the incubation, equal amounts of cells were 
plated on YM medium with and without tryptophane. The plasmid loss rate (L) was 
determined by comparing the amount of cells containing the plasmid before (Fi) and after 
(Ff) the incubation in full medium as 1-10x with x= logFf-logFi/number of doubling time 
(McNally and Rine 1991). 
 

2.2.3 Chromosome loss assay 
 
Generation of wild-type and mutant centromere-containing chromosome fragment was 
carried out as described in (Hegemann et al. 1988). In briefly, plasmid containing wildtype 
and mutant centromere sequence (pAE1769, 1768) were linearized with NotI to fuse the 
large, nonessential chromsome fragments to the left arm of chromosome III. The diploid 
strain used for this work was homozygous for the ade2 mutation. The diploids were 
selected for URA3 and restreaked on nonselective YPD plates for pink transformands. The 
loss of the SUP11 gene, which suppressed the ade2 mutation, was monitored by red 
pigment formation and displayed the mitotic stability of the chromosome fragment. 
 

2.2.4 Chromatin immunoprecipitation and quantitative real-time PCR 
 
ChIP and quantititative real-time PCR was performed as previously described (Weber et al. 
2008) with minor modifications. For immunoprecipitation of Cse4-3xHA, Ame1, Mtw1 
and H4, 100 OD cells were harvested and crosslinked with 1 % formaldehyde for 30 min at 
room temperature. Cells were then sonicated for seven cycles (30 sec on and 60 sec off) at 
4°C (Bioruptor, Diagenode). Per ChIP, 4-5 µl of antibody were used. After reverse cross-
linking at 65°C, the sample was digested with RNase A for 1 hour followed by incubation 
with proteinase K for another hour. DNA extraction was performed with Qiaquick Gel 
Extraction Kit and ERC Buffer (Qiagen). The quantitative real-time PCR was performed in 
a Rotor Gene 3000 (Corbett Research) using the SYBR Green Real MasterMix (5 PRIME) 
according to the manufacturer’s instructions. The PCR was carried out by an initial 
denaturation step for 2 min at 94°C followed by 45 cycles of 15 sec at 94°C, 30 sec at 
56°C and 40 sec at 68°C. For the detection of the melt curve the samples were heated at 
40°C for 2 min and stepwise heated from 50°C to 95°C every 5 sec. For the analysis, the Ct 
value of each reaction was determined and a standard curve of the input samples was 
generated. The amount of precipitated DNA was calculated for each ChIP experiment 
relative to this standard curve. Three technical replicates were performed for every ChIP. 
The standard deviations were calculated from three independent ChIPs, and significance 
levels were determined by student’s t-test. Oligonucleotide sequences used for quantitative 
real-time PCR are given in Table 5. 
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Table 5: Oligonucleotides used for ChIP analysis 
Primer Primer sequence 

Cen4 up GCCAGAAATAGTAACTTTTGCCTAAATCAC 
Cen4 down GCTATGAAAGCCTCGGCATTTTGG 
Pol1 (5´) fw GCTGCAAGCCGCTCGAAATG 
Pol1 (5´) rev CCAGTGTCTTCATCACTTGAACTG 

 

2.2.5 Genetic crosses, sporulation and tetrad dissection of S. cerevisiae 
 
Two haploid strains of opposing mating types were mixed on a YPD plate and incubated 
over night at 30°C. Isolation of diploids was induced by streaking the mixture on a 
selective YM plate for two to three days. The diploids were then regenerated for eight 
hours on a YPD plate and subsequently incubated on sporulation medium (19 g/l KAc, 
0.675 mM ZnAc, 20 g/l agar) for at least three days at 23°C or 30°C. For dissection of asci, 
a loop of sporulated cells was incubated for six to eight minutes with 10 µl zymolyase 
buffer (1 M Sorbitol, 0.1 M NaCitrate, 60 mM EDTA pH 8.0, 5 mg/ml zymolyase). The 
reaction was stopped by adding 100 µl H2O. The dissection of the tetrads on a YPD plate 
was performed by using a micromanipulator (Narishige) connected to a Zeiss Axioscope 
FS microscope. The plates were incubated for two to three days at 23°C or 30°C. To 
determine the markers of the segregants, plates were replica plated on YM selective 
medium. 
 

2.2.6 Yeast-two-hybrid analysis 
 
The two-hybrid strain (AEY4217) was transfomed with the bait and prey vectors 
(pBTM117c and pACT2) for two-hybrid analysis. To this end, full length CSE4 and 
different cse4-alleles (cse4-R37A and cse4-K49R) were introduced into the pACT2 vector. 
To analyse the interaction, the reporter strain contained two reporter genes, HIS3 and a 
lacZ reporter. The activation of the lacZ reporter was analyzed by transferring the strains 
on a nitrocellulose membrane. The membrane was then frozen in liquid nitrogen and 
incubated with the buffer Z (60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1 mM 
MgSO4, pH 7.0 + freshly added 0.1% X-Gal) over night at 30°C to induce the colour 
reaction. The activation of the lacZ gene was indicated by blue stained yeast cells. The 
activation of the HIS3 reporter gene was tested by incubating the strains on plates lacking 
histidine for three days at 30°C. 
 

2.2.7 Protein extraction of S. cerevisiae 
 
Yeast cells were grown in 5 ml liquid culture over night. After measuring the OD600, 4-
10 OD cells were harvested, washed once with TBS and resuspended in 100 µl cell lysis 
buffer (300 mM NaCl, 0.1% Nonidet P-40, 10 mM Tris pH 8, 1 mM EDTA in PBS 
containing protease inhibitor). The proteins were extracted by vortexing three times for 
20 sec with acid-washed glass beads. 4x Lämmli buffer was added to each sample and 
samples were heated for 5 min at 95°C. Protein amounts equivalent to harvested OD units 
were loaded on the SDS-PAGE gels as indicated. 
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2.2.8 Acid extraction of yeast histones 
 
The extraction of histones was performed as described in (Mullen et al. 1989). 100 ml of 
yeast cells were harvested at OD 2 and washed in 10 ml of sorbitol phophate buffer (1 M 
sorbitol in 50 mM KH2PO4 pH 7.5). The pellet was then resuspended in 5 ml sorbitol 
phosphate buffer (+ 20 µl β-Mercaptoethanol) and spheroblasts were made by adding 
600 µl zymolyase (20 mg/ml H2O) for 30 min at 30°C. The spheroblasts were washed with 
5 ml sorbitol phosphate buffer and resuspended in 10 ml ice-cold NIB-buffer (0.25 M 
sucrose, 60 mM KCl, 15 mM NaCl, 5 mM MgCl2, 1 mM CaCl2, 15 mM Mes, 0.5 % 
Triton) with protease inhibitors for 30 min. The spheroblasts were then pelleted for 8 min  
(5500g). The NIB buffer incubation by pelleting was repeated twice. The crude nuclear 
pellet was resuspended in 10 ml cold 100 mM Tris pH 6.8, 0.4 M NaCl with protease 
inhibitors and incubated for 10 min on ice. After pelleting, the salt wash was repeated once 
with 5 min incubation on ice. Pelleted nuclei were resuspended in 1.35 ml cold H2O with 
protease inhibitors. One-tenth volume of cold 4 N H2SO4 was added to the suspension 
while swirling and the histones were extracted over night on ice. After centrifugation for 
10 min at 12000 g the supernatant was incubated with 13.5 ml cold acetone/HCl (acetone: 
5 M HCl; 99:1) over night at -20°C. The histones were pelleted for 10 min at 10000 g and 
resuspended in 100 µl H2O. The amount of histones was measured using Bradford reagent 
and the required amount of protein was applied on SDS-PAGE gel. 
 

2.2.9 SDS-PAGE and immunoblotting 
 
Protein samples were separated on 10, 12 or 15 % SDS Gels according to standard 
methods (Laemmli 1970). Transfer to nitrocellulose membrane (Amersham Hybond ECL, 
GE Healthcare) was accomplished by blotting with the BIO-RAD Tank Transfer System 
with 5.5 mA x h/cm2. Transfer buffer with 39 mM Glycine, 48 mM Tris base, 0.037 % 
SDS and 20 % methanol was used (Sambrook et al. 1989). The membrane was 
subsequently blocked for 1 hour in 5 % milk/ TBST. For the blots against the Cse4 
modifications, 1.5 % BA (ECL Advance blocking agent, GE Healthcare) in TBST was 
used for 30 min. The primary antibody was incubated in 5 % milk/TBST or, in the case of 
Cse4 modification antibody, in TBST over night at 4°C. The membrane was then washed 
with TBST for 10 min and incubated with the secondary antibody for 1 hour in 5 % 
milk/TBST or in 1.5 % BA/TBST at room temperature. The membrane was subsequently 
washed with TBST for 1 hour at room temperature, and the signals were detected with the 
Amersham ECL Western Blotting Analysis System (GE Healthcare) and Amersham 
Hyperfilm ECL chemiluminiscence films (GE Healthcare). The antibodies used for 
Western blotting are listed in Table 6. 
 

2.2.10 Dot blot analysis 
 
Different amounts of modified and unmodified peptides were spotted on nitrocellulose 
membrane (Amersham Hybond ECL, GE Healthcare), dried at room temperature and 
blocked for 1 hour in 5 % milk/TBST. The primary antibody was incubated 1:200 - 1:1000 
as indicated in 5 % milk/TBST over night at 4°C. After washing the membrane, the 
secondary antibody was incubated for 1 hour at room temperature in 5 % milk/TBST.  
Dot blot analysis was also used for the analysis of the HPLC fractions. For this purpose, 
5 µl of every other fraction was spotted on a PVDF membrane (GE Healthcare). After 
drying, the membrane was blocked for 1 hour in 5 % milk/TBST at room temperature. The 
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primary antibody was incubated 1:1000 in 5 % milk/TBST over night at 4°C. The 
incubation of the second antibody and the detection of the signals were performed as 
described above. The antibodies used for dot blotting are listed in Table 6. 
 
Table 6: Antibodies used in this study 

Antibody Company Concentration 
α-HA covance; MMS101P 1:1000 
α-myc Sigma, M4439 1:1000 
α-H4 abcam; ab31827 1:1000 
α-H2B active motif; 39237 1:3000 

α-rabbit HRP Sigma; A0545 1:5000 
α-mouse HRP Sigma; A9044 1:1000 
α-Cse4-R37me this study 1:1000 - 1:200 
α-Cse4-R37me2a this study 1:1000 - 1:200 
α-Cse4-K49ac this study 1:1000 - 1:200 

 

2.2.11 Partial purification of Cse4 
 
The partial purification of Cse4 was performed as described in (Waterborg 2000). In brief, 
Cse4 was purified from 6000 OD yeast cells. The crude histones were extracted in the 
presence of nuclear isolation buffer pH 7 (0.25 M sucrose, 10 mM MgCl2, 2.5 mM 
spermidin, 0.5 mM spermin, 20 mM HEPES, 0.1% (w/v) Trition, 5 mM ß-
Mercaptoethanol, 1 mM PMSF) with 100 mM butyrate. Each 500 OD pellet was 
resuspended in 3 ml nuclear isolation buffer and afterwards glass beads were added to the 
suspension until no free liquid remained. Each sample was vortexed for 2 min. Glass beads 
were added again and the samples were vortexed again for 2 min. Nuclear isolation buffer 
was added to the 30 ml mark of each falcon and the supernatants were filtrated with Poly-
Prep Chromatorgraphy columns (BIO-RAD). The samples were washed again with 10 ml 
of nuclear isolation buffer and the supernatants were pooled. After centrifugation (30000 g, 
10 min) and washing the pellet with 20 ml nuclear isolation buffer, the pellet was 
resuspended in 20 ml of 40 % guanidiumhydrochlorid in 0.1 M KPi with 0.1 % ß-
Mercapthoethanol. The suspension was homogenized by sonification on ice for 4 times 
30 sec on, 60 sec off at 60-80 watts.  The extract was clarified by centrifugation for 10 min 
at 30000 g. The DNA was precipitated with 0.4 N HCl for 30 min on ice and centrifugation 
for 30 min at 30000 g without brake. 0.1 M KPi was added to the supernatant until the 
refractive index of 5 % guanidiumhydrochlorid was reached. The pH was adjusted to 6.8 
and 5 mM ß-Mercaptoethanol was added. Afterwards 200 µl resin of the cation exchanger 
BioRex 70 per 1010 cells were added over night at room temperature. The resin was 
washed with 5 % guanidiumhydrochlorid in 0.1 M KPi and 1.3 mM ß-Mercaptoethanol for 
3 times. The crude histone extract was eluted with 10 column volumes of 40 % 
guanidiumhydrochlorid in 0.1 M KPi and 1.3 mM ß-Mercaptoethanol. Afterwards the 
eluate was dialysed 3 times against 2.5 % acetic acid with 1 mM ß-Mercaptoethanol over 
night. After the ultrafiltration through Amicon Ultra 100K, the eluate was concentrate to 
2 ml with Amicon Ultra 10K. The retentate was lyophilized and solved in 500 µl 8 M urea, 
50 mM DTT, 1 M acetic acid and 50 mM NH4OH. Afterwards the sample was fractionated 
for 94 min by reversed-phase HPLC on a Agilent Zorbax 300SB-C3 column between 35 
and 53% acetonitrile (ACN; v/v) in 0.1 % trifluoroacetic acid at 1 ml/min. The 1 ml 
fractions were analysed by dot blot on a PVDF-membrane (GE Healthcare) and positive 
samples afterwards lyophilized. The samples were either used for colloidal Coomassie 
stained SDS-Gel or for Western blotting. 
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2.2.12 Antibody generation 
 
Unmodified and modified Cse4 peptides used in this study to generate Cse4 modification-
specific antibodies were synthesized by Biosynthan and listed in Table 7. The modified 
Cse4 peptides were used to generate Cse4 modification specific antibodies in rabbits. The 
immunizations of the rabbits by 10 mg modified peptides conjugated to KLH (Keyhole 
Limpet Hemacyanin) were performed by the companies Pineda and Biogenes. The 
specification of the immunsera against the modified peptides was tested by dot blot 
analysis. The antibodies were then affinity-purified and used for Western blot analysis.  
 
Table 7: Peptides synthesized in this study 

Cse4 peptide sequence Modification 
S I N D R A L S L G G C (33-41) Monomethylation on Arginine 

Q S I N D R A L S L G G C (32-41) Asymmetrical dimethylation on Arginine 
T R A T K N L F P G G C (45-53) Acetylation on Lysine 

 

2.2.13 Affinity purification of polyclonal antibodies 
 
Modified and unmodified peptide columns were used to purify Cse4 specific antibodies. 
First 1 ml of sulfolink beads (Sigma) were equilibrate with 6 column volumes of reaction 
buffer (50 mM Tris, 5 mM EDTA-Na, pH 8.5). The beads were then incubated for 60 min 
on the wheel at room temperature with 1 mg of modified or unmodified peptide dissolved 
in 1 ml reaction buffer. The beads were washed with 3 column volumes of reaction buffer 
and incubated for 60 min with 1 column volume of 50 mM cysteine in reaction buffer to 
saturate the beads. After washing the beads with 16 column volumes each of 1 M NaCl and 
TBS/5 mM EDTA, 0.05 % NaN3, the peptide columns were stored at 4°C in 1 column 
volume of TBS/5 mM EDTA, 0.05 % NaN3. 
For antibody purification, 5 mM EDTA was added to 5 ml serum and clarified by 
centrifugation (10000 g, 15-20 min, 4°C). The supernatant was then incubated with 125 µl 
beads coupled with the modified peptide for 2 h at 4°C on the wheel and washed three 
times with 10 ml TBS/5 mM EDTA. The antibody was eluted twice from the beads with 
125 µl 0.1 M glycine pH 2.5 by incubation for 5 min at room temperature and 
centrifugation (2000 g, 30 sec). In the meantime, tubes were prepared on ice with 1 M Tris 
pH 9.5 to neutralize the antibody solution. The neutralization was followed with pH paper. 
The antibody solution was dialysed against PBS at 4°C and 0.05 % NaN3 was added. 
Finally the antibody was stored at 4°C. The specificity was analyzed by dot blot. In the 
case of the R37me, R37me2a and K49ac antibodies used in this study, a second affinity 
purification was performed. For this purpose the antibody was incubated for 1 hour at 
room temperature on the wheel with 40 µl beads coupled with the unmodified peptide. 
After centrifugation (2000 g, 30 sec) the supernatant was again analyzed by dot blot and 
used for Western blot analysis. 
 

2.2.14 Analysing the specificity of the Cse4 peptide antibodies 
 
Peptide competition assay was performed to analyse the specific reactivity of the Cse4 
modification antibodies. The R37me2a and K49ac antibody was pre-incubated with 
100 pmol of modified or unmodified peptide for 30-60 min at 28°C. The R37me antibody 
was pre-incubated with 4000 pmol peptide under the same conditions. The dot blot and 
Western blot membrane was blocked with 1.5-3% BA/TBST (ECL Advance blocking 
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agent, GE Healthcare) for 30-60 min. The antibody was incubated in TBST or 1.5 % 
BA/TBST (1:200) over night at 4°C. 
 

2.2.15 Mass spectrometry-analysis 
 
The mass spectrometry analysis was carried out by Tiziana Bonaldi and Alessandro 
Cuomo, IFOM Milan, Italy. 
 
Gel electrophoresis of Cse4 and in-gel digestion  
Cse4 from partial histone purifications was separated by SDS-PAGE. The gel was stained 
with Coomassie Blue using Colloidal Blue Staining Kit (Sigma). The Cse4 band was 
excised and digested in-gel with trypsin (Promega) essentially as previously described 
(Shevchenko et al. 2006). Briefly, the gel band was washed four times with 50 mM 
ammonium bicarbonate/ 50 % ethanol and incubated with 10 mM DTT in 50 mM 
ammonium bicarbonate for 1 h at 56°C for protein reduction. An alkylation step was 
performed by incubating the sample with 55 mM iodoacetamide in 50 mM ammonium 
bicarbonate for 1 h at 25°C in the dark. Gel pieces were washed twice with 50 mM 
ammonium bicarbonate, 50 % ACN, dehydrated with 100 % ethanol and dried in a vacuum 
concentrator. Digestion was performed using 12.5 ng/ml trypsin in 50 mM ammonium 
bicarbonate for 16 h at 37ºC. The supernatant was transferred to a fresh tube, and the 
remaining peptides were extracted by incubating the gel pieces twice with 30 % ACN in 
3 % trifluoroacetic acid (TFA), followed by dehydration with 100 % ACN. The extracts 
were combined, reduced in volume in a vacuum concentrator, desalted and concentrated 
using RP-C18 StageTip columns. The eluted peptides were used for subsequent mass 
spectrometric analysis (Rappsilber et al. 2007). 
 
Mass spectrometry analysis (LC-MS/MS)  
Peptide mixtures were separated by nano-LC/MSMS using an Agilent 1100 Series 
nanoflow LC system (Agilent Technologies), interfaced to a 7-Tesla LTQ-FT-Ultra mass 
spectrometer (ThermoFisher Scientific, Bremen, Germany). The nanoliter flow LC was 
operated in one column set-up with a 15 cm analytical column (75 µm inner diameter, 
350 µm outer diameter) packed with C18 resin (ReproSil, Pur C18AQ 3 µm, Dr. Maisch, 
Germany). Solvent A was 0.1 % formic acid (FA) and 5 % ACN in ddH2O and solvent B 
was 95 % ACN with 0.1 % FA. Samples were injected in an aqueous 0.1 % TFA solution 
at a flow rate of 500 nl/min. Peptides were separated with a gradient of 0-40 % solvent B 
over 90 min followed by a gradient of 40-60 % for 10 min and 60-80 % over 5 min at a 
flow rate of 250 nl/min. The mass spectrometer was operated in a data-dependent mode to 
automatically switch between MS and MS/MS acquisition. In the LTQ-FT full scan, MS 
spectra were acquired in a range of m/z 300 to 1350 by FTICR with resolution r = 100,000 
at m/z 400 with a target value of 2,000,000. The five most intense ions were isolated for 
fragmentation in the linear ion trap using collision-induced dissociation at a target value of 
5,000. Singly charged precursor ions were excluded. In the MS/MS method, a dynamic 
exclusion of 60 sec was applied, and the total cycle time was approximately 2 sec. The 
nanoelectrospray ion source (Proxeon, Odense, Denmark) was used with a spray voltage of 
2.4 kV. No sheath and auxiliary gasses were used, and capillary temperature was set to 
180ºC. Collision gas pressure was 1.3 millitorrs and normalized collision energy using 
wide band activation mode was 35 %. Ion selection threshold was 250 counts with an 
activation q = 0.25. The activation time of 30 msec was applied in MS2 acquisitions.  
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Data analysis and sequence assignment using MASCOT 
The raw data from LTQ-FT Ultra were converted to mgf files using Raw2MSM software 
(Olsen et al. 2005). MS/MS peak lists were filtered to contain at most six peaks per 100 
Dalton intervals and searched by Mascot Daemon (version 2.2.2, Matrix Science) against a 
concatenated forward and reversed version of the yeast ORF database (Saccharomyces 
Genome Database SGD at Stanford University -www.yeastgenome.org) (Elias et al. 2005); 
(Kall et al. 2008). This database was complemented with frequently observed contaminants 
(porcine trypsin, achromobacter lyticus lysyl endopeptidase and human keratins) as well as 
with their reversed sequences. Search parameters were: an initial MS tolerance of 7 ppm, a 
MS/MS mass tolerance at 0.5 Da and full trypsin cleavage specificity, allowing for up to 
two missed cleavages.  Carbamidomethylation of cysteine was set as a fixed modification, 
and variable modifications included mono- and di-methylation on lysine and arginine 
residues, tri-methylation on lysines, oxidation on methionine and acetylation on the N-
terminus of proteins. We accepted peptides and proteins with a false discovery rate (FDR) 
of less than 1%, estimated based on the number of accepted reverse hits (Elias et al. 2005). 
Filtered data were then manually confirmed using the Qual Browser version 2.0.7 
(ThermoFisher Scientific). Extracted ion chromatograms (XIC) were constructed for 
precursor ions with mass tolerance of 10 ppm and mass precision up to 4 decimal places. 
Peak areas for both unmodified and modified peptide species were measured within the 
same retention time interval.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 3. Results 

 

 49 

3. Results 
 

3.1 Detection of PTMs on Cse4 
 
Modifications on histones play an important role in the regulation of chromatin function. 

Foremost, the N-terminus of the histones is marked by modifications like acetylation, 

phosphorylation or methylation (Scharf and Imhof 2010). Next to canonical histones, the 

histone variants also have the potential of being modified, which consequently may alter 

the structure of the chromatin (Kamakaka and Biggins 2005). In this study, we asked 

whether the centromeric histone H3 variant in S. cerevisiae (Cse4) is posttranslationally 

modified, and we sought to gain insight into the functions of these potential modifications. 

Cse4 is exclusively localized to the centromere of the 16 chromosomes in budding yeast 

and is essential for chromosome segregation (Meluh et al. 1998). So far, no 

posttranslational modifications like acetylation or phosphorylation have been described for 

this variant in budding yeast. However, it was shown that proteolysis contributes to the 

centromeric localization through ubiquitination of Cse4 by the ubiquitin ligase Psh1 

(Ranjitkar et al. 2010; Hewawasam et al. 2010; Collins et al. 2004). Furthermore, the 

human Cse4 homologue CENP-A is phosphorylated on serine 7 (Zeitlin et al. 2001; 

Kunitoku et al. 2003), and CenH3 in maize is phosphorylated on serine 50 (Zhang et al. 

2005). 

In the past, the identification of modified histones such as acetylation or phosphorylation 

was often performed by using TAU (Triton-Acetid acid-Urea) gels that separate different 

histone isoforms based on their charge and mass (Barratt et al. 1994). In recent years, 

many posttranslational modifications on the histones were identified by mass spectrometry 

or by homology to modifications identified on related histones. The identification of the 

phosphorylation on serine 7 of CENP-A was based on the homology to the 

phosphorylation on serine 10 of the canonical histone H3 (Zeitlin et al. 2001).  

To study the posttranslational modifications on Cse4, a method had to be established to 

purify sufficient amounts of protein for mass spectrometry (MS) (Figure 7). For this 

purpose, a cse4Δ strain that carried a pURA3-CSE4-3xHA plasmid (AEY2781) was used, 

and partially purified histones were obtained (Waterborg 2000). 
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Figure 7: Overview of the procedure to purify the centromeric histone variant from S. cerevisiae. 
Purification of Cse4 was based on the method described in Waterborg 2000. 
 
6000 OD of cells were harvested in order to obtain adequate amounts of Cse4 protein for 

MS analysis. After the extraction of the chromatin and the elution of the crude histone 

extract via the cation exchanger BioRex 70, the eluate was further fractionated with 

reverse-phase HPLC (High Performance Liquid Chromatography). The fractionation was 

performed on a Zorbax C3 column (Agilent, 4.6 x 250 mm) between 35 and 53 % 

acetonitrile in 0.1 % trifluoroacetic acid at 1 ml/min over 94 min. To test the different 

fractions after the HPLC, a dot blot against the HA-tagged Cse4 proteins was performed. 

Subsequently, Cse4-containing fractions were lyophilized, the proteins separated in a SDS-

PAGE gel and stained with colloidal Coomassie. In a parallel gel, the fractions were 

analysed by Western blotting against Cse4-3xHA. We were thus able to identify the Cse4 

band in the Coomassie-stained SDS gel (Figure 8). 

It was evident that this method of Cse4 purification yielded enough partially purified Cse4. 

We previously also tried other methods, but none of them gave sufficient amounts of Cse4. 

For instance, the purification of TAP-tagged Cse4 (Puig et al. 2001) or histone purification 

using MNase digestion of the chromatin showed both a low solubility of the Cse4 protein 

during the purification and an insufficient amount of purified Cse4 protein. 
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Figure 8: Partial purification of Cse4.  
Colloidal Coomassie-stained SDS-PAGE gel (above) of HPLC fractions of partially purified Cse4-3xHA 
were used to excise the Cse4 band (dashed circle). Cse4-containing fractions were identified by Western 
blotting with α-HA antibody (below). 
 

The Cse4 band after purification and separation on a SDS-PAGE gel was excised and 

analysed by mass spectrometry by Tiziana Bonaldi and Alessandro Cuomo from the 

European Institute of Oncology, Milano, Italy. The MS/MS analysis of the band confirmed 

the presence of the Cse4 protein with an average sequence coverage of 57 %. The analysis 

was based on peptides from a trypsin-digested protein, whose mass-to-charge ratio was 

measured. The peptide masses were compared to the Saccharomyces Genome database 

(www.yeastgenome.org). The identification of posttranslational modifications of the 

peptides was determined by mass-to-charge differences between unmodified and modified 

peptides (see Materials and Methods and Appendix, Figure 40).  

In four independent experiments, we identified phosphorylation, methylation and 

acetylation in the N-terminus of Cse4 (Figure 9). All of the identified modifications in the 

N-terminus of Cse4 were located in the essential N-terminal domain, which encompasses 

amino acid sites 28-60 (Keith et al. 1999). These results showed for the first time that Cse4 

was a target for posttranslational modifications. The phosphorylation on serine 33 (S33) 

was identified four independent times, whereas the mono-methylation on arginine 37 

(R37) was identified twice. The acetylation on lysine 49 (K49) was determined once 

(Figure 9). It is very well possible that other modification sites on Cse4 exist, because this 

method covered only slightly more than half of the Cse4 protein. The following analyses 

will focus on the modified serine 33, arginine 37 and lysine 49. Taken together, this data 

showed that mass spectrometry was an excellent method to determine posttranslational 

modifications on Cse4.  
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Figure 9: Amino acid sequence of Cse4 with the identified modifications sites.  
Identified peptides after trypsin-digestion of the protein are indicated in red. Cse4 was identified with a 
sequence coverage of 57 %. Modified amino-acids are illustrated according to their modification. Green-
monomethylation, yellow-phosphorylation and blue-acetylation. 
 

3.2 Methylation on arginine 37 of Cse4 
 
The results above showed that Cse4 was a target for posttranslational modifications. 

Besides acetylation and phosphorylation of different amino acid sites, methylation on 

arginine 37 was determined. A quantification of the modification estimated that around 

18 % of the analysed protein was monomethylated at this position (Appendix, Figure 40). 

Further analysis of this amino acid site in Cse4 showed a kinetochore-dependent function 

(see 3.3). For this reason, we generated specific antibodies against the methylated Cse4 to 

use them for further analysis of the role of Cse4 R37 methylation. 

 

3.2.1 Generation and purification of antibodies against Cse4 R37 methylation 
 
Specific peptide antibodies against modified histones can be used in order to gain insight 

into the function and role of the modification. Many such antibodies are utilised in cell 

biological approaches like Western blotting and fluorescence microscopy. 

For the generation of specific antibodies against Cse4 R37 methylation, we synthesized 

peptides containing monomethylated and asymmetrically dimethylated arginine 37 and 

used these peptides for immunisation. Although the mass spectrometry identified 

monomethylation of arginine 37, but no dimethylation, we decided to additionally generate 

a specific antibody against asymmetrical dimethylation, because it was previously shown 

that arginine 2 of histone H3 is both mono- and asymmetrically dimethylated in yeast 

(Kirmizis et al. 2009). After the immunisation, the sera were tested against several 

dilutions of the modified and unmodified form of the Cse4 peptide on a dot blot (data not 
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shown). Surprisingly, different amounts of modified peptide were required to obtain a 

signal in the dot blot for the two antibodies. It showed that the concentration of the 

antibody against the monomethylation of arginine 37 (Cse4-R37me1) was 10 - 20 times 

lower than that of the antibody against the asymmetrical dimethylation of arginine 37 

(Cse4-R37me2a) (data not shown, Figure 10). The likely reason for this could be that the 

peptide used for the generation of asymmetrical dimethylation of arginine 37 has an 

additional amino acid than the peptide used for the monomethylation of arginine 37. This 

could enhance the immunogenicity. 

To increase the specificity of the antibodies against the modified Cse4 form, we purified 

the antibodies through columns containing covalently modified or unmodified peptide. 

Both antibodies, for the monomethylation as well as for the asymmetrical dimethylation of 

arginine 37, were specific after affinity purification against the modified Cse4 peptide 

(Figure 10). The antibodies against Cse4 R37 monomethylation as well as asymmetrical 

dimethylation distinguished between the Cse4 peptides containing monomethylated and 

asymmetrically dimethylated arginine 37 and the amounts of unspecific signals were very 

low. These results showed that the purified antibodies were specific to the modification 

they were raised against and could be used for the detection of mono- and asymmetrically 

dimethylated Cse4 in vivo.  

  

 
  
 
Figure 10: Specificity of Cse4-R37me1 and R37me2a antibodies.  
a, Immuno-dot blot showing the specific reactivity of the Cse4-R37me1 antibody. The indicated amounts of 
modified and unmodified peptides were spotted on nitrocellulose membrane and probed against α-Cse4-
R37me1 (1:200). b, Specificity of the Cse4-R37me2a antibody. Immuno-dot blot was performed as in a and 
probed against α-Cse4-R37me2a (1:200). 
 
The specificity of the polyclonal anti-Cse4-peptide antibodies was further analysed using a 

peptide-competition assay. For this purpose, the antibody was first pre-incubated with 

different amounts of modified or unmodified competing peptides before the antibody was 

used for the dot blot. The results showed that both antibodies, when previously saturated 
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with their specific modified peptide, lost their ability to detect the peptide on the dot blot. 

The pre-incubation with the unmodified Cse4 peptide did not influence the ability of both 

antibodies to detect the specific modified Cse4 peptide on the dot blot (Figure 11). In the 

case of the antibody against the asymmetrical dimethylation of Cse4, it was also possible 

to saturate the antibody with the monomethylated peptide, and this had no influence of the 

ability of the antibody to detect the asymmetrically dimethylated Cse4 peptide on the dot 

blot.  

Taken together, these results further corroborated the specificity of the polyclonal 

antibodies generated against the monomethylation and asymmetrical dimethylation of 

arginine 37 on Cse4. 

 
  
Figure 11: Peptide competition assay of the antibodies generated against Cse4-R37me1 and Cse4-
R37me2a. 
Indicated amounts of Cse4 peptide carrying R37me2a (a) and R37me1 (b) were spotted on the nitrocellulose 
membrane. Antibodies were pre-incubated with the competing peptides indicated to the right of the blot for 
1 h for 28°C. Subsequently the antibodies were incubated on the membrane over night at 4°C.  
 

3.2.2 Detection of Cse4 R37 methylation with antibodies in yeast 
 
After the generation of specific antibodies against the monomethylated and asymmetrically 

dimethylated arginine 37 of Cse4, the antibodies were used in Western blots to detect the 

methylated Cse4 in wild-type cells. For this purpose, we compared the Cse4 methylation 

level in cse4Δ strains carrying plasmid-borne CSE4-3xHA or cse4-R37A-3xHA that 

carried a mutation in the methylation site (see for details on strain construction). We thus 

expected to obtain a decreased or a loss of the signal for the methylation of Cse4 in the 

strain carrying the cse4-R37A allele. Neither whole protein cell extracts from these strains 

nor histone extracts were sufficient to detect the methylated Cse4 by Western blotting 

(Figure 12), whereas Cse4 was readily detectable using an antibody against the HA tag. 
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Figure 12: No specific signal for arginine methylation of Cse4 in conventional histone extractions. 
a, Histone extractions were prepared from cse4Δ strain carrying either CSE4 on a plasmid with or without 
HA-tag or HA-tagged cse4-R37A. 50 µg of histones from indicated strains were separated via SDS-PAGE 
and probed with α-Cse4-R37me1 antibody over night. b, Preparation as described in a. 5 µg of histones from 
each strain were separated via SDS-PAGE and probed with α-HA to detect Cse4-3xHA as control.  
 

To increase the amount of Cse4 protein, we purified histones according to the method that 

we had previously used for the detection of the modifications via mass spectrometry 

(Waterborg 2000) from cse4Δ strains carrying plasmid-borne CSE4-3xHA or cse4-R37A-

3xHA. After the separation of the histone extract of 6000 OD yeast cells via HPLC, equal 

amounts of Cse4 proteins were probed with α-Cse4-R37me1 and α-Cse4-R37me2a (Figure 

13). The results of the Western blot against the asymmetrically dimethylated arginine 37 of 

Cse4 showed in both experiments a stronger signal in the sample with wild-type Cse4 in 

comparison to the strain containing the cse4-R37A allele. After stripping the blot and 

subsequent incubation with the antibody specific against the monomethylated arginine 37 

of Cse4, the signal was also stronger in the wild-type strain. The signal in the cse4-R37A 

strain for both antibodies probably reflected a weak ability of the antibodies to recognize 

unmodified Cse4. The total Cse4 amount in the samples was detected using the HA-

antibody as loading control. Altogether, this data demonstrated that Cse4 was 

monomethylated and asymmetrically dimethylated on arginine 37 in vivo and confirmed 

the methylation state on arginine 37 of Cse4 identified from the mass spectrometry.   
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Figure 13: Cse4 was methylated on arginine 37 in vivo. 
Histone extracts from wild-type (AEY2781) and cse4-R37A (AEY5040) cells were probed with α-Cse4-
R37me1 (b) and α-Cse4-R37me2a (a, b) antibodies as well as with α-HA as loading control to detect Cse4-
3xHA. 
 

3.2.3 Increased methylated Cse4 in hydroxyurea-arrested cells 
 
Due to the fact that the histone H3 variant Cse4 is located at the centromere and therefore 

involved in chromosome segregation, we asked whether the methylation on arginine 37 of 

Cse4 was cell cycle dependent. To this end, a cse4Δ strain carrying plasmid-borne CSE4-

3xHA was arrested in S-phase using hydroxyurea and in G2/ M using nocodazole. The 

histones were extracted as above, and the methylation state of Cse4 was analysed using the 

Cse4-R37me1 and Cse4-R37me2a antibodies (Figure 14). The results showed that the 

amount of methylation on Cse4, for both monomethylation and asymmetrical 

dimethylation on arginine 37, was increased in the S-phase arrested cells in comparison to 

the asynchronous or G2/ M-phase arrested cells. This data demonstrated that the 

methylation on arginine 37 of Cse4 was cell-cycle dependent. 

 

 
 
Figure 14: Cse4 R37 methylation was increased in S-phase arrested cells. 
Histone extracts from asynchronous cultures of wild-type cells (AEY2781), or from cells arrested in S-phase 
with hydroxyurea and in G2/ M-phase with nocodazole were probed with α-Cse4-R37me1 (a) and α-Cse4-
R37me2a (b) antibodies. The Cse4-R37me2a antibody was pre-incubated with unmodified competing 
peptide. Cse4-3xHA was detected with α-HA as loading control. 
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3.3 Functional analysis of Cse4 R37 methylation 
 

3.3.1 Mutation of arginine 37 of Cse4 had no effect in wild-type cells 
 
In order to analyse the function of the identified arginine 37 methylation on Cse4, the 

respective amino acid was mutated and the functional consequence of the mutation was 

tested. The amino acid was mutated to alanine (R37A) to prevent the modification of the 

site. The mutation of the amino acid to alanine was conducted on a plasmid encoding 

3xHA-tagged Cse4 (pAE615). To test the function of the mutation in the yeast cells, the 

plasmid was transformed into a cse4Δ strain with an URA3-marked plasmid encoding 

wild-type Cse4, or as a control, with an empty vector. The transformants were then plated 

on 5-FOA (5-fluoro-orotic acid) medium to select against the URA3-marked CSE4 

plasmid. As expected, the negative control (vector) showed no growth on 5-FOA, because 

the deletion of CSE4 is lethal (Stoler et al. 1995), and the cells are thus unable to survive in 

the absence of the URA3-marked CSE4 plasmid (data not shown, Figure 16). In contrast, 

the strain carrying plasmid with cse4-R37A was able to survive on 5-FOA, showing that 

the mutation of Cse4 on arginine 37 was not lethal in wild-type cells. The strain containing 

the cse4 allele was analysed for growth defects at different temperatures (Figure 15). The 

results showed that point mutation of arginine 37 in the N-terminus of Cse4 caused no 

growth defects at the analysed temperatures.  

 

 
 
Figure 15: Cse4-R37A showed no temperature sensitivity in wild-type cells.  
Plasmid-borne cse4-R37A and CSE4 were introduced into a cse4Δ strain carrying an URA3-marked CSE4. 
After URA3-counterselection on 5-FOA, serial dilutions of the transformants were spotted on full medium 
and incubated for 2 days at the indicated temperature.  
 

3.3.2 Mutation of arginine 37 of Cse4 showed a growth defect in cells lacking the 
kinetochore protein Cbf1 
 
The kinetochore is a multiprotein complex consisting of more than 60 proteins that link the 

centromere to the microtubule to ensure the correct segregation of the chromosomes during 

meiosis and mitosis. This protein assembly can be subdivided into different protein layers, 

according to their function and distance to the centromeric DNA (Westermann et al. 2007). 
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We next asked whether a sensitization of the kinetochore by mutation of kinetochore 

components can cause defects of the cse4 allele with a mutation in the identified 

modification site. For this purpose, we combined cse4-R37A with mutations in genes 

encoding kinetochore components. To this end, a cse4Δ strain containing a mutation in a 

gene encoding a kinetochore component and an URA3-marked plasmid encoding wild-type 

Cse4 was transformed with a plasmid carrying cse4-R37A, or as a control, with an empty 

vector. The transformants were then plated on 5-FOA to select against the URA3-marked 

CSE4 plasmid. The negative control showed, as expected, no growth on 5-FOA. The strain 

containing cse4-R37A was able to survive on 5-FOA, showing that the mutation on 

arginine 37 of Cse4 was not lethal in the cbf1Δ cells (Figure 16a). The strain containing the 

cse4-R37A allele was then analysed for growth defects at different temperatures. 

Strikingly, the mutation of R37 to alanine caused a growth defect and temperature 

sensitivity in cbf1Δ cells (Figure 16b). Cbf1, the first kinetochore protein to be identified, 

is directly bound to the consensus sequence of the CDEI element of the centromeric region 

(RTCACRTG), but has no homologues in higher eukaryotes (Cai and Davis 1989; Baker et 

al. 1989). Next to its localization to the kinetochore, the Cbf1 protein functions as a 

transcription factor of methionine-biosynthesis genes (Cai and Davis 1990). 

One might speculated that the observed growth defect of cse4-R37A in cbf1Δ cells was due 

to the size difference between arginine and alanine. To address this question, arginine 37 

was also mutated to glutamine and lysine to prevent methylation of this site. Interestingly, 

the mutation of arginine 37 to glutamine showed inviability, a phenotype that was even 

stronger than that of cse4-R37A. The mutation of arginine 37 to lysine displayed no growth 

defects at the different temperatures in cbf1Δ cells (Figure 16a, b). Due to the fact that 

cse4-R37A and cse4-R37Q showed both a phenotype in cbf1Δ cells, we surmised that the 

phenotype was related to the absence of methylation rather than to the substituted amino 

acid.  

The above results indicated that the cse4-R37A allele when encoded on a CEN-based 

plasmid, showed growth defects in cbf1Δ cells. We further tested whether a chromosomal 

integration of the cse4 allele showed the same phenotypes. To this end, a cse4-R37A strain 

was constructed that contained this allele in the native CSE4 chromosomal location, rather 

than on a plasmid, and crossed this strain to a cbf1Δ strain. After the dissection of the asci, 

the distribution of the unmarked cse4-R37A allele in the segregants was analysed using 

allele-specific PCR. Subsequently, the double mutants were tested for their growth defect 

and temperature sensitivity. Significantly, cbf1Δ cse4-R37A segregants showed a slow 
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growth at the permissive temperature and temperature sensitivity at 37°C, showing that the 

phenotype was not dependent on the expression source of Cse4-R37A (Figure 16c). 

Altogether, these data showed that the mutation of arginine 37 in Cse4 caused a synthetic 

growth defect in cbf1Δ cells. 

 

 
 
Figure 16: Mutation of arginine 37 of Cse4 caused growth defect in cbf1Δ  cells. 
a, Mutation of Cse4-R37 to alanine (cse4-R37A) or glutamine (cse4-R37Q) caused slow growth and 
inviability, whereas mutation of Cse4-R37 to lysine (cse4-R37K) showed no growth defects in cbf1∆ cells. 
Plasmid-borne cse4-R37A/ -Q/ -K was introduced into a cbf1∆ cse4∆ strain carrying a URA3-marked CSE4 
plasmid, and the ability of the cells to survive in the absence of CSE4 was tested on URA3-counterselective 
medium containing 5-fluoro-orotic acid (FOA). b, Plasmid-borne cse4-R37A/ -K were introduced into a 
cbf1∆ cse4∆ strain and serial dilutions of these strains were spotted on YPD full medium. The incubation was 
performed for 3 days at indicated temperatures. c, cse4-R37A on a plasmid (second row) as well as 
chromosomally integrated (third row) caused slow growth at 30ºC and lethality at 37ºC in the cbf1∆ 
background. Rows 3 to 6 show a tetratype tetrad from a genetic cross of cse4-R37A with cbf1∆. 
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3.3.3 Genetic interactions of cse4-R37A with mutations in genes encoding components 
of the Ctf19 complex 
 
The presented results so far indicated that the absence of the methylation on arginine 37 of 

Cse4 showed strong synthetic growth defects with cbf1Δ. In the next step, we asked 

whether this effect was specific to the absence of Cbf1, or whether it extended to defects in 

the absence of other kinetochore components. To this end, different strains with mutations 

or deletions in genes encoding kinetochore components were used to analyse the different 

kinetochore protein complexes. The strain containing cse4-R37A was crossed to the 

kinetochore strains and the segregants were subsequently analysed at different 

temperatures. Interestingly, the absence of the Cse4 R37 methylation caused the most 

prominent effects with mutations in genes encoding components in the Ctf19 complex 

(Table 8). The Ctf19 complex belongs to the linker layer of the kinetochore, which 

connects the DNA-binding proteins of the inner kinetochore plate with the outer plate. One 

subcomplex of the Ctf19 complex is the four-protein complex COMA, which consists of 

Ctf19, Okp1, Mcm21 and Ame1 (Ortiz et al. 1999; Cheeseman et al. 2002). The cse4-

R37A allele caused strong synthetic interactions like lethality or growth defects in all four 

strains that were deleted or mutated for the genes encoding components of the COMA 

complex (Figure 17a; Table 8). In detail, cse4-R37A showed synthetic lethality in 

combination with ctf19Δ, mcm21Δ and ame1-4. Furthermore, a severe growth defect was 

observed in cse4-R37A okp1-5 cells.  

Other components of the Ctf19 complex also displayed growth defects in combination with 

cse4-R37A, like Iml3, Ctf3 and Chl4 (Figure 17b, c; Table 8). The latter has been shown to 

be an important structural component for the interaction between Ctf19-Iml3 and Ctf19-

Ctf3 in the kinetochore (Pot et al. 2003). This result illustrated that the mutations in genes 

encoding components of the Ctf19 complex showed strong synthetic interactions with the 

cse4-R37A allele. 
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Figure 17: cse4-R37A caused synthetic lethality and growth defects in combination with mutations in 
genes encoding components of the Ctf19 complex. 
a, Tetrad dissection of genetic crosses between cse4-R37A with ctf19Δ (left) and mcm21Δ (right). The 
dissection of the individual ascospores is aligned in vertical rows. The double mutants ctf19Δ  cse4-R37A and 
mcm21Δ cse4-R37A are marked with circles. b, cse4-R37A caused synthetic growth defects in the absence of 
the Ctf19 component Iml3. Serial dilutions of the four segregants after the cross between cse4-R37A and 
iml3Δ were spotted on full medium and incubated for three days at the indicated temperatures. The top two 
rows represented the parental strains. c, cse4-R37A caused synthetic growth defects in combination with 
chl4Δ. Representation as in b. 
 
Furthermore, we found that the cse4-R37A allele caused slight growth defects with mtw1-

11, a component of the MIND complex and with spc105-4 (Euskirchen 2002; Pagliuca et 

al. 2009). Synthetic lethality was furthermore observed in combination with the absence of 

the microtubule-associated kinesin Cin8. However, the cse4-R37A allele showed neither a 

strong defect in combination with mutations of the DNA binding complex CBF3 and Mif2, 

nor with mutations of the four-protein complex Ndc80 (Espelin et al. 1997, Brown et al. 

1993; Wigge et al. 1998). Taken together, these data showed that the methylation on the 

arginine 37 of Cse4 became essential when kinetochore function was compromised by 

mutations of genes of the Ctf19 complex. 
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Table 8: Summary of the genetic interactions of cse4-R37A with mutations in genes encoding 
kinetochore components 
 

 
 
* Additional phenotype caused by cse4-R37A in combination with the indicated allele of the gene encoding 
the respective kinetochore component. (-), no additional phenotype observed. 
 

3.3.4 Methylation on arginine 37 of Cse4 affected centromere function 
 
The centromeric sequence in S. cerevisiae encompasses ~125 bp of DNA and is subdivided 

into three elements (Furuyama and Biggins 2007). Changes in the sequence of the different 

elements affect centromere activity by causing aberrant chromosome segregation (Gaudet 

and Fitzgerald-Hayes 1987). Due to the fact that the kinetochore protein Cbf1 binds to the 

8-bp CDEI sequence of the centromere (Cai and Davis 1990) and our observation that 

cse4-R37A caused a growth defect in CBF1-deleted cells, we hypothesized that the absence 

of the methylation of Cse4 affected the segregation of chromosomes lacking Cbf1 

function. Therefore, we analysed the stability of a plasmid lacking the CDEI sequence of 

centromere 6 (Panzeri et al. 1985) in cells containing the cse4-R37A allele in comparison 

to wild-type cells. An intact centromeric plasmid served as a control. In wild-type cells, the 

plasmid lacking CDEI showed a reduced mitotic stability especially at 37°C, as it has been 
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previously reported (Panzeri et al. 1985) (Figure 18). However, a significant increase in 

plasmid instability of the CDEIΔ plasmid was observed in cse4-R37A cells in comparison 

to the wild-type cells both at 30°C and 37°C. This increase of plasmid instability was not 

observed with the intact centromeric plasmid in wild-type and cse4-R37A cells, not even at 

higher temperatures. This data showed that the cse4-R37A allele compromised the 

centromere stability in the absence of Cbf1 or deletion of the sequence domain of CDEI. 

 

 
 
Figure 18: Mutation of arginine 37 of Cse4 caused a maintenance defect of plasmids lacking the CDEI 
sequence of CEN6. 
Plasmid loss assay was perfomed of wt strain (AEY4) and cse4-R37A strain (AEY4965) containing a CEN6-
TRP5-plasmid (pAE264) or a CEN6-CDEIΔ-TRP5-plasmid (pAE1771) at 30°C and 37°C. Error bars give 
standard deviation of three independent experiments. The asterisk indicates significant difference, P value < 
0.05. 
 
We next asked, whether this effect was only related to the loss of minichromosomes, or 

whether the segregation of a larger chromosome fragment was also affected by cse4-R37A. 

For this purpose, the stability of a linear, non essential chromosome fragment with a 

deletion in CDEI of CEN6 (Hegemann et al. 1988) and the equivalent wild-type fragment 

was analysed in wild-type and cse4-R37A cells. The transformed chromosome fragment 

was fused to the left arm of chromosome III and contained a SUP11 gene, which 

suppresses the ade2 mutation of the diploid cells. Loss of the SUP11 gene can be 

monitored by red pigmentation of the analysed cells. 

In agreement with the above observations, the cells containing the cse4-R37A showed an 

increased loss of the chromosome fragment with a deletion in the centromeric element I of 

CEN6 compared to wild-type cells, as measured by an increase of red colonies. As a 

control, a wild-type CEN6 was fused to chromosome III, and it showed no differences in 

the loss rate between wild-type and cse4-R37A cells (Figure 19). Taken together, this data 
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showed that the absence of methylation on arginine 37 of Cse4 disrupted centromere and 

chromosome segregation in the absence of CDEI, suggesting a role of Cse4 methylation in 

chromosome segregation. 

 

 
 
Figure 19: cse4-R37A caused increased loss of linear, non essential chromosome fragment with a 
deletion in CDEI of CEN6. 
a, Transformation with linearized wt and deleted chromosome fragment in the CSE4 diploid strain caused 
mitotically stable SUP11-marked chromosome fragment which suppressed the ade2 mutation. The 
transformants showed a pink phenotype with minor red colonies. b, Analysis in cse4-R37A cells as described 
in a. Increased loss of CDEI deleted chromosome fragment in the cse4-R37A cells which was indicated by 
red colonies. Experimental procedure and picture courtesy of Prof. Ehrenhofer-Murray.  
 

3.3.5 Absence of methylation of Cse4 caused a G2/ M arrest in cbf1Δ  cells 
 
The above experiments showed that the cse4-R37A allele in combination with a cbf1Δ 

strain caused a synthetic growth defect at 23°C and 30°C and a synthetic lethality at 37°C. 

To answer the question whether this observed phenotype is due to defects in the cell cycle, 
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the cells were analysed by flow cytometry (FACS). For this purpose, the cells were grown 

at 23°C, shifted for five hours to 37°C, and the DNA was stained with propidium iodide. 

Interestingly, the double mutant of cbf1Δ and cse4-R37A showed an accumulation of cells 

with 2n DNA content and a loss of cells with 1n DNA content at 23°C and particularly at 

37°C in comparison to the wild-type and single mutants cells (Figure 20). The wild-type 

cells, the cse4-R37A cells as well as the cbf1Δ cells showed a distinct amount of cells 

containing 1n DNA content in comparison to the double mutant especially at the restrictive 

temperature. This result showed that the cbf1Δ cse4-R37A strain was characterized by a 

clear mitotic defect that was due to an arrest of the cells at the G2/ M boundary. This result 

was consistent with a defect of Cse4-R37A, and thus R37 methylation, in centromere 

function at the G2/ M boundary in the absence of Cbf1. 

 
 
Figure 20: G2/ M arrest in cbf1Δ  cse4-R37A cells at the permissive and restrictive temperature. 
WT (AEY4), cbf1Δ (AEY4816), cse4-R37A (AEY4965) and cbf1Δ cse4-R37A (AEY4985) cells were grown 
to logarithmic phase at 23°C (a) and shifted to 37°C (b) for five hours. DNA was stained with propidium 
iodide (PPI) and analysed by FACS analysis.  
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The observation of a mitotic defect raised the question whether the double mutants of cse4-

R37A and cbf1Δ showed sensitivity against the microtubule destabilization agent 

nocodazole. Nocodazole interferes with the polymerization of the microtubules, leading to 

a cell arrest in G2/ M. The absence of the formation of the metaphase spindles and the 

inability to segregate the chromosomes activates the spindle assembly checkpoint, forcing 

the cells to arrest in prometaphase. Interestingly, no significant sensitivity against the agent 

was observed of the double mutant cbf1Δ cse4-R37A on complete medium previously 

supplemented with different concentrations of nocodazole (Figure 21). This result showed 

that the microtubule attachment to the kinetochore was not affected in the double mutants 

at the selected nocodazole concentrations. 

 

 
Figure 21: No significant sensitivity of cbf1Δ  cse4-R37A cells to nocodazole. 
Serial dilutions of WT (AEY4), cbf1Δ (AEY4816), cse4-R37A (AEY4965) and cbf1Δ cse4-R37A (AEY4984-
4986) cells were spotted on full medium previously supplemented with different concentrations of 
nocodazole and incubated for three days at 30°C. Full medium supplemented with dimethylsulfoxide 
(DMSO) was used as negative control. 
 

3.3.6 Cse4 deposition at the centromere was independent of Cse4 R37 methylation 
 
The results above demonstrated that the cse4-R37A allele showed strong synthetic lethality 

in different mutants of genes encoding kinetochore components. Chromatin 

immunopreciptiation (ChIP) was performed to gain more insights into the mechanistic role 

and function of the methylation on arginine 37 of Cse4. One explanation of the growth 

defects and synthetic lethality of the cse4-R37A allele could be that there were decreased 

levels of Cse4 and thus R37 methylation at the centromeric region at the restrictive 

temperature. Consequently, the kinetochore would not be established properly. To analyse 

the amount of Cse4 at the centromeric region, we performed chromatin 

immunoprecipitation (ChIP) and Western blotting against HA-tagged wild-type Cse4 and 

Cse4-R37A in cbf1Δ cells at different temperatures. Importantly, equal Cse4 amounts were 

measured in the cbf1Δ as well as in the cbf1Δ cse4-R37A cells at 23°C by ChIP (Figure 

22). At the restrictive temperature for cbf1Δ cse4-R37A cells, the Cse4 level was even 
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slightly increased, indicating that cse4-R37A did not compromise the presence of Cse4 at 

CEN4. The presence of histone H4 was not influenced by the additional mutation of 

arginine 37 of Cse4 in cbf1Δ cells or at the different temperatures. Measurement of total 

cellular levels of Cse4 by Western blotting showed that equal amount of Cse4 and Cse4-

R37A were found also at the restrictive temperature in cbf1Δ cse4-R37A cells. This data 

showed that the mutation of arginine 37 in Cse4 did not affect the protein stability as well 

as the deposition of the protein at the centromeric region in cbf1Δ cells. 

 

 
 
Figure 22: The association of Cse4 at CEN4 was not affected by Cse4 R37 methylation. 
ChIP analysis was performed in cbf1Δ cse4Δ strains carrying either CSE4 or cse4-R37A on a plasmid. The 
strains were grown to logarithmic phase at the permissive temperature (23°C) and shifted for four hours at 
the restrictive temperature (37°C). Samples were taken at both temperatures. ChIP was perfomed with α-HA 
(Cse4-3xHA) and, as a control, α-H4 antibody. Values give the enrichment relative to the input. Error bars 
give standard deviation of three independent ChIP experiments. The asterisk indicates significant difference, 
P value < 0.05. Right, western blot analysis of the amount of Cse4-3xHA and H4 in whole cell extract of the 
indicated strains at different temperatures. 
 
Furthermore, we asked whether the observation that Cse4-R37A did not affect the 

deposition of the protein at the centromere in cbf1Δ  cells could be confirmed by an 

independent method like fluorescence microscopy. For this purpose, we tagged Cse4 with 

GFP and crossed this strain with the cbf1Δ cells (Figure 23). However, after the dissection 

of the tetrads, a synthetic lethality between Cse4-GFP and cbf1Δ was observed, and a 

further analysis of the association of Cse4 at the centromeric region in the cbf1Δ cells by 

fluorescence microscopy was therefore not possible. This furthermore showed that the C-

terminal GFP-tag comprised Cse4 function in cbf1Δ cells. 
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Figure 23: GFP-tagged CSE4 was lethal in combination with cbf1Δ  cells. 
Tetrad dissection of genetic crosses between cbf1Δ with GFP-tagged Cse4 strain. The dissection of the 
individual ascospores is aligned in vertical rows. The double mutants cbf1Δ CSE4-GFP are marked with 
circles. 
 

3.3.7 Cse4 R37 methylation regulated the recruitment of kinetochore components to 
the centromere 
 
Another hypothesis to explain the growth defects and synthetic lethality with cse4-R37A in 

combination with mutants of kinetochore components was that the absence of methylation 

could cause defects in the assembly of the kinetochore. The presented results above show 

that the methylation of Cse4 contributed to centromere function and to chromosome 

segregation. In its absence, an interaction of Cse4 with kinetochore proteins could be 

disturbed, thus leading to a regulatory defect in kinetochore assembly. To test this 

hypothesis, the association of two kinetochore proteins, Mtw1 and Ame1, to CEN4 were 

measured in cbf1Δ and cbf1Δ cse4-R37A cells grown at 23°C and 37°C. Both kinetochore 

proteins are components of the central kinetochore layer, which connects the inner 

components with the microtubule-associated proteins. Mtw1 is a subcomponent of the 

MIND complex, and the COMA complex is represented by Ame1 (Euskirchen 2002; Ortiz 

et al. 1999). The association of the kinetochore proteins, Mtw1 as well as Ame1, was not 

affected at CEN4 in both strains at the permissive temperature. In contrast, significantly 

decreased levels of Mtw1 and Ame1 were measured at CEN4 in the cbf1Δ cse4-R37A cells 

in comparison to cbf1Δ cells at the restrictive temperature (37°C). The cellular protein 

levels of Mtw1 and Ame1 were unaffected in the indicated strains and temperatures 

(Figure 24). The decreased levels of both kinetochore proteins at the centromeric region in 

the cbf1Δ cse4-R37A cells at 37°C showed that the R37 methylation of Cse4 regulated the 

recruitment of the kinetochore components to the centromere.  
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Figure 24: Cse4-R37A caused a defect in the recruitment of Mtw1/MIND and Ctf19/COMA complex 
components to the kinetochore in the absence of Cbf1. 
a,  Association of Mtw1 at CEN4 and POL1 was measured by ChIP in cbf1Δ strains carrying either CSE4 or 
cse4-R37A. Indicated strains were grown to early logarithmic phase at the permissive temperature (23°C) and 
shifted to the restrictive temperature (37°C) for four hours. ChIP analysis was performed with α-myc. Values 
give the enrichment relative to input. Error bars give standard deviation of three independent ChIP 
experiments. The asterisk indicates significant difference, P value < 0.05. Right, Western blot analysis of the 
amounts of Mtw1-9xmyc and H2B in whole cell extracts. b, ChIP of Ame1-9xmyc at CEN4 and POL1. 
ChIP-analysis and representation as in a. 
 

3.3.8 Deletion of annotated arginine methyltransferases in cbf1Δ  cells showed no 
synthetic genetic interaction with cse4-R37A 
 
The R37 methylation of Cse4 was identified by mass spectrometry, and the phenotypic 

analysis of cse4-R37A allele suggested a role for this methylation in regulating kinetochore 

assembly and proper chromosome segregation. These observations raised the question 

which enzyme was involved in the methylation of Cse4. One might expect that the absence 

of the putative arginine methyltransferase would prevent the methylation of Cse4 on 

arginine 37, and an additional deletion of CBF1 may therefore display the same phenotype 

as cbf1Δ cse4-R37A of growth defect and temperature sensitivity.  Three genes for arginine 

methyltransferases are annotated in the S. cerevisiae genome - HSL7, HMT1 and RMT2. 
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To test whether one of these enzymes was responsible for the arginine methylation on 

Cse4, we constructed mutants of the putative arginine methyltransferases in cbf1Δ cells. 

However, the absence of these arginine methyltransferases in cbf1Δ cells did not cause a 

growth defect at 23°C and 30°C or lethality at 37°C (Figure 25a). These results showed 

that the deletion of the analysed arginine methyltransferase in cbf1Δ cells did not display 

the expected phenotype. It cannot be rule out that a deletion of an arginine 

methyltransferase in cbf1Δ cells does not show the same phenotype as cbf1Δ cse4-R37A, or 

that a single arginine methyltransferase was not solely involved in the methylation of Cse4. 

Consequently, we asked whether a triple mutant of these arginine methyltransferases 

displayed the growth defect and synthetic lethality in combination with a deletion of CBF1 

(Figure 25b). However, the triple mutation of the arginine methyltransferases in 

cbf1Δ cells showed no growth defects and only a slight temperature sensitivity at 37°C, 

arguing that the analysed enzymes probably did not methylate Cse4 R37 alone or in 

combination.  

 
 
Figure 25: Single and triple deletion of the annotated arginine methyltransferases Hmt1, Rmt2 and 
Hsl7 did not cause growth defects and synthetic lethality in the absence of Cbf1. 
a, Serial dilutions of segregants from crosses between cbf1Δ (AEY4816) and deletions of arginine 
methyltransferase hmt1Δ (AEY4818), rmt2Δ (AEY4820) and hsl7Δ (AEY4822) were spotted on full medium 
and incubated for five days at the indicated temperatures. The top rows show the parental strains. b, Serial 
dilutions of cbf1Δ (AEY4816), cbf1Δ cse4Δ pcse4-R37A (AEY4848) and three transformants of cbf1Δ hmt1Δ 
rmt2Δ hsl7Δ (AEY4931) were spotted on full medium and incubated for three days at indicated temperatures.  
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The mutation of R37 to alanine of Cse4 showed synthetic lethality in combination with a 

deletion of CTF19, and this presented a stronger phenotype than cbf1Δ cse4-R37A. We 

therefore asked whether this phenotype could be use to identify the methyltransferase and 

therefore crossed a ctf19Δ strain to strains deleted in genes encoding for the arginine 

methyltransferases (Figure 26). After dissection of the tetrads, we observed no synthetic 

lethality in the double mutants. Taken together, these results did not show the expected 

phenotype of the double mutants of arginine methyltransferases with Ctf19 and therefore 

did not give an indication as to the methyltransferase responsible for the Cse4 R37 

methylation. However, also in this case, it cannot be rule out that a deletion of an arginine 

methyltransferase in ctf19Δ cells did not show the same phenotype as ctf19Δ cse4-R37A 

cells. 

 

 
 
Figure 26: Deletion of annotated arginine methyltransferase in ctf19Δ  cells revealed no synthetic 
lethality. 
Tetrad dissection of genetic crosses between deletions of arginine methyltransferases Hmt1, Rmt2 and Hsl7 
with ctf19Δ strain. The four spores from individual asci are aligned in vertical rows and were incubated at 
30°C. 
 
Furthermore, we asked whether the absence of the annotated arginine methyltransferases in 

wild-type cells caused a loss of methylation of Cse4 R37. To this end, cse4Δ strains 

carrying plasmid-borne CSE4-3xHA were constructed with deletion in genes encoding the 

arginine methyltransferases. The histones were extracted and the methylation state of Cse4 

was analysed using Cse4-R37me2a antibodies (Figure 27). The results showed that the 

deletion of an arginine methyltransferase did not cause a loss or decrease of asymmetrical 

dimethylation of Cse4. This data demonstrated that probably none of the annotated 

arginine methyltransferases was responsible for the asymmetrical dimethylation on 

arginine 37 of Cse4.  
 
 
 
 
 

ctf19! x hmt1! ctf19! x rmt2! ctf19! x hsl7!



 3. Results 

 

 72 

 
 
Figure 27: Deletion of genes encoding arginine methyltransferases did not cause a loss of asymmetrical 
dimethylation of Cse4 R37.  
Histone extracts from HMT1, HSL7 and RMT2- deleted cells were probed with α-Cse4-R37me2a antibody. 
Cse4-3xHA was detected with α-HA as loading control. The decrease of Cse4-R37me2a signal in the HSL7-
deleted strain was due to the lower amount of total Cse4.  
 

3.3.9 Deletion of putative S-adenosyl-L-methionine-dependent methyltransferases 
showed no synthetic lethality in ctf19Δ  cells 
 
The results above showed that a deletion of the arginine methyltransferases annotated in 

the S. cerevisiae genome did not display the same phenotype in cbf1Δ and ctf19Δ cells as 

the cse4-R37A allele. Therefore, we hypothesized that another S-adenosyl-L-methionine-

dependent methyltransferase might be responsible for the modification on arginine 37 of 

Cse4. Most of the S-adenosyl-L-methionine-dependent methyltransferases are 

characterized by a seven-strand twisted β-sheet that acts as the binding motif for the 

cofactor S-adenosyl-L-methionine (Cheng and Roberts 2001). It was suggested that around 

1 % of the open reading frames encode S-adenosyl-L-methionine-dependent 

methyltransferases (Katz et al. 2003). Based on the observed synthetic lethality of cse4-

R37A in a ctf19Δ strain, a ctf19Δ strain was crossed with deletion strains of putative S-

adenosyl-L-methionine-dependent methyltransferases (Appendix, Table 9) that were 

selected based on their annotation in the S. cerevisiae database. The deletion strains used in 

this screen were taken from the S. cerevisiae deletion library that encompasses around 

5000 non-essential genes (Winzeler et al. 1999). To this end, 53 crosses between ctf19Δ 

strains and deletion strains of putative methyltransferases were performed. However, the 

results showed that none of the segregants revealed synthetic lethality between ctf19Δ cells 

and deletion of S-adenosyl-L-methionine-dependent methyltransferases. Taken together, 

the results did not provide evidence for the responsible methyltransferase of Cse4 R37. As 

above, it cannot be rule out that a deletion of a putative S-adenosyl-L-methionine-

dependent methyltransferase in ctf19Δ cells did not show the same phenotype as ctf19Δ 

cse4-R37A cells. 
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3.4 Acetylation on lysine 49 of Cse4 
 
The mass spectrometry analysis performed above identified acetylation on lysine 49 of 

Cse4 in addition to the methylation on arginine 37 of Cse4. Phenotypical analysis showed 

that this acetylation on lysine 49 displayed a kinetochore-dependent function in 

combination with the methylation on arginine 37 (see 3.5). Therefore, a specific antibody 

was generated against the acetylation of Cse4 K49 for use in further analyses.  

 

3.4.1 Generation and purification of an antibody against Cse4 K49 acetylation 
 
For the generation of a modification-specific antibody against the acetylation on lysine 49, 

a peptide was synthesized and used for immunization. As above for the anti-methylation 

antibodies, the specificity of the obtained sera was tested by dot blot against modified and 

unmodified peptide. To increase the specific reactivity against the modified peptide, the 

antibody was purified over a column coupled with modified peptide and subsequently 

incubated with the unmodified peptide. Afterwards, the specificity of the antibody against 

the modified peptide was tested by dot blot (Figure 28). The results showed that the 

antibody was specific for the modified Cse4-K49 peptide and displayed no signal for the 

unmodified Cse4-K49 peptide. The specificity of the antibody was also tested in a peptide 

competition assay. For this purpose, the antibody was pre-incubated with competing 

modified and unmodified Cse4-K49 peptides before the antibody was used in the dot blot. 

The results showed that the antibody that was pre-incubated with the competing modified 

peptide, lost the ability to detect the modified peptide on the dot blot membrane. 

Conversely, the pre-incubation with the unmodified peptide did not influence the ability of 

the antibody to detect the modified peptide. Altogether, these data showed that the 

polyclonal antibody generated against the acetylated Cse4 peptide was specific for the 

acetylation on lysine 49 of Cse4 and could distinguish between acetylated and non-

acetylated Cse4-K49 peptides.  
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Figure 28: Specificity of Cse4-K49ac antibody.  
Immuno-dot blots showing the specific reactivity of the Cse4-K49ac antibody. a, The indicated amounts of 
modified and unmodified peptides were spotted on nitrocellulose membrane and probed against α-Cse4-
K49ac (1:200). b, Peptide competition assay of Cse4-K49ac antibody. Indicated amounts of Cse4 peptide 
carrying K49ac were spotted on the nitrocellulose membrane. Cse4-K49ac antibody was pre-incubated with 
the competing peptides indicated to the right of the blot for 1 h for 28°C. Afterwards the antibody was 
incubated on the membrane over night at 4°C.  
 

3.4.2 Detection of Cse4 K49 acetylation with a modification-specific antibody 
 
The results above showed that we had successfully generated a specific polyclonal 

antibody against Cse4 K49 acetylation. We asked whether the acetylation on lysine 49 

could be detected using the specific antibody on Cse4 in yeast cells. To this end, we used 

different protein extractions to test the antibody in cse4Δ strains carrying the CSE4 on a 

plasmid in comparison to strains carrying plasmid borne cse4-K49R. We expected to see a 

decreased signal in the cse4-K49R allele strain, because the mutation from lysine 49 to 

arginine should prevent recognition by the antibody. Using a conventional histone 

extraction from both strains, the antibody was unable to give rise to a specific signal in the 

CSE4 containing strain for the acetylation of lysine 49 on Cse4 (Figure 29). 

 
Figure 29: No specific signal for the acetylation on lysine 49 of Cse4 in histone extracts.  
a, Histone extractions were prepared from CSE4 deleted strain carrying either CSE4 on a plasmid with or 
without HA-tag or HA-tagged cse4-K49R. 50 µg of histones from each strain were separated via SDS-PAGE 
and probed with α-K49ac antibody over night. b, Preparation as described in a. 5 µg of histones from 
indicated strains were separated via SDS-PAGE and probed with α-HA as control.  
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We therefore purified Cse4 from 6000 OD cells according to the same method that we had 

previously used for the mass spectrometric analysis. By using the specific antibody, we 

detected a signal for the acetylation on lysine 49 of Cse4 in the CSE4 strain, and this signal 

was absent in the cse4-K49R strain (Figure 30a). In a second approach, the antibody was 

pre-incubated with the competing unmodified peptide before incubated on the membrane 

(Figure 30b). The result showed that the antibody previously saturated against the 

unmodified peptide detected a signal in the wild-type strain, which was absent in the cse4-

K49R strain. The total amount of Cse4 was analysed by HA antibody to detect Cse4-3xHA 

as a loading control. To summarize, the results showed that the generated antibody 

detected specific the acetylation on lysine 49 in vivo and confirmed the acetylation state of 

Cse4 K49 identified by mass spectrometry. 

 

 
 

Figure 30: Cse4 was acetylated on lysine 49 in vivo. 
a, Histone extracts from wild-type (AEY2781) and cse4-K49R (AEY2960) cells were probed with α-Cse4-
K49ac antibody (1:200) and with α-HA as loading control to detect Cse4-3xHA. b, The α-Cse4-K49ac 
antibody was pre-incubated with unmodified peptide for 1 h at 28°C before the antibody was incubated on 
the membrane over night at 4°C. The representation is as described in a. 
 

3.4.3 Increased acetylated Cse4 K49 in hydroxyurea-arrested cells 
 
Since the methylation on arginine 37 of Cse4 fluctuated in the cell cycle, we asked whether 

the acetylation on lysine 49 on Cse4 was also cell-cycle dependent. For this purpose, a 

cse4Δ strain carrying plasmid-borne CSE4-3xHA was arrested in S-phase using 

hydroxyurea and in G2/ M with nocodazole. Subsequently, Cse4 was purified, and the 

amount of Cse4 K49 acetylation was analysed using the antibody specific against this 

modification (Figure 31). The result showed that the amount of acetylation on Cse4 K49 

was increased in the S-phase arrested cells in comparison to the asynchronous or G2/ M-

phase arrested cells. This data demonstrated that the acetylation on arginine 37 of Cse4, 

like the methylation of Cse4, was cell-cycle dependent. 
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Figure 31: Cse4 K49 acetylation was increased in S-phase arrested cells. 
Histone extracts from asynchronous cultures of wild-type cells (AEY2781), or from cells arrested in S-phase 
with hydroxyurea and in G2/ M-phase with nocodazole were probed with α-Cse4-K49ac. The K49ac 
antibody was pre-incubated with unmodified competing peptide. Cse4-3xHA was detected with α-HA as 
loading control. 
 

3.5 Functional analysis of Cse4 K49 acetylation 
 

3.5.1 Mutation of Cse4 modifications sites caused no growth defect in wild-type cells 
 
Next to the methylation of arginine 37 on Cse4, the mass spectrometry identified as 

described above also phosphorylation of serine 33 and acetylation of lysine 49 in the N-

terminus of Cse4. Analogous to the methylation of arginine 37, we mutated serine 33 of 

Cse4 to alanine and lysine 49 to arginine to imitate the unmodified state of the amino acid 

site in Cse4. At the same time, we also generated double mutants of these modifications 

sites. To test the function of the different mutations in the yeast cells, the plasmids 

encoding the mutated Cse4 were transformed into a cse4Δ strain containing an URA3-

marked CSE4 plasmid. Subsequently, the transformants were plated on 5-FOA to select 

against the URA3-marked CSE4 plasmid. The strains carrying the cse4-S33A as well as 

cse4-K49R allele were able to survive on 5-FOA, and double mutants also survived, 

demonstrating that the mutation of these modification sites of Cse4 alone or in 

combination was not lethal. The strains carrying the mutations of the modifications sites 

were furthermore analysed for growth defects at 23°C, 30°C and 37°C (Figure 32). The 

results showed that none of the point mutations in the N-terminus of Cse4 alone or in 

combination with another mutation caused growth defects in the wild-type at the analysed 

temperatures.  
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Figure 32: Analysed cse4 alleles showed no temperature sensitivity.  
Plasmid-borne point mutations of CSE4 were introduced into a cse4Δ strain carrying an URA3-marked CSE4. 
After URA3-counterselection on 5-FOA, serial dilutions of the different transformants were spotted on full 
medium and incubated 5 days (upper panel) and 2 days (lower panel) at the indicated temperatures.  
 
Additionally, the cse4-S33A as well as the cse4-K49R allele was combined with the 

temperature sensitive cse4-103 allele. This allele is characterized by the mutation of two 

amino acids in the C-terminus of Cse4 (I156V, L193Q). It is assumed that the L193Q 

mutation in Cse4 disrupts the Cse4-H4 interface (Glowczewski et al. 2000). The results 

showed that neither the mutation of serine 33 to alanine nor the mutation of lysine 49 to 

arginine in Cse4 had a significantly influence on the temperature sensitivity of the cse4-

103 allele (data not shown).  

 

3.5.2 Growth defect and synthetic lethality of cse4-R37A in cells lacking kinetochore 
components was suppressed by additional mutation of K49R 
 
We have shown by mass spectrometry that several amino acid sites in the N-terminus of 

Cse4 are modified. All of them were located in the essential N-terminal domain (END), 

which encompasses amino acids 28-60 of Cse4 (Keith et al. 1999). The mutation of 

arginine 37 to alanine, which prevents the methylation of the amino acid site, displayed 

growth defects and synthetic lethality in mutants of kinetochore components. We further 

asked whether the phosphorylation on serine 33 and acetylation on lysine 49, which are in 

close proximity to arginine 37, also showed growth defects in the analysed kinetochore 

mutants. To this end, Cse4 mutants of serine 33 and lysine 49 were introduced into cbf1Δ 

cells. As already shown, the mutation of arginine 37 to alanine of Cse4 caused growth 

defects and synthetic lethality in a cbf1Δ strain. We observed that plasmid-borne cse4-
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K49R as well as cse4-S33A showed no growth defects in this strain, nor did the cse4-S33A-

K49R allele. Interestingly, the double mutation of arginine 37 and lysine 49 suppressed the 

growth defects of cse4-R37A in the cbf1Δ strain as well as the lethality at 37°C (Figure 

33a, b). The same suppression was observed when cse4-R37A-K49R was chromosomally 

integrated in the CSE4 locus (Figure 33c), showing that the suppression of cse4-R37A by 

cse4-R37A-K49R was not due to a different expression of the cse4 allele on a plasmid in a 

cbf1Δ strain. Altogether, this data showed that the mutation of serine 33 to alanine of Cse4 

caused no observably phenotype in cbf1Δ strain, but an additional mutation of lysine 49 to 

arginine of Cse4 suppressed the growth defect of a cbf1Δ cse4-R37A strain. 

 

 
 
Figure 33: Cse4-R37A caused temperature sensitivity in combination with cbf1Δ  and was suppressed 
by K49R. 
a, Plasmid-borne point mutants of CSE4 were introduced into a cse4Δ cbf1Δ strain carrying an URA3-marked 
CSE4. After URA3-counterselection on 5-FOA, serial dilutions of the different transformants were spotted on 
full medium and incubated for 5 days at the indicated temperature. b, Plasmid-borne cse4-R37A and cse4-
K49R were introduced into a  cbf1Δ cse4Δ strain carrying an URA3-marked CSE4. After URA3-
counterselection on 5-FOA, serial dilutions of the different transformants were spotted on full medium and 
incubated at the indicated temperature. c, Serial dilutions of segregants from crosses between cbf1Δ and 
cse4-R37A as well as cse4-R37A-K49R were spotted on full medium and incubated at the indicated 
temperatures. The top row shows the cbf1Δ parental strain. 
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We furthermore asked whether the point mutations of Cse4 in the cbf1Δ cells caused 

sensitivity against nocodazole. As described above, the cse4-R37A showed no sensitivity 

against nocodazole in cbf1Δ cells. Also, none of the analysed point mutations of Cse4 

showed sensitivity against nocodazole in the cbf1Δ cells (Figure 34). The observed growth 

defect of the Cse4-R37A mutant in cbf1Δ cells at different nocodazole concentrations was 

due to the immanent growth defect of Cse4-R37A in cbf1Δ cells and not due to the 

presence of nocodazole. These results suggested that the microtubule attachment was not 

affected by mutations in the Cse4 modification sites – serine 33, arginine 37 and lysine 49.  
 

 
 
Figure 34: No sensitivity against nocodazole of cse4 alleles in cbf1Δ strain. 
Plasmid-borne point mutants of CSE4 were introduced into a cse4Δ cbf1Δ strain carrying an URA3-marked 
CSE4. After URA3-counterselection on 5-FOA, serial dilutions of the different transformants were spotted on 
full medium containing indicated concentration of nocodazole and incubated three days at 30°C. Full 
medium supplemented with dimethylsulfoxide (DMSO) was used as negative control. 
 
We further tested whether the suppressed growth defect by cse4-R37A-K49R in cbf1Δ cells 

was specific to Cbf1, or whether it also played a role in other mutants of kinetochore 

components. To this end, a ctf19Δ strain was transformed with plasmids encoding cse4 

alleles, and the transformants were then plated on 5-FOA medium to select against the 

URA3-marked CSE4 plasmid. As negative control, an empty vector as well as a plasmid 

encoding the temperature sensitive cse4-103 allele was used. As expected, the negative 

controls showed no growth on 5-FOA, indicating cse4-103 and a deletion of CSE4 is lethal 

in combination with ctf19Δ cells. Analogous to the results in the cbf1Δ cells, the cse4-S33A 

as well as the cse4-K49R allele showed no growth defect or lethality in a ctf19Δ strain. As 

described above, the cse4-R37A allele showed synthetic lethality in combination with 

ctf19Δ. Interestingly, we found that the additional mutation of lysine 49 to arginine rescued 

the synthetic lethality of ctf19Δ cse4-R37A cells (Figure 35). The double mutants cse4-

S33A-R37A, cse4-S33A-K49R and cse4-S33A-R37A-K49R showed no additional phenotype 

due to the mutation of serine 33 on Cse4. Taken together, these results showed that an 
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additional mutation of lysine 49 to arginine suppressed the synthetic lethality of ctf19Δ 

cse4-R37A cells.   

 

 
 
Figure 35: Cse4-R37A caused synthetic lethality in combination with ctf19Δ  and was suppressed by 
K49R. 
Indicated plasmid-borne point mutants of CSE4 were introduced into a ctf19Δ cse4Δ strain carrying an 
URA3-marked CSE4. The ability of the cells to survive with the cse4 alleles was tested on URA3-
counterselective medium containing 5-fluoro-orotic acid (5-FOA, left). YM medium serves as control 
(middle). The plasmid encoding wild-type CSE4 was used as positive control. The empty plasmid pRS313 
and the cse4-103 allele were transformed as negative control. 
 

Furthermore, we tested whether the suppression of ctf19Δ cse4-R37A cells by additional 

mutation of lysine 49 was also observed in cells with chromosomally integrated cse4-

R37A-K49R. For this purpose, a ctf19Δ strain was crossed to a cse4-R37A-K49R strain and 

the phenotype of the double mutants were analysed (Figure 36). The results showed that a 

chromosomally integrated cse4-R37A-K49R rescued the synthetic lethality of cse4-R37A in 

ctf19Δ cells and confirmed the results observed with plasmid-borne Cse4 mutants.  

 

 
 
Figure 36: Additional mutation of K49R rescued the synthetic lethality of ctf19Δ cse4-R37A cells. 
Tetrad dissection of genetic crosses between ctf19Δ and cse4-R37A (left) and cse4-R37A-K49R (right). The 
dissection of the individual ascospores is aligned in vertical rows. The tetrads were incubated at 30°C. The 
double mutants ctf19Δ cse4-R37A and ctf19Δ cse4-R37A-K49R are marked with circles. 
 
Altogether, these data showed that the suppressed growth defect in cbf1Δ cse4-R37A cells 

by additional mutation of lysine 49 to arginine was not only limited to cbf1Δ cells, but was 
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also observed in ctf19Δ cells. Consequently, the results suggested that the acetylation on 

lysine 49 played a role in the kinetochore function and worked probably antagonistically to 

the methylation on arginine 37.  

 

3.5.3 Growth defect and synthetic lethality of cse4-R37A in mutants of kinetochore 
components was dependent on the acetylation on lysine 49 
 
The results above showed that the growth defect as well as the synthetic lethality of the 

cse4-R37A allele in cells lacking kinetochore components were rescued by the mutation of 

lysine 49 to arginine. In this context, the amino acid site arginine was chosen to imitate the 

unacetylated state of K49. To test whether the suppression was dependent on the mutation 

of K49 to arginine, we constructed a cse4 allele that mimicked a hyperacetylation on lysine 

49. To this end lysine 49 was mutated to glutamine. The plasmid borne cse4-R37A-K49Q 

allele was transformed in cbf1Δ cse4Δ, ctf19Δ cse4Δ and as control in cse4Δ cells 

containing an URA3-marked CSE4 plasmid. After counterselection for the URA3-marked 

plasmid on 5-FOA, the cse4-R37A-K49Q allele showed no growth defect in wild-type cells 

but caused synthetic lethality in cbf1Δ as well as in ctf19Δ cells (Figure 37). In summary, 

the results showed that an additional mutation of lysine 49 to arginine in ctf19Δ cse4-R37A 

as well as cbf1Δ cse4-R37A cells caused a suppression of the growth defect or synthetic 

lethality. This suppression was reversed by mutation of cse4-R37A-K49R to cse4-R37A-

K49Q, suggesting that the observed phenotype of cse4-R37A was dependent on the 

acetylation level of lysine 49 on Cse4.  
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Figure 37: The cse4-R37A-K49Q allele caused synthetic lethality in mutants of kinetochore 
components. 
a, Indicated plasmid-borne point mutants of CSE4 were introduced into a ctf19Δ cse4Δ strain carrying an 
URA3-marked CSE4. The ability of the cells to survive with the Cse4 alleles was tested on URA3-
counterselective medium containing 5-fluoro-orotic acid (5-FOA, left) and YM medium as control plate 
(middle). The plasmid encoding CSE4 was used as positive control. The non-coding plasmid pRS313 was 
transformed as negative control. b, Cse4 mutants were transformed into cbf1Δ cse4Δ strain. Analysis and 
representation as described in a. c, Cse4 mutants were transformed as control into cse4Δ strain. Analysis and 
representation as described in a.  
 

3.5.4 Deletion of SAS2 did not suppress the phenotype of cbf1Δ  cse4-R37A cells 
 
The acetyltransferase Sas2 belongs to the MYST family of HATs and is a member of the 

SAS-I complex (Sterner and Berger 2000). The SAS-I complex consists of the catalytic 

Sas2 component and of the subunits, Sas4 and Sas5, which are essential for the SAS-I 

activity. It was shown that Sas2 acetylates H4K16 and to a lesser extent also H3K14 

(Sutton et al. 2003; Kimura et al. 2002). Former experiments in the laboratory showed that 

Cse4 co-immunoprecipitated with Sas2 (Seitz 2004). Therefore, we asked whether the 

acetylation on lysine 49 of Cse4 was mediated by the histone acetyltransferase Sas2. We 
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hypothesized that the growth defect of the cse4-R37A allele in the cbf1Δ cells might be 

suppressed by additional deletion of SAS2, analogous to the phenotype observed in 

cbf1Δ cse4-R37A-K49R cells. To investigate this, SAS2 was deleted in cbf1Δ cells 

containing different Cse4 mutants, and the cells were incubated at different temperatures 

(Figure 38). We observed no suppression of the growth defect of cbf1Δ cse4-R37A cells by 

additional deletion of SAS2, suggesting that lysine 49 of Cse4 was probably not a target for 

the histone acetyltransferase Sas2.  

 

 
 
Figure 38: No suppression of cbf1Δ  cse4-R37A by additional deletion of SAS2. 
Plasmid-borne mutations of Cse4 were introduced into cbf1Δ cse4Δ cells with SAS2 or sas2Δ and serial 
dilutions of these strains were spotted on YPD full medium. The incubation of the plates was performed at 
different temperatures for 3 days. 
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4. Discussion 
 
Histones are predominantly modified at their N-terminus, which contributes to the 

dynamics of chromatin regulation in eukaryotic cells. In this study, we have investigated 

modifications on the centromeric histone H3 variant in S. cerevisiae, termed Cse4, and 

have characterized their function in the regulation of the centromeric region as well as in 

chromosome segregation.  

Here we have shown for the first time both by mass spectrometry and by using specific 

antibodies that this histone H3 variant is posttranslationally modified at several amino acid 

sites. Within the long N-terminal extension of Cse4, we found sites that were 

phosphorylated, acetylated and methylated. Interestingly, we observed that the mutation of  

arginine 37, a target site for methylation, displayed lethality or growth defects in 

combination with mutations in genes encoding components of the kinetochore. Besides 

mitotic defects, we also observed defects in plasmid and chromosome segregation, which 

depended on the arginine methylation of Cse4. We measured reduced levels of kinetochore 

proteins at the centromeric region in the absence of Cse4 methylation, indicating that the 

methylation of Cse4 on arginine 37 regulates the recruitment of kinetochore proteins to the 

centromere.  

Surprisingly, an additional mutation of the acetylated lysine 49 of Cse4 to arginine led to 

the suppression of the growth defects of the arginine 37 mutation. This indicates a potential 

antagonistic effect of the methylation and the acetylation in the N-terminus of Cse4. An 

integrated view of all these facts shows for the first time that the centromeric histone H3 

variant, like canonical histones, is modified by methylation, acetylation and 

phosphorylation. A detailed analysis of these modifications showed that the methylation on 

arginine 37 of Cse4 contributed to full centromere and kinetochore function. 

 

4.1 Cse4 - a target for posttranslational modifications 
 
The centromeric histone H3 variant serves as an epigenetic mark at the centromeric region 

(Mendiburo et al. 2011). Here, we employed mass spectrometry to identify PTMs on Cse4. 

This technique is well establish and has previously been used to discover, determine, 

confirm or quantify posttranslational modification patterns of the histones as well as 

histone variants (Garcia et al. 2007). One of the first novel histone modification discovered 

by mass spectrometry was H4 monomethylation on arginine 3 (H4R3me1) by PRMT1 
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(Strahl et al. 2001). In our approach, we have idendified several amino acid sites that were 

modified by acetylation, phosphorylation and methylation. This result raises the question 

whether this is an exhaustive list of all Cse4 modifications. In this study, Cse4 was 

digested with the protease trypsin after separation via HPLC for bottum-up mass 

spectrometry to identify the posttranslational modifications. Trypsin cleaves the protein 

mainly at the carboxyl side of arginines and lysines. Consequently, the peptides are 

determined in their length by the cleavage, and not all peptides are detectable by mass 

spectrometry. Subsequently, the identified modifications of Cse4 in this study are limited 

to the analysed peptides. An other protease that could be utilize to identify modifications of 

histones is the endoproteinase Arg-C, which hydrolyzes peptides at the carboxyl side of the 

amino acid arginine (Masumoto et al. 2005; Cuomo et al. 2011). Another fact that has to be 

taken into consideration is that posttranslational modifications on histones can alter in the 

cell cycle dependent on their function, as it was shown for the phosphorylation on tyrosine 

45 of histone H3 (Baker et al. 2010). By using asynchronous cells in this study, it is 

possible that some modifications on Cse4 were missed, because they were low in 

asynchronous cells and therefore below the detection level. 

In this study, we could point out that the Cse4 protein is a target for posttranslational 

modifications, like phosphorylation, acetylation and methylation. Previous studies 

described that Cse4 is polyubiquitylated in vivo (Collins et al. 2004), and an in vitro 

ubiquitylation assay suggested that Cse4 is ubiquitylated at positions K4, K131, K155, 

K163 and K172 (Hewawasam et al. 2010). The ubiquitin molecule is a large protein of 76 

amino acids and a molecular weight of 8,5 kDa, which affects the migration pattern of 

Cse4 in the SDS-PAGE gel. In our approach, no ubiquitination on a lysine residue of Cse4 

was detectable. This could be explained by the fact that the amount of ubiquitinated Cse4 

was to low in the exercised band for the detection by mass spectrometry.  

A quantification of the methylation on Cse4 R37 estimated that around 18 % of the 

analysed protein was monomethylated. In comparison, other histone variants were also 

modified to a similar degree. It was shown that the histone H2A variant, Htz1 is acetylated 

to 38 % at lysine 14 and to 3 % at lysine 3 (Millar et al. 2006), arguing that the 

monomethylation on Cse4 R37 is probably abundant. In contrast, the asymmetrical 

dimethylation on Cse4 R37 could be not identified by mass spectrometry, probably due to 

a low abundance of this modification. 

Another question regarding the identified modifications of Cse4 would be, whether 

homology to other well-known modifications on CenH3 molecules exists. Interestingly, 

only phosphorylation sites are described for CenH3 in other organisms. The centromeric 
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histone H3 homologue in human, CENP-A, is phosphorylated on serine 7 and plays a role 

in the final stage of cytokinesis (Zeitlin et al. 2001). A loss of this modification was shown 

to cause chromosome misalignment because of defects in microtubule attachment to the 

kinetochore (Kunitoku et al. 2003). The centromeric histone H3 variant in Z. mays is 

phosphorylated on serine 50 (Zhang et al. 2005). Nevertheless, the counterpart to the 

phosphorylation on serine 33 of Cse4 is absent in CENP-A as well as in the centromeric 

histone H3 variant from Z. mays. This is due to the long N-terminal extension of Cse4, 

which shows no homology to other histones. 

 

4.2 Interaction between Cse4 R37 methylation and kinetochore proteins 
 
In this study, growth defects as well as synthetic lethality were observed between mutants 

of genes encoding kinetochore components and the cse4-R37A allele. This result indicated 

an essential role of arginine 37 methylation on Cse4 when the kinetochore function was 

compromised by mutations of kinetochore components. A genetic interaction between 

Cse4 and kinetochore components has previously been reported in other studies. A screen 

for mutations synthetically lethal with a cbf1 null allele yielded kinetochore components, 

like Cep3 or Ndc10, but also a cse4 allele (Baker et al. 1998). Another test for genetic 

interactions between cse4 mutations located in the END domain and genes encoding 

kinetochore subcomplexes found a synthetic lethality between cse4-39 (D36A, R37A, 

R44A, R46A and K49A) with ctf19Δ, mcm21Δ as well as genes encoding subunits of the 

CBF3 complex (Chen et al. 2000), but single point mutations of this cse4 allele were not 

analysed in more detail. These described synthetic interactions were in agreement with the 

results of this thesis, namely that mutations in the N-terminus of Cse4 caused synthetic 

interactions with mutations of genes encoding different kinetochore components. 

Besides this genetic interaction, we also observed a decreased level of two kinetochore 

proteins at the centromeric region in cbf1Δ cse4-R37A cells, arguing that the methylation 

of Cse4 R37 contributes to the recruitment of kinetochore components to the centromere in 

cbf1Δ cells. These observations raised the hypothesis that this genetic interaction between 

the cse4 allele and genes of kinetochore components reflects a direct biochemical 

interaction between Cse4 R37 methylation and other kinetochore proteins. Previous two-

hybrid analyses showed that Cse4 interacts with the kinetochore protein Ctf19 (Ortiz et al. 

1999) and Dam1 (Shang et al. 2003) as well as the kinetochore-associated protein Scm3 

(Stoler et al. 2007). Another group found that the interaction between Ctf19 and Cse4 

depended on the END domain of Cse4, because a deletion of amino acids 36-55 of Cse4 
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abolished the protein-protein interaction (Chen et al. 2000). Due to this earlier observation, 

we asked by two-hybrid analysis whether the interaction between Cse4 and Ctf19 required 

the methylation on arginine 37 or the acetylation on lysine 49 of Cse4 (Appendix, Figure 

39). However, neither mutation of Cse4 R37 nor of Cse4 K49 abrogated the interaction. 

This result was in agreement with the observation that a yeast two-hybrid interaction still 

exists between Ctf19 and the cse4-559 allele, where the essential minimal END domain of 

Cse4 is directly attached to the histone fold domain (Chen et al. 2000). However, this two-

hybrid test has several caveats. For instance, effects on the protein folding can interfere 

with protein interactions due to the tag used in this method. It is also easily possible that 

Cse4 in the context of the yeast two-hybrid construct is not a target for posttranslational 

modifications, or that the yeast two-hybrid interaction with Ctf19 is independent of the 

methylation on arginine 37 as well as the acetylation on lysine 49. Also, the mutation of 

arginine to alanine or the mutation of lysine to arginine may not structurally reflect the 

unmodified form of these amino acids. Another method to measure the dependence of 

protein-protein interactions on posttranslational modifications would be to fuse the bait 

protein with the modifying enzyme to ensure constitutive modification of the bait protein 

via the physical linkage between the protein and its modifying enzyme  (Guo et al. 2004). 

However, this would require knowledge of the modifying enzyme. In order to further 

characterize the interaction between Cse4 and Ctf19, it would be interesting to determine 

whether the yeast two-hybrid interaction is dependent on the activity of an 

acetyltransferase or a methyltransferase.  

One might also speculate that the interaction partner of Cse4 R37 methylation could be a 

kinetochore-associated protein other than Ctf19, which caused the observed defect in 

kinetochore assembly by a loss of methylation on Cse4 R37. Other kinetochore proteins 

that are candidates for such a “reader” for the methylation on Cse4 R37, are for example 

components of the Ctf19 complex or Mif2. The latter was shown to copurify with H2A, 

H2B, H4 and Cse4, arguing that there is an interaction between the centromeric 

nucleosome and Mif2 (Westermann et al. 2003). The identity of such a methyl-arginine-

binding protein could be revealed by isolating a suppressor mutant of the cbf1Δ cse4-R37A 

defect. In this approach, the growth defect would be suppressed by another mutation, 

arguing that this mutation could be a compensatory mutation in a potential interaction 

partner of Cse4 R37 methylation. This method was already been used for other cse4 

mutants. Thereby, it was shown that the histone fold domain mutant, cse4-1, was 

suppressed by SCM3 (Chen et al. 2000). Further analysis showed that Cse4 co-

immunoprecipitated and interacted with Scm3 (Stoler et al. 2007; Camahort et al. 2007; 
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Mizuguchi et al. 2007; Pidoux et al. 2009; Williams et al. 2009). Consequently, the Scm3 

protein could also be a potential interaction partner of methylated Cse4 R37. Another way 

to determine the interactor of Cse4 R37 methylation could also involve a biochemical 

approach using specific binding to the modified Cse4 R37 peptide, or co-

immunoprecipitation of association partner of methylated Cse4 by using the modification-

specific antibodies. 

One might also speculate that the Cse4 R37 methylation has an effect on the modification 

of other kinetochore proteins. This phenomenon was previously described for the 

ubiquitination of lysine 124 on H2B, which is required for methylation of lysine 233 on the 

kinetochore protein Dam1. This observation suggests an in trans regulatory association 

between a histone modification and a modification of a non-histone protein (Latham et al. 

2011). Consequently, it would be interesting to see whether the loss of Cse4 R37 

methylation affects the modification on another kinetochore protein.  

In summary, our results showed a genetic interaction between cse4 alleles and genes 

encoding kinetochore components. It will be interesting to determine a biochemical 

interaction between the methylation on Cse4 R37 and components of the kinetochore. 

 

4.3 Role of Cse4 R37 methylation in the absence of Cbf1 
 
In this study, we showed that the absence of Cse4 R37 methylation displayed no phenotype 

in wild-type cells. This observation is in agreement with former experiments, which 

described temperature and chromosome sensitivity only for the quintuple Cse4 mutant 

(D36A, R37A, R44A, R46A and K49A) (Chen et al. 2000). In addition, it was also shown 

that most histone modifications do not display a phenotype in a wild-type background 

under standard conditions (Edwards et al. 2011; Gardner et al. 2011). This observation 

raised the question, why the methylation of Cse4 only shows an effect in the absence of the 

CDEI binding kinetochore protein, Cbf1? A recent study discussed the possibility that the 

Cbf1 protein, which is bound to the CDEI sequence of the centromeric DNA, together with 

the CDEIII-tethered CBF3 complex perfectly fixes the centromeric nucleosome to the AT-

rich CDEII sequence (Cole et al. 2011). Another group showed that in cbf1Δ cells the 

protection of the centromeric region is decreased and shifted more towards the CDEIII 

region (Krassovsky et al. 2012). One might also speculate that the kinetochore, which is 

associated with the centromeric nucleosome and the centromeric region, is affected in the 

absence of Cbf1. An additional loss of the Cse4 R37 methylation could then impair the 

formation of the kinetochore and disrupt chromosome segregation. In this context it is 
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imaginable that the monomethylation and asymmetrical dimethylation of Cse4 R37 have 

different functions in the recruitment of the kinetochore, as it was shown for the 

methylation on H3R2 in yeast (Kirmizis et al. 2007; Kirmizis et al. 2009). Taken together, 

we suggest that during S-phase, when the kinetochore is disassembled from replicating 

chromatin, the methylation is preferentially transferred to the N-terminus of Cse4. One 

might speculate that in this phase the accessibility for the methylation of the Cse4 N-

terminus is increased. After replication fork passage, Cse4 is integrated into the centromere 

(Xiao et al. 2011) and the kinetochore is subsequently reassembled on the centromeric 

DNA to link the chromatids to the microtubules. At that time, the methylation on arginine 

37 of Cse4 contributes to this recruitment of the kinetochore components to the 

centromeric region. This indicates that the methylation of Cse4 R37 is regulated during the 

cell cycle and associated with replication.  

 

4.4 Approaches to identify the enzyme responsible for Cse4 R37 
methylation 
 
A further aspect raised by the identified modifications on Cse4 is the question of the 

identity of the responsible enzymes. In the genome of S. cerevisiae, there are three 

annotated arginine methyltransferases. The methyltransferase Hsl7 was found in a screen 

to identify factors that genetically interact with the N-terminus of histone H3 and H4 (Ma 

et al. 1996). Rmt2 methylates the ribosomal protein L12 (Chern et al. 2002), and the 

nuclear ribonucleoprotein Npl3 is a substrate for the arginine methyltransferase Hmt1 

(Wong et al. 2010). All of them use S-adenosyl-L-methionine as co-factor to methylate 

arginine of their target protein. However, neither single mutants nor the triple mutation of 

HSL7, RMT2 and HMT1 displayed growth defects or temperature sensitivity in 

combination with cbf1Δ, arguing that these enzymes are not involved in Cse4 R37 

methylation. One explanation of this result is that the mutation of arginine 37 to alanine 

does not correspond to the chemical structure of an unmethylated arginine. This 

assumption could also explain the observed differences in the phenotype of cbf1Δ cse4-

R37A and cbf1Δ cse4-R37K cells. However, in addition an analysis of the amount of Cse4 

R37 methylation signal showed no differences in the strains deleted in genes encoding the 

arginine methyltransferases Hsl7, Hmt1 and Rmt2 with the antibody against Cse4-

R37me2a, arguing that these enzymes were probably not responsible for the asymmetrical 

dimethylation on arginine 37 of Cse4. 
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These observations led to the notion that another S-adenosyl-L-methionine dependent 

methyltransferase might be responsible for the methylation of Cse4 R37. To investigate 

this, we crossed deletion strains of putative S-adenosyl-L-methionine dependent 

methyltransferases with cells lacking Ctf19. This screen was limited in the number of 

analysed methyltransferases because of the fact that the deletion of genes like NOP1, 

DIM1 is not viable, or other deletions are sterile and therefore could not mate with a ctf19Δ 

strain, like STE14. Thus, the screen was limited to 53 putative S-adenosyl-L-methionine 

dependent methyltransferases. However, the responsible enzyme for the methylation on 

arginine 37 of Cse4 could not be identified with this approach. 

In general, identification of the enzyme of a newly identified histone modification poses a 

challenge. The responsible methyltransferases for methylation on arginine 2 of H3 

(Kirmizis et al. 2009) as well as the enzyme catalysing the methylation on H4K20 

(Edwards et al. 2011) or dimethylation on lysine 37 of H2B (Gardner et al. 2011) are still 

unknown in S. cerevisiae. In this context, neither a deletion nor an overexpression of the 

analysed enzymes affected the amount of the modification on the histone. With respect to 

these results, one possibility to search for the enzyme responsible for the methylation on 

Cse4 R37 is to perform Western blotting of strains deleted for or overexpressing genes 

encoding putative S-adenosyl-L-methionine dependent methyltransferases. Furthermore, 

an aspect that has to be taken into consideration is that the methylation of Cse4 R37 could 

be catalyzed by a still uncharacterized enzyme, which shows no homology to 

methyltransferases. A method to identify this Cse4 specific enzyme would be to fractionate 

a nuclear extract and analyse the different fractions for methyltransferase activity on 

recombinant Cse4 protein or a Cse4 peptide. A similar approach was used for the 

identification of the H4 specific methyltransferase, PRMT1 (Wang et al. 2001). 

Nevertheless, this method is very laborious, because it has to be ensured that the different 

fractions maintain their enzymatic activity during the purification. Another possibility is 

that more than one enzyme is responsible for the methylation on Cse4 R37. Taken 

together, the responsible enzyme for the methylation of Cse4 R37 remains to be identified.  

 

4.5 A putative crosstalk between arginine 37 methylation and lysine 49 
acetylation in the N-terminus of Cse4 
 
In this study, a compensation of cse4-R37A phenotypes was observed by the additional 

mutation of Cse4 K49 to arginine. This result suggests that the methylation on arginine 37 

acts antagonistically to the acetylation on lysine 49 of Cse4. Several histone modifications 
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have been identified to affect each other in trans as well in cis. An example for an in cis 

interaction between posttranslational modifications was observed on the N-terminus of the 

H3. It was shown that an H3 peptide phosphorylated at serine 10 could not be further 

methylated at lysine 9 by the H3 specific methyltransferase SUV39H1 (Rea et al. 2000), 

which was caused by a direct electrostatic inhibition between these modifications. An in 

cis interplay between an arginine methylation and lysine acetylation, as suggested in this 

study, has been described for the N-terminus of H4. The methylation of arginine 3 of H4 

facilitates the acetylation of different lysine residues in the H4 tail (Wang et al. 2001). 

However, the hyperacetylation of H4 inhibits further methylation of H4 R3 by PRMT1 

(Wang et al. 2001).  

Nevertheless, the question remains what the mechanism of this observed antagonistical 

effect in the N-terminus of Cse4 is? For the answer of this question, it would be interesting 

to analyse whether the absence of acetylation on lysine 49 suppresses the kinetochore 

recruitment effect. This could be verified by chromatin immunoprecipitation of 

kinetochore components in cbf1Δ cse4-R37A-K49R cells. Subsequently, in comparison to 

the effect of the methylation of Cse4 R37, one might hypothesize that the acetylation of 

lysine 49 attracts a negative or inhibits a positive regulator of the kinetochore assembly. 

One possibility is that the acetylation on lysine 49 inhibits the binding of a kinetochore 

protein, leading to defects in the assembly of the kinetochore. This might suggest that the 

level of lysine 49 acetylation is low at the centromeric region in a wild-type. Another 

possibility is that both N-termini of two Cse4 molecules within a nucleosome interact with 

each other, suggesting that these two modifications are distributed to two Cse4 molecules 

and probably influence the stability of the centromeric nucleosome. A two-hybrid analysis 

of the N-terminal tail of Cse4 with itself could be employed to test this hypothesis. One 

might also suggest that the acetylation on lysine 49 can influence the interaction of Cse4 

R37 methylation to another protein. A similar observation was shown for the 

phosphorylation on H3S10, which inhibits the interaction between the methylation on 

H3K9 and the heterochromatin protein HP1 (Fischle et al. 2005). In this context, it would 

be interesting to determine the differences in the amount of lysine 49 acetylation in a strain 

encoding the cse4-R37A allele in contrast to a wild-type strain. Another approach to gain 

more insights into the crosstalk between these two modifications would be to determine, 

whether it is possible to acetylate a methylated Cse4 peptide. However, this would require 

knowledge of the responsible acetyltransferase of lysine 49.  
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Taken together, our observations led us to suggest that an in cis interaction between the 

methylation on arginine 37 and the acetylation on lysine 49 in the N-terminus of Cse4 

exists. 

 

4.6 Putative kinases for the phosphorylation on serine 33 of Cse4 
 
In this study, it was shown that the mutation of serine 33 to alanine in the N-terminus of 

Cse4 displayed no growth defect in wild-type cells as well as in strains with deletions in 

strains encoding kinetochore proteins. Consequently the function of the phosphorylation on 

serine 33 in the N-terminus of Cse4 remains unknown until this point of study. However, 

one might speculate which enzyme could be responsible for the phosphorylation on Cse4 

S33. In the genome of S. cerevisiae, over 100 proteins are annotated as putative 

serine/threonine kinases. Computational analysis of protein phosphorylation in yeast 

identified no potential protein kinase for phosphorylation on Cse4 (Ptacek et al. 2005). 

Nevertheless, a putative kinase for the phosphorylation of serine 33 could be the Aurora B 

kinase Ipl1. In previous studies, it was shown that Ipl1 phosphorylates kinetochore 

components like Dam1, Ndc80 and Mif2 in yeast (Cheeseman et al. 2002; Akiyoshi et al. 

2009; Westermann et al. 2003) and the human Ipl1 homologues phosphorylate CENP-A on 

serine 7 in human cells (Zeitlin et al. 2001; Kunitoku et al. 2003). Another putative 

serine/threonine kinase is Ksp1 or the Polo-like kinase Cdc5 that were identified by 

immunoprecipitation of a Cse4 mutant (Ranjitkar et al. 2010). One might also speculate 

that the dephosphorylation of serine 33 could be mediated through the phosphatase Glc7, 

which was shown to dephosphorylate Ipl1 targets (Pinsky et al. 2006; Francisco and Chan 

1994).  

 

4.7 An acetyltransferase for the acetylation of Cse4 K49  
 
Former experiments showed that Cse4 co-immunoprecipitated with the acetyltransferase 

Sas2 (Seitz 2004). This suggests that Sas2 could catalyze the acetylation on Cse4, perhaps 

also on lysine 49. However, our results speak against this possibility, although it is again 

possible that the mutation of lysine 49 to arginine did not adequately reflect the 

unacetylated state of this amino acid. Previously, it was shown that the target of Sas2, 

H4K16, is hypoacetylated at the centromeric region in wild-type cells, and that the 

overexpression of SAS2 only effects cse4 alleles that contain mutations in the histone fold 

domain and not in the N-terminus (Choy et al. 2011). This leads to the conclusion that the 
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lysine 49 of Cse4 is probably not a target of Sas2. Another histone acetyltransferase that 

could be responsible for the acetylation on lysine 49 is Gcn5. It has been suggested that 

this histone acetyltransferase is involved in cell-cycle progression, and genetic interactions 

are described for the cse4-1 allele with a deletion of GCN5 (Vernarecci et al. 2008). For 

the identification of the responsible enzyme, the amount of Cse4 K49 acetylation has to be 

analysed in strains with deletions of the putative acetyltransferase.  

 

4.8 Summary 
 
In this study, it was shown that the centromeric histone H3 variant, Cse4 is 

posttranslationally modified by phosphorylation, methylation and acetylation. For the 

methylation of Cse4 R37 we reveal a mechanism in the regulation of the centromeric 

chromatin. It was shown, that the methylation of Cse4 R37 regulates the recruitment of 

kinetochore components to the centromere and its absence causes defects in chromosome 

segregation. With this study, the view of Cse4 and its function within the kinetochore has 

expanded. This mechanism contributes to the understanding of the function of the 

centromere and highlights the epigenetic features of centromere identity. Due to the fact 

that the histone H3 variant is conserved in eukaryotes, it is conceivable that a similar 

mechanism exists in larger eukaryotes to ensure genome stability.  
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6. Appendix 
 

 
 
Figure 39: Additional mutation of R37 and K49 did not disturbed interaction between Cse4 and Ctf19. 
Y2H transformands were plated on YM medium and stamped on a nitrocellulose membrane. Interaction was 
analyzed by β-galactosidase filter assay and confirmed by blue stained colonies after incubation at 30°C. 
Experimental procedure and picture courtesy of Edisa Osmic. 
 
 

 
 
Figure 40: Identification and estimation of relative abundance of modified Cse4 species. 
a, Zoomed mass spectrum of precursor ions at m/z [608.7994]2+and [615.8072]2+ corresponding to the 
unmodified (me0) and mono-methylated (me1) 27-L.AGDQQSIND.R-37 peptide. b, Extract ion 
chromatograms (XIC) relative to both me0 and me1 species were used to estimate the relative abundance of 
the two species, as reported in the formula (right panel). Experimental procedure was performed by Tiziana 
Bonaldi and Alessandro Cuomo. 
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Table 9: Overview of putative S-adenosyl-L-methionine-dependent methyltransferases in S. cerevisiae. 
Class* Gene* Systematic name* 

PPM1 YDR435C 
MTQ1 YNL063W 
SET1 YHR119W 
SET2 YJL168C 
SET3 YKR029C 
MTQ2 YDR140W 
SEE1 YIL064W 
DOT1 YDR440W 
HPM1 YIL110W 

Protein MTF 

RKM4 YDR257C 
PPM2 YOL141W 
TRM1 YDR120C 
TRM2 YKR056W 
TRM3 YDL112W 
TRM4 YBL024W 
TRM7 YBR061C 
TRM8 YDL201W 
TRM9 YML014W 

TRM10 YOL093W 
TRM11 YOL124C 

tRNA MTF 

TRM12 YML005W 
MRM2 YGL136C 
TGS1 YPL157W 
MTF1 YMR228W 
PET56 YOR201C 

rRNA/mRNA MTF 

BUD23 YCR047C 
MET1 YKR069W 
ERG6 YML008C 
TMT1 YER175C 
COQ1 YBR003W 
COQ3 YOL096C 
COQ5 YML110C 
CTM1 YHR109W 
DPH5 YLR172C 
PEM1 YGR157W 
OPI3 YJR073C 
SAM4 YPL273W 
CRG1 YHR209W 

YNL092W YNL092W 
ABP140 YOR239W 
RSM22 YKL155C 

YBR271W YBR271W 
IRC15 YPL017C 
OMS1 YDR316W 

YBR141C YBR141C 
YJR129C YJR129C 
YLR063W YLR063W 
YLR137W YLR137W 
YMR209C YMR209C 
YNL024C YNL024C 

SET4 YJL105W 
SET5 YHR207C 

other MTF 

SET6 YPL165C 
*- Standard gene names are given as annotated in the Saccharomyces Genome database to the corresponding 
ORF. Classification of the genes was performed according to their biological function.  
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