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Summary 
 

In order to segregate sister chromatids equally to daughter cells, all chromosomes have to be 

attached to microtubules of the mitotic spindle in a bioriented manner. During the gradual 

establishment of chromosome biorientation, intermediate attachments that do not manifest tension 

across the kinetochores of sister chromatids are turned over by the activity of the conserved kinase 

Ipl1/Aurora B. In budding yeast this quality control of chromosome attachments depends on the 

presence of the conserved Shugoshin (Sgo1) protein.  

In this study, we investigate the regulation of Sgo1 during mitotic cell division to understand its 

molecular contribution to this quality control mechanism. We show that cell cycle-dependent 

degradation of Sgo1 during late stages of mitosis is dispensable for the repair of incorrect 

chromosome attachments and chromosome biorientation. We further identify Sgo1 to be crucial for the 

enrichment of Rts1 (the regulatory subunit of the protein phosphatase 2A complex) on centromeric 

regions of chromosomes, which lack tension between sister chromatids. Accordingly, we show that 

both, the precise localization of Sgo1 and the interaction with Rts1 are important to achieve 

chromosome biorientation after induction of incorrect chromosome attachments.  

Moreover, we show that Sgo1 is essential to maintain a centromeric pool of condensin complexes in 

mitotic cells. The compaction of centromeric chromatin is impaired upon deletion of SGO1 or inhibition 

of condensin function resulting in a failure to detect or repair tensionless chromosome attachments. In 

parallel, Sgo1 aids the turnover of such attachments by stabilizing the protein levels of Ipl1/Aurora B 

on kinetochores during mitosis in budding yeast. We propose that Sgo1 acts as binding hub that 

modulates the conformation of centromeric chromatin via condensin and sustains adequate amounts 

of the repair kinase Ipl1/Aurora B on kinetochores to ensure faithful chromosome segregation.  
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1 Introduction 
 

Symmetric distribution of the genetic information into the daughter cells is fundamental for all 

organisms in order to stably proliferate. Thus, elaborate safeguarding mechanisms have evolved in 

prokaryotic as well as eukaryotic cells allowing them to segregate their replicated genetic material 

faithfully and to maintain genome stability over many generations. Malfunction of these molecular 

control mechanisms and its key components leads to asymmetric distribution of the genetic material, 

thus creating daughter cells with varying chromosome content. Such deviations from the typical 

chromosome number are called aneuploidy and its physiological effects are highly deleterious for most 

organisms. In human cells aneuploidy is closely linked to tumour formation, miscarriages and severe 

developmental disorders, such as Down’s syndrome. Understanding how cells maintain genomic 

stability on the molecular level will provide important insights regarding the causes and consequences 

of aneuploidy and related diseases. 

 

1.1 Cellular safeguarding mechanisms prevent genomic instability during 
mitosis 
 

During mitosis the replicated DNA is compacted into distinct chromosomes and the chromosome mass 

is equally distributed by the spindle apparatus, which is a highly ordered structure based on a dynamic 

microtubule network (reviewed in Bouck et al., 2008). The following chapters introduce a set of key 

aspects, which are necessary to faithfully distribute the replicated sister chromatids between the two 

poles of the mitotic spindle. First, we describe the mode of action of structural maintenance of 

chromosomes (Smc) protein complexes, such as cohesin and condensin. These complexes determine 

the conformation of mitotic chromosomes and maintain the cohesion of duplicated sister chromatids 

until late stages of mitosis. Next, we focus on the spindle assembly checkpoint (SAC) and how it 

couples cell cycle progression with the attachment status of chromosomes to the mitotic spindle. We 

further summarize current knowledge about how the chromosomal passenger complex (CPC) 

monitors the kinetochore-microtubule interface, which physically links mitotic chromosomes to the 

spindle apparatus. The CPC and its effecter kinase Ipl1/Aurora B constitute the cellular repair 

machinery, which allows the release and thus, the repair of incorrect chromosome attachments. 

If not indicated with an abbreviation to specify the source organism (Dm = Drosophila melanogaster, 

Hs = Homo sapiens, Ms = Mus musculus, Sc = Saccharomyces cerevisiae, Sp = 

Schizosaccharomyces pombe, Xl = Xenopus laevis), all protein or gene names in this study refer to 

the budding yeast S. cerevisiae. 
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1.1.1 Cohesin and condensin complexes maintain the structure of mitotic chromosomes and 

sister chromatid cohesion  

 

Eukaryotic organisms generate genetically identical daughter cells through alternating cycles of DNA 

replication or synthesis (S phase) and DNA partitioning during mitosis (M phase). The cohesin 

complex is an essential factor maintaining the cohesion of duplicated sister chromatids until they are 

equally partitioned between the two daughter cells by the mitotic spindle. The molecular structure of 

the cohesin complex is closely related to this function. The core of the cohesin complex is formed by 

two proteins of the structural maintenance of chromosomes (SMC) family, Smc1 and Smc3 (reviewed 

in Nasmyth & Hearing, 2009). Monomeric Smc3 folds into a rod-like structure, which results from a 

long intramolecular coiled-coil domain that is capped by globular domains on each end (Haering et al., 

2002). One of these globular domains, the so called hinge domain, interacts with its counterpart of 

Smc1, thus forming a heterodimer that can be visualized as “open V”-shaped structures by electron 

microscopy (Haering et al., 2002). Both arms of the V-shaped structure are capped by a second 

globular domain, which is comprised of the C- and N-termini of Smc1 and Smc3, respectively (Melby 

et al., 1998; Haering et al., 2002). These globular domains form two individual ATP nucleotide binding 

domains (NBDs) of the ABC family of ATPases (Melby et al., 1998; Haering et al., 2002). 

 

 

Figure 1. Scheme of dimeric Smc protein and trimeric cohesin complexes 
(A) Smc1 and Smc3 form a V-shaped heterodimer via an interaction of their hinge domains. N- and C-termini of 
each Smc subunit form a globular ATPase head domain by folding back on each other in an intramolecular coiled-
coil rod. Both globular head domains contact the kleisin subunit Mcd1/Scc1 to assemble a closed ring-like 
structure, which might embrace DNA double strands (figure adapted from Xiong & Gerton, 2009). (B) Electron 
micrographs of soluble cohesin complexes exemplifying their open V-shaped and ring-like structures in vitro 
(figure adapted from Nasmyth & Haering, 2005). 

 

A third protein is necessary to connect these globular domains generating a ring-like structure that 

potentially embraces replicated DNA strands (Gruber et al., 2003). Members of this protein family have 

been named kleisins, which stands for closure in Greek to emphasize their function in the cohesin 
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complex. The interaction between the Smc1/3 heterodimer and the mitotic kleisin subunit Scc1/Mcd1 

has been studied extensively in budding yeast. The N-terminus of Scc1/Mcd1 contacts the ATPase 

head domain of Smc3, whereas its C-terminus interacts with Smc1 (see Figure 1; Haering et al., 

2002). Based on its molecular structure and its dimensions the cohesin ring seems sufficient to 

embrace the two copies of a duplicated DNA double helix. The observed structure of the cohesin 

complex imposes an intriguing model how its cohesive force is achieved. Elegant studies confirmed 

recently that such a topological binding of cohesin complexes can be observed on small circular 

minichromosomes purified from budding yeast and in an in vitro assembled reaction (Ivanov & 

Nasmyth, 2005; Murayama & Uhlmann, 2014). Linearization of the minichromosome or cleavage of 

one cohesin subunit abolishes this interaction in both experimental setups, hence arguing for 

topological DNA binding. 

To serve its function as a cohesion factor for sister chromatids, the cohesin complex has to associate 

with chromosomes. The initial loading of cohesin on chromosomes is mediated by a separate complex 

consisting of Scc2 and Scc4 (Ciosk et al., 2000). The molecular details of this loading mechanism are 

currently unknown. However, the opening of the cohesin ring seems to be important for this process 

(Ocampo-Hafalla & Uhlmann, 2011). Previous studies revealed that only cohesin loaded during S 

phase on chromosomes maintains cohesion between sister chromatids (Uhlmann & Nasmyth, 1998). 

This finding suggests that in addition to chromosome binding, the cohesin complex has to be activated 

in order to establish its cohesive force. Indeed, establishment of cohesion is directly linked to DNA 

replication via the proliferating cell nuclear antigen (PCNA) protein that tethers the establishment 

factor Eco1 to the replication machinery (Moldovan et al., 2006). The acetyltransferase Eco1 

acetylates residues located in the globular head domain of Smc3 and this modification locks the pre-

loaded cohesin complex in a cohesive state (Ben-Shahar et al., 2008; Unal et al., 2008; Zhang et al., 

2008; Rowland et al., 2009). Once established, sister chromatid cohesion is maintained until all 

chromosomes becomes correctly attached to the mitotic spindle in metaphase.  

After the establishment of chromosome biorientation, the cohesive population of cohesin molecules 

has to be removed in a coordinated manner to allow the segregation of sister chromatids. The 

resolution of sister chromatid cohesion is a non-reversible process; hence its faithful execution is 

crucial for cells to prevent chromosome missegregation and aneuploidy. One key factor controlling the 

regulated loss of cohesin is a highly conserved, heterodimeric complex of Pds1 (securin) and Esp1 

(separase; Cohen-Fix et al., 1996; Ciosk et al., 1998). Esp1 has been identified as a cysteine protease 

that cleaves the cohesin subunit Scc1/Mcd1 thereby releasing cohesin from chromosomes (Uhlmann 

et al. 1999, 2000). In order to avoid premature cleavage of cohesin, the proteolytic activity of Esp1 is 

restrained by binding of its inhibitor Pds1. Degradation of the potent Esp1-inhibitor Pds1 is initiated by 

the E3 ubiquitin ligase activity of the anaphase promoting complex/cyclosome (APC/C; Cohen-Fix et 

al., 1996). This complex is targeted by the spindle assembly checkpoint (SAC) to couple the 

attachment status of chromosomes with the timely loss of sister chromatid cohesion and cell cycle 

progression. The intricate signalling network of the SAC will be discussed later in more detail. 
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In addition to cohesin, a second complex, which is called condensin, is essential to determine the 

shape of mitotic chromosomes. Overall, condensin complexes are structurally related to cohesin and 

assemble into a similar molecular structure (reviewed in Nasmyth & Haering, 2005). In contrast to 

cohesin, two functionally different condensin complexes (condensin I and condensin II) can be found 

in most eukaryotic organisms (reviewed in Hirano, 2012). The core of the condensin complex is 

formed by a heterodimer of two SMC proteins, Smc2 and Smc4 (reviewed in Nasmyth & Haering, 

2005). Each SMC protein folds into a rod-shaped coiled-coil molecule that is capped by two globular 

domains. Analogous to the cohesin complex, these SMC proteins use their hinge domains to make 

contact with each other forming an open-V shaped structure (Figure 1). Two different sets of 

regulatory subunits bind to this SMC heterodimer resulting in the assembly of functionally different 

condensin I and II complexes. Each set of regulatory subunits consists of one member of the kleisin 

protein family and two proteins containing HEAT repeat domains. In budding as well as in fission yeast 

only one set of regulatory proteins has been identified, which might reflect evolutionary adaptations in 

these fungi containing relatively small genomes (Hirano, 2012; Table 1). 

 

Table 1. Subunit composition of different condensin complexes in vertebrates, S. cerevisiae and S. 
pombe 

Condensin subunit Vertebrates S. cerevisiae S. pombe 

Smc2 CAP-E Smc2 Cut14 

Smc4 CAP-C Smc4 Cut3 

condensin I    

kleisin CAP-H Brn1 Cnd2 

HEAT repeat protein A CAP-D2 Ycs4 Cnd1 

HEAT repeat protein B CAP-G Ycg1 Cnd3 

condensin II    

kleisin CAP-H2 — — 

HEAT repeat protein A CAP-D3 — — 

HEAT repeat protein B CAP-G2 — — 
 

Condensin contributes to several aspects of nuclear and chromosomal architecture as well as 

chromosome segregation in eukaryotes (reviewed in Hirano 2012; Thadani et al., 2012). The 

assembly of condensed, mitotic chromosomes is probably condensin’s most prominent and 

eponymous function, as it was shown with sperm chromatin in Xenopus egg extracts (Hirano & 

Mitchison, 1994). How condensin achieves the full compaction of mitotic chromosomes and 

contributes to their faithful segregation remains unexplained on the molecular level. In order to gain 

insight into its various contributions, two groups independently mapped condensin binding sites via 

genome-wide chromatin immunoprecipitation (ChIP) approaches in budding yeast (Wang et al., 2005; 

D’Ambrosio et al. 2008a). Both studies revealed that condensin is enriched around centromeres and 

on ribosomal DNA (rDNA) besides other specialized chromatin regions. 
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Condensin recruitment to rDNA depends on Csm1 and Lrs4, two members of the monopolin complex 

(Johzuka & Horiuchi, 2009). The authors of this study showed that monopolin recruits condensin in 

order to maintain the structural integrity as well as the number of rDNA repeats. Moreover, condensin 

was shown to be important for the efficient decatenation of the replicated rDNA locus by 

topoisomerase II in order to prevent anaphase bridges during chromosome segregation (D’Ambrosio 

et al., 2008b). This function is just one example of how condensin contributes to the fidelity of 

chromosome segregation during anaphase. Another example is the separation of sister chromatids in 

anaphase, which is actively promoted by chromosome recoiling (Renshaw et al., 2010). This study 

revealed that a pool of functional cohesin molecules escapes the cleavage by separase at the onset of 

anaphase and resides on chromosome arms. The chromosomes undergo alternating cycles of 

stretching and recoiling while they are pulled to the poles of the mitotic spindle. Renshaw and 

colleagues showed that recoiling of chromatin stretches is important for the removal of residual 

cohesin complexes and the execution of sister chromatid separation in a timely manner. Strikingly, 

chromosome recoiling depends on functional condensin complexes located on the arms of anaphase 

chromosomes. Such a mode of action is consistent with the finding that condensin becomes 

hyperphosphorylated upon entry into anaphase (St-Pierre et al., 2009). The budding yeast polo-like 

kinase Cdc5 phosphorylates all three regulatory subunits and their modification significantly increases 

the capability of condensin to introduce supercoils into relaxed plasmid DNA in vitro. All these 

examples emphasize that condensin contributes to chromosome segregation during anaphase, likely 

by introducing DNA supercoils to decatenate sister chromatids.  

However, recent studies provide evidence that condensin participates in the process of chromosome 

segregation also before the onset of anaphase. This function seems to be rather related to condensin 

enrichment on centromeric chromatin. Correspondingly, it was shown that condensin maintains the 

integrity of centromeres in budding as well as in fission yeast and vertebrates (Ribeiro et al., 2009; 

Stephens et al., 2011; Tada et al., 2011). The depletion of Smc2 reduces the stiffness of centromeric 

chromatin in vertebrate cells, thereby increasing the average distance between sister kinetochores 

(Ribeiro et al., 2009). Although the kinetochores seem to be fully functional and intact under these 

conditions, the cells show a persistent activation of the SAC. Likewise, inactivation of condensin in 

budding yeast affects the compaction state of centromeric and pericentric chromatin in metaphase 

(Stephens et al., 2011). The authors of this study further showed that functional cohesin and 

condensin as well as appropriate amounts of histone H3 are necessary for wild type compaction of 

centromeric regions. Based on these findings the authors speculate that cohesin and condensin act on 

centromeric chromatin to form a molecular (mitotic) spring, which counteracts the forces of the mitotic 

spindle. A similar mechanism might work in fission yeast. Tada and colleagues reported that 

inactivation of the centromeric pool of condensin leads to increased rates of merotelic attachments 

and sensitivity towards microtubule poisons (Tada et al., 2011). This study also provides evidence that 

condensin acts during metaphase to facilitate error-free chromosome segregation in yet another 

model organism. These findings provide evidence that condensin contributes to several molecular 

mechanisms, which act before and after the initiation of sister chromatid cohesion in order to facilitate 

error-free chromosome segregation. 
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1.1.2 The spindle assembly checkpoint (SAC) monitors the attachment of chromosomes to the 

mitotic spindle 

 

One major criterion for faithful chromosome segregation is that all chromosomes have to attach to 

microtubules emanating from the mitotic spindle before the segregation machinery starts to pull sister 

chromatids to the spindle poles. The attachment of microtubules to chromosomes is mediated by large 

protein complexes, also known as kinetochores. These protein complexes assemble on centromeric 

DNA, provide the binding platform for microtubules and translate the poleward-directed microtubule 

forces into chromosome movement (reviewed in Yamagishi et al., 2014; Cheeseman, 2014). 

Kinetochores consist of more than 100 different proteins, which form a highly-ordered macromolecular 

complex on the underlying centromeric chromatin. These specific regions vary strongly within 

eukaryotes and lack uniform DNA sequences or structures. Site-specific incorporation of non-

canonical nucleosomes seems to be the only unifying feature of most eukaryotic centromeres 

identified so far. Canonical histone H3 is substituted by a 17 kDa protein, called CENP-A (Cse4 in 

budding yeast), in such nucleosomes deposited at human centromeres (Palmer et al., 1987, 1991). 

Ectopic expression of the budding yeast CENP-A homolog Cse4 can complement the knock-down of 

endogenous CENP-A in human cells (Wieland et al., 2004). Furthermore, knock-down experiments in 

human cells showed that CENP-A is necessary for the recruitment of several kinetochore 

subcomplexes to centromeric DNA including members of the SAC network (Liu et al., 2006). 

Moreover, Cse4 is crucial for the integrity of centromeric DNA and faithful chromosome segregation in 

budding yeast, which relies on functional kinetochores (Stoler et al., 1995; Meluh et al., 1998). These 

studies imply that the incorporation of a non-canonical histone H3 variant at centromeric DNA is 

essential for the formation of functional kinetochores. They further establish this epigenetic 

modification as a general mechanism that defines the position of the microtubule attachment site on 

chromosomes. 

Cells have to monitor these chromosomal attachment sites for occupancy with spindle microtubules in 

order to prevent chromosome missegregation. To this end cell cycle progression has to be coupled to 

the attachment status of each kinetochore. The SAC, an intricate signalling network, delays the entry 

into anaphase as longs as one single kinetochore remains unattached to the mitotic spindle (reviewed 

in Lara-Gonzales et al., 2012; Musacchio & Salmon, 2007). To address such a scenario 

experimentally cells can be treated with chemical compounds, which depolymerise the mitotic spindle. 

The use of these microtubule poisons, such as benomyl or nocodazole, allowed the identification of 

crucial checkpoint genes in budding yeast (Hoyt et al., 1991; Li & Murray, 1991). These studies 

identified the genes BUB1, BUB3, MAD1, MAD2, MAD3 (BUBR1 in vertebrates) as core components 

of the checkpoint response. The protein kinase Mps1 supports these core components and its kinase 

activity can establish the checkpoint response even in the absence of spindle damage (Hardwick et 

al., 1996; Weiss & Winey, 1996). Mechanistic aspects of the SAC network seem to be strikingly 

conserved from budding yeast to higher eukaryotes despite their different requirements for efficient 

chromosome segregation (Vleugel et al., 2012). 
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Figure 2. The release of chromatin-bound cohesin is coupled to the attachment of chromosomes to the 
mitotic spindle by the spindle assembly checkpoint (SAC) network  
Unattached kinetochores contribute to the generation of mitotic checkpoint complexes (MCCs), which bind and 
tether Cdc20 the co-factor of the anaphase promoting complex/cyclosome (APC/C) during mitosis. Hence, the 
APC/C cannot ubiquitylate securin/Pds1 and separase/Esp1 is kept inactive. Once all kinetochores are captured 
by microtubules emanating from the mitotic spindle, the formation of MCCs ceases and Cdc20 is released. Cdc20 
binds to the APC/C, which in turn marks securin/Pds1 for proteasomal degradation. The destruction of 
securin/Pds1 leads to the activation of separase/Esp1, which finally cleaves the cohesin subunit Scc1/Mcd1 to 
dissolve sister chromatid cohesion (figure adapted from Lara-Gonzales et al., 2012). 

 

Recent studies revealed that the checkpoint kinase Mps1 phosphorylates the constitutive kinetochore 

component Spc105/KNL1 in yeast as well as in human cells (London et al., 2012; Shepperd et al., 

2012; Yamagishi et al., 2012). This modification seems to generate the assembly platform for the other 

SAC components around centromeres thereby engaging the checkpoint. A complex of the protein 

kinase Bub1 and the checkpoint component Bub3 recognizes and binds phosphorylated Spc105. As a 

consequence of this interaction, the heterodimeric Bub1/Bub3 complex associates with kinetochores 

(London et al., 2012). Despite extensive research, the exact function of the Bub1/Bub3 complex in 

checkpoint signalling still remains elusive (Hauf, 2013). Notably, it was shown that the kinase activity 

of Bub1 is dispensable for SAC activation in response to unattached kinetochores, but critical for its 

activation in response to reduced sister chromatid cohesion (Fernius & Hardwick, 2007). In addition, 

the Bub1/Bub3 complex is necessary for the accumulation of the SAC components Mad1 and Mad2 

on unattached kinetochores (Gillet et al., 2004). Recent evidence suggests that Bub1 acts as a 

receptor of Mad1 on unattached kinetochores and that this interaction is actively promoted by Mps1 

phosphorylation in budding yeast (London & Biggins, 2014). The Mad1/Mad2 moieties in turn catalyse 

the reaction that generates the mitotic checkpoint complex (MCC), which is the effecter of the spindle 

checkpoint (Figure 2). 

The MCC is formed by binding of Mad2, Mad3 (BubR1) and Bub3 to the APC/C activator Cdc20 

(Hardwick et al., 2000; Hwang et al., 1998; Primorac & Musacchio, 2013). Thus, the inhibitory signal 

created by the SAC is due to the sequestration of the APC/C co-activator Cdc20. The large ubiquitin 
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ligase APC/C ubiquitylates its major substrates (securin/Pds1 and mitotic cyclins) to mark them for 

proteasomal degradation only when it is bound to Cdc20 (reviewed in Peters, 2006). In vitro 

experiments indicate that the association of the APC/C with MCCs further restrains the access to its 

substrates (Herzog et al., 2009). Recent structural analysis of the MCC revealed that the recognition 

sites of Cdc20, which are important for ubiquitylation by the APC/C, are occupied by Mad3 within the 

MCC (Chao et al., 2012). This observation supports the hypothesis that Mad3 contributes to the 

inhibition of the APC/C by acting as a pseudosubstrate of its activator Cdc20 (Burton & Solomon, 

2007). The formation of MCCs relies on the conformational change of Mad2 molecules from their 

inactive open form (O-Mad2) to a closed conformation state (C-Mad2). Mad2 can only bind to Cdc20 

in its closed conformation, thereby initiating the formation of the MCC. A Mad1-C-Mad2 tetramer 

bound to unattached kinetochores acts as a catalyst for the conformational change of additional, 

unbound O-Mad2 molecules in a prion-like manner (De Antoni et al., 2005; Simonetta et al., 2009). 

This chaperone-like function of the Mad1-C-Mad2 complex rapidly increases the levels of C-Mad2, 

which in turn is competent to bind Cdc20, thus, inhibiting the APC/C and cell cycle progression. Such 

a mechanism explains also how one single unattached kinetochore as the sole source of C-Mad2 

molecules can yield sufficient amounts of MCCs to halt cell cycle progression. This elegant 

mechanism couples the attachment status of individual chromosomes directly to sister chromatid 

cohesion and cell cycle progression. 

 

1.1.3 The chromosomal passenger complex (CPC) contributes to chromosome biorientation 

through regulating the kinetochore-microtubule interface 

 

Unattached kinetochores actively contribute to the formation of MCCs and the resulting cell cycle 

arrest. But even when all chromosomal attachment sites are occupied, faithful chromosome 

segregation is not always ensured, because faulty attachments can be formed (Figure 3). In budding 

yeast each kinetochore is captured exactly by one spindle microtubule (Winey et al., 1995). In case 

that both sister kinetochores become attached to spindle microtubules emanating from the same 

spindle pole (syntelic attachment), the SAC would not be activated and yet chromosome segregation 

would lead to the formation of aneuploid daughter cells. Syntelic attachments are less frequent in 

higher eukaryotes due to the fact that several microtubules make contact with one single kinetochore. 

However, another configuration challenges the fidelity of chromosome segregation in these organisms 

as spindle microtubules from opposite poles become attached to the same kinetochore. Such 

connections are called merotelic attachments and likewise interfere with the fidelity of chromosome 

segregation. Chromatids that are merotelically attached do not segregate with the bulk chromatin 

mass, but stay behind as lagging chromosomes (Cimini et al., 2001). An additional layer of control is 

therefore required to repair syntelic as well as merotelic attachments in order to prevent the unequal 

distribution of the replicated genetic material. This control mechanism targets the kinetochore-

microtubule interface and likely detects whether the established attachment yields appropriate tension 

between sister chromatids. Only when sister kinetochores are connected to opposing spindle poles 
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(i. e. chromosome biorientation), the microtubule-generated forces can pull the sister chromatids apart 

from each other. Since these forces are opposed by cohesin complexes loaded along chromosomes, 

tension is applied to sister chromatids. Microtubule-generated forces fail to establish appropriate 

tension between sister chromatids when they are attached syntelically and merotelically, respectively.  

 

 

Figure 3. Scheme of chromosome attachments occurring during mitosis  
Chromosome biorientation, which is required for the equal distribution of genetic material, directly blocks SAC 
activation and yields appropriate tension between sister chromatids. Monotelic attachments occur naturally during 
the establishment of chromosome biorientation and halt cell cycle progression through SAC activation. This 
response is initiated through binding of Mad1-Mad2 tetramers to unattached kinetochores, which is inhibited in 
syntelic and merotelic chromosome attachments. These attachment types are characterized by reduced tension 
between sister chromatids. Reduced tension likely initiates the resolution of these attachments, which is facilitated 
through the chromosomal passenger complex (CPC) and its effecter kinase Aurora B/Ipl1. 

 

In budding yeast, two kinetochore subcomplexes are most important to form a functional kinetochore-

microtubule interface, which allows the translation of microtubule-generated forces into sister 

chromatid tension. Structural analysis revealed that the oligomeric Dam1 complex can form ring-like 

structures around microtubules (Miranda et al., 2005; Westermann et al., 2005). Strikingly, these ring-

like structures can slide along encircled microtubules and move processively with depolymerising 

microtubule ends (Westermann et al., 2006). Biochemical analysis revealed that Dam1 complexes 

weakly bind to purified Ndc80, which is another constitutive member of budding yeast kinetochores 

(Shang et al., 2003). This observation is in line with another study suggesting that Dam1 and Ndc80 

complexes are mainly discrete, although a weak association of can be detected (Janke et al., 2002; 

Tien et al., 2010). Nevertheless, both kinetochore complexes act highly cooperative on pre-assembled 
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microtubules in vitro (Lampert et al., 2010; Tien et al., 2010). Two studies reported independently that 

Dam1 and Ndc80 complexes assemble efficiently on dynamic microtubule ends in vitro. Moreover, 

Dam1 acts as a processivity factor for Ndc80 and confers microtubule plus end-tracking ability to this 

complex (Lampert et al., 2010; Tien et al., 2010). These results suggest that Ndc80 complexes 

specifically bind Dam1 complexes that are assembled on the plus ends of spindle microtubules in 

order to connect kinetochores with the mitotic spindle (Figure 4; Lampert & Westermann, 2011).  

 

 

Figure 4. Model of the kinetochore-microtubule interface in S. cerevisiae 
The kinetochore component Ndc80 interacts with Dam1 oligomers forming a ring-like structure, which tracks the 
plus ends of microtubules. The association of Ndc80 and Dam1 molecules at the end of spindle microtubules 
likely couples the kinetochore to the mitotic spindle to translate microtubule-generated forces into chromosome 
movement. Moreover, the strength of this interaction is regulated by Aurora B/Ipl1 phosphorylation allowing the 
release of faulty chromosome attachments (figure adapted from Lampert & Westermann, 2011). 

 

The Ndc80-Dam1 interaction is therefore not only crucial for the actual coupling of chromosomes to 

the mitotic spindle, but also may provide the interface for the repair of incorrect attachments. In this 

context it is important to note that the affinity between Ndc80 and Dam1 complexes depends on their 

phosphorylation by Ipl1, which is the budding yeast homolog of mammalian Aurora B kinases 

(Lampert et al., 2010; Tien et al., 2010; Shang et al., 2003). Aurora B/Ipl1 is the catalytic component of 

the chromosomal passenger complex (CPC), which additionally contains the three regulatory subunits 

INCENP/Sli15, surivivin/Bir1 and borealin/Nbl1 (reviewed in Ruchaud et al., 2007; Carmena et al., 

2012). In general, the CPC is conceived as a master regulator of mitotic chromosome segregation and 

its various functions are executed via phosphorylation of different substrates by the Aurora B/Ipl1 

kinase (Carmena et al., 2012).  
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The influence of Aurora B/Ipl1 on the stability of kinetochore-microtubule connections in S. cerevisiae 

had been reported even before its direct effect on the interaction between Ndc80 and Dam1 

complexes was revealed (Biggins et al., 1999). Aurora B/Ipl1, together with INCENP/Sli15, was later 

shown to actively promote chromosome bi-orientation in budding yeast (Tanaka et al., 2002). The 

authors of this study proposed that initial attachments of kinetochores to spindle microtubules are 

turned over by Ipl1 activity until chromosome biorientation is achieved, which eventually stabilizes 

these connections. Indeed, Ipl1 was shown to directly phosphorylate several kinetochore components, 

such as Dam1 and Spc34 (Cheeseman et al., 2002). The authors further confirmed that dam1 

mutants, which are resistant to Ipl1 phosphorylation, missegregate chromosomes with elevated 

frequencies resembling the phenotype of ipl1 mutants. Strikingly, this chromosome segregation defect 

is consistent with the effect of Ipl1 phosphorylation on the interaction of Dam1 and Ndc80 complexes 

in vitro (Lampert et al., 2010; Tien et al., 2010). In addition to budding yeast, Aurora B/Ipl1 seems to 

perform a very similar role in vertebrates. The human analogue of Ndc80 (HsHec1) is phosphorylated 

by Aurora B/Ipl1 in vitro and the mutation of the identified residues results in an increase of stretched 

centromeres and merotelic attachments (Deluca et al., 2006). These phenotypes indicate that the lack 

of Aurora B/Ipl1 phosphorylation leads to stabilized kinetochore-microtubule attachments. Moreover, 

Aurora B/Ipl1 phosphorylation further counteracts the interaction of kinetochores with the Ska complex 

in human cells, which is the functional analogue of the budding yeast Dam1 complex (Chan et al., 

2012; Welburn et al., 2009). Although mechanistic details may vary in different species, these results 

emphasize that Aurora B/Ipl1 phosphorylation plays a central and highly conserved role in regulating 

the stability of kinetochore-microtubule attachments. 

Although the contribution of Aurora B/Ipl1 and the CPC to the resolution of incorrect chromosome 

attachments has been broadly accepted, it remains unclear how tension affects kinetochore structure 

and how the CPC can detect this changes to discriminate between incorrect and correct attachments. 

Extensive research on the details of Aurora B/Ipl1 kinase activation as well as CPC localization in 

various model organisms yielded first molecular insights into the nature of this cellular error correction 

machinery. This research further suggests that the spatio-temporal distribution of Aurora B/Ipl1 kinase 

activity and substrate accessibility are key determinants of the repair of syntelic and merotelic 

attachments. 

One crucial aspect of functional error repair is that it requires the controlled activation of Aurora B/Ipl1. 

The physical association of INCENP/Sli15 with Aurora B/Ipl1 heavily stimulates its kinase activity in 

vitro and might represent the initial step of kinase activation in vivo (Honda et al., 2003). Accordingly, 

INCENP/Sli15 itself is phosphorylated in vitro by Aurora B/Ipl1 and this modification further increases 

the kinase activity of human Aurora B/Ipl1 and its homolog in C. elegans (Bishop & Schumacher, 

2002; Honda et al., 2003). Another parameter that affects the kinase activity of Aurora B/Ipl1 is the 

clustering of CPC molecules in a certain cellular context. Recent studies revealed that Aurora B/Ipl1 

kinase activity forms a gradient that is centred on overlapping microtubules in the spindle midzone, 

where CPC molecules become clustered during anaphase (Fuller et al., 2008). Such a 

phosphorylation gradient intriguingly suggests that spatial separation from the kinase might be a 

crucial mechanism to regulate the phosphorylation status of Aurora B/Ipl1 substrates. Using a 



Introduction 

13 
 

fluorescence resonance energy transfer (FRET-) based sensor, Liu and colleagues showed that 

phosphorylation of Aurora B/Ipl1 targets at the kinetochore-microtubule interface also depends on the 

spatial separation from the kinase during metaphase in human cells (Liu et al., 2009). The 

phosphorylation of such substrates further depends on their localization within kinetochores and their 

relative distance to the kinase, which is located at the inner centromere (Welburn et al., 2010). 

Importantly, changes in Aurora B/Ipl1 phosphorylation of substrates also depend on their relative 

position in the kinetochore when tension between sister chromatids is applied and the substrates are 

pulled away from Aurora B/Ipl1 (Welburn et al., 2010). These findings are consistent with a 

mechanism in which Aurora B/Ipl1 activity in general forms a gradient, which radially expands from a 

centre with the highest density of CPC molecules. Thus, the relative distance of substrates to this 

centre of this gradient determines their phosphorylation state. 

The centre of such a phosphorylation gradient must be precisely determined in order to ensure 

appropriate control of kinetochore-microtubule attachments. As a consequence, the activity and 

localization of CPC molecules on centromeres is critical for functional correction of faulty attachments. 

In order to provide stringent control of the CPC and its effecter Aurora B/Ipl1, several mechanisms 

might target the individual subunits of this complex. The crystal structure of a ternary complex of 

human INCENP/Sli15, survivin/Bir1 and borealin/Nbl1 revealed that these proteins interact in a three 

helix bundle with each other (Jeyaprakash et al., 2007). The integrity of this helix bundle is critical for 

the localization of the human CPC at centromeres (Jeyaprakash et al., 2007). In X. laevis, fission 

yeast and human cells, CPC binding to centromeric chromatin is further regulated via phosphorylation 

of histone H3 (Wang et al., 2010; Kelly et al. 2010; Yamagishi et al., 2010). Threonine 3 of histone H3 

located in the nucleosomes of centromeric regions is phosphorylated by haspin kinases and this 

modification increases the binding affinity of H3 towards survivin/Bir1 (Wang et al., 2010; Yamagishi et 

al., 2010). However, this mode of localization represents only one way of how eukaryotic cells ensure 

CPC binding to centromeres. Recently, a second mechanism contributing to CPC enrichment at 

centromeres was discovered in fission yeast and human cells (Kawashima et al., 2007; Tsukahara et 

al., 2010; Yamagishi et al., 2010). This second pathway relies on the interaction of CPC subunits with 

members of the conserved family of Shugoshin proteins and will be discussed in the following 

chapters. Since CPC enrichment is highest at the intersection of the activities of both pathways, they 

seem to act synergistically to precisely localize Aurora B/Ipl1 (Yamagishi et al., 2010). This elaborate 

control of Aurora B/Ipl1 localization emphasizes how important this conserved function is for faithful 

chromosome segregation.  
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1.2 Shugoshin proteins are essential for faithful chromosome 
segregation 

1.2.1 A conserved domain organization is characteristic of Shugoshin proteins 

 

Shugoshin (Japanese for “guardian spirit”) proteins were named to reflect their biological function in 

chromosome segregation (Kitajima et al., 2004). The founding member of this class (Mei-S332) was 

identified first in D. melanogaster mutants that fail to maintain sister chromatid cohesion during 

meiosis (Kerrebrock et al., 1992). In agreement with this suggested function, it has been shown that 

GFP-tagged Mei-S332 localizes to centromeric regions of meiotic chromosomes until the onset of 

anaphase II in flies (Kerrebrock et al., 1995). The molecular mechanism of Mei-S332 in cohesion 

protection remained unidentified until counterparts of Mei-S332 were found in other eukaryotes, such 

as fission and budding yeast (Katis et al., 2004; Kitajima et al., 2004; Marston et al., 2004). Shugoshin 

proteins have been discovered in all eukaryotes studied so far, but the number of paralogs differs 

between species (Gutiérrez-Caballero et al., 2012). S. cerevisiae and D. melanogaster encode one 

single Shugoshin protein, whereas S. pombe, X. laevis, M. musculus and H. sapiens encode two 

different versions. Shugoshins do not share high sequence conservation, but they nevertheless 

perform similar functions during chromosome segregation (Gutiérrez-Caballero et al., 2012).  

Despite their low sequence similarity, two highly conserved elements are characteristic for all 

Shugoshin proteins (Kitajima et al., 2004; Tang et al., 1998). One of these elements, a conserved 

stretch of mostly basic amino acid residues at the C-terminus of Mei-S332, has been found to be 

essential for its centromeric localization in Drosophila (Tang et al., 1998). This basic region also 

facilitates the centromeric enrichment of Shugoshin proteins in human cells and fission as well as 

budding yeast (Kawashima et al., 2010). In these organisms, the kinetochore-bound SAC kinase Bub1 

phosphorylates histone H2A within centromeric chromatin (Kawashima et al., 2010). This histone 

modification is recognized and bound by the conserved basic region of Shugoshin proteins. As a 

consequence, Shugoshin proteins become enriched around centromeric chromatin during early stages 

of meiosis as well as mitosis (Kawashima et al., 2010). Notably, there are also other pathways that 

contribute to the correct localization of Shugoshin proteins. The functional interaction of SpSgo1 with 

the heterochromatin protein SpSwi6 is necessary to ensure for full centromeric enrichment of SpSgo1 

and proper chromosome segregation during meiosis (Yamagishi et al., 2008). The heterochromatin 

protein HsHP1α likewise contributes to the maintenance of HsSgo1 on mitotic chromosomes in human 

cells (Yamagishi et al., 2008). In budding yeast, centromeric enrichment of Sgo1 molecules also 

depends on the activity of a second SAC kinase Mps1 (Storchová et al., 2011). Therefore, it remains 

to be tested whether Mps1 affects directly the localization of Sgo1 or indirectly through its role in 

directing Bub1 to kinetochores (London et al., 2012). Taken together, there seems to be one 

conserved major pathway for the localization of Shugoshin proteins that relies on the interaction of the 

conserved basic region and phosphorylated histone H2A at centromeric chromatin. In addition, there 

might be other mechanisms, which contribute to and fine-tune the recruitment of Shugoshin proteins in 

a species-dependent manner. 
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The second conserved element of Shugoshin proteins is a coiled-coil domain located at the N-

terminus. Pioneering studies on Mei-S332 in Drosophila already suggested that this domain might be 

important to make contact with other proteins (Tang et al., 1998). This hypothesis was indeed 

confirmed by experiments showing that a heterotrimeric complex of the protein phosphatase 2A 

(PP2A) only binds fragments of HsSgo1 containing the coiled-coil domain (Tang et al., 2006). As 

Shugoshin proteins also co-purify PP2A complexes from human and yeast cellular extracts, this 

interaction seems to be an evolutionary conserved feature of Shugoshin’s coiled-coil domain (Kitajima 

et al., 2006; Riedel et al., 2006; Tang et al., 2006). The publication of a crystal structure containing the 

coiled-coil domain of human HsSgo1 and HsPP2A raised further evidence for the direct interaction of 

this domain with other proteins (Xu et al., 2009). The coiled-coil domains of two individual HsSgo1 

molecules form a homodimer, which in turn provides the surface to make contact with two subunits of 

the heterotrimeric PP2A complex. Individual PP2A complexes are comprised of one scaffolding (A), 

one regulatory (B) and one catalytic subunit (C; reviewed in Shi, 2009). Commonly, the regulatory 

subunit of PP2A targets the complex to other proteins and confers specificity towards certain 

substrates. The crystal structure of HsSgo1 and PP2A further revealed that the helical coiled-coil 

domains of HsSgo1 homodimer contact the regulatory and the catalytic subunit with several amino 

acids directly (Xu et al., 2009). These direct interactions might explain why HsSgo1, SpSgo1 and 

ScSgo1 were found to co-purify PP2A complexes containing only one specific class of regulatory 

subunits (B’/B56 in human cells, SpPar1 in fission yeast and ScRts1 in budding yeast; Kitajima et al., 

2006; Riedel et al., 2006). Remarkably, the introduction of one single point mutation replacing 

asparagine 61 with isoleucine (N51I in budding yeast) in the coiled-coil domain of HsSgo1 abolished 

its interaction with PP2A (Xu et al., 2009). This finding might explain why mutants of Mei-S332 

containing an equivalent mutation lose the ability to protect centromeric cohesin in Drosophila (Tang et 

al., 1998). Similar phenotypes upon introduction of these mutations were also observed in mouse 

oocytes and meiotic budding yeast cells (Xu et al., 2009) In summary, these findings suggest an 

evolutionary conserved mechanism in which Shugoshin proteins bind to centromeric chromatin via 

their basic region and in turn recruit PP2A via their coiled-coil domain. Together with PP2A, Shugoshin 

proteins might affect different substrates at centromeres, which will be discussed in the following 

paragraphs. 

 

1.2.2 The role of Shugoshin and its binding partner PP2A in meiotic chromosome segregation 
 

The replicated genetic information of diploid cells is segregated twice during meiosis (reductional 

segregation or meiosis I and equational segregation or meiosis II, respectively) in order to form haploid 

gametes. During meiosis I, homologous chromosomes are segregated to the opposing poles of the 

meiotic spindle. Subsequently, sister chromatids become segregated in meiosis II in a manner that 

resembles mitosis. To maintain the stable sequence of reductional and equational chromosome 

segregation several adaptations of the chromosome segregation machinery are necessary. One 

striking difference between meiotic and mitotic chromosome segregation is the composition of cohesin 
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complexes. The Scc1/Mcd1 kleisin subunit of mitotic cohesin complexes is substituted by the 

structurally related protein Rec8 in the meiotic counterpart of budding yeast cells (Klein et al., 1999). 

Orthologs of budding yeast Rec8 were identified by sequence similarity in fission yeast and human 

cells emphasizing the highly conserved nature of meiosis-specific cohesin complexes (Parisi et al., 

1999). Pioneering studies using budding and fission yeast analyzed the regulation and function of this 

meiosis-specific cohesin complex. These studies are summarized in the following paragraphs 

revealing how Rec8-containing cohesin complexes contribute to the orderly progression of meiotic 

chromosome segregation as part of a mechanism, which seems to be conserved throughout 

eukaryotes.  

Rec8 starts to accumulate in cells upon the induction of premeiotic DNA replication and localizes as 

part of the meiotic cohesin complex along the longitudinal axis of chromosomes until the initiation of 

anaphase I (Klein et al., 1999). The bulk of Rec8-containing cohesin is removed from chromosome 

axes during anaphase I, but a small fraction of Rec8 is maintained at centromeres until anaphase II 

(Klein et al., 1999). Notably, both fractions are equally important for faithful execution of meiosis in 

budding as well as in fission yeast (Klein et al., 1999, Watanabe & Nurse, 1999). In both organisms, 

the larger fraction of cohesin along chromosomes axes is removed through proteolytic cleavage of 

Rec8 by the endopeptidase separase during reductional segregation (Buonomo et al., 2000; Kitajima 

et al., 2003). Therefore, proteolytic cleavage of cohesin by separase is obviously a highly conserved 

and common feature of mitotic as well as meiotic cell division, which coordinates the segregation of 

chromosomes (Uhlmann et al., 2000). In addition, the distinct behaviour of the two separate pools of 

meiotic cohesin complexes might provide the basis for the step-wise loss of cohesion, first between 

homologue chromosomes and subsequently between sister chromatids. Such a molecular model 

predicts the existence of cellular factors that protect the centromeric pool of cohesin from separase-

dependent cleavage during reductional segregation (Klein et al., 1999; Watanabe & Nurse, 1999). 

In agreement with such a protective function, fission yeast SpSgo1 localizes to centromeres to prevent 

the premature loss of SpRec8 during anaphase I (Kitajima et al., 2004). To establish Shugoshin 

proteins as conserved protectors of meiotic cohesion complexes, the authors searched for members of 

this protein family in other eukaryotes. In agreement with independent studies, Kitajima and 

colleagues found that the putative Sgo1 protein in budding yeast indeed protects centromeric cohesin 

complexes during meiosis as well (Katis et al., 2004; Kitajima et al., 2004; Marston et al., 2004). 

Mechanistic aspects of this protective function were revealed by two studies showing that SpSgo1 

interacts with the heterotrimeric protein phosphatase complex 2A (PP2A) and recruits it to 

centromeres in meiotic cells (Kitajima et al., 2006; Riedel et al., 2006). Such a Shugoshin-dependent 

recruitment of PP2A occurs also in human cells during mitosis and is mediated by the B’/B56 

regulatory subunit of the phosphatase complex (SpPar1 in fission yeast; Rts1 in budding yeast; 

Kitajima et al., 2006). The artificial recruitment of PP2A to meiotic cohesin complexes causes the 

dephosphorylation of SpRec8 and blocks meiotic chromosome segregation (Riedel et al., 2006). 

These findings led to the proposal that phosphorylation of Rec8, which is counteracted by PP2A, 

primes it for proteolytic cleavage by separase/Esp1. Intriguingly, such a phosphorylation-dependent 



Introduction 

17 
 

mechanism regulates the cleavage of the mitotic cohesin member Scc1/Mcd1 by separase (Alexandru 

et al., 2001). 

According to this hypothesis, the phosphorylation of SpRec8 by the fission yeast casein kinase 1 was 

shown to be indeed necessary for the efficient cleavage of SpRec8 by separase during meiosis 

(Ishiguro et al., 2010). Consistently, the authors of this study found that excessive phosphorylation of 

SpRec8 at centromeric regions by casein kinase 1 leads to premature loss of SpRec8 resembling the 

phenotype of cells lacking SpSgo1. In addition, Katis and colleagues found that in S. cerevisiae Rec8 

cleavage also depends on its phosphorylation by Hrr25, the budding yeast casein kinase 1 (Katis et 

al., 2010). The replacement of Rec8 phosphoacceptor sites with alanine significantly reduced and 

delayed its proteolytic cleavage (Katis et al., 2010). Taken together, these data imply the existence of 

a conserved pathway in which Shugoshin proteins contribute to the protection of meiosis-specific 

cohesin complexes by facilitating the centromeric localization of PP2A. The activity of PP2A at 

centromeric chromatin in turn shields meiotic cohesin complexes from proteolytic cleavage by 

dephosphorylating Rec8 (Figure 5). 

 

 

Figure 5. Schematic representation of the domain architecture of budding yeast Sgo1 and the function of 
these domains in the protection of centromeric cohesin during meiotic cell division 
The phosphorylation of histone H2A by Bub1, which is localized to centromeric chromatin, creates the receptor 
site for the conserved basic region of Sgo1. Once localized to centromeres, the N-terminal coiled-coil of Sgo1 
interacts with the regulatory subunit (Rts1) of protein phosphatase 2A (PP2A) complexes facilitating the 
recruitment of PP2A. PP2A in turn counteracts the phosphorylation of the cohesin member Rec8 by Hrr25; hence 
rendering centromeric cohesin complexes refractory to proteolytic cleavage by separase during reductional 
segregation. 
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1.2.3 Shugoshin proteins contribute to the fidelity of mitotic chromosome segregation 

 

In addition to the protection of centromeric cohesin molecules during meiosis, Shugoshin proteins also 

play an important role during mitotic cell division. Whereas the meiotic function is highly conserved in 

eukaryotes, the functions of Shugoshin proteins during mitotic cell division seem to differ in various 

species (Gutiérrez-Caballero et al., 2012). In analogy to meiosis, Shugoshin proteins are necessary to 

prevent premature loss of sister chromatid cohesion of mitotic chromosomes in human cells (Salic et 

al., 2004). Notably, the major fraction of cohesin molecules in these cells is removed during prophase 

from chromosome arms (Waizenegger et al., 2000). The removal of this cohesin fraction does not 

depend on proteolytic cleavage of Scc1/Mcd1, but on the kinase activity of the polo like kinase 1 in 

Xenopus egg extracts (Sumara et al., 2002; Waizenegger et al., 2000). This so-called prophase 

pathway is essential to coordinate the step-wise loss of cohesin molecules from the chromosomes of 

vertebrates. Only a minor fraction of cohesin bound to centromeric chromatin escapes the prophase 

pathway, which is finally removed by proteolytic cleavage of Scc1/Mcd1 at the onset of anaphase 

(Waizenegger et al., 2000). Further research identified HsSgo1 as the factor, which specifically 

protects this pool of cohesin from its removal during prophase in human cells (Kitajima et al., 2005; 

McGuinness et al., 2005).  

The molecular mechanism by which HsSgo1 protects the centromeric pool of cohesin differs between 

mitotic and meiotic chromosome segregation, although both rely on the recruitment of PP2A (Kitajima 

et al., 2006; Liu et al., 2013a; Riedel et al., 2006; Tang et al., 2006). Phosphorylation of HsSgo1 by 

cyclin-dependent kinase 1 (Cdk1) enables a direct interaction between HsSgo1-PP2A and cohesin 

molecules (Hara et al., 2014; Liu et al., 2013a). PP2A in turn dephosphorylates a factor named 

sororin, which associates with chromatin-bound cohesin in human cells (Liu et al., 2013a; Schmitz et 

al., 2007). HsSgo1-mediated dephosphorylation of sororin strengthens its stable association with 

cohesin complexes (Liu et al., 2013a). This interaction restrains the access of the cohesion 

antagonizing factor Wapl and therefore prevents the premature loss of cohesin complexes from 

centromeric chromatin (Liu et al., 2013a; Nishiyama et al., 2010). The structural analysis of HsSgo1 

bound to cohesin complexes further revealed that HsSgo1 directly competes with Wapl to make 

contact with the cohesin subunits SA2 and Scc1/Mcd1 (Hara et al., 2014). Therefore, a minor fraction 

of cohesin complexes escapes the Wapl-mediated removal trough the dual function of HsSgo1 during 

pro- and prometaphase in human cells.  

In lower eukaryotes, such as S. cerevisiae or S. pombe, a step-wise loss of cohesin molecules has not 

unambiguously been detected and therefore the existence of the prophase pathway still remains a 

matter of debate in these organisms (Gutiérrez-Caballero et al., 2012; Marston, 2014; Schmidt et al., 

2009). Sister chromatid cohesion is not defective in budding yeast cells lacking Sgo1 suggesting that 

Sgo1 is dispensable for the protection of centromeric cohesin during mitosis (Indjeian et al., 2005). 

The distribution of cohesin complexes along mitotic chromosomes is also not affected by Sgo1 in S. 

cerevisiae, which is in agreement with this notion (Kiburz et al., 2005). Nevertheless, mitotic 

chromosome segregation is defective in budding yeast cells lacking Sgo1 suggesting that it performs 
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other functions than protecting cohesin from its premature removal from chromosomes (Katis et al., 

2004; Indjeian et al., 2005). Accordingly, sgo1∆ cells fail to halt cell cycle progression in response to 

incorrect chromosome attachments (Indjeian et al., 2005, Jin et al., 2012). As the absence of Sgo1 

does not alter the intrinsic bias of sister chromatids to achieve chromosome biorientation, these 

findings led to the proposal that Sgo1 senses the absence of tension on a pair of sister kinetochores, 

which are incorrectly attached to the mitotic spindle (Indjeian et al., 2005; Indjeian & Murray, 2007). 

Thus, Sgo1`s molecular functions that contribute to sense and/or repair incorrect chromosome 

attachments in budding yeast still have to be identified. 

Research performed in other organisms provides first insights into such potential functions in the 

repair of incorrect chromosome attachments. In vertebrate cells, HsSgo2 interacts with the mitotic 

centromere-associated kinesin (MCAK or KIF2C; Tanno et al., 2010). MCAK is a potent microtubule 

depolymerising enzyme regulating the detachment of kinetochores from the mitotic spindle 

(Wordeman et al., 2007). This detachment is believed to be a critical prerequisite for the gradual 

establishment of chromosome biorientation. In human cells, HsSgo2 is phosphorylated by the Aurora 

B/Ipl1 kinase and this modification enables the enrichment of MCAK at the kinetochore-microtubule 

interface (Huang et al., 2007; Tanno et al., 2010). Hence, depletion of HsSgo2 leads to increased 

rates of incorrect chromosome attachments through the loss of properly localized MCAK (Huang et al., 

2007). These findings suggest that repairing incorrect chromosome attachments during mitosis might 

be another common function of Shugoshin proteins besides the protection of cohesin molecules. 

In addition to localizing MCAK, Shugoshin proteins contribute to the repair of incorrect chromosome 

attachments by a second pathway in several organisms. In this second branch, Shugoshin proteins 

act as centromeric receptors for the CPC and its effecter kinase Aurora B/Ipl1. Like MCAK, the CPC 

controls the stability of kinetochore-microtubule attachments and allows the detachment of incorrect 

chromosome attachments as already mentioned before. Thus, achieving sufficient levels of 

centromeric Aurora B/Ipl1 through the recruitment by Shugoshin proteins might enable the efficient 

repair of incorrect attachments. Indeed, SpSgo2 and HsSgo1, respectively interact with CPC proteins 

and these interactions are required for proper enrichment of Aurora B/Ipl1 at centromeres in fission 

yeast and human cells (Kawashima et al., 2007; Tsukahara et al., 2010). In both organisms, these 

interactions are facilitated by Cdk1-dependent phosphorylation of the respective CPC binding partner 

(Tsukahara et al., 2010). Hence, Shugoshin-dependent recruitment of CPC molecules complements 

initial CPC enrichment mediated by histone H3 phosphorylation (Wang et al., 2010; Kelly et al. 2010; 

Yamagishi et al., 2010). Obviously, the regulation of Aurora B/Ipl1 is highly critical for the repair of 

incorrect chromosome attachments, because two redundant pathways exist to ensure proper CPC 

levels at centromeres. Notably, the deletion of Sgo1 does not abrogate the centromeric localization of 

Aurora B/Ipl1 in S. cerevisiae (Storchová et al., 2011). Thus, it remains to be tested whether such a 

dual mechanism for CPC recruitment exists in budding yeast as well. 
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2 Aim of this study 
 

In this study we addressed how Sgo1 facilitates the repair of incorrect chromosome attachments in 

budding yeast.  

1. To gain first insights we analysed whether cell cycle dependent regulation of Sgo1, its correct 

subcellular localization or the interaction with known binding partners, such as Rts1 (PP2A), are 

required for this function. To this end, we mapped the domains and elements required for each of 

these specific functions on Sgo1. We further introduced point mutations in the identified elements to 

test which of these aspects of Sgo1’s regulation are critical for the repair of incorrect chromosome 

attachments.  

2. To determine how Sgo1 affects chromosome segregation, we analyzed the localization of cohesin 

and condensin complexes in cells lacking Sgo1. In addition, we tested if the structural integrity of 

centromeric chromatin during mitosis depends on Sgo1. We also tested whether Rts1 (as downstream 

factor of Sgo1) is required for the localization of condensin complexes and the maintenance of 

centromeric chromatin conformation. 

3. Finally, we investigated whether Sgo1 is important for the localization of the CPC effecter kinase 

Aurora B/Ipl1 to centromeric chromatin. We also tested the requirement for functional Rts1 in this 

process. In addition, we evaluated putative crosstalk between condensin and CPC molecules on 

centromeric chromatin, which both contribute to the repair of incorrect chromosome attachments.  

Together, these experiments allowed us to draw new conclusions about Sgo1’s regulation and its 

molecular function in the context of mitotic chromosome segregation. 
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3 Results 

3.1 Cell cycle-dependent regulation of Sgo1 protein levels 

3.1.1 The C-terminus of Sgo1 mediates its cell cycle-dependent protein expression profile 

 

Sgo1 protein levels are regulated in a cell cycle-dependent manner in budding yeast and peak in 

mitosis (Indjeian et al., 2005). In order to understand whether this expression profile is important for 

the function of Sgo1, we wanted to find a mutation within Sgo1 that interferes with its cell cycle-

dependent regulation. To generate such a mutant we first determined the position of elements 

required for protein degradation within Sgo1. To this end, we followed the expression of a C-terminally 

truncated fragment of Sgo1 lacking the last 250 amino acids (Sgo1∆C) and wild type Sgo1 both fused 

to a C-terminal tandem affinity purification (TAP-) tag during one synchronous cell cycle. Whereas wild 

type Sgo1 was absent in G1 cells and degraded after mitosis, we observed that the levels of truncated 

Sgo1∆C remained constant throughout the whole cell cycle (Figure 6A). This observation shows that 

the C-terminus of Sgo1 containing the last 250 amino acids mediates its degradation. 

To exclude that mislocalization of the truncated fragment impairs its degradation and thus, causes the 

stabilization of protein levels, we determined the localization of Sgo1∆C fused to a C-terminal 

enhanced green fluorescent protein (eGFP-) tag by fluorescence microscopy. We detected Sgo1-

eGFP as well as Sgo1∆C-eGFP in the nuclei of yeast cells (Figure 6B). In contrast to wild type Sgo1-

eGFP, which could only be observed in budding cells as one distinct focus, we found Sgo1∆C-eGFP 

dispersed in the nuclei of all cells independently of the cell cycle stage (Figure 6B). The diffused 

nuclear localization pattern of Sgo1∆C-eGFP is probably caused by the lack of the conserved basic 

region, which is located in the 250 missing amino acids and mediates the enrichment on centromeric 

chromatin (Kawashima et al., 2010). As we found both wild type Sgo1 as well as Sgo1∆C within nuclei 

of yeast cells, we speculate that the impaired degradation of Sgo1∆C does not result from localization 

to the wrong cellular compartment. 

Based on these results we conclude that elements in the last 250 amino acids of Sgo1 are necessary 

for its cell cycle-dependent regulation. To confirm this function of the last 250 amino acids, we 

compared the protein levels of wild type Sgo1-TAP and Sgo1∆N-TAP (lacking the first 340 amino 

acids) expressed from the endogenous SGO1 promoter over one synchronous cell cycle. We found 

that both proteins cannot be detected in G1 cells, whereas they peak in cells with high levels of mitotic 

cyclin B (Clb2) before they are degraded upon the exit of mitosis (Figure 6C). In contrast to Sgo1∆C-

TAP, we observed in total lower expression levels of Sgo1∆N-TAP in comparison to wild type Sgo1 

(compare Figure 6A and Figure 6C). Thus, we conclude that the C-terminal 250 amino acids of Sgo1 

contain all elements, which are required as well as sufficient for its cell cycle-dependent regulation.  
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Figure 6. The C-terminal domain of Sgo1 (last 250 amino acids) mediates its cell cycle-dependent 
degradation and its centromeric enrichment  
(A) Cells expressing wild type Sgo1-TAP as well as C-terminally truncated Sgo1∆C-TAP (amino acids 1 – 340) 
under control of its endogenous promoter were arrested with α-factor at a final concentration of 20 µM and 
released into one synchronous cell-cycle (see experimental procedures). Samples were withdrawn at indicated 
time points after the washout of α-factor and the corresponding levels of wild type and mutant Sgo1-/Sgo1∆C-TAP 
were analysed by immunoblotting (histone H3 used as loading control; mitotic cyclin Clb2 used as control for cell 
cycle progression). (B) The localization of wild type Sgo1-eGFP and C-terminally truncated Sgo1∆C-eGFP (amino 
acids 1 – 340) was determined by fluorescence microscopy in asynchronous cells (left panels). The morphology 
of yeast cells was monitored by differential interference contrast (DIC) microscopy (right panels). (C) The protein 
levels wild-type Sgo1-TAP as well as N-terminally truncated Sgo1∆N-TAP (amino acids 341 – 590) were 
monitored by immunoblotting throughout one synchronous cell cycle (Pgk1 used as loading control; mitotic cyclin 
Clb2 used as control for cell cycle progression). The experiment was performed as described in (A). 

 

3.1.2 Mapping of degradation signals in the C-terminal domain of Sgo1 reveals one essential 

element 
 

The last 250 amino acids of Sgo1, which are essential for its cell cycle-dependent degradation (Figure 

6C), contain several putative recognition sites for ubiquitylation by the APC/C marking it for 

subsequent proteasomal degradation. However, none of these sites perfectly matches the sequences 

identified in bona fide APC/C substrates, such as securin/Pds1 or mitotic cyclin Clb2. Thus, to map 

and identify elements mediating the cell cycle-dependent degradation of Sgo1, we designed a series 

of Sgo1 truncations containing Sgo1∆C (amino acids 1 – 340) and additional residues of the last 

250 amino acids (Figure 7A; fragment B encoding amino acids 341 – 370, fragment C encoding amino 

acids 391 – 490 and fragment D encoding amino acids 491 – 590). We expressed these alleles with a 
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C-terminal TAP-tag in asynchronous and G1-arrested cells and determined the levels of the 

corresponding fragment. Strikingly, we found that only fragment Sgo1∆C+CD-TAP is not present in 

detectable levels in G1-arrested cells, resembling wild type Sgo1 (compare Figure 7B and Figure 6A). 

As neither fragment C nor fragment D by itself was sufficient to mediate Sgo1 degradation in G1, we 

conclude that amino acids directly located at the transition of fragment C and D are essential for the 

cell cycle-dependent regulation of Sgo1 protein levels. 

 

 

Figure 7. Cell cycle-dependent degradation of Sgo1 relies on one stretch of amino acids located around 
leucine 490 within the C-terminus  
(A) Schematic overview representing the structure of truncated Sgo1 fragments, which were tested for cell cycle-
dependent protein stability in G1-arrested cells. (B) TAP-tagged Sgo1 fragments were expressed from the 
endogenous SGO1 promoter in exponentially growing (– α-factor) or G1-arrested cells (+ α-factor). The 
corresponding Sgo1 levels were analysed by immunoblotting (Pgk1 used as loading control). 

 

3.1.3 Mutation of a putative SUMO-binding motif stabilizes Sgo1 protein levels 

 

The prediction of linear motifs based on the eukaryotic linear motif (ELM) resource database revealed 

that a putative small ubiquitin-like modifier- (SUMO-) interacting motif (SIM) spans the transition of the 

Sgo1 fragments C and D (amino acids 489 – 493: LLDIT) (Dinkel et al., 2014). To test the relevance of 

this motif for cell cycle-dependent degradation of Sgo1, we replaced leucine 489 as well as leucine 

490 with alanine in an N-terminal truncation of Sgo1 (sgo1∆N L489,490A-TAP) in order to impair the 

interaction with SUMO. We than compared the protein levels of wild type Sgo1∆N-TAP and mutant 

Sgo1∆N L489,490A-TAP expressed under control of the constitutive ADH1 promoter in cells arrested 

in mitosis and G1. We detected significantly higher levels of the mutant protein in comparison to wild 

type Sgo1∆N-TAP independently of the cell cycle stage (Figure 8A). Moreover, we detected similar 

amounts of mutant Sgo1∆N L489,490A-TAP in asynchronous, mitotic and G1-arrested cells (Figure 

8A), indicating that cell cycle-dependent regulation of Sgo1 is bypassed upon mutation of the putative 

SUMO-binding motif. 
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Figure 8. Mutation of a putative SUMO-interacting motif (SIM) blocks the cell cycle-regulated degradation 
of Sgo1  
(A) Truncated versions of Sgo1∆N-TAP with (sgo1∆N L489,490A) or without (sgo1∆N) mutation of the putative 
SUMO-interacting motif (SIM) were expressed under control of the constitutive ADH1 promoter. Corresponding 
protein levels in exponentially growing, G1-arrested (+ α-factor) and metaphase-arrested cells (+ nocodazole) 
were analysed by immunoblotting (Pgk1 used as loading control; Cdc20 used as control for metaphase arrest). 
(B) Cells expressing wild type Sgo1-TAP or the putative SIM mutant (sgo1 L489,490A-TAP) under control of its 
endogenous promoter were arrested with α-factor at a final concentration of 20 µM and released into one 
synchronous cell-cycle (see experimental procedures). Samples were withdrawn at indicated time points and the 
corresponding levels of wild-type and mutant Sgo1 -TAP were analysed by immunoblotting (Pgk1 used as loading 
control; Pds1-myc9 used as control for cell cycle progression). 

 

To further confirm this hypothesis, we followed the expression of full-length Sgo1-TAP containing the 

L489A and L490A amino acid substitutions under control of the endogenous SGO1 promoter over one 

synchronous cell cycle. As expected, the protein levels of mutant Sgo1-TAP (sgo1 L489,490A-TAP) 

remained constant throughout the whole cell cycle, whereas wild type Sgo1 is only present in mitosis 

resembling the expression profile of Pds1 (Figure 8B). This observation confirms that the predicted 

SUMO-binding motif is necessary for the timely degradation of Sgo1. In contrast to our results 

obtained with the truncated versions of Sgo1, which were expressed under control of the ADH1 

promoter, we observed similar levels of full-length Sgo1 independently of the mutation of the putative 

SIM (compare Figure 8A and Figure 8B). Thus, Sgo1 degradation might not be completely blocked by 

the mutation of the SUMO-binding motif, but rather delayed or impaired. 
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3.1.4 Cell cycle-dependent regulation of Sgo1 protein levels is not essential for its function in 

mitotic chromosome segregation 

 

Next, we analyzed whether cell cycle-dependent regulation of Sgo1 protein levels affects its function in 

mitotic chromosome segregation. To this end we expressed the non-degradable Sgo1 mutant (sgo1 

L489,490A-TAP) in cells lacking endogenous Sgo1 and tested their response upon exposure to 

microtubule poisons. We found that cells expressing the non-degradable Sgo1 mutant can proliferate 

like wild type cells on plates containing low doses of the microtubule poison nocodazole. Cells lacking 

Sgo1 (sgo1∆) in contrast are sensitive to this chronic exposure (Figure 9A). Thus, degradation of Sgo1 

at the end of mitosis seems dispensable for accurate mitotic chromosome segregation in budding 

yeast.  

 

 

Figure 9.Cell cycle-dependent degradation of Sgo1 is not essential for proper chromosome segregation in 
mitosis  
(A) The sensitivity of wild type cells as wells as cells expressing no Sgo1 (sgo1∆) or non-degradable, TAP-tagged 
Sgo1 (sgo1 L489,490A-TAP) to microtubule poisons (4 µg/ml nocodazole) and to Cik1-cc overexpression, which 
triggers the formation of syntelic attachments at high frequencies, was analyzed. Tenfold serial dilutions of yeast 
cultures were spotted on plates containing galactose to induce overexpression of Cik1-cc-TAP or plates 
supplemented with 4 µg/ml nocodazole and incubated at 25 °C. (B) The overexpression of Cik1-cc-TAP was 
induced through addition of galactose to a final concentration of 2% in asynchronous yeast cultures expressing 
wild type (SGO1-TAP) or non-degradable Sgo1 (sgo1 L489,490A-TAP). The protein levels of TAP-tagged Cik1-cc 
as well as wild type and non-degradable Sgo1 in G1-arrested (+ α-factor) and mitotic cells (+ nocodazole) were 
determined by immunoblotting (Pgk1 used as loading control).  
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As Sgo1 becomes delocalized from centromeric chromatin upon the establishment of tension between 

sister chromatids, we tested whether impaired degradation of Sgo1 leads to a defect in chromosome 

biorientation (Nerusheva et al., 2014). To this end, we induced syntelic attachments in wild type cells, 

cells lacking Sgo1 and cells expressing the non-degradable Sgo1 mutant by constant overexpression 

of the coiled-coil domain of Cik1 (Cik1-cc; amino acids: 81 – 360) fused to a C-terminal TAP-tag 

(Figure 9B). Cik1-cc overexpression leads to the formation of syntelic attachments at high frequencies, 

and both detection and efficient correction are required to ensure cell proliferation under these 

conditions (Jin et al., 2012). Whereas cells lacking Sgo1 (sgo1∆) failed to proliferate due to massive 

chromosome missegregation, wild type cells and the sgo1 L489,490A mutant grew under these 

conditions (Figure 9A; Jin et al., 2012). These results suggest that degrading Sgo1 upon mitotic exit is 

not essential for the repair of syntelic attachments and for chromosome biorientation.  

 

3.2 Localization of Sgo1 via its conserved basic region 

3.2.1 Mutation of the conserved basic region interferes with Sgo1’s localization leading to 

defective chromosome segregation 

 

Having established that cell cycle-dependent degradation of Sgo1 is not essential for its function in 

mitotic cell division, we asked whether accurate localization of Sgo1 contributes to it. The enrichment 

of Sgo1 on centromeres depends on the interaction of its conserved basic region (amino acids 364 – 

391) with phosphorylated histone H2A (Kawashima et al., 2010; Kitajima et al., 2004). Notably, a sgo1 

mutant containing one single amino acid exchange within this region (T379I in sgo1-100) fails to halt 

cell cycle progression in response to incorrect chromosome attachments (Indjeian et al., 2005). To 

analyze whether the loss of function of this sgo1 mutant is caused by the inability to localize to 

centromeres, we replaced threonine 379 with aspartic acid (sgo1 T379D) within the conserved basic 

region to compensate the positive charges of several basic residues within the vicinity of threonine 

379. Next, we compared the localization of this mutant protein fused to a C-terminal GFP-tag with wild 

type Sgo1-GFP by fluorescence microscopy. In contrast to wild type Sgo1-GFP, which was enriched 

between the spindle pole bodies (marked by Spc29 fused to a C-terminal red fluorescent protein- 

(RFP-) tag), we observed a diffused nuclear signal of Sgo1 T379D-GFP in mitotic cells (Figure 10A; 

data from K. Peplowska). In summary, we showed that mutations within the conserved basic region 

interfere with the accurate localization of Sgo1 to centromeres, as previously published (Kawashima et 

al., 2010).  

To confirm that centromeric enrichment of Sgo1 is indeed crucial for its function, we tested the 

sensitivity of the sgo1 T379D mutant to microtubule poisons. We found that cells expressing 

mislocalized Sgo1 (sgo1 T379D-TAP) are not able to proliferate upon chronic exposure to benomyl 

(Figure 10B). To further confirm this result, we created another sgo1 mutant in which we deleted most 

of the conserved basic region (sgo1∆HB lacking amino acids 371 – 390) to abolish centromeric 

enrichment. As expected, these mutants were as sensitive as sgo1 T379D or sgo1∆ cells to chronic 
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exposure to benomyl (Figure 10B). These findings emphasize that localizing Sgo1 to centromeric 

chromatin via its conserved basic region is necessary for its correct function. Together with our 

analysis of the localization of the sgo1 T379D mutant, they further provide an explanation why the 

sgo1-100 mutant containing the T379I substitution fails to block mitotic exit in the presence of incorrect 

chromosome attachments (Indjeian et al., 2005). In agreement with this hypothesis, we found that 

sgo1∆HB mutants cannot proliferate upon overexpression of Cik1-cc, which induces syntelic 

attachments at high frequencies (data not shown). This finding further emphasizes that centromeric 

Sgo1 is essential for the detection and/or repair of syntelic attachments. 

 

 

Figure 10. The conserved basic region of Sgo1 facilitates its centromeric enrichment and is essential for 
its function in mitosis  
(A) The localization wild type Sgo1-GFP and mutant Sgo1 T379D-GFP was determined by fluorescence 
microscopy in exponentially growing cells. The morphology of the corresponding yeast cells was monitored by 
differential interference contrast (DIC) microscopy (left panels) and the poles of the mitotic spindle were visualized 
through fluorescence microscopy of RFP-tagged Spc29. The right panels (merge) show an overlay of RFP- and 
GFP-signals (data from K. Peplowska). (B) The sensitivity of wild type cells (SGO1-TAP) as wells as cells 
expressing no Sgo1 (sgo1∆) or mislocalized Sgo1 (sgo1 T379D-TAP and sgo1∆HB-TAP) to microtubule poisons 
(10 µg/ml benomyl) was analyzed. Tenfold serial dilutions of yeast cultures were spotted on plates containing 
10 µg/ml benomyl or no microtubule poisons (control) and incubated at 25 °C. 

 



Results 

28 
 

3.2.2 Mps1 overexpression causes a synthetic growth defect in cells expressing mislocalized 

Sgo1 

 

A recent study from our laboratory showed that the chromosome segregation defect of sgo1∆ cells 

can be partially rescued by ectopic overexpression of Mps1 from a high copy number plasmid 

(Storchová et al., 2011). The overexpression of Mps1 is believed to constitutively activate the SAC 

signalling cascade even in the absence of spindle damage (Hardwick et al., 1996), which might 

bypass the inability to sense and/or repair incorrect chromosome attachments of sgo1∆ cells. To 

confirm this result, we analysed whether the benomyl sensitivity of sgo1∆ cells is also alleviated when 

Mps1 is overexpressed from the inducible GAL1 promoter. Consistent with our previous results, we 

found that the benomyl sensitivity of sgo1∆ cells is indeed reduced upon ectopic expression of Mps1 

(Figure 11A). As Mps1 kinase activity might directly contribute to the centromeric localization of Sgo1 

(Storchová et al., 2011), we further analyzed whether the defect of cells expressing mislocalized Sgo1 

(sgo1 T379D-TAP) is also rescued by increased expression levels of Mps1. Remarkably, Mps1 

overexpression did not alleviate, but further increased the sensitivity of cells expressing mislocalized 

Sgo1 towards microtubule poisons (Figure 11A). 

As ectopic Mps1 expression further impaired the proliferation of the sgo1 T379D mutant in the 

presence of benomyl, we analysed whether elevated levels of Mps1 by itself are sufficient to cause a 

synthetic growth defect in cells expressing mislocalized Sgo1. Thus, we overexpressed Mps1 in wild 

type and sgo1∆ cells as well as in three different mutants expressing mislocalized Sgo1 (sgo1 T379D-

TAP, sgo1∆HB-TAP and sgo1∆C-TAP). Mps1 overexpression slightly impaired the proliferation of 

sgo1∆ cells and mutants expressing C-terminally truncated Sgo1 (sgo1∆C-TAP containing amino 

acids 1 – 340) in comparison to wild type (Figure 11B). Mislocalized Sgo1 mutants containing only a 

single amino acid substitution within the conserved basic region (sgo1 T379D-TAP) or a small internal 

deletion of the conserved basic region (sgo1∆HB-TAP) in contrast showed a more pronounced growth 

defect under these conditions (Figure 11B). Based on these findings, we conclude that elevated 

protein levels of Mps1 cause indeed a synthetic growth defect in cells expressing mislocalized Sgo1. 

As the Sgo1∆C mutant lacks this phenotype, we reason that this growth defect is mediated by 

elements other than the conserved basic region within the last 250 amino acids of Sgo1. 

In order to investigate the molecular mechanism that causes this synthetic growth defect, we tested 

whether constitutive SAC activation accounts for the observed phenotype. To this end, we deleted 

MAD2, which is a core component of the mitotic checkpoint complex (MCC) that tethers Cdc20 and 

blocks mitotic progression (Hwang et al., 1998; Hardwick et al., 2000), in cells expressing mislocalized 

Sgo1 (mad2∆ sgo1 T379D-TAP) and the corresponding wild type background. Thus, a functional SAC 

response cannot be established in these cells even when Mps1 is overexpressed (Hardwick et al., 

1996). We found that Mps1 overexpression is sufficient to cause the synthetic growth defect in cells 

expressing mislocalized Sgo1 in the absence of Mad2 (mad2∆ sgo1 T379D-TAP; Figure 11C). Based 

on this observation, we conclude that elevated levels of Mps1 cause a SAC-independent growth 

defect in the presence of mislocalized Sgo1. 
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Figure 11. Ectopic expression of Mps1 causes a SAC-independent synthetic growth defect in cells 
expressing mislocalized Sgo1  
(A) The effect of Mps1 overexpression on the sensitivity of cells lacking Sgo1 (sgo1∆) or expressing mislocalized 
Sgo1 (sgo1 T379D-TAP) towards microtubule poisons was analyzed. Tenfold serial dilutions of yeast cultures 
were spotted on plates containing 10 µg/ml benomyl and 2% galactose to induce Mps1 overexpression from the 
GAL1 promoter in the indicated strains (+ PGAL1-MPS1). Control plates without benomyl contained 2% glucose as 
carbon source to repress transcription of MPS1. (B) The sensitivity of cells expressing mislocalized Sgo1 (sgo1 
T379D-TAP, sgo1∆HB-TAP and sgo1∆C-TAP) towards ectopic Mps1 overexpression was analyzed. Tenfold 
serial dilutions of yeast cultures were spotted on plates containing 2% galactose to induce Mps1 overexpression 
from the GAL1 promoter in all tested strains. Control plates contained 2% glucose as carbon source to repress 
transcription of MPS1. (C) The effect of Mps1 overexpression on SAC-deficient mutants (mad2∆) expressing wild 
type (SGO1-TAP) or mislocalized Sgo1 (sgo1 T379D-TAP) was evaluated. The experiment was performed as 
described in (B). 
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3.3 The function of Sgo1’s coiled-coil domain in mitosis 

3.3.1 The coiled-coil domain of Sgo1 mediates the interaction with Rts1 in vitro 
 

The interaction of human PP2A complexes and HsSgo1 is disrupted upon the introduction of the N61I 

mutation within its coiled-coil domain (Xu et al., 2009). To verify that the equivalent mutant allele (sgo1 

N51I) of budding yeast Sgo1 shows the same behaviour, we recapitulated the in vitro binding assay 

using the yeast homologue. To this end we purified PP2A containing TAP-tagged Rts1 from mitotic 

yeast extract. We incubated purified PP2A with C-terminally truncated wild type or mutant Sgo1∆C 

containing the N51I substitution. Subsequently, we immunoprecipitated the Sgo1∆C fragments via 

their His-tag and tested whether the PP2A subunit Rts1-TAP binds to Sgo1 under these conditions. 

Whereas mutant Sgo1∆C N51I failed to co-purify Rts1-TAP, we detected binding of Rts1-TAP to 

Sgo1∆C containing the wild type version of the coiled-coil domain (Figure 12; data from K. 

Peplowska). This result is consistent with studies suggesting that the interaction of Sgo1 and PP2A 

complexes depends on the coiled-coil domain of Shugoshin proteins and is highly conserved 

throughout eukaryotes (Kitajima et al., 2006; Riedel et al., 2006). Moreover, these in vitro binding 

experiments further validate that the sgo1 N51I allele is suitable to study the involvement of PP2A and 

Rts1 in the function of Sgo1 during chromosome segregation in mitosis. 

 

 

Figure 12. The coiled-coil domain of Sgo1 is critical for the in vitro interaction of Sgo1 with PP2A 
complexes containing the Rts1 subunit 
Heterotrimeric PP2A complexes were purified from mitotic lysates of S. cerevisiae via Rts1-TAP fusion proteins 
using calmodulin-coupled agarose and eluted through addition of EDTA. Equal amounts of PP2A were incubated 
with recombinant His-Sgo1∆C fragments (amino acids 1–340, expressed in E. coli) bound to Ni-NTA agarose 
beads. Agarose-bound proteins were eluted by boiling in SDS sample buffer and subjected to SDS-PAGE 
followed by Western blot analysis to detect bound PP2A subunits (data from K. Peplowska). 
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3.3.2 Sgo1 is required for the centromeric enrichment of Rts1 in mitotic cells 

 

Sgo1 recruits PP2A in order to protect centromeric sister chromatid cohesion during meiosis (Riedel et 

al., 2006). Therefore, we asked whether PP2A localization in mitosis also depends on Sgo1. To 

address this question, we performed chromatin immunoprecipitation (ChIP) experiments followed by 

quantitative polymerase chain reaction (qPCR) to determine the centromeric enrichment of Rts1, the 

B’ regulatory subunit of PP2A in budding yeast. In mitotic wild type cells, Rts1-FLAG was more than 

15-fold enriched on chromatin proximal to the point centromere of chromosome 1 (CEN1) in 

comparison to an unspecific control locus on the arm of chromosome 10 (MDV1; Figure 13A).  

 

 

Figure 13. Rts1 enrichment on centromeric chromatin relies on Sgo1 and its N-terminal coiled-coil domain 
in mitotic cells  
(A) Enrichment of FLAG-tagged Rts1 on centromeric/pericentromeric DNA (0.1 kb away from CEN1, 1.1 kb away 
from CEN4 and 5.0 kb away from CEN12) and on rDNA (NTS1-2) in nocodazole-arrested wild type and sgo1∆ 
cells was determined by ChIP followed by qPCR. Enrichment was calculated from normalization to the levels of 
Rts1-FLAG bound to an unspecific locus on the arm of chromosome 10 (MDV1). Error bars represent the 
standard error of the mean. (B) The levels of FLAG-tagged Rts1 in exponentially growing wild type and sgo1∆ 
cells were analyzed by Western blot analysis (histone H3 used as loading control). (C) The localization of Rts1-
GFP in wild type cells (SGO1) or in cells expressing the sgo1 N51I allele (sgo1-N51I) was determined by 
fluorescence microscopy. The poles of the mitotic spindle were visualized through fluorescence microscopy of 
RFP-tagged Spc29. Plots on the right show histograms of the signal intensity across the white line in the insets. 
Bar – 5 µm (data from K. Peplowska). 
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We further observed a five-fold enrichment of Rts1 on chromatin more distal from the point 

centromeres (1.1 and 5.0 kb) of chromosome 4 and 12, respectively. Notably, we failed to detect this 

centromeric enrichment of Rts1 in cells lacking Sgo1 (sgo1∆; Figure 13A). We conclude that Sgo1 is 

necessary for the recruitment of the PP2A subunit Rts1 to centromeres during mitosis, as the steady 

state levels of Rts1 were not affected by the deletion of SGO1 (Figure 13B). Our finding is consistent 

with previous ChIP experiments showing that the correct localization of Sgo1 is critical for recruitment 

of Rts1 to centromeres in meiosis of S. cerevisiae (Yu & Koshland, 2008).  

To extend our analysis, we determined the localization of Rts1-GFP in wild type cells and the sgo1 

N51I mutant by fluorescent microscopy. In agreement with our ChIP-qPCR experiments, we detected 

increased amounts of Rts1-GFP between the spindle pole bodies in wild type cells during mitosis (data 

from K. Peplowska; Figure 13C). This pool of Rts1-GFP was absent in cells expressing the sgo1 N51I 

allele. Taken together, our results show that Sgo1 is essential for the centromeric enrichment of the 

PP2A subunit Rts1 during mitosis. The recruitment of Rts1 is likely mediated by a direct interaction 

between Sgo1 and PP2A complexes, which depends on the coiled-coil domain of Sgo1. 

 

3.3.3 Rts1 is required for faithful chromosome segregation during mitosis 

 

Having established that centromeric enrichment of Rts1 is a common feature of both meiotic as well as 

mitotic chromosome segregation, we investigated whether Rts1 also facilitates Sgo1’s function in 

mitosis. First, we tested the sensitivity of cells lacking Rts1 (rts1∆) or expressing the sgo1 N51I allele 

(sgo1 N51I-TAP) towards microtubule poisons. Like sgo1∆ cells, both mutants were sensitive to 

chronic exposure to nocodazole (Figure 14A). As reported earlier, we also consistently observed that 

the sensitivity of rts1∆ mutants was not as pronounced as for sgo1∆ (Xu et al., 2009). Similarly, cells 

expressing the sgo1 N51I allele exhibited a milder phenotype than sgo1∆ mutants.  

Next, we addressed what is causing the increased sensitivity towards microtubule poisons in the 

tested strains. Mutants of bona fide SAC genes fail to maintain a mitotic arrest in response to 

microtubule poisons and are therefore sensitive to such drugs (Hoyt et al., 1991; Li & Murray, 1991). 

One possible explanation is that a defective SAC is causing the observed phenotypes of cells lacking 

Rts1 (rts1∆). Therefore, we tested whether these cells fail to maintain a mitotic arrest upon complete 

depolymerisation of the spindle microtubules by high doses of nocodazole. We released wild type and 

rts1∆ cells from a G1-arrest into a synchronous cell cycle in the presence of nocodazole and followed 

cell cycle progression by determining the levels of budding yeast securin Pds1. Wild type as well as 

rts1∆ cells maintained high levels of Pds1 in the presence of nocodazole even 3 hours after the 

release from the G1 arrest (Figure 14B). This finding suggests that cells lacking Rts1 are capable of 

establishing a stringent mitotic arrest in response to unattached kinetochores. Thus, the observed 

nocodazole sensitivity cannot be explained by a major SAC defect in cells lacking Rts1. Consistently, 

sgo1∆ and sgo1 N51I mutants also maintain robust activation of the SAC under these conditions 

(Indjeian et al., 2005; Peplowska et al., 2014). 
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Figure 14. Cells lacking Rts1 are defective in chromosome segregation despite functional checkpoint 
response triggered by unattached kinetochores  
(A) The sensitivity of wild type cells (SGO1-TAP) as well as of cells expressing no Sgo1 (sgo1∆), no Rts1 (rts1∆) 
or the sgo1 N51I allele (sgo1 N51I-TAP) to microtubule poisons (4 µg/ml nocodazole) was analyzed. Tenfold 
serial dilutions of yeast cultures were spotted on plates containing 4 µg/ml nocodazole or no microtubule poisons 
(control). (B) Wild type and rts1∆ cells expressing HA-tagged Pds1 were arrested with α-factor and released into a 
synchronous cell cycle in the absence as well as in the presence of 25 µg/ml nocodazole (see experimental 
procedures). Samples were withdrawn at indicated time points and the corresponding levels of HA-tagged Pds1 
were analysed by immunoblotting (Pgk1 used as loading control). 

 

3.3.4 Rts1 and its interaction with Sgo1 at centromeres are crucial for the detection and/or the 

repair of syntelic chromosome attachments  

 

To determine the role of Rts1 in chromosome segregation, we next tested whether it is important for 

the detection and repair of syntelic attachments. To this end, we induced syntelic chromosome 

attachments by constitutive overexpression of the coiled-coil domain of Cik1 in cells lacking Rts1 or in 

the sgo1 N51I mutant. Consistent with a previous study that introduced this genetic tool, we observed 

that sgo1∆ cells are highly sensitive towards the constitutive overexpression of Cik1-cc (Figure 15A; 

Jin et al., 2012). Cells lacking Rts1 or expressing the sgo1 N51I allele also failed to grow efficiently 

under these conditions indicating that the repair of syntelic attachments or the establishment of 

chromosome biorientation is impaired (Figure 15A).  
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Figure 15. Rts1 and its correct localization facilitated by Sgo1 are essential for cell viability upon the 
induction of syntelic chromosome attachments 
(A) The sensitivity of wild type cells (SGO1-TAP) as well as of cells expressing no Sgo1 (sgo1∆), no Rts1 (rts1∆) 
or the sgo1 N51I allele (sgo1 N51I-TAP) to Cik1-cc overexpression, which triggers the formation of syntelic 
attachments at high frequencies, was analyzed. Tenfold serial dilutions of yeast cultures were spotted on plates 
containing either 2% galactose to induce or 2% glucose to repress Cik1-cc expression (control) and incubated at 
25 °C. (B) Wild type and rts1∆ cells expressing HA-tagged Pds1 were arrested with α-factor and released into a 
synchronous cell cycle in the absence (YP raffinose) as well as in the presence of 2% galactose (YP galactose) to 
induce Cik1-cc-TAP expression (see experimental procedures). Samples were withdrawn at indicated time points 
and the corresponding levels of HA-tagged Pds1 were analysed by immunoblotting (Pgk1 used as loading 
control). 

 

We further tested whether inducing syntelic attachments by Cik1-cc overexpression affects the timing 

of mitosis. To this end, we released G1 arrested cells into a synchronous cell cycle with (YP 

galactose) and without (YP raffinose) induction of Cik1-cc expression and monitored the protein levels 

of Pds1. Consistent with previous experiments, we observed a stabilization of Pds1 at later time points 

in cells upon Cik1-cc overexpression indicating that syntelic attachments are detected and repaired 

through the activity of the CPC (YP galactose; Figure 15B; Jin et al., 2012). Sgo1∆ cells lack this 

response and therefore we analysed the kinetics of Pds1 degradation in rts1∆ mutants to determine 
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whether these cells show the same phenotype (Jin et al., 2012). Pds1 was degraded with a similar 

timing in rts1∆ mutants independently of Cik1-cc overexpression (Figure 15B). Thus, we conclude that 

cells lacking Rts1, like sgo1∆ mutants, fail to detect and/or repair syntelic attachments. These findings 

further indicate that Rts1 might cooperate with Sgo1 to ensure faithful chromosome segregation during 

mitosis in budding yeast. 

 

3.3.5 Genetic analysis of sgo1 mutants lacking the interaction with Rts1 

 

During our analysis to identify sgo1 mutants, which are not degraded in a cell cycle dependent 

manner, we noticed that expressing C-terminally truncated Sgo1∆C in sgo1∆ cells weakly alleviates 

the sensitivity to microtubule poisons (Figure 16A). As we were interested whether Sgo1 cooperates 

with Rts1 during mitosis, we introduced the N51I mutation into C-terminally truncated Sgo1∆C 

(sgo1∆C N51I-TAP) to abolish the interaction of this fragment with Rts1. We than analysed the 

proliferation of cells expressing this mutant fragment of Sgo1 in the presence of microtubule poisons. 

As expected, we found that this mutant is as sensitive as sgo1∆ cells to chronic exposure to benomyl 

indicating that the interaction with Rts1 is crucial for the partial rescue phenotype of Sgo1∆C (Figure 

16A). This finding raises further evidence supporting our notion that Rts1 and Sgo1 act together during 

mitosis. 

In addition, we performed genetic experiments using sgo1 mutants, which express mislocalized, full-

length Sgo1, to validate the cooperation with Rts1 during mitotic cell division. These mutants (sgo1 

T379D and sgo1∆HB) showed a SAC-independent growth defect upon ectopic expression of the 

protein kinase Mps1 (Figure 11B; Figure 16B). As we failed to detect this growth defect in sgo1∆ cells, 

we speculate that Mps1 overexpression becomes detrimental in cells in which mislocalized Sgo1 

targets its potential downstream factor Rts1 (and PP2A) to the wrong cellular binding site. Therefore, 

our hypothesis that Rts1 contributes to the function of Sgo1 predicts that disrupting this interaction 

should alleviate the observed synthetic growth defect. In order to test this assumption, we created a 

sgo1 allele, which fails to interact with Rts1 and is not enriched on centromeric chromatin (sgo1 N51I, 

T379D). Consistent with our hypothesis, this mutant lacked the synthetic growth defect like sgo1∆ 

cells, when Mps1 was ectopically overexpressed (Figure 16B).  

In summary, our genetic and biochemical analysis of sgo1 mutants containing the N51I amino acid 

substitution argues that Sgo1 binds Rts1 and thus, recruits it to centromeric chromatin during mitosis. 

Our results further suggest a mechanism in which Sgo1 localizes its downstream factor Rts1, which at 

least partially executes Sgo1`s function in mitotic chromosome segregation. 
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Figure 16. The dominant negative function of mislocalized Sgo1 depends on the integrity of its N-terminal 
coiled-coil domain  
(A) The sensitivity of cells lacking Sgo1 (sgo1∆) or expressing truncated versions of Sgo1 containing the wild type 
(sgo1∆C-TAP) or a mutant version (sgo1∆C N51I-TAP) of the coiled-coil domain towards microtubule poisons 
was analyzed. Tenfold serial dilutions of yeast cultures were spotted on plates containing 10 µg/ml benomyl or no 
microtubule poisons (control). (B) The sensitivity of cells expressing mislocalized Sgo1 (sgo1 T379D-TAP and 
sgo1∆HB-TAP) as well as cells expressing mislocalized Sgo1, which fails to interact with Rts1 (sgo1 N51I,T379D-
TAP), towards Mps1 overexpression was analyzed. Tenfold serial dilutions of yeast cultures were spotted on 
plates containing 2% galactose to induce Mps1 overexpression from the GAL1 promoter in all tested strains. 
Control plates contained 2% glucose as carbon source to repress transcription of MPS1. 

 

3.4 SMC protein complexes as downstream targets of Sgo1 and Rts1 

3.4.1 The centromeric enrichment of cohesin is not affected by SGO1 deletion 

 

In meiosis, Sgo1 recruits PP2A via an interaction with Rts1 to protect centromeric cohesion of sister 

chromatids (Kitajima et al., 2006; Riedel et al., 2006). Since we found that Sgo1 recruits Rts1 in a 

similar manner to centromeres during mitosis (Figure 13A, C), we considered the possibility that 

cohesin complexes might also be the substrate of Sgo1 (and Rts1/PP2A) during mitotic chromosome 

segregation. Thus, we analysed the enrichment of the cohesin subunit Mcd1/Scc1 on centromeric 

chromatin in mitotic cells using ChIP followed by qPCR. Mcd1/Scc1 was up to 20-fold enriched on 

centromeric DNA in comparison to an unspecific control locus (Figure 17A). The Mcd1/Scc1 

enrichment declined with increasing distances from the point centromeres of budding yeast 
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chromosomes. Strikingly, the deletion of SGO1 did not alter the chromosomal enrichment of 

Mcd1/Scc1 in this assay, indicating that abundance and distribution of cohesin complexes around 

centromeres is not affected by Sgo1 in budding yeast mitosis. Accordingly, the steady state levels of 

Mcd1/Scc1 are comparable in wild type and sgo1∆ cells (Figure 17B). Complementing results were 

obtained by fluorescence microscopy, which revealed that the localisation of the cohesin subunit 

Smc3-GFP is also not affected by SGO1 deletion (Peplowska et al., 2014). Our findings are consistent 

with a previous publication showing that chromosomal association of Mcd1/Scc1 does not depend on 

Sgo1 during mitotic cell division (Kiburz et al., 2005). Moreover, these findings explain why mitotic 

cells lacking Sgo1 have no major cohesion defect in contrast to sgo1∆ cells undergoing meiotic cell 

division (Indjeian et al., 2005). Taken together, cohesin complexes and sister chromatid cohesion are 

not regulated by Sgo1 during mitosis in budding yeast as it is in vertebrate cells (McGuinness et al., 

2005).  

 

 

Figure 17. The chromatin enrichment and the protein levels of the cohesin subunit Mcd1/Scc1 are not 
affected by Sgo1  
(A) Enrichment of FLAG-tagged Mcd1/Scc1 on centromeric/pericentromeric DNA (0.1 kb away from CEN1, 1.1 kb 
away from CEN4 and 5.0 kb away from CEN12) and on rDNA (NTS1-2) in nocodazole-arrested wild type and 
sgo1∆ cells was determined by ChIP followed by qPCR. Enrichment was calculated from normalization to the 
levels of Mcd1/Scc1-FLAG bound to an unspecific locus on the arm of chromosome 10 (MDV1). Error bars 
represent the standard error of the mean. (B) The levels of FLAG-tagged Mcd1/Scc1 in exponentially growing wild 
type and sgo1∆ cells (two independent clones of each genetic background) were analyzed by Western blot 
analysis (asterisk indicates an unspecific cross reaction of the anti-FLAG antibody, which was used as loading 
control). 

 

3.4.2 Sgo1 is essential to maintain a centromeric pool of condensin complexes in mitotic cells 

 

Since we found no evidence that Sgo1 affects centromeric cohesin, we aimed to identify other targets 

of Sgo1, which might contribute to its function in the repair of syntelic attachments. The condensin 

complex might be such a putative downstream target, as it co-localizes with Sgo1 at centromeric 

chromatin and affects the structural integrity of these regions in budding yeast (Bachellier-Basi et al., 

2008; Wang et al., 2005; D’Ambrosio et al. 2008a; Stephens et al., 2011). The high similarity of 
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condensin and cohesin, a bona fide substrate of Sgo1 and PP2A (see Introduction), further supports 

this assumption. In order to test whether the localization of condensin complexes is affected by Sgo1, 

we performed ChIP experiments followed by qPCR. We determined the enrichment of the condensin 

subunit Smc2 on centromeres and on rDNA in nocodazole-arrested wild type and sgo1∆ cells (Figure 

18A). Consistent with previous studies on the localization of condensin, Smc2 was indeed up to 

eightfold enriched on rDNA and centromeric chromatin in wild type cells (Figure 18A; Bachellier-Basi 

et al., 2008; Wang et al., 2005; D’Ambrosio et al. 2008a). Similar as for Rts1 and Mcd1/Scc1, we 

observed that the level of Smc2 enrichment declined with increasing distance from the point 

centromere. The deletion of SGO1 greatly reduced the level of Smc2 enrichment on all tested loci 

proximal to point centromeres. Strikingly, Smc2 binding to rDNA was not reduced upon SGO1 deletion 

in comparison to wild type cells (Figure 18A). We rather observed an increase of Smc2 on rDNA 

indicating that two separate mechanisms exist, which are differentially targeting condensin to 

centromeres and to rDNA. These findings are also in line with the localization of Smc2 and another 

condensin subunit Ycg1 determined by fluorescence microscopy in our laboratory (data from K. 

Peplowska; Peplowska et al., 2014). A previous study on the localization of condensin in budding 

yeast further showed that the individual subunits of the pentameric complex always co-localize at 

rDNA and at pericentromeric regions (Bachellier-Basi et al., 2008). Based on this uniform behaviour of 

the complex members, we conclude that Sgo1 is crucial to maintain a centromeric pool of condensin 

complexes until the initiation of anaphase in budding yeast. 

Considering the role of Rts1 as potential downstream-factor of Sgo1 in mitotic chromosome 

segregation (Figure 13), we next asked whether Rts1 might also be important for the centromeric 

enrichment of condensin. To address this question, we performed the same ChIP assay as for sgo1∆ 

cells analyzing the levels of Smc2 enrichment on centromeric chromatin in rts1∆ cells. In comparison 

to wild type cells, we found less Smc2 bound to centromeric/pericentromeric chromatin in rts1∆ cells 

(Figure 18B). However, this observed reduction of Smc2 enrichment on centromeric chromatin (58% 

of wild type levels) was not as pronounced as for cells lacking Sgo1. Consistent with our analysis of 

sgo1∆ cells, we observed no reduction, but rather a small increase of Smc2 bound to rDNA upon 

deletion of RTS1 (Figure 18B). 

In order to exclude the possibility that the observed reduction of centromeric Smc2 in our ChIP assays 

simply reflects reduced protein levels, we determined the steady state levels of FLAG-tagged Smc2 in 

cells lacking Sgo1 or Rts1. As we observed no variations of FLAG-tagged Smc2 in wild type and 

sgo1∆/rts1∆ cells, we conclude that the enrichment of Smc2 for each analyzed locus correlates with 

the amount of condensin bound to the corresponding genomic region (Figure 18C). Based on the 

observation that Smc2 is less abundant on centromeric chromatin in sgo1∆ than in rts1∆ cells, we 

speculate that Sgo1 is essential for centromeric enrichment of condensin and Rts1 likely supports 

Sgo1 in this function. 
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Figure 18. Sgo1 is essential to maintain a pool of the condensin subunit Smc2 at centromeric chromatin  
(A) Enrichment of FLAG-tagged Smc2 on centromeric/pericentromeric DNA (0.1 kb away from CEN1, 1.1 kb 
away from CEN4 and 5.0 kb away from CEN12) and on rDNA (NTS1-2) in nocodazole-arrested wild type and 
sgo1∆ cells was determined by ChIP followed by qPCR. Enrichment was calculated from normalization to the 
levels of Smc2-FLAG bound to an unspecific locus on the arm of chromosome 10 (MDV1). Error bars represent 
the standard error of the mean. (B) Enrichment of FLAG-tagged Smc2 on centromeric/pericentromeric DNA and 
on rDNA in wild type and rts1∆ cells was determined by ChIP followed by qPCR. Experiments were performed as 
described in (A). Error bars represent the standard error of the mean. (C) The levels of FLAG-tagged Smc2 in 
exponentially growing wild type, sgo1∆ and rts1∆ cells were analyzed by Western blot analysis (Pgk1 used as 
loading control). 

 

3.4.3 The centromeric pool of condensin functions in the detection and/or repair of incorrect 
chromosome attachments 

 

Sgo1 maintains adequate levels of condensin at centromeric regions of chromosomes, which have not 

yet achieved chromosome biorientation (Figure 18A; Verzijlbergen et al., 2014; Nerusheva et al., 

2014). This observation suggests a functional role for condensin in the establishment of correct 

microtubule-kinetochore attachments before sister chromatids are segregated during anaphase. To 

test this hypothesis, we induced the formation of syntelic attachments by Cik1-cc overexpression in 

mutants containing temperature-sensitive (ts) alleles of two essential condensin subunits (smc2-8 and 

ycg1-10). Even at non-restrictive temperatures these cells failed to proliferate under constitutive Cik1-

cc overexpression (Figure 19A), arguing for a contribution of condensin activity to the detection and/or 

repair of syntelic chromosome attachments. However, condensin acts also on rDNA repeats and 

thereby influences the timing of chromosome segregation during anaphase (D’Ambrosio et al., 2008b; 



Results 

40 
 

St-Pierre et al., 2009). Interfering with this anaphase-specific function might also cause the observed 

lethality in response to Cik1-cc overexpression. To test this possibility, we induced syntelic 

attachments in a yeast strain, which has been reported to be mostly deficient for condensin function in 

anaphase chromosome condensation (strain D1225; St-Pierre et al., 2009). This strain expresses 

phosphorylation-resistant variants of the regulatory subunits Brn1, Ycg1 as well as Ycs4 and has a 

major defect in the formation of properly condensed rDNA loci in anaphase-arrested cells (St-Pierre et 

al., 2009). Strikingly, these mutations did not affect the growth of cells under constitutive induction of 

syntelic chromosome attachments (Figure 19A). This finding argues for a hitherto unknown function of 

condensin during the establishment of chromosome biorientation before cells enter anaphase.  

 

 

Figure 19. Functional condensin is essential for cell viability upon induction of syntelic attachments  
(A) The sensitivity of wild type cells (SGO1-TAP) and condensin mutants (D1225, ycg1-10, smc2-8) to Cik1-cc 
overexpression, which triggers the formation of syntelic attachments at high frequencies, was analyzed. The yeast 
strain D1225 expresses phosphorylation-deficient mutants of the condensin subunits Ycg1, Ycs4 and Brn1, which 
impair the function of condensin specifically during anaphase. The condensin mutants smc2-8 and ycg1-10 
contain temperature sensitive alleles of the corresponding gene affecting all functions of condensin. Tenfold serial 
dilutions of yeast cultures were spotted on plates containing either 2% galactose to induce or 2% glucose to 
repress Cik1-cc expression (control) and incubated at 25 °C. (B) The sensitivity of wild type cells (SGO1-TAP) 
and monopolin mutants (csm1∆, lrs4∆) to Cik1-cc overexpression was analyzed. Experiment was performed as 
described in (A) and the plates were incubated at the indicated temperatures. 
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A second line of evidence further supports this hypothesis. Yeast cells lacking the monopolin complex 

members Csm1 or Lrs4 fail to efficiently localize condensin to specific loci within the rDNA (Johzuka & 

Horiuchi, 2009). This defective condensin loading on rDNA likely interferes with the correct 

condensation of rDNA during anaphase. If the impairment of this function causes the observed 

lethality of the temperature-sensitive condensin mutants (smc2-8 and ycg1-10) upon induction of 

syntelic attachments, csm1∆ and lrs4∆ cells should also be sensitive to Cik1-cc overexpression. 

However, these mutants were not affected by the induction of syntelic attachments when the cells 

were grown at 30 °C (Figure 19B). 

Notably, we found that the proliferation of lrs4∆ cells was slightly impaired upon Cik1-cc 

overexpression at lower temperatures (25 °C; Figure 19B). A recent study determining the localisation 

of condensin by fluorescence microscopy revealed that Smc4 levels at centromeres are reduced to 

80% of wild type levels in lrs4∆ mutants (Snider et al., 2014). We conclude that this minor loss of 

condensin from centromeres causes the observed weak sensitivity to Cik1-cc overexpression, 

because csm1∆ and lrs4∆ mutants are otherwise equally compromised in the loading of condensin to 

rDNA (Johzuka & Horiuchi, 2009). In summary, our genetic analysis suggests that condensin functions 

in the detection and/or repair of incorrect chromosome attachments independently of its role in 

anaphase. 

 

3.4.4 Sgo1 and Rts1 contribute to the compaction of centromeric chromatin during mitosis 

 

As condensin mutants failed to proliferate upon Cik1-cc overexpression similarly like cells lacking 

Sgo1 (Figure 19A), we asked whether sgo1∆ mutants show phenotypes resembling cells lacking 

functional condensin. Recently, it has been published that condensin mutants fail to maintain the 

proper structure of centromeric chromatin (Stephens et al., 2011). As Sgo1 contributes to condensin 

localization on centromeres (Figure 18; Verzijlbergen et al., 2014; Nerusheva et al., 2014), we 

assumed that sgo1 and rts1 mutants should show a defect in the maintenance of correct centromeric 

structures as well. Thus, we analyzed the compaction of a tetracycline operator (TetO) sequence 

integrated 1 kb away from the point centromere of chromosome 4 through visualization using a 

tetracycline repressor- (TetR-) GFP fusion protein. Up to 90% of analysed wild type cells showed a 

single GFP focus, which sometimes split due to so called kinetochore-breathing during the 

establishment of chromosome biorientation (data from K. Peplowska; Figure 20; He et al., 2000; 

Stephens et al., 2011). We found that only a minor population of wild type cells showed an increased 

stretching of centromeric chromatin (data from K. Peplowska; Figure 20; Stephens et al., 2011). The 

fraction of cells with stretched centromeric chromatin was increased up to 40% for sgo1∆ mutants. We 

further observed similar rates of stretched centromeric chromatin in cells expressing sgo1 N51I or 

lacking Rts1. The observed frequencies of stretched chromatin are comparable to published 

experiments using the temperature sensitive brn1-9 mutant and therefore resembling a condensin 

deficient phenotype (Stephens et al., 2011). Taken together, we conclude that Sgo1 maintains a pool 

of condensin that shapes the structure of centromeric chromatin. We further hypothesize that this 



Results 

42 
 

structural integrity is important for the detection of tension between sister chromatids upon 

establishment of chromosome biorientation. Such an interpretation would also explain why condensin 

mutants fail to repair syntelic attachments.  

 

 

Figure 20. Loss of centromeric condensin increases stretching of centromeric chromatin in mitotic cells  
Stretching of centromeric DNA in wild type cells compared with cells that lack Sgo1 (sgo1∆) or fail to localize Rts1 
to the centromeric region (rts1Δ and sgo1-N51I) was analyzed by fluorescence microscopy of CEN4. CEN4 was 
visualized through binding of a TetR-GFP fusion protein to TetO-repeats integrated 1 kb away from the point 
centromere of chromosome 4. Only pre-anaphase spindles (SPB distance <2 µm, spindle located in the mother 
cell) were scored. Top – examples of scored categories (data from K. Peplowska). 

 

3.5 The chromosomal passenger complex (CPC) as downstream target of 
Sgo1 

3.5.1 Ipl1/Aurora B phosphorylation has to be precisely balanced for functional repair of 

syntelic attachments 

 

The phosphorylation of kinetochore components by Ipl1/Aurora B is essential for the turnover of 

incorrect chromosome attachments (reviewed in Carmena et al., 2012). Accordingly, we tested 

whether a temperature sensitive mutant of Ipl1/Aurora B (ipl1-321) is sensitive to the induction of 

syntelic attachments by Cik1-cc overexpression. In agreement with a previous study, we found that 

ipl1-321 cells failed to proliferate upon Cik1-cc overexpression even at permissive temperatures 

(Figure 21A; Jin et al., 2012). The proliferation defect of ipl1-321 cells, which we even observed at 

non-restrictive temperatures, might be due to generally reduced kinase activity of the mutant protein 
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(Jin et al., 2012; Kotwaliwale et al., 2007; Makrantoni & Stark, 2009). Thus, we analysed the 

phosphorylation of histone H3 on serine 10 by Ipl1/Aurora B in wild type and ipl1-321 cells using an 

antibody against this phospho-epitope (Hendzel et al., 1997; Hsu et al., 2000). Even at room 

temperature (RT) ipl1-321 cells displayed lower levels of H3 phosphorylation in comparison to wild 

type cells (Figure 21B). This effect was even more pronounced at the restrictive temperature (37 °C) 

and H3 phosphorylation was virtually abolished under these conditions in ipl1-321 cells. Thus, we 

conclude that a certain threshold of Ipl1/Aurora B kinase activity is essential to allow the repair of 

syntelic attachments.  

 

 

Figure 21. Reduced as well as increased levels of Ipl1/Aurora B phosphorylation interfere with the repair 
of syntelic attachments  
(A) The sensitivity of wild type cells (WT) as well as of cells expressing temperature sensitive alleles of either the 
kinase Ipl1/Aurora B (ipl1-321) or the phosphatase PP1 (glc7-10) to Cik1-cc overexpression, which triggers the 
formation of syntelic attachments at high frequencies, was analyzed. Tenfold serial dilutions of yeast cultures 
were spotted on plates containing either 2% galactose to induce or 2% glucose to repress Cik1-cc expression 
(control) and incubated at the indicated temperatures (B) The phosphorylation of histone H3 on serine 10 in wild 
type (WT) and ipl1-321 cells grown at room temperature (RT) or shifted to the restrictive temperature (37 °C) for 
2.5 h was analyzed by immunoblotting using a phospho-epitope specific antibody (histone H3 was used as 
loading control). 

 

Next, we asked whether Ipl1/Aurora B phosphorylation of kinetochore substrates has to be limited 

once all chromosomes become bioriented. Thus, we induced syntelic attachments by Cik1-cc 

overexpression in the temperature sensitive protein phosphatase 1 (PP1) mutant glc7-10. PP1 

phosphatase counteracts Ipl1/Aurora B-dependent phosphorylation and impairment of its function 

leads to increased phosphorylation levels of various substrates (Andrews & Stark, 1999; Hsu et al., 

2000, Sassoon et al., 1999). We found that glc7-10 mutants can proliferate at the permissive 

temperature of 30 °C upon Cik1-cc overexpression (Figure 21A). However, the proliferation of glc7-10 

cells in the presence of syntelic attachments was completely abolished at 37 °C, although these 

mutants only displayed a minor growth defect compared to wild type cells in the absence of Cik1-cc 
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overexpression. Thus, both decreased and increased Ipl1/Aurora B-dependent phosphorylation results 

in the deficiency to repair syntelic attachments. In summary, these results highlight that 

phosphorylation of Ipl1/Aurora B substrates has to be precisely balanced in order to facilitate the 

repair of syntelic chromosome attachments and to establish chromosome biorientation. 

 

3.5.2 Sgo1 maintains adequate levels of centromeric Ipl1/Aurora B in mitotic cells 

 

In order to maintain balanced levels of Ipl1/Aurora B phosphorylation on kinetochore substrates, it is 

crucial to localize the CPC properly. Since sgo1∆ and ipl1-321 mutants are comparably sensitive to 

Cik1-cc overexpression, we speculated that Sgo1 might contribute to the localization of Ipl1/Aurora B 

on centromeres, thereby influencing the phosphorylation of its substrates. In order to test this 

hypothesis, we determined the centromeric enrichment of Ipl1/Aurora B in wild type and sgo1∆ cells by 

ChIP-qPCR experiments. Consistently, we observed a reduction of Ipl1-FLAG levels on centromeric 

chromatin on three different chromosomes upon SGO1 deletion in mitotic cells (Figure 22A). Notably, 

the absence of Sgo1 did not cause complete loss of Ipl1/Aurora B from these loci indicating that a 

second pathway ensures a basal level of Ipl1/Aurora B on centromeres in mitosis. In addition, we 

obtained similar results when analyzing the localization of Ipl1-GFP by fluorescence microscopy, 

which confirmed that Ipl1/Aurora B was less abundant on centromeres in sgo1∆ mutants, but not 

completely lost (data from K. Peplowska; Peplowska et al., 2014).  

We further analysed whether Rts1 is also important for the enrichment of Ipl1/Aurora B, similarly as it 

contributes to the localization of condensin to centromeres (Figure 18B). Thus, we repeated our ChIP 

analysis with rts1∆ mutants. In contrast to cells lacking Sgo1, we observed no reduction of Ipl1/Aurora 

B bound to centromeric chromatin in rts1∆ cells (Figure 22B). As Ipl1/Aurora B was equally enriched in 

wild type and rts1∆ cells, we conclude that Rts1 does not significantly contribute to CPC localization in 

budding yeast mitosis. Nevertheless, we found that the localization of Ipl1-GFP is more diffused in 

cells lacking Rts1 or expressing sgo1 N51I compared to wild type cells (data from K. Peplowska; 

Peplowska et al., 2014). This phenotype was similar, albeit less pronounced, than for cells lacking 

Sgo1. 

To exclude that the decline of centromeric Ipl1/Aurora B enrichment observed in our ChIP experiments 

is caused by a reduction of total protein levels, we determined the steady state levels of FLAG-tagged 

Ipl1/Aurora B in wild type and sgo1∆/rts1∆ cells. As we observed no major differences in the amounts 

of cellular Ipl1/Aurora B in wild type and mutant cells (Figure 22C), we conclude that Sgo1 contributes 

directly to the enrichment of Ipl1/Aurora B on centromeres. In contrast to condensin localization, Rts1 

seems dispensable for Ipl1/Aurora B to become enriched on centromeres during mitosis. 
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Figure 22. Sgo1, but not Rts1, is necessary for increased levels of the Ipl1/Aurora B kinase bound to 
centromeric chromatin in mitotic cells 
(A) Enrichment of FLAG-tagged Ipl1/Aurora B on centromeric/pericentromeric DNA (0.1 kb away from CEN1, 1.1 
kb away from CEN4 and 5.0 kb away from CEN12) and on rDNA (NTS1-2) in nocodazole-arrested wild type and 
sgo1∆ cells was determined by ChIP followed by qPCR. Enrichment was calculated from normalization to the 
levels of Ipl1-FLAG bound to an unspecific locus on the arm of chromosome 10 (MDV1). Error bars represent the 
standard error of the mean. (B) Enrichment of FLAG-tagged Ipl1 on centromeric/pericentromeric DNA and on 
rDNA in wild type and rts1∆ cells was determined by ChIP followed by qPCR. Experiments were performed as 
described in (A). Error bars represent the standard error of the mean. (C) The levels of FLAG-tagged Ipl1/Aurora 
B in exponentially growing wild type, sgo1∆ and rts1∆ cells were analyzed by Western blot analysis (histone H3 
used as loading control). 

 

3.5.3 Overexpression of CPC proteins partially rescues chromosome segregation defects in 

cells lacking Sgo1 

 

The CPC members Sli15 and Bir1 have previously been shown to be high copy number suppressors 

of sgo1∆ mutants (Storchová et al., 2011). Thus, we hypothesized that elevated levels of these 

proteins might increase the amount of Ipl1/Aurora B on centromeric chromatin, which partially 

bypasses the need for Sgo1. Accordingly, we found that the localization defect of Ipl1-GFP in sgo1∆ 

mutants was rescued to wild type levels upon ectopic expression of Sli15 or Bir1 using fluorescence 

microscopy (data from K. Peplowska; K. Peplowska et al., 2014). Thus, we recapitulated previous 

experiments and tested whether ectopic expression of Sli15 rescues the sensitivity of sgo1∆ mutants 

towards microtubule poisons and towards overexpression of Cik1-cc. Notably, ectopic expression of 

Sli15 did not rescue the sensitivity of cells lacking Sgo1 to the induction of syntelic attachments (Cik1-
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cc overexpression), whereas the sensitivity of these mutants towards nocodazole was indeed reduced 

(Figure 23; Storchová et al., 2011). Based on these results, we speculate that Sgo1 has at least one 

other function besides localization of Ipl1/Aurora B, which is crucial for the repair of syntelic 

attachments. 

 

 

Figure 23. Overexpression of SLI15 partially rescues the sensitivity of cells lacking Sgo1, but not Rts1, 
towards microtubule poisons  
The effect of Sli15 overexpression on the sensitivity of sgo1∆ and rts1∆ cells to microtubule poisons (4 µg/ml 
nocodazole) or to the induction of syntelic attachments (Cik1-cc overexpression) was analyzed. The 
corresponding mutants were transformed with a high copy number plasmid containing SLI15 (SLI15) or an empty 
plasmid (–) and tenfold serial dilutions were spotted on plates containing 2% galactose to induce Cik1-cc 
overexpression or 4 µg/ml nocodazole. Control plates without nocodazole contained 2% glucose as carbon 
source to repress transcription of cik1-cc. 

 

Based on our ChIP analysis, centromeric enrichment of Ipl1/Aurora B in cells lacking Rts1 is not 

impaired (Figure 22B). Thus, we assumed that increasing the amount of Ipl1/Aurora B on centromeres 

should not improve the efficiency of rts1∆ mutants to repair syntelic attachments. Accordingly, we 

found that ectopic expression of Sli15 does not suppress the growth defect of rts1∆ mutants upon 

induction of syntelic attachments (Cik1-cc overexpression; Figure 23). In contrast to sgo1∆, the 

sensitivity of rts1∆ cells towards nocodazole is also not rescued by SLI15 overexpression. These 

experiments provide more evidence that Rts1 might be indeed dispensable for Ipl1/Aurora B 

enrichment on centromeres. Moreover, they imply that Sgo1 performs both Rts1-dependent as well as 

Rts1-independent functions at centromeric chromatin to facilitate the repair of syntelic attachments 

and the establishment of chromosome biorientation. 
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3.5.4 Overexpression of CPC proteins does not rescue the defective repair of syntelic 

attachments of condensin mutants 

 

In fission yeast, Ipl1/Aurora B phosphorylates condensin thus facilitating its association with chromatin 

(Tada et al., 2011). As sgo1∆ mutants lack both full enrichment of Ipl1/Aurora B and condensin on 

centromeric chromatin, we speculated that loss of condensin might be an indirect effect caused by 

reduced levels of Ipl1/Aurora B phosphorylation (Figure 18A; Figure 22A). To test this possibility we 

took advantage of the fact that overexpression of SLI15 partially rescues sgo1∆ mutants, probably 

through ectopic enrichment of Ipl1/Aurora B on centromeres (Figure 23; Peplowska et al., 2014). Thus, 

we analysed whether SLI15 overexpression rescues temperature sensitive alleles of condensin 

(smc2-8 and ycg1-10), which also fail to proliferate upon induction of syntelic attachments by Cik1-cc 

overexpression (Figure 19A).  

 

 

Figure 24. Overexpression of SLI15 does not restore the capability to repair syntelic attachments in 
condensin mutants  
The effect of Sli15 overexpression on the sensitivity of the temperature sensitive condensin mutants smc2-8 and 
ycg1-10 to the induction of syntelic attachments (Cik1-cc overexpression) was analyzed. The corresponding 
mutants were transformed with a high copy number plasmid containing SLI15 (SLI15) or an empty plasmid 
(vector), tenfold serial dilutions were spotted on plates containing 2% galactose to induce Cik1-cc overexpression 
and incubated at the indicated temperatures. Control plates contained 2% glucose as carbon source to repress 
transcription of cik1-cc. 

 

We found that ectopic expression of SLI15 does not improve the proliferation of smc2-8 and ycg1-10 

mutants independently of the presence or absence of high levels of Cik1-cc (Figure 24). This finding 

suggests that elevated levels of Ipl1/Aurora B on centromeres do not compensate the loss of 
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functional condensin at centromeres even when Sgo1 is present. Accordingly, we found that 

centromeric localization of the condensin subunit Ycg1-GFP in sgo1∆ cells is not rescued by ectopic 

expression of SLI15 or BIR1 (data from K. Peplowska; Peplowska et al., 2014). These data argue for a 

bifurcation of Sgo1’s function in bringing Ipl1/Aurora B as well as condensin to centromeric chromatin 

to facilitate the repair of syntelic attachments. 
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4 Discussion 

4.1 Cell cycle-dependent regulation of Sgo1 protein levels during mitosis 
 

The cell cycle-dependent protein expression profile of Sgo1 in budding yeast resembles that of bona 

fide substrates of the APC/C, such as mitotic Clb2 and Pds1/securin (Figure 6A; Indjeian et al., 2005). 

The APC/C determines ordered progression through mitosis by sequentially targeting diverse 

substrates for proteasomal degradation by ubiquitylation (reviewed in Peters, 2006). Accordingly, we 

were interested whether the degradation of Sgo1 at the end of mitosis is functionally important for 

mitotic cell division in budding yeast as well. Thus, we mapped elements on Sgo1 that are essential for 

its cell cycle-dependent degradation to interfere with its timely destruction.  

We found a short stretch of amino acids located in the C-terminus of Sgo1, which is both necessary as 

well as sufficient for protein degradation during mitosis (Figure 7). Remarkably, this stretch of amino 

acids does not contain canonical degradation motifs, which are usually recognized by the APC/C for 

subsequent ubiquitylation (Song & Rape, 2011). Instead, a putative SUMO-interacting motif (SIM; 

amino acids 489 – 493: LLDIT) was predicted to be located within this region of Sgo1. Substituting 

leucine 489 and leucine 490 with alanine in this motif stabilized the protein levels of Sgo1 throughout 

the whole cell cycle (sgo1 L489,490A; Figure 8). These findings argue that Sgo1 might interact with 

SUMOylated proteins in order to be efficiently recognized and ubiquitylated by the APC/C. In 

agreement with this hypothesis, it has been shown that the SUMOylation system contributes to the 

efficient turnover of the APC/C substrates Clb2 and Pds1/securin in budding yeast (Seufert et al., 

1995; Dieckhoff et al., 2004). Another study investigating the role of the SUMO-targeted ubiquitin 

ligases (STUbLs) Slx5 and Slx8 further suggests that SUMOylation plays a role in the degradation of 

Sgo1 (van de Pasch et al., 2013). The authors of this study found increased amounts of Rts1 localized 

to centromeres in cells lacking Slx5 or Slx8. As Sgo1 is essential for Rts1 localization, these increased 

amounts of Rts1 can be explained by the fact that Sgo1 might not be efficiently degraded in 

slx5∆/slx8∆ mutants (Figure 13; Verzijlbergen et al., 2014). Accordingly, deletion of SGO1 reduced the 

number of Rts1 foci localized to kinetochores in slx5∆ mutants (van de Pasch et al., 2013). However, it 

remains to be tested whether this putative SIM indeed binds SUMO and/or SUMOylated proteins, 

which might allow recognition through the APC/C. 

Recent work from Eshleman and Morgan provides an alternative explanation for the impaired 

degradation of mutant Sgo1 L489,490A, which does not necessarily involve the SUMO system (Figure 

8). The authors showed in their study that budding yeast Sgo1 is ubiquitylated by the APC/C bound to 

its co-factors Cdc20 or Cdh1 in vitro (Eshleman & Morgan, 2014). Moreover, they identified a non-

canonical D-Box, which is essential for the ubiquitylation and turnover of Sgo1 in vivo. This non-

canonical D-Box is located adjacent to the putative SIM, which we identified in our analysis. Thus, it is 

possible that the substitution of leucine 489 and leucine 490 with alanine directly impairs the 

interaction between Sgo1’s degradation motif and the APC/C. Hence, Sgo1 L489,490A might not be 
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efficiently recognized and ubiquitylated by the APC/C, because its non-canonical D-Box is altered. 

Future research should address whether Sgo1 L489,490A has a lower binding affinity for the APC/C 

than wild type Sgo1 to exclude the possibility that their interaction is bridged by SUMO and/or 

SUMOylated co-factors of the APC/C. 

A moderately conserved equivalent of a non-canonical D-Box can be also found in human HsSgo1 

(Karamysheva et al., 2009). Importantly, cell cycle-dependent degradation of HsSgo1 also depends on 

this element, although canonical APC/C recognition motifs are required for its efficient turnover as well 

(Karamysheva et al., 2009). Ectopic expression of a non-degradable version of HsSgo1 fully rescues 

defects induced by HsSgo1 siRNA indicating that its cell cycle dependent regulation is dispensable for 

its mitotic function in human somatic cells (Karamysheva et al., 2009). Accordingly, we found that non-

degradable Sgo1 is fully functional in the repair of syntelic attachments and rescues the sensitivity of 

sgo1∆ cells towards microtubule poisons in budding yeast (Figure 9). Consistent with these findings, 

Eshleman and Morgan showed that stabilization of Sgo1 by deletion of the non-canonical D-Box does 

not interfere with Sgo1’s function in mitosis (Eshleman & Morgan, 2014). As non-degradable versions 

of human as well as budding yeast Sgo1 are fully functional during mitotic cell division, it seems that 

cell cycle-dependent regulation of Sgo1 proteins is dispensable at least in mitosis. Nevertheless, 

APC/C dependent degradation seems to be a common feature of Shugoshin proteins suggesting it is 

important for their functions beyond mitotic chromosome segregation.  

Accordingly, it is intriguing to speculate that there is a strict requirement to completely degrade Sgo1 

during meiotic cell division. Such a complete degradation of Sgo1 might not be as crucial for the 

faithful progression of mitosis, because the mode of action and the molecular targets of Sgo1 differ 

between both types of cell division. In budding yeast, Sgo1 protects meiosis-specific cohesin 

complexes and residual activity of this function would directly interfere with the physical separation of 

sister chromatids during anaphase II leading to the formation of aneuploid spores (Katis et al., 2004; 

Kitajima et al., 2004; Marston et al., 2004). In contrast, we and others found that Sgo1 localizes 

condensin and the CPC to mitotic chromosomes (Figure 18, 22; Peplowska et al., 2014; Verzijlbergen 

et al., 2014), but does not affect mitotic cohesin complexes (Figure 17A; Indjeian et al., 2005; Kiburz et 

al., 2005; Peplowska et al., 2014; Verzijlbergen et al., 2014). Thus, residual Sgo1 activity during 

mitosis would not physically hinder the separation of sister chromatids and might be tolerated to a 

certain degree in budding yeast cells. To understand why Sgo1 is a target of APC/C-mediated 

degradation, future research should address whether the expression of non-degradable sgo1 mutants 

affects the efficiency and fidelity of meiotic chromosome segregation. 
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4.2 Phosphorylation-dependent localization of Shugoshin proteins in 
mitosis 
 

If the function of Sgo1 during mitosis is not terminated via its degradation, other means to regulate and 

cease Sgo1’s function must exist. Recent work in budding yeast suggests that Sgo1 is removed from 

centromeres upon the establishment of chromosome biorientation (Nerusheva et al., 2014). Thus, 

removal of Sgo1 from centromeres, rather than its direct degradation seems to be the major pathway 

to silence the function of Sgo1 on centromeres. This notion implies that the localization of Sgo1 to 

centromeres has to be dynamic and precisely regulated during different stages of mitosis. The 

association of Shugoshin proteins with centromeric chromatin is facilitated through binding of the 

conserved basic region to phosphorylated histone H2A in yeast and all higher eukaryotes studied so 

far (Kawashima et al., 2010). We and others found that introduction of a single point mutation or 

complete removal of this region impairs Sgo1’s function in the repair of syntelic attachments in 

budding yeast leading to increased sensitivity towards microtubule poisons (Figure 10B; Indjeian et al., 

2005; Kawashima et al., 2010). Likewise, the deletion of Bub1’s kinase domain, which phosphorylates 

H2A, abrogates the cell cycle arrest due to the loss of centromeric Sgo1 when sister chromatids are 

not under tension (Fernius & Hardwick, 2007). As the centromeric enrichment of Sgo1 relies on its 

interaction with phosphorylated histone H2A, weakening this interaction might lead to a spatial 

redistribution of Sgo1 molecules and therefore ceasing their activity. 

Intriguingly, such a mechanism seems to regulate the function of HsSgo1 in human cells during 

mitosis (Liu et al., 2013a, 2013b). The phosphorylation of histone H2A on threonine 120 by HsBub1 is 

the key determinant that concentrates HsSgo1 around centromeric chromatin in prophase and 

prometaphase (Kawashima et al., 2010). Notably, HsSgo1 remains associated with chromosomes 

upon depletion of HsBub1, but relocates to chromosome axes (Kitajima et al., 2005). This finding 

suggests the existence of a second interaction partner, which is capable to maintain the basal 

association of HsSgo1 with chromosomes in the absence of phosphorylated histone H2A. This second 

chromosomal receptor is likely cohesin, as Cdk1-dependent phosphorylation of HsSgo1 enables a 

physical interaction with this complex (Liu et al., 2013a). This interaction is further important to 

preserve sister chromatid cohesion at centromeres, as HsSgo1 recruits PP2A, which in turn 

dephosphorylates the cohesive factor sororin to maintain its association with cohesin (Liu et al., 

2013a). 

Remarkably, cohesin binding seems to compete with the association of HsSgo1 and phosphorylated 

histone H2A (Liu et al., 2013b). Hence, the competition between these two different chromosomal 

receptors leads to a differentiation of HsSgo1 molecules into two distinct pools. Gradual establishment 

of chromosome biorientation increases the association of HsSgo1 with phosphorylated histone H2A 

indicating that the association with cohesin complexes is lost (Liu et al., 2013b). Importantly, the 

association with histone H2A coincides with the removal of Cdk1 phosphorylation from HsSgo1 

suggesting that this modification correlates with the absence of tension between sister chromatids (Liu 

et al., 2013b). After the release of associated HsSgo1-PP2A, centromeric cohesin complexes are 
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further removed from chromosomes in a WAPL-dependent mechanism (Liu et al., 2013a). Taken 

together, these findings suggest a mechanism in which HsSgo1 is first enriched around centromeric 

chromatin through binding to phosphorylated histone H2A. Upon phosphorylation by Cdk1, HsSgo1 

associates with cohesin complexes between tensionless sister chromatids to maintain the cohesive 

force between them. Once chromosome biorientation is achieved, HsSgo1 itself becomes 

dephosphorylated and relocates back to phosphorylated histone H2A and leaves cohesin refractory to 

its removal by WAPL (Liu et al., 2013b; Nishiyama et al., 2010). This elaborate spatial distinction 

between two pools of HsSgo1 might have evolved to ensure that HsSgo1’s protective function is 

limited to sister chromatids, which are not under tension.  

Notably, mutant HsSgo1 mimicking constitutive Cdk1 phosphorylation induces lagging chromosomes 

during anaphase in human cells (Liu et al., 2013b). This phenotype is indicative of artificial and 

prolonged protection of sister-chromatid cohesion. Upon establishment of chromosome biorientation, 

phospho-mimicking HsSgo1 accordingly fails to relocalize from inner centromeres, where it co-

localizes with and protects cohesin complexes (Liu et al., 2013b). According to the proposed 

mechanism, this finding implies that Cdk1 phosphorylation determines whether HsSgo1 binds either 

cohesin or histone H2A (Liu et al., 2013b). Therefore, Cdk1 phosphorylation must be removed by the 

activity of at least one phosphatase to allow the redistribution of HsSgo1 molecules from cohesin to 

phosphorylated histone H2A, when chromosome biorientation is achieved. As Shugoshin proteins 

directly interact with PP2A (Kitajima et al., 2006; Riedel et al., 2006; Tang et al., 2006), this 

phosphatase is a likely candidate to remove phosphate groups in order to regulate the spatial 

distribution of Shugoshin proteins. In agreement with such a function, depletion of PP2A abrogates the 

centromeric enrichment of HsSgo1 in mitotic cells (Tang et al., 2006). Notably, Tang and colleagues 

showed that co-depletion of the polo-like kinase 1 (Plk1) restores centromeric localization of HsSgo1 

in the absence of functional PP2A (Tang et al., 2006). Thus, Plk1 contributes as third mitotic kinase to 

the precise spatial distribution of HsSgo1 in human cells, in addition to Bub1 and Cdk1. Likewise, the 

removal of the Drosophila Shugoshin homolog MEI-S332 from centromeres at the metaphase to 

anaphase transition depends on its interaction with polo kinase (Clarke et al., 2005). As polo or polo-

like kinases have the same effect on Shugoshin proteins in two different organisms, this 

phosphorylation-dependent regulation might be an evolutionary conserved feature as well. Moreover, 

the involvement of polo-like kinases further emphasizes the complexity of the phosphorylation-based 

molecular network that precisely balances the localization of Shugoshin proteins. So far, most studies 

focused on the action of mitotic kinases and their effect on the localization of Shugoshin proteins. To 

complement these results, future research should investigate the exact role of PP2A and other 

phosphatases, such as PP1 during this process. 

Remarkably, an opposing role for PP2A in the localization of Sgo1 was recently suggested in budding 

yeast (Nerusheva et al., 2014). The authors of this study showed that the PP2A regulatory subunit 

Rts1 is required to remove Sgo1 efficiently from centromeres in a tension-dependent manner 

(Nerusheva et al., 2014). Accordingly, the amounts of Sgo1 associated with centromeric chromatin are 

increased in rts1∆ cells (Nerusheva et al., 2014). Likewise, the levels of a sgo1 mutant, which fails to 

interact with Rts1/PP2A (sgo1 3A; Xu et al., 2009), on centromeric chromatin are higher than that of 
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wild type Sgo1 (Nerusheva et al., 2014). Thus, PP2A seems to affect the localization of Sgo1 in 

budding yeast as well as in human cells, but in an opposing manner. Despite this conflicting results, it 

is intriguing to speculate that PP2A generally removes phosphate groups from Sgo1 and its interaction 

partners in order relocalize Sgo1, when tension between sister chromatids is established. Accordingly, 

future research should address whether Sgo1 is a target of Cdk1 and/or polo-like kinase (Cdc5) 

phosphorylation in budding yeast as well. Additional experiments should further clarify the effect of 

PP2A activity on the phosphorylation levels of Sgo1 and how this correlates with the spatial 

distribution of Sgo1 molecules in budding yeast cells. 

There is another observation from budding yeast that cannot be reconciled with the molecular 

mechanism, which has been proposed based on human proteins. Budding yeast Sgo1 neither affects 

the localization of cohesin complexes on centromeric chromatin (Kiburz et al., 2005; Peplowska et al., 

2014; Verzijlbergen et al., 2014) nor influences the cohesion of sister chromatids during mitosis 

(Indjeian et al., 2005). These findings argue against the differentiation of distinct Sgo1 pools through 

binding of either cohesin or phosphorylated histone H2A in this organism. Spatial redistribution 

between two distinct subcellular receptor sites might nevertheless regulate and silence the function of 

Sgo1 in budding yeast mitosis. Such a second receptor site for Sgo1 might also explain the synthetic 

growth defect of sgo1 T379D and sgo1∆HB mutants upon ectopic expression of Mps1 (Figure 11B). In 

contrast to this synthetic growth defect, Mps1 overexpression is rather beneficial for cells lacking Sgo1 

completely, where it rescues their sensitivity towards microtubule poisons (Figure 11A; Storchová et 

al., 2011). The discrepancy between cells lacking Sgo1 and cells expressing mislocalized Sgo1 might 

be explained by the fact that the mutant proteins exclusively localize to and act at a second receptor 

site causing the synthetic growth defect, while they fail to interact with phosphorylated histone H2A. In 

addition, these results suggest that Mps1 directly acts on Sgo1, because disruption of the SAC by 

deletion of MAD2 does not abolish this synthetic growth defect (Figure 11C). In agreement with this 

hypothesis, centromeric enrichment of Sgo1 indeed depends on the kinase activity of Mps1 in budding 

yeast (Storchová et al., 2011). Alternatively, the loss of centromeric Sgo1 upon Mps1 inhibition can be 

explained by the absence of histone H2A phosphorylation, because Mps1 actively recruits Bub1 to 

kinetochores (London et al., 2012). The exact molecular contributions of Mps1 phosphorylation on the 

spatial distribution of Sgo1 during mitosis remain to be determined by additional experiments. 

Taken together, compelling evidence suggest that the localization of Shugoshin proteins in mitosis is 

very dynamic and precisely balanced through the action of several protein kinases and phosphatases. 

Considering the highly conserved nature of histone H2A phosphorylation by Bub1 (Kawashima et al., 

2010), it seems remarkable that the identity of additional kinases varies from one organism to the 

other. It remains to be tested whether there is one unifying and conserved mechanism for the 

phosphorylation-dependent localization of Shugoshin proteins, which involves the concerted action of 

Mps1, Bub1, Cdk1 and polo-like kinases. In addition, future research should address whether distinct 

pools of Sgo1, which might be determined by different interaction partners, exist in budding yeast and 

how they can be targeted through phosphorylation. The identification of such factors might also reveal 

how tension between sister chromatids can be translated into precisely targeted phosphorylation of 

Sgo1 in order to regulate its function during mitosis. 
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4.3 Sgo1 and PP2A function together in mitotic chromosome segregation 
 

The best characterized function of Shugoshin proteins is the recruitment of the protein phosphatase 

2A (PP2A), which in turn leads to the dephosphorylation and protection of centromeric cohesin during 

meiosis (Kitajima et al., 2006; Riedel et al., 2006). The N-terminal coiled-coil domain of Shugoshin 

proteins mediates the association with PP2A complexes through interactions with regulatory (B’, Rts1) 

and catalytic (C, Pph21/Pph22) subunits (Xu et al., 2009). In agreement with a previous study 

investigating the localization of PP2A subunits during cell cycle progression (Gentry & Hallberg, 2002), 

we found that Rts1 accumulates at centromeric chromatin in mitotic cells (Figure 13A). The enrichment 

of Rts1 on centromeres depends on the presence of Sgo1 and more specifically on the functional 

interaction with a conserved coiled-coil domain that can be interrupted by specific mutations (e. g. 

N51I; Figure 12; Figure 13A, C). Accordingly, we tested the functional relevance of this centromeric 

pool of PP2A complexes for mitotic chromosome segregation. Like sgo1∆ mutants, cells expressing 

sgo1 N51I or lacking Rts1 are sensitive to microtubule poisons without having a major SAC defect 

(Figure 14; Xu et al., 2009). Moreover, these mutants fail to repair incorrect chromosome attachments 

(Figure 15), suggesting that Sgo1 and Rts1 also collaborate to perform this function. We conclude that 

like in meiosis, Sgo1 localizes PP2A via its regulatory subunit Rts1 to centromeric chromatin to 

achieve chromosome biorientation. In mitosis, however, Sgo1 does not protect cohesin molecules 

from its premature cleavage or removal (Figure 17A; Indjeian et al., 2005; Kiburz et al., 2005; 

Peplowska et al., 2014; Verzijlbergen et al., 2014). Hence, the mechanism of PP2A recruitment is 

conserved between meiosis and mitosis in budding yeast, but the molecular targets of Sgo1 and PP2A 

differ between both types of cell division. 

In addition to the result that Rts1 is essential upon induction of syntelic attachments (Figure 15), we 

performed two genetic experiments to raise more evidence for our hypothesis that Sgo1 and Rts1 

collaborate during mitotic cell division. First, expression of a C-terminal truncation of Sgo1, which lacks 

the binding site for phosphorylated histone H2A and the degradation signal, reduces the sensitivity of 

sgo1∆ cells towards microtubule poisons (Figure 6C; Figure 16A). This partial rescue also depends on 

the binding of Rts1, as the introduction of the N51I point mutation abolishes this rescuing effect (Figure 

16A). The disruption of Rts1 binding also abolishes the synthetic growth defect of cells expressing 

mislocalized Sgo1 (sgo1 N51I,T379D) imposed through ectopic expression of Mps1 (Figure 16B). 

Although indirect, these genetic experiments further suggest that Sgo1 collaborates with PP2A and 

more specifically with Rts1 during mitosis in order to facilitate chromosome biorientation. 

In contrast to our results that functional Rts1 at centromeres is necessary for the repair of syntelic 

attachments, a recent study suggests that it is dispensable to achieve chromosome biorientation in 

budding yeast (Verzijlbergen et al., 2014). Cells lacking Rts1 segregate chromosomes with similar 

kinetics and fidelity as wild type cells, when the APC/C co-activator Cdc20 is depleted (Verzijlbergen 

et al., 2014). Surprisingly, the expression of a Sgo1 mutant, which fails to interact with and localize 

Rts1 to centromeres (sgo1 3A; Xu et al., 2009), interferes with correct chromosome segregation under 

the same experimental conditions (Verzijlbergen et al., 2014). The authors explain this discrepancy by 
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an additional defect of the sgo1 3A allele besides disrupting the interaction with Rts1. In order to verify 

this conclusion, additional experiments characterizing the molecular defects that are caused by the 

sgo1 3A allele are necessary. In addition, a third study focusing on the role of Sgo1 and Rts1 in 

mitosis recently reported that artificial centromere targeting of Rts1 fully rescues chromosome 

missegregation caused by the deletion of SGO1 (Eshleman & Morgan, 2014). Notably, centromere-

tethered Rts1 rescues the missegregation phenotype of sgo1∆ cells indicating that it can act 

independently of Sgo1 once correctly localized (Eshleman & Morgan, 2014). These observations are 

in agreement with our results and emphasize that localizing Rts1 to centromeres is one of the main 

functions of Sgo1 in mitotic cell division, even though it might not be essential for correct chromosome 

segregation under unstressed conditions. 

Taken together, compelling evidence shows that Sgo1 interacts with and localizes Rts1 to 

centromeres of mitotic chromosomes in budding yeast (Figure 13; Eshleman & Morgan, 2014; 

Peplowska et al., 2014; Verzijlbergen et al., 2014). The notion that Rts1 on the one hand regulates the 

centromeric localization of Sgo1 (as discussed before) and on the other acts downstream in the repair 

of syntelic attachments might help to reconcile the controversial results observed for rts1∆ cells. 

Future research should analyse in details whether there is indeed a reciprocal relationship between 

the localization of Sgo1 and PP2A, which is regulated via phosphorylation. Thus, additional 

experiments focusing on phosphatase deficient mutants of PP2A, chemical inhibition of PP2A and rts1 

mutants, which fail to form functional PP2A holoenzymes, are important to dissect the hierarchy of 

protein assembly at centromeric chromatin. In addition, such experiments will further yield important 

insights whether all defects observed in cells lacking Rts1 are caused by the absence of PP2A or 

whether Rts1 can act alone in the establishment of chromosome biorientation. 

 

4.4 Sgo1-dependent enrichment of centromeric condensin allows the 
repair of incorrect chromosome attachments 
 

Genome-wide binding studies revealed that condensin is enriched at centromeric chromatin, the rDNA 

locus and on genes bound by the RNA polymerase III transcription factor in budding yeast (TFIIIC; 

D’Ambrosio et al., 2008a; Wang et al., 2005). The centromeric localization of condensin is cell cycle 

regulated and can mainly be observed in mitotic cells (Bachellier-Bassi et al., 2008). The enrichment 

of condensin complexes on centromeric chromatin, but not on rDNA, depends on the presence of 

functional Sgo1 (Figure 18; Peplowska et al., 2014; Verzijlbergen et al., 2014). Thus, the inability of 

sgo1∆ cells to repair incorrect chromosome attachments might be caused by the absence of 

condensin at centromeres. Cells lacking fully functional condensin due to the expression of 

temperature sensitive mutants of Smc2 or Ycg1 indeed fail to proliferate upon the induction of 

incorrect chromosome attachments at high frequencies (Figure 19A). Potentially, this defect can be 

explained by the inability of cells to detect the absence of tension between sister chromatids that are 

incorrectly attached to the mitotic spindle. In order to measure the changes in tension between sister 
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chromatids, outward directed forces imposed by the mitotic spindle on chromosomes that are 

counteracted by cohesin have to be precisely balanced. This notion led to the proposal of a mitotic 

spring, which consists of centromeric chromatin, cohesin as well as condensin and integrates all 

forces applied to mitotic chromosomes in budding yeast (Stephens et al., 2011). Altering the physical 

properties of this mitotic spring might render cells unable to detect small changes of tension between a 

pair of sister chromatids. Thus, the capability of cells to discriminate correct and incorrect chromosome 

attachments might be impaired through the loss of factors contributing to this mitotic spring. 

Accordingly, we found that loss of centromeric condensin (e. g. in cells lacking Sgo1 and Rts1) leads 

to increased stretching of pericentric chromatin, which can be also observed in cells lacking functional 

condensin (e. g. in temperature sensitive condensin mutants; Figure 20; Stephens et al., 2011). Thus, 

we speculate that Sgo1 and to a minor extent Rts1/PP2A maintain the centromeric enrichment of 

condensin in order to form a functional mitotic spring, which allows cells to detect incorrect, 

tensionless chromosome attachments. In agreement with our hypothesis, Sgo1 is essential to mediate 

changes in the geometry of the inner kinetochore in response to altered tension between sister 

chromatids (Haase et al., 2012). Future research should address whether the activity of the 

centromeric pool of condensin translates tension generated by the mitotic spindle into shape changes 

of the inner kinetochore and whether the only role of Sgo1 in this process is to ensure timely 

localization of condensin. 

Several findings in other species support the hypothesis that condensin acts on centromeric chromatin 

to maintain it susceptible to respond to microtubule-generated forces (Gerlich et al., 2006; Ribeiro et 

al., 2009; Samoshkin et al., 2009; Uchida et al., 2009). Depletion of condensin I subunits in human 

cells leads to a marked increase in the interkinetochore distance of mitotic chromosomes (i. e. 

centromere stretching; Gerlich et al., 2006). Importantly, this increased stretching of centromeres 

cannot be observed in cells treated with nocodazole, thus suggesting that microtubule-generated 

forces underlie this defect (Gerlich et al., 2006). Moreover, depletion of condensin I uncouples the 

movement of individual sister centromeres, further indicating that centromeric chromatin in human 

cells shows a spring-like behaviour as well (Gerlich et al., 2006). Likewise, centromere stretching can 

be also observed in chicken cells upon transcriptional repression of the condensin subunit SMC2, 

hinting at a common role for condensin on centromeres (Ribeiro et al., 2009). Thus, it might be a 

conserved feature of eukaryotic chromosomes that condensin maintains centromeric chromatin in an 

elastic state, which allows it to act as a molecular spring. Remarkably, impairing condensin in chicken 

cells further activates the SAC to delay mitotic progression, thereby linking the compaction of 

centromeric chromatin to the repair of incorrect chromosome attachments and subsequent checkpoint 

activation (Ribeiro et al., 2009). Analogously, human cells depleted of condensin I also degrade mitotic 

cyclin B with delayed kinetics (Uchida et al., 2009). The activation of the SAC is likely triggered by the 

suppression of (intra-)kinetochore stretching, which is usually induced by the opposing forces of the 

mitotic spindle and stiff (or spring-like) centromeric chromatin under unperturbed conditions (Uchida et 

al., 2009). These findings suggest a general mechanism in which condensin I maintains centromeric 

chromatin in a stiff conformation to counteract the forces of the mitotic spindle, thereby leading to 

stretched kinetochores, which in turn can dampen SAC signalling (Uchida et al., 2009). 



Discussion 

57 
 

Taken together, condensin seems to be a conserved factor contributing to the structural integrity of 

centromeric chromatin in eukaryotes. The structural integrity of these regions is important to 

adequately respond to forces applied to kinetochores and might enable cells to sense tension on 

bioriented chromosomes. Future research should address how condensin mechanistically acts on 

chromatin to maintain stiff centromeric structures. It will further be important to understand how this 

function of condensin is limited to centromeres in early stages of mitosis. As condensin also performs 

other functions in chromosome segregation for example during later stages of mitosis, its sequential 

action has to be precisely regulated (e. g. D’Ambrosio et al., 2008b; St-Pierre et al., 2009). 

Restricting the action of condensin spatially might be achieved via its localization through Sgo1 in 

budding yeast (Figure 18; Peplowska et al., 2014; Verzijlbergen et al., 2014). Given the common role 

of condensin at centromeres in eukaryotes, the question remains whether its localization to these 

regions is also conserved. In other fungi, such as fission yeast or Candida albicans, the centromeric 

enrichment of condensin is mediated via members of the monopolin complex (Burrack et al., 2013; 

Tada et al., 2011). This complex also mediates the association of condensin with the rDNA locus in 

budding yeast (Johzuka & Horiuchi, 2009). However, the deletion of the monopolin subunits CSM1 or 

LRS4 does not affect the proliferation of cells upon induction of syntelic attachments at 30 °C 

indicating that condensin is properly localized to and functional at centromeres in these cells (Figure 

19B). Thus, it is rather unlikely that the monopolin complex facilitates centromeric enrichment of 

condensin in budding yeast. Nevertheless, the enrichment of condensin at pericentric chromatin is 

slightly reduced in lrs4∆ cells indicating that monopolin might contribute to but is not essential for 

centromere association (Snider et al., 2014). Interestingly, lrs4∆, but not csm1∆, cells show a mild 

growth defect upon induction of syntelic attachments at lower temperature suggesting that at least 

Lrs4 might play a minor role in centromeric condensin localization (Figure 19B). Hence, future 

research should focus on a quantitative analysis of condensin enrichment at centromeres in various 

monopolin mutants of different fungi to evaluate the contribution of the monopolin complex. In addition, 

it should be analysed whether Shugoshin proteins contribute to condensin localization in other 

species. It is tempting to speculate that Shugoshin proteins act in a conserved pathway affecting the 

localization and function of complexes regulating the structural maintenance of mitotic chromosomes. 

Thus, future experiments should address whether Shugoshin proteins regulate cohesin and condensin 

complexes to maintain the structural integrity of centromeric chromatin as part of a conserved 

mechanism in eukaryotes, which allows the detection of incorrect chromosome attachments. Another 

important aspect of such a putative mechanism, which should be addressed, is whether all functions of 

Shugoshin proteins are mediated by or depend on PP2A and its enzymatic activity.  

 

4.5 Sgo1 regulates Ipl1/Aurora B levels at centromeres 
 

In addition to its role in localizing condensin, Sgo1 also contributes to the maintenance of full 

centromeric enrichment of the CPC effecter kinase Ipl1/Aurora B in budding yeast (Figure 22; 

Peplowska et al., 2014; Verzijlbergen et al., 2014). Again this function seems to be conserved among 
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Shugoshin proteins, because the localization of Ipl1/Aurora B also depends on the interaction of CPC 

proteins with SpSgo2 and HsSgo1/HsSgo2 in fission yeast and human cells, respectively (Tsukahara 

et al., 2010). However, the mechanistic aspects of how proper levels of Ipl1/Aurora B at centromeres 

are achieved in these organisms seems to differ from budding yeast (Kelley et al., 2010; Tsukahara et 

al., 2010; Wang et al., 2010; Yamagishi et al., 2010). So far the common feature of this pathway 

seems to be the interaction of Shugoshin proteins with one or more members of the CPC other than 

Ipl1/Aurora B that is enabled through phosphorylation by the kinase Cdk1 (Tsukahara et al., 2010). 

Such an interaction still has to be verified in budding yeast, but overexpression of the CPC members 

Sli15/Incenp or Bir1/Survivin can partially rescue some phenotypes of cells lacking Sgo1 (Figure 23; 

Storchova et al., 2011). Indeed, the localization of Ipl1/Aurora B at centromeres is restored to levels 

similar to wild type cells under these conditions (Peplowska et al., 2014). Nevertheless, these 

increased amounts of centromeric Ipl1/Aurora B are not sufficient to restore the capability of sgo1∆ or 

rts1∆ cells to repair syntelic attachments (Figure 23). Consistently, the centromeric localization of 

condensin complexes is not restored under these conditions (Peplowska et al., 2014). These findings 

emphasize that fully functional repair of syntelic attachments in budding yeast relies on both correct 

localization of Ipl1/Aurora B and a centromeric pool of condensin molecules.  

More importantly, these data argue against a linear pathway in which Sgo1 localizes Ipl1/Aurora B to 

centromeres, which in turn facilitates the loading of condensin, as it has been suggested for fission 

yeast (Tada et al., 2011). Phosphorylation of the condensin subunit SpCnd2 by Ipl1/Aurora B 

contributes to the association of condensin with centromeres as well as chromosome arms in fission 

yeast (Tada et al., 2011). Likewise, the association of condensin I with chromosomes is also regulated 

by Ipl1/Aurora B in human cells (Lipp et al., 2007; Takemoto et al., 2007). As Sli15/Incenp 

overexpression does not restore the localization of condensin at centromeres (Peplowska et al., 2014), 

condensin loading onto chromosomes seems to be regulated by other means than Ipl1/Aurora B 

phosphorylation as it is in human cells and fission yeast. Likewise, Sli15/Incenp overexpression is not 

sufficient to restore the capability of temperature sensitive condensin mutants to repair incorrect 

attachments further supporting this notion (Figure 24). However, additional experiments are necessary 

to verify this hypothesis. Future research should address how the overexpression of CPC members 

can restore Ipl1/Aurora B localization in sgo1∆ cells and whether the phosphorylation of its substrates 

at the kinetochore is affected.  

This phosphorylation of kinetochore components, such as Dam1, is of special interest, because it 

facilitates the correction of incorrect chromosome attachments (Cheeseman et al., 2002). Remarkably, 

the expression of a truncated version of Sli15/Incenp, which clusters the CPC together with 

Ipl1/Aurora B on microtubules, seems to fully rescue the defects of sgo1∆ cells (Campbell & Desai, 

2013). This result suggests that the crucial function of Sgo1 in the repair of syntelic attachments is to 

regulate Ipl1/Aurora B localization and thereby, affecting its kinase activity. How clustering CPC 

complexes on microtubules can bypass the need for condensin to maintain the structural integrity of 

centromeres remains to be determined. One possibility to explain these conflicting results might be 

that centromeric condensin contributes to the localization or activation of Ipl1/Aurora B. CPC proteins 

indeed fail to localize properly to kinetochores in condensin mutants in budding yeast (Li et al., 2011). 
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This data predicts again a linear pathway in which condensin acts upstream of Ipl1/Aurora B and the 

CPC. According to this model, overexpression of Sli15/Incenp should allow the repair of syntelic 

attachments in cells lacking Sgo1 as it restores Ipl1/Aurora B localization. However, sgo1∆ cells are 

still sensitive to overexpression of Cik1-cc under this condition arguing against this sequential 

mechanism (Figure 23). In order to reconcile these conflicting results, future experiments should 

quantitatively analyse the phosphorylation of Ipl1/Aurora B substrates that are relevant for 

chromosome biorientation. These experiments will be important to determine whether the activity of 

Ipl1/Aurora B is comparable in cells expressing truncated Sli15/Incenp or overexpressing wild type 

Sli15/Incenp. 

 

 

Figure 25. Condensin might influence overall Ipl1 kinase activity by facilitating spatial proximity of 
individual CPC complexes  
Schematic figure of how condensin activity might contribute to the regulation of Ipl1/Aurora B phosphorylation. 
The activity of centromeric condensin maintains stiff chromatin structures in wild type cells during mitosis. Within 
these structures individual CPC complexes are in spatial proximity and thus, capable to phosphorylate each other 
leading to an increase in overall kinase activity (right side). The loss of centromeric condensin (e. g. in sgo1∆, 
rts1∆ and sgo1 N51I mutants) or general impairment of condensin (e. g. in smc2-8 and ycg1-10 mutants) leads to 
defective chromatin structures around centromeres. Individual CPC complexes might not be capable to reach and 
phosphorylate each other within this stretched chromatin (left side). Thus, phosphorylation of Ipl1/Aurora B 
substrates, which is important for the turnover of incorrect chromosome attachments, might be reduced under 
such conditions. 

 

These experiments will also allow us to validate whether condensin acts indirectly on Ipl1/Aurora B. 

Condensin might be needed to bring individual CPC complexes in close proximity, because it 

compacts centromeric chromatin (Figure 20; Stephens et al., 2011). The spatial proximity of CPC 

complexes might in turn facilitate the autophosphorylation of Ipl1/Aurora B, thereby increasing its 

overall kinase activity within cells (Figure 25; reviewed in Ruchaud et al., 2007; Carmena et al., 2012). 

Such a model is in agreement with the notion that Ipl1/Aurora B forms a phosphorylation gradient 

expanding from centromeres in metaphase (Liu et al., 2009). Thus, interfering with the compaction of 

centromeric chromatin might alter the dimension of this gradient leading to imbalanced 

phosphorylation of proteins regulating the kinetochore-microtubule attachments. It is possible that 

clustering CPC complexes on microtubules through expression of truncated Sli15/Incenp (Campbell & 

Desai, 2013) bypasses the need for centromeric compaction, because in such cells the 
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phosphorylation gradient has the right dimensions to reach its functional substrates and operates at 

levels comparable to wild type cells.  

The function of Shugoshin proteins remains only partially understood, despite extensive research in 

the past decade. Members of this conserved protein family ensure sister chromatid cohesion during 

meiosis in most eukaryotic organisms studied so far. Shugoshin proteins further contribute to the 

fidelity of mitotic chromosome segregation in many eukaryotic species. However, their precise role 

during mitosis is less understood and seems not to be as conserved between species as their meiotic 

function. Using budding yeast as a model organism, we have shown that Sgo1 acts as a binding 

platform facilitating the localization of the PP2A subunit Rts1, condensin as well as Ipl1/Aurora B to 

centromeres during mitotic cell division. Accordingly, we think that Sgo1`s role is to maintain these 

proteins (and their associated complexes) localized to centromeres to allow the repair incorrect 

chromosome attachments until biorientation is achieved.  

 

 

Figure 26. Sgo1 facilitates faithful chromosome segregation through the concurrent maintenance of 
centromeric pools of condensin, Ipl1/Aurora B and PP2A during mitotic cell division in budding yeast  

 

Based on our analysis, we speculate that Sgo1 contributes in at least two ways to facilitate the repair 

of incorrect attachments on the molecular level. First, it maintains a pool of condensin complexes to 

provide the structural integrity of centromeric chromatin, which allows the detection of tension between 

sister chromatids. Sgo1 likely performs this function in collaboration with PP2A through binding to its 

regulatory subunit Rts1. In addition, Sgo1 localizes Ipl1/Aurora B to centromeric nucleosomes to 

release incorrect chromosome attachments, which are characterized by the absence of tension 
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between their sister chromatids. Based on our results, we propose that Sgo1 performs these functions 

rather in parallel than in a sequential order (Figure 26). We conclude furthermore that Sgo1’s cell 

cycle-dependent degradation, which is initiated through ubiquitylation by the APC/C (Eshleman & 

Morgan, 2014), is dispensable to ensure faithful chromosome segregation during mitotic cell division. 

In contrast, its dynamic localization, which is controlled through the coordinated action of several 

mitotic kinases and phosphatases, is essential for the precise segregation of chromosomes in budding 

yeast. 
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5 Material and methods 

5.1 Material 

5.1.1 Chemicals, consumables, equipment and commercially available kits 

 

Chemicals and consumables were purchased from the following companies and applied as received (if 

not stated otherwise): 

5 PRIME, Inc. (Gaithersburg, USA), Acros Organics (Geel, Belgium), Agilent Technologies (La Jolla, 

USA), ALEXIS Biochemicals (Lörrach, Germany), Applichem (Darmstadt, Germany), Applied 

Biosciences (Darmstadt, Germany), Beckman Coulter (Krefeld, Germany), Becton Dickinson 

(Heidelberg, Germany), Bio-Rad Laboratories (Munich, Germany), Enzo Life Sciences (Lörrach, 

Germany), Fermentas (St. Leon-Rot, Germany), GE Healthcare (Munich, Germany), GeneTex (Irvine, 

USA), Gilson (Bad Camberg, Germany), Invitrogen (Karlsruhe, Germany), Merck Biosciences 

(Darmstadt, Germany), Millipore (Molsheim, France), Mobitec (Göttingen, Germany), NEB (Frankfurt, 

Germany), Nunc (Wiesbaden, Germany), PerkinElmer (Rodgau, Germany), QIAGEN (Hilden, 

Germany), R&D Systems (Minneapolis, USA), Roche (Mannheim, Germany), Roth (Karlsruhe, 

Germany), Santa Cruz Biotechnology, Inc. (Dallas, USA), Sarstedt (Nürmbrecht, Germany), SERVA 

Electrophoresis (Heidelberg, Germany), Sigma-Aldrich (Taufkirchen, Germany), Stratagene 

(Amsterdam, The Netherlands). 

 

Following equipment was used to perform the experiments of this study: 

Axio Observer Z1 inverted microscope (Carl Zeiss MicroImaging, Jena, Germany), Beckman Avanti 

J25 centrifuge, J-10, J-16.250 and J-25.50 rotors (Beckman Coulter, Krefeld, Germany), Bioruptor 

UCD-200 (Diagenode sa, Liege, Belgium), Certomat BS1 incubation shaker (B. Braun Biotech, 

Melsungen, Germany), CoolSnap HQ camera (Roper Scientific, Canada), CSU-X1 spinning disk 

confocal head (Yokogawa, Herrsching, Germany), EmulsiFlex-C3 homogeniser (AVESTIN, 

Mannheim, Germany), Electrophoresis Power Supply EPS 301 (GE Healthcare Biosciences, USA), 

Eppendorf centrifuge 5417C, 5415R, Thermomixer Comfort (Eppendorf, Hamburg, Germany), Forma 

900 freezer, Heraeus Function line incubator (Thermo Fisher Scientific, Bonn, Germany), Infors HT 

incubation shaker (Infors, Switzerland), LaserStack Launch (Intelligent Imaging Innovations, USA), 

MS-2000 stage (Applied Scientific Instrumentation, USA), LightCycler 480 (Roche Diagnostics GmbH, 

Mannheim, Germany), MUPID ONE electrophoresis unit (Advance Co., Japan), Nanodrop ND-1000 

spectrophotometer (PEQLAB, Erlangen, Germany), Rotina 420R centrifuge (Hettich, Tuttlingen, 

Germany), SmartSpec 3000 spectrophotometer, C1000 thermal cycler, Mini-PROTEAN II 

electrophoresis system (Bio-Rad Laboratories, Munich, Germany), Vortex Genie 2, Disruptor Genie, 

Roto-Shake Genie (Scientific industries, USA), X-ray film processor MI-5 (Medical Index, Bad 

Rappenau, Germany). 
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If nor stated otherwise, following commercially available kits were used for the purification of plasmids 

and DNA fragments: 

AccuPrep® Plasmid Mini Extraction kit (Bioneer, Republic of Korea), Amersham ECL Prime™ kit (GE 

Healthcare Biosciences, USA), QIAquick® Gel Extraction kit, QIAquick® PCR Purification kit, 

QIAprep® Spin Miniprep kit (all QIAGEN, Hilden, Germany). 

 

5.1.2 Enzymes 

 

Calf intestine alkaline phosphatase (CIP, 10 U/µl), λ-phosphatase (400 U/µl), restriction 

endonucleases (ApaI (50 U/µl), AvrII (4 U/µl), BamHI (20 U/µl), ClaI (10 U/µl), DpnI (20 U/µl), EcoRI 

(20 U/µl), HindIII (20 U/µl), KpnI (10 U/µl), Nhe (10 U/µl), SacII (20 U/µl), SmaI (20 U/µl), SphI 

(10 U/µl), StuI (10 U/µl), XhoI (20 U/µl)), T4 DNA ligase (400 U/µl) (all NEB, Frankfurt, Germany), Ex 

Taq™ DNA polymerase (5 U/µl) (TaKaRa Bio Inc., Japan), Fast Digest restriction endonucleases 

(BamHI, EcoRI, HindIII, XhoI), Pfu DNA polymerase (2.5 U/µl) (all Fermentas, St. Leon-Rot, 

Germany), PfuTurbo DNA polymerase (Agilent Technologies, La Jolla, USA), Proteinase K (Sigma-

Aldrich, Taufkirchen, Germany). 

 

5.1.3 Oligonucleotides 

 

All oligonucleotides used in this study were produced by Eurofins MWG Operon (Ebersberg, 

Germany). 

Table 2. Complete list of oligonucleotides, which were used for quantitative real-time PCR (qPCR), 
cloning, site-directed mutagenesis, sequencing, amplification of DNA fragments for genomic integration 
and colony PCR. Lower case letters indicate the overhang containing the respective restriction site. 

Nr. Primer Sequence Purpose 

1 CEN1_for AGCACTAGGCGGTGGACCTTAT qPCR: CEN1 

2 CEN1_rev AAAACACCCGAGGCAGCAGA qPCR: CEN1 

3 CEN4_3_for AATTGGTCTCGAAATAGAAATTGGGCCT qPCR: CEN4 

4 CEN4_3_rev TTAGACCATTCTATAACAACTTCAGCTATGT qPCR: CEN4 

5 SFI1_for GACGCTAATGCATATTGATAATGTTCATTT qPCR: CEN12 

6 SFI1_rev CTTTCTCTAAATTTCTTCAGCACCATTTTT qPCR: CEN12 

7 NTS1_2_for AGTTTCTAGGGAATGATGATGGCAA qPCR: rDNA 

8 NTS1_2_rev TCCGGTTTTGTTCTCTTCCCTCCAT qPCR: rDNA 

9 control_for GCGTGCCTGGTCACAGGTTCATACGAC qPCR: control 

10 control_rev TCATACGGCCCAAATATTTACGTCCC qPCR: control 

11 5’-TAP-AvrII cgccctaggGGTCGACGGATCCCC cloning: plasmid Nr. 3 

12 3’-TAP-HindIII cccaagcttTCACTGATGATTCGCGT cloning: plasmid Nr. 3, 4 



Material and methods 

64 
 

13 5‘-PSGO1-SacII tccccgcggAATGATTTAGTTTCCC cloning: plasmid 4 

14 3‘-PSGO1-SmaI cgccccgggGGTCAAACAATAACCCCTC cloning: plasmid 4 

15 5’-sgo1∆C-SmaI cgccccgggATGATAGAACTGAAGAAAAAGG cloning: plasmid 4 

16 3’-sgo1∆C-XhoI cgcctcgagTTTTTTGGTGCGATATGTT cloning: plasmid 4 

17 5’-TAP-XhoI ccgctcgagGGTCGACGGATCCCC cloning: plasmid 4, 12 

18 5’-sgoB-AvrII cgccctaggATAGAACTGAAGAAAAAGGT cloning: plasmid 5 

19 3’-sgoB-AvrII gcgcctaggTCTTCTAGTTCTCGTAAATG cloning: plasmid 5 

20 5’-sgoC-AvrII cgccctaggTCAGAAAAACTTGTGGATGC cloning: plasmid 6, 8 

21 3’-sgoC-AvrII gcgcctaggAAGTAAAGGCGACGATTTTT cloning: plasmid 6 

22 5’-sgoD-AvrII cgccctaggGACATTACAAATAAATCGGA cloning: plasmid 7 

23 3’-sgoD-AvrII gcgcctaggTTTTTTGGTGCGATATGTTT cloning: plasmid 7, 8 

24 5’-PADH1-SacII gcgccgcggGAGCTCGCCGGGATCGAAGA cloning: plasmid 9 

25 3’-PADH1-SmaI gcgcccgggTCCGGGGGGGATCCACTAGT cloning: plasmid 9 

26 5’-PGAL1-SacII tccccgcggTGGAACTTTCAGTAATACG cloning: plasmid 12, 15, 

16, 22 

27 3’-PGAL1-BamHI cgggatccCGTATAGTTTTTTCTCCTTGAC cloning: plasmid 12, 15, 

16, 22 

28 5’-cik1-cc-ClaI cgcatcgatATGATTGAAAGGGTTAAGAACAA cloning: plasmid 12 

29 3’-cik1-cc-XhoI gcgctcgagTTCCTGTTGAACCTTTTCTA cloning: plasmid 12 

30 3’-TAP-KpnI ccgggtaccTCACTGATGATTCGCGT cloning: plasmid 12 

31 5’-GST-EcoRI cgcgaattcATGTCCCCTATACTAGGTT cloning: plasmid 15 

32 3’-GST-HindIII cgcaagcttAGATCCACGCGGAACCAGA cloning: plasmid 15 

33 5’-MPS1-HindIII cgcaagcttATGTCAACAAACTCATTCC cloning: plasmid 15 

34 3’-MPS1-XhoI gccctcgagCTAAATTTTGTAATCTGCAA cloning: plasmid 15 

35 5’-myc9-EcoRI cgcgaattcATGTCCGGTTCTGCTGCTA cloning: plasmid 16 

36 3’-myc9-HindIII gcgaagcttGCTAGTGGATCCGTTCAAG cloning: plasmid 16 

37 5’-eGFP-XhoI gcgctcgagGGAGCAGGTGCTGGTGCTGG cloning: plasmid 22 

38 3’-eGFP-ApaI cgcgggcccTTACTTGTACAGCTCGTCCA cloning: plasmid 22 

39 sgo1-

L489,490A-for 

GCCCTAAAAAATCGTCGCCTGCAGCTGACATT

ACAAATAAATCGGA 

mutagenesis: plasmid 

10, 11 

40 sgo1-

L489,490A-rev 

TCCGATTTATTTGTAATGTCAGCTGCAGGCGA

CGATTTTTTAG 

mutagenesis: plasmid 

10, 11 

41 sgo1∆HB-for TATCATTTACGAGAACTAGAAGATCAGAAAAA

CTTGTGGATGCTAC 

mutagenesis: plasmid 

14 

42 sgo1∆HB-rev GTAGCATCCACAAGTTTTTCTGATCTTCTAGTT

CTCGTAAATGATA 

mutagenesis: plasmid 

14 

43 sgo1-N51I-for GTCGTATTCGAGGCAAatcTCCCTGCTGGCCA

AGGAT 

mutagenesis: plasmid 

20, 21 

44 sgo1-N51I-rev CTTGGCCAGCAGGGAgatTTGCCTCGAATACG

ACTGT 

mutagenesis: plasmid 

20, 21 

45 seq1-SGO1 CACACGCATATATATGTTT sequencing: SGO1 
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46 seq2-SGO1 CAGAATCACACGAGTC sequencing: SGO1 

47 seq3-SGO1 GTCGTCTCAAAGGATTATGG sequencing: SGO1 

48 seq-PGAL1 AAAAGTATCAACAAAAAATT sequencing 

49 seq2-MPS1 TGAGGATTCTCACCAAAC sequencing 

50 seq3-MPS1 ATTTTACCATCGACCTGC sequencing 

51 seq4-MPS1 TGGGACTCCAAATTATAT sequencing 

52 seq-pET-21b CCCTCTAGAAATAATTTTGT sequencing 

53 seq-TAP-rev AGACGGCTATGAAATTCT sequencing 

54 mad2∆_for TCGTACAAGAGTATTGAAAACCACTTCAAAGG

GGCCCAATAGCACATTTAagattgtactgagagtgcac 

PCR: gene deletion 

55 mad2∆_rev GAGATTTTTTTGGACTTCCGTCTTTTTTTTTTTT

TTTGACTTGAATTCTActgtgcggtatttcacaccg 

PCR: gene deletion 

56 rts1∆_for ACTTATTAAGATCAATAGGCACGTGCTATTTTC

GAACATCCACTTTCAATagattgtactgagagtgcag 

PCR: gene deletion 

57 rts1∆_rev GGCATGCCCTAAACTTCCTCACTTCTTCGAGC

TTGTAATGAATTGCTGTTctgtgcggtatttcacaccg 

PCR: gene deletion 

58 PDS1-C-for TGTACAGCGAAGAAGGCCTCGATCCTGAAGA

ACTAGAGGACTTAGTTACTcgtacgctgcaggtcgac 

PCR: epitope tagging 

59 PDS1-C-rev ATCTGTATATACGTGTATATATGTTGTGTGTAT

GTGAATGAGCAGTGGATatcgatgaattcgagctcg 

PCR: epitope tagging 

60 RTS1-C-for ATAACACATTAAATGAAGAGAACGAAAATGAT

TGTGACAGCGAGATACAGcgtacgctgcaggtcgac 

PCR: epitope tagging 

61 RTS1-C-rev GGCATGCCCTAAACTTCCTCACTTCTTCGAGC

TTGTAATGAATTGCTGTTatcgatgaattcgagctcg 

PCR: epitope tagging 

62 MCD1-C-for ATATTAAAATAGACGCCAAACCTGCACTATTT

GAAAGGTTTATCAATGCTcgtacgctgcaggtcgac 

PCR: epitope tagging 

63 MCD1-C-rev TGCATCAGCTTATTGGGTCCACCAAGAAATCC

CCTCGGCGTAACTAGGTTatcgatgaattcgagctcg 

PCR: epitope tagging 

64 SMC2-C-for GGGTCTTCAGGACGAGATTTCAAGATGGTAC

CTCCGTAGTTAGTATAATGcgtacgctgcaggtcgac 

PCR: epitope tagging 

65 SMC2-C-rev TTGAAATATGATTACATTACAATATTTATTTGTC

TTATGAAAACTAACCAatcgatgaattcgagctcg 

PCR: epitope tagging 

66 IPL1-C-for TGCATCCTTGGATACTAAGAAACAAGCCCTTT

TGGGAAAATAAGCGGTTAcgtacgctgcaggtcgac 

PCR: epitope tagging 

67 IPL1-C-rev TGCGGGAGTGATTAATAGTGCCCTTCAAACGA

TTCTGTCATACTTTAATTatcgatgaattcgagctcg 

PCR: epitope tagging 

68 sgo1∆C-C-for CTAATTCTCATCCAAAGACCAAAATTAAGCATT

CCATGAAGCCGCCTAGGcgtacgctgcaggtcgac 

PCR: epitope tagging 

69 TAP-C-rev TTTTTCCATCTTCTCTTCCATGGATTAATTAAC

CCGGGGATCCGTCGACCatcgatgaattcgagctcg 

PCR: epitope tagging 

70 MAD2-800up CTTGTCAAGACTTTTATTAG colony PCR 
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71 MAD2-300down TTGGTCAAAATTTGTGAGGC colony PCR 

72 RTS1-800up CACGACTTGACTGTGAGGAA colony PCR 

73 RTS1-300down AAGAAAAACGAAGATATATTTGGAGA colony PCR 

 

 

5.1.4 Plasmids 

 

Table 3. Complete list of plasmids generated for expression of recombinant proteins in E. coli and shuttle 
vectors for yeast transformation. 

Nr. Plasmid Description Source 

1 pRS405-PSGO1-SGO1-TAP yeast integrative (YI) plasmid for the 

expression of TAP-tagged Sgo1 

K. Peplowska 

2 pRS406-PSGO1-sgo1∆C-

TAP 

YI plasmid for the expression of C-terminally 

truncated Sgo1∆C-TAP (amino acids 1–340) 

this study 

3 pRS405-PSGO1-sgo1∆C-

TAP 

YI plasmid for the expression of C-terminally 

truncated Sgo1∆C-TAP (amino acids 1–340) 

this study 

4 RS406-PSGO1-sgo1∆N-TAP YI plasmid for the expression of N-terminally 

truncated Sgo1∆C-TAP (amino acids 341–

590) 

this study 

5 pRS405-PSGO1-sgo1∆C+B-

TAP 

YI plasmid for the expression of a TAP-

tagged Sgo1 fragment (amino acids 1–370) 

this study 

6 pRS405-PSGO1-sgo1∆C+C-

TAP 

YI plasmid for the expression of a TAP-

tagged Sgo1 fragment (amino acids 1–340 + 

391–490) 

this study 

7 pRS405-PSGO1-sgo1∆C+D-

TAP 

YI plasmid for the expression of a TAP-

tagged Sgo1 fragment (amino acids 1–340 + 

491–590) 

this study 

8 pRS405-PSGO1-

sgo1∆C+CD-TAP 

YI plasmid for the expression of a TAP-

tagged Sgo1 fragment 

(amino acids 1–340 + 391–590) 

this study 

9 pRS316-PADH1-sgo1∆N-

TAP 

yeast centromeric (YC) plasmid for the 

overexpression of a TAP-tagged Sgo1 

fragment (amino acids 341–590) 

this study 

10 pRS316-PADH1-sgo1∆N 

L489,490A-TAP 

YC plasmid for the overexpression of a non-

degradable, TAP-tagged Sgo1 fragment 

(amino acids 341–590) 

this study 

11 pRS405-PSGO1-sgo1 

L489,490A-TAP 

YI plasmid for the expression of a non-

degradable, TAP-tagged Sgo1 mutant 

this study 
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12 pRS406-PGAL1-cik1-cc-TAP YI plasmid for the inducible overexpression of 

the TAP-tagged coiled-coil domain of Cik1 

(amino acids 81–360) 

this study 

13 pRS405-PSGO1-sgo1 

T379D-TAP 

YI plasmid for the expression of a 

mislocalized, TAP-tagged Sgo1 mutant 

K. Peplowska 

14 pRS405-PSGO1-sgo1∆HB-

TAP 

YI plasmid for the expression of a 

mislocalized, TAP-tagged Sgo1 mutant 

(internal deletion of amino acids 371–390) 

this study 

15 pRS406-PGAL1-GST-MPS1 YI plasmid for the inducible overexpression of 

GST-tagged Mps1 

this study 

16 pRS406-PGAL1-myc9-MPS1 YI plasmid for the inducible overexpression of 

myc-tagged Mps1 

this study 

17 pET-21b-sgo1∆C bacterial expression plasmid for the 

heterologous expression of a His6-tagged 

Sgo1 fragment (amino acids 1–340) in E. coli 

K. Peplowska 

18 pET-21b-sgo1∆C N51I bacterial expression plasmid for the 

expression of a His6-tagged, mutant Sgo1 

fragment (amino acids 1–340) in E. coli 

K. Peplowska 

19 pRS405-PSGO1-sgo1 N51I-

TAP 

YI plasmid for the expression of a TAP-

tagged Sgo1 mutant defective in PP2A 

binding 

K. Peplowska 

20 pRS405-PSGO1-sgo1∆C 

N51I-TAP 

YI plasmid for the expression of a TAP-

tagged Sgo1 fragment defective in PP2A 

binding (amino acids 1–340) 

this study 

21 pRS405-PSGO1-sgo1 

N51I,T379D-TAP 

YI plasmid for the expression of a 

mislocalized, TAP-tagged Sgo1 mutant 

defective in PP2A binding 

this study 

22 pRS403-PGAL1-cik1-cc-

eGFP 

YI plasmid for the inducible overexpression of 

the eGFP-tagged coiled-coil domain of Cik1 

(amino acids 81–360) 

this study 

23 pRS425-SLI15 yeast episomal (YE) plasmid for constitutive 

overexpression of Sli15 

Storchová et 

al., 2011 

24 pRS403 empty YI plasmid used for cloning Sikorski & 

Hieter, 1989 

25 pRS405 empty YI plasmid used for cloning Sikorski & 

Hieter, 1989 

26 pRS406 empty YI plasmid used for cloning Sikorski & 

Hieter, 1989 

27 pRS316 empty YC plasmid used for cloning Sikorski & 

Hieter, 1989 
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28 pRS425 empty YE plasmid used for cloning Christianson 

et al., 1992 

29 pYM13 template plasmid for genomic tagging of 

yeast proteins with TAP 

Janke et al., 

2004 

30 pYM15 template plasmid for genomic tagging of 

yeast proteins with HA6 

Janke et al., 

2004 

31 pYM21 template plasmid for genomic tagging of 

yeast proteins with myc9 

Janke et al., 

2004 

32 pYM28 template plasmid for genomic tagging of 

yeast proteins with eGFP 

Janke et al., 

2004 

33 pBF83 modified template plasmid for genomic 

tagging of yeast proteins with 3xFLAG 

gift from B. 

Pfander 

34 pET-21b empty bacterial expression plasmid  Millipore 

 

 

5.1.5 Bacterial strains and culture conditions 

 

Bacteria were cultivated at 37 °C either in liquid lysogeny broth (LB) media (1.0% (w/v) tryptone, 

0.5% (w/v) NaCl, 0.5% yeast extract) with constant shaking or on LB agar plates (1.5% (w/v) agar) in 

LB media). LB media were supplemented with 50 µg/ml ampicillin in order to select for transformed 

bacteria cells. Bacteria cells grown on LB selection media were usually stored for up to 14 days at 

4 °C. For long-term storage at –80 °C, bacteria cells containing the desired plasmid were grown to 

stationary phase in liquid cultures and glycerol was added to a final concentration of 15% (v/v). 

 

Table 4. Summary of Escherichia coli strains used as host organism for amplification as well as long-term 
storage of plasmid DNA (XL1-Blue) and protein expression (BL21(DE3)). 

E. coli strain Genotype Source 

XL1-Blue recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac 

[F´ proAB lacIqZDM15 Tn10 (Tetr)] 

Stratagene 

BL21(DE3) B F– ompT hsdS(rB– mB–) dcm+ Tetr gal λ(DE3) 

endA Hte 

Stratagene 

 

5.1.6 Yeast strains and culture conditions 

 

Yeast cells were cultured either in full-medium (YP) or synthetic complete (SC) medium. Full-medium 

contained 1% yeast extract, 2% bactopeptone and 2% of glucose, galactose or raffinose as carbon 

source (YPD/YPG/YPR). Synthetic complete media contained 0.67% yeast nitrogen base, 0.02% 
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complete synthetic mix (including all essential amino acids and uracil as well as adenine except the 

respective ones used as auxotrophy marker) and 2% glucose, galactose or raffinose 

(SDC/SGC/SRC). YP or SC selection plates were prepared by the addition of agar to a final 

concentration of 2% to the corresponding media before autoclaving. Yeast strains containing the drug 

resistance marker genes kanMX4, hphNT1 or natNT2 were selected on YPD plates supplemented 

with 200 mg/l geniticine disulfate (G418), 500 mg/l hygromycin B (Hph) and 100 mg/l nourseothricin 

(NAT), respectively. When necessary, 5’-Fluorooretic acid was added to a final concentration of 0.1% 

(w/v). 

Yeast strains streaked on selection plates were stored up to 14 days at 4 °C. Freshly grown yeast 

cells were frozen in 15% (v/v) glycerol solutions for long-term storage at –80 °C. Single yeast colonies 

from selection plates were used to inoculate liquid yeast cultures for experiments. Liquid yeast cultures 

and agar plates were usually incubated at 30 °C, except strains lacking Sgo1 or expressing sgo1 

mutants, which were incubated at room temperature to reduce the frequency of chromosome loss 

(Indjeian et al., 2005). For experiments, yeast cells were usually grown to mid-log phase and the 

density of the corresponding cultures was determined photometrically (OD600 ranging from 0.6 to 1.5). 

All yeast strains used in this study are listed in Table 5 and derived from the genetic background of 

W303 (leu2-3, 112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15) or BY4741 (his3Δ1 leu2Δ0 met15Δ0 

ura3Δ0). 

 

Table 5. Summary of the relevant genotypes of all yeast strains used or generated in this study. Numbers 
in brackets denote the corresponding plasmid used for yeast transformation (see Table 3). 

Strain Background Relevant genotype Source Figure 

YZ1254 W303 MATa sgo1::hphNT1 pRS405-LEU2-PSGO1-

SGO1-TAP (Nr. 1) pRS406-URA3-PSGO1-

sgo1∆C-TAP (Nr. 2) 

this study 6A 

YZ1239 W303 MATa sgo1::hphNT1 pRS405-LEU2-PSGO1-

sgo1∆C-TAP (Nr. 3) sgo1∆C-eGFP::HIS3MX6 

this study 6B 

152 W303 MATa sgo1::hphNT1 pRS405-LEU2-PSGO1-

SGO1-TAP (Nr. 1) SGO1-eGFP-HIS3MX6 

SPC29-RFP-kanMX4 

K. Peplowska 6B; 10A 

YZ1262 W303 MATa sgo1::hphNT1 pRS405-LEU2-PSGO1-

SGO1-TAP (Nr. 1) pRS406-URA3-PSGO1-

sgo1∆N-TAP (Nr. 4) 

this study 6C 

145 W303 MATa sgo1::hphNT1 pRS405-LEU2-PSGO1-

sgo1∆C-TAP (Nr. 3) 

this study 7B 

YZ1345 W303 MATa sgo1::hphNT1 pRS405-LEU2-PSGO1-

sgo1∆C+B-TAP (Nr. 5) 

this study 7B 

YZ1346 W303 MATa sgo1::hphNT1 pRS405-LEU2-PSGO1-

sgo1∆C+C-TAP (Nr. 6) 

this study 7B 
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YZ1347 W303 MATa sgo1::hphNT1 pRS405-LEU2-PSGO1-

sgo1∆C+D-TAP (Nr. 7) 

this study 7B 

YZ1348 W303 MATa sgo1::hphNT1 pRS405-LEU2-PSGO1-

sgo1∆C+CD-TAP (Nr. 8) 

this study 7B 

YZ1339 W303 MATa pRS416-URA3-PADH1-sgo1∆N-TAP (Nr. 9) this study 8A 

YZ1366 W303 MATa pRS416-URA3-PADH1-sgo1∆N L489,490A-

TAP (Nr. 10) 

this study 8A 

189 W303 MATa sgo1::hphNT1 pRS405-LEU2-PSGO1-

SGO1-TAP (Nr. 1) PDS1-myc9::HIS3MX6 

K. Peplowska 8B 

YZ1510 W303 MATa sgo1::hphNT1 pRS405-LEU2-PSGO1-sgo1 

L489,490A-TAP (Nr. 11) PDS1-myc9::HIS3MX6 

this study 8B 

YZ1507 W303 MATa pRS406-URA3-PGAL1-cik1-cc-TAP (Nr. 12)  this study 9A; 21A; 

24 

YZ1360 W303 MATa sgo1::hphNT1 pRS406-URA3-PGAL1-cik1-

cc-TAP (Nr. 12)  

this study 9A; 15A; 

19A, B 

YZ1410 W303 MATa sgo1::hphNT1 pRS405-LEU2-PSGO1-sgo1 

L489,490A-TAP (Nr. 11) pRS406-URA3-PGAL1-

cik1-cc-TAP (Nr. 12)  

this study 9A, B 

YZ1359 W303 MATa sgo1::hphNT1 pRS405-LEU2-PSGO1-

SGO1-TAP (Nr. 1) pRS406-URA3-PGAL1-cik1-cc-

TAP (Nr. 12)  

this study 9B; 15A; 

19A, B; 

23 

151 W303 MATa sgo1::hphNT1 pRS405-LEU2-PSGO1-sgo1 

T379D-TAP (Nr. 13) sgo1 T379D-eGFP-

HIS3MX6 SPC29-RFP-kanMX4 

K. Peplowska 10A 

116 W303 MATa sgo1::hphNT1 pRS405-LEU2-PSGO1-

SGO1-TAP (Nr. 1) 

K. Peplowska 10B; 11A, 

B; 14A; 

16A 

69 W303 MATa sgo1::hphNT1 K. Peplowska 10B; 11A; 

14A, 16A 

118 W303 MATa sgo1::hphNT1 pRS405-LEU2-PSGO1-sgo1 

T379D-TAP (Nr. 13) 

K. Peplowska 10B; 11A 

YZ1327 W303 MATa sgo1::hphNT1 pRS405-LEU2-PSGO1-

sgo1∆HB-TAP (Nr. 14) 

this study 10B 

YZ1271 W303 MATa sgo1::hphNT1 pRS405-LEU2-PSGO1-

SGO1-TAP (Nr. 1) pRS406-URA3-PGAL1-GST-

MPS1 (Nr. 15) 

this study 11A–C; 

16B 

YZ1272 W303 MATa sgo1::hphNT1 pRS406-URA3-PGAL1-GST-

MPS1 (Nr. 15) 

this study 11A, B; 

16B 

YZ1274 W303 MATa sgo1::hphNT1 pRS405-LEU2-PSGO1-sgo1 

T379D-TAP (Nr. 13) pRS406-URA3-PGAL1-GST-

MPS1 (Nr. 15) 

this study 11A–C; 

16B 
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YZ1328 W303 MATa sgo1::hphNT1 pRS405-LEU2-PSGO1-

sgo1∆HB-TAP (Nr. 14) pRS406-URA3-PGAL1-

myc9-MPS1 (Nr. 16) 

this study 11B; 16B 

YZ1335 W303 MATa sgo1::hphNT1 pRS405-LEU2-PSGO1-

sgo1∆C-TAP (Nr. 3) pRS406-URA3-PGAL1-myc9-

MPS1 (Nr. 16) 

this study 11B 

YZ1287 W303 MATa sgo1::hphNT1 pRS405-LEU2-PSGO1-

SGO1-TAP (Nr. 1) pRS406-URA3-PGAL1-GST-

MPS1 (Nr. 15) mad2::kanMX4 

this study 11C 

YZ1281 W303 MATa sgo1::hphNT1 pRS405-LEU2-PSGO1-sgo1 

T379D-TAP (Nr. 13) pRS406-URA3-PGAL1-GST-

MPS1 (Nr. 15) mad2::kanMX4 

this study 11C 

284 W303 MATa sgo1::hphNT1 pPPH22::natNT2-pADH1-

HA3 TPD3-myc9::HIS3MX6 RTS1-TAP::TRP1 

K. Peplowska 12 

YZ1471 W303 MATa RTS1-FLAG::natNT2 this study 13A, B 

YZ1472 W303 MATa sgo1::hphNT1 RTS1-FLAG::natNT2 this study 13A, B 

343 W303 MATa sgo1::hphNT1 RTS1-eGFP-HIS3MX6 

pRS405-LEU2-PSGO1-SGO1-TAP-LEU2 (Nr. 1) 

SPC29-RFP-natNT2 

K. Peplowska 13C 

344 W303 MATa sgo1::hphNT1 RTS1-eGFP::HIS3MX6 

pRS405-LEU2-PSGO1-sgo1 N51I-TAP SPC29-

RFP-natNT2 

K. Peplowska 13C 

174 W303 MATa sgo1::hphNT1 pRS405-LEU2-PSGO1-sgo1 

N51I-TAP (Nr. 19) 

K. Peplowska 14A 

YZ1298 W303 MATa rts1::kanMX4 this study 14A 

YZ1383 W303 MATa sgo1::hphNT1 pRS405-LEU2-PSGO1-

SGO1-TAP (Nr. 1) pRS406-URA3-PGAL1-cik1-cc-

TAP (Nr. 12) PDS1-HA6::HIS3MX6 

this study 14B; 15B 

YZ1385 W303 MATa rts1::kanMX4 pRS406-URA3-PGAL1-cik1-

cc-TAP (Nr. 12) PDS1-HA6::HIS3MX6 

this study 14B; 15B 

YZ1361 W303 MATa rts1::kanMX4 pRS406-URA3-PGAL1-cik1-

cc-TAP (Nr. 12) 

this study 15A; 19A 

YZ1364 W303 MATa sgo1::hphNT1 pRS405-LEU2-PSGO1-sgo1 

N51I-TAP (Nr. 19) pRS406-URA3-PGAL1-cik1-cc-

TAP (Nr. 12) 

this study 15A 

145 W303 MATa sgo1::hphNT1 pRS405-LEU2-PSGO1-

sgo1∆C-TAP (Nr. 3) 

this study 16A 

YZ1259 W303 MATa sgo1::hphNT1 pRS405-LEU2-PSGO1-

sgo1∆C N51I-TAP (Nr. 20) 

this study 16A 
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YZ1273 W303 MATa sgo1::hphNT1 pRS405-LEU2-PSGO1-sgo1 

N51I-TAP (Nr. 19) pRS406-URA3-PGAL1-GST-

MPS1 (Nr. 15)  

this study 16B 

YZ1314 W303 MATa sgo1::hphNT1 pRS405-LEU2-PSGO1-sgo1 

N51I, T379D-TAP (Nr. 21) pRS406-URA3-PGAL1-

GST-MPS1 (Nr. 15) 

K. Peplowska 16B 

YZ1473 W303 MATa MCD1-FLAG::natNT2 this study 17A, B 

YZ1474 W303 MATa sgo1::hphNT1 MCD1-FLAG::natNT2 this study 17A, B 

YZ1442 W303 MATa SMC2-FLAG::natNT2 this study 18A, B, C 

YZ1443 W303 MATa sgo1::hphNT1 SMC2-FLAG::natNT2 this study 18A, C 

YZ1488 W303 MATa rts1::kanMX4 SMC2-FLAG::natNT2 this study 18B, C 

YZ1414 W303 MATa brn1-539-HA3 ycg1-488-HA3 ycs4-543-

MYC13 cdc15-2 pRS403-HIS3-PGAL1-cik1-cc-

eGFP (Nr. 22) 

this study 19A 

YZ1418 W303 MATa smc2-8 pRS406-URA3-PGAL1-cik1-cc-TAP 

(Nr. 12)  

this study 19A 

YZ1419 W303 MATα ycg1-10 pRS406-URA3-PGAL1-cik1-cc-

TAP (Nr. 12)  

this study 19A 

YZ1423 BY4741 MATa csm1::kanMX4 pRS406-URA3-PGAL1-cik1-

cc-TAP (Nr. 12)  

this study 19B 

YZ1424 BY4741 MATa lrs4::kanMX4 pRS406-URA3-PGAL1-cik1-

cc-TAP (Nr. 12)  

this study 19B 

YZ1222 BY4741 MATa his3::TetR-GFP-HIS3 CENIV::TetO-URA3 

sgo1::hphNT1 pRS405-LEU2-PSGO1-SGO1-TAP-

LEU2 (Nr. 1) SPC29-RFP::kanM4X 

Z. Storchova 20 

YZ1226 BY4741 MATa his3::TetR-GFP-HIS3 CENIV::TetO-URA3 

sgo1::hphNT1 SPC29-RFP::kanMX4 

Z. Storchova 20 

YZ1227 BY4741 MATa his3::TetR-GFP-HIS3 CENIV::TetO-URA3 

sgo1::hphNT1 pRS405-LEU2-PSGO1-sgo1 N51I-

TAP (Nr. 19) SPC29-RFP::kanMX 

Z. Storchova 20 

386 BY4741 MATa his3::TetR-GFP-HIS3 CENIV::TetO-URA3 

rts1::natNT2 SPC29-RFP::kanMX 

K. Peplowska 20 

YZ1511 W303 MATa ipl1-321 pRS406-URA3-PGAL1-cik1-cc-

TAP (Nr. 12) 

this study 21A 

YZ1512 W303 MATa glc7-10 pRS406-URA3-PGAL1-cik1-cc-TAP 

(Nr. 12) 

this study 21A 

YZ169 W303 MATa ipl1-321 S. Biggins 21B 

W303 W303 MATa  21B 

YZ1444 W303 MATa IPL1-FLAG::natNT2 this study 22A–C 

YZ1453 W303 MATa sgo1::hphNT1 IPL1-FLAG::natNT2 this study 22A, C 

YZ1489 W303 MATa rts1::kanMX4 IPL1-FLAG::natNT2 this study 22B, C 
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YZ1425 W303 MATa sgo1::hphNT1 pRS406-URA3-PGAL1-cik1-

cc-TAP (Nr. 12) [2µ, LEU2, SLI15] (Nr. 23) 

this study 23 

YZ1476 W303 MATa sgo1::hphNT1 pRS406-URA3-PGAL1-cik1-

cc-TAP (Nr. 12) [2µ, LEU2] 

this study 23 

YZ1475 W303 MATa rts1::kanMX4 pRS406-URA3-PGAL1-cik1-

cc-TAP (Nr. 12) [2µ, LEU2, SLI15] (Nr. 23) 

this study 23 

YZ1477 W303 MATa rts1::kanMX4 pRS406-URA3-PGAL1-cik1-

cc-TAP (Nr. 12) [2µ, LEU2] 

this study 23 

YZ1433 W303 MATa smc2-8 pRS406-URA3-PGAL1-cik1-cc-TAP 

(Nr. 12) [2µ, LEU2, SLI15] (Nr. 23) 

this study 24 

YZ1432 W303 MATa smc2-8 pRS406-URA3-PGAL1-cik1-cc-TAP 

(Nr. 12) [2µ, LEU2] 

this study 24 

YZ1435 W303 MATα ycg1-10 pRS406-URA3-PGAL1-cik1-cc-

TAP (Nr. 12) [2µ, LEU2, SLI15] (Nr. 23) 

this study 24 

YZ1434 W303 MATα ycg1-10 pRS406-URA3-PGAL1-cik1-cc-

TAP (Nr. 12) [2µ, LEU2] 

this study 24 

 

 

5.1.7 Antibodies 

 

Table 6: Summary of applied antibodies, their sources and used dilutions. 

 Source Dilution Company 

Primary antibodies    

anti-GST (GTX70195) mouse 1:5000 GeneTex 

anti-Pgk1 mouse 1:1000 Invitrogen 

anti-H3 (pAB) rabbit 1:5000 Active Motif 

anti-phosphorylated H3  

(serine 10) 
mouse 1:1000 Millipore 

anti-Cdc20 (sc-6730) goat 1:500 Santa Cruz 
Biotechnology 

anti-Clb2 (sc-9071) rabbit 1:500 Santa Cruz 
Biotechnology 

anti-FLAG (M2) mouse 1:1000 Sigma-Aldrich 

anti-HA (sc-805) rabbit 1:2000 Santa Cruz 
Biotechnology 

anti-myc (sc-40) mouse 1:2000 Santa Cruz 
Biotechnology 
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Secondary antibodies    

anti-mouse IgG-HRP goat 1:20000 R&D Systems 

anti-rabbit IgG-HRP goat 1:20000 R&D Systems 

anti-goat IgG-HRP chicken 1:20000 R&D Systems 

    

HRP-conjugated antibodies    

PAP #1291 rabbit 1:2000 Sigma-Aldrich 
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5.2 Molecular biology methods 

5.2.1 Polymerase chain reaction (PCR) 
 

Selective amplification of DNA sequences for cloning was performed using polymerase chain reaction 

(PCR) according to standard laboratory procedures (Sambrook et al., 1989). Standard PCRs were 

performed using either 5 U of Ex Taq (TaKaRa; 2 mM MgCl2, 350 µM of each dNTP, 1 µM of each 

primer) or 2.5 U of Pfu DNA polymerase (Fermentas; 2 mM MgSO4, 350 µM of each dNTP, 1 µM of 

each primer) in a total volume of 50 µl. All polymerases were applied in their manufacturer’s buffer. In 

general, the thermocycler setup, which is stated in Table 7 was used and the duration of the 

elongation step was adjusted to the size of the amplified fragment. 

DNA fragments for targeted gene deletion or epitope-tagging via homologous recombination were also 

amplified by PCR according to previously published protocols (Janke et al., 2004; Knop et al., 1999; 

Taxis & Knop, 2006). In general, 50 µl reactions with 5 U of Ex Taq (TaKaRa; 2 mM MgCl2, 350 µM of 

each dNTP, 1 µM of each primer) and Primers Nr. 54–69 (see Table 2) were assembled and PCR was 

performed according to an optimized thermocycler setup for different selection markers (Janke et al., 

2004). PCR products were purified using the QIAquick® PCR Purification kit (QUIAGEN, Hilden, 

Germany) and subsequently transformed into competent budding yeast cells (see 5.2.8). 

PCR was additionally used to verify the targeted disruption of MAD2 and RTS1 through the 

replacement of the corresponding open reading frame with the kanMX4 resistance marker gene 

(“Colony PCR”). To this end, a small amount of freshly grown yeast cells from individual colonies was 

transferred to a PCR-tube and boiled for 1 min in a microwave. The cells were resuspended in 25 µl of 

PCR reaction mixture supplemented with 2.5 U of Ex Taq (TaKaRa; 2 mM MgCl2, 350 µM of each 

dNTP, 1 µM of each primer) and primers Nr. 70–73. Colony PCR was performed using the 

thermocycler setup, which is summarized in Table 7, and the size of the resulting DNA fragments was 

analyzed by agarose gel electrophoresis (see 5.2.6). 

 

Table 7. General thermocycler setup used for the amplification of DNA fragments 

PCR step Duration and temperature 

Initial denaturing 2 min @ 95 °C 

Denaturing step 1 min @ 95 °C 

Annealing step 1 min @ 48 °C 

Elongation step 
1 min per 500 bp @ 72 °C (Pfu) or 

1 min per 1000 bp @ 72 °C (Ex Taq) 

Number of cycles 35 

Final pol. step 10 min @ 72 °C 
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5.2.2 PCR-based introduction of point mutations 
 

Individual point mutations or small internal deletions (60 bp in sgo1∆HB; plasmid Nr. 14) were 

introduced by PCR-based strategy according to the Stratagene QuikChange™ Site-Directed 

Mutagenesis Kit (Agilent Technologies, La Jolla, USA). Template plasmids, which have been purified 

from E. coli cells, were amplified with self-complementary primers containing the desired point 

mutations (primers Nr. 39–44; see Table 2). Mutagenic PCR (2 mM MgSO4, 250 µM of each dNTP, 

0.25 µM of each primer) was performed in 25 µl reactions containing 1.25 U of PfuTurbo DNA 

polymerase (Agilent Technologies, La Jolla, USA) and the corresponding buffer according to the 

thermocycler setup, which is summarized in Table 8. The complete reaction was treated for 1 h at 

37 °C with 20 U of the restriction endonuclease DpnI (NEB, Frankfurt, Germany), which selectively 

degrades the methylated template plasmid. 1 µl of this reaction was transformed into chemically 

competent E. coli cells (50 µl; see 5.2.7). Introduction of the corresponding point mutations or internal 

deletion of base pairs was verified by sequencing. 

 

Table 8. Thermocycler setup used for the introduction of specific point mutations by PCR-based site-
directed mutagenesis 

PCR step Duration and temperature 

Initial denaturing 3 min @ 95 °C 

Denaturing step 30 sec @ 95 °C 

Annealing step 1 min @ 55 °C 

Elongation step 1 min per 500 bp @ 68 °C  

Number of cycles 19 

 

5.2.3 Restriction hydrolysis 

 

DNA molecules were cleaved with commercially available restriction endonucleases (see 5.1.2 

Enzymes). In this study, restriction hydrolysis was performed either in preparative or analytical 

manner. For preparative purposes approximately 3 µg of extracted plasmid DNA or 10 µl of PCR 

product were digested using 10 U of conventional (NEB, Frankfurt, Germany) or 5 U of Fast Digest 

(Fermentas, St. Leon-Rot, Germany) restriction enzymes in a total volume of 20 µl. Restriction 

hydrolysis was performed in the corresponding buffer and the reactions were incubated for 2 h at 

37 °C. Reactions with ApaI or SmaI were first incubated for 1.5 h at 25 °C before the second enzyme 

was added. Subsequently, these reactions were incubated for additional 1.5 h at 37 °C. The insertion 

of the DNA molecules encoding additional fragments of Sgo1 into plasmid Nr. 3 (pRS405-PSGO1-

sgo1∆C-TAP) was performed by creating only one cut at the 3’-end of sgo1∆C using AvrII (NEB, 

Frankfurt, Germany). In order to prevent restricted plasmid Nr. 3 from recircularization without the 
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corresponding inserts, it was treated for additional 30 min at 37 °C with 10 U of calf intestine alkaline 

phosphatase (CIP, NEB) to remove the phosphate groups at the free 5’-end. Thereby, the nucleophilic 

attack of the 3’-hydroxyl group to the α-phosphate group of the 5’-end is inhibited. The products of 

preparative restriction digest were subjected to electrophoretic separation on 1% agarose gels and the 

desired fragments were purified using the QIAquick® Gel Extraction kit according to the 

manufacturer’s instructions. 

In order to control the proper insertion of a cloned fragment into the desired plasmid analytical 

restriction hydrolysis was performed. To this end, 5 µl of purified vector were digested with 5 U of 

conventional (NEB, Frankfurt, Germany) or 2.5 U of Fast Digest (Fermentas, St. Leon-Rot, Germany) 

restriction enzymes in a total volume of 10 µl supplemented with the respective manufacturer’s buffer. 

The same endonucleases, which were used for the initial cloning step, were applied and the size of 

the resulting fragments was analyzed by DNA agarose electrophoresis.  

 

5.2.4 Ligation 
 

The enzyme T4 DNA ligase was used to catalyze the formation of the phosphodiester bond between 

the hydroxyl group of the 3’- and the free α-phosphate group of the 5’-restriction site. Only free ends, 

which are either blunt or complementary to each other, can be connected through the formation of a 

covalent bond, which is catalyzed by the T4 DNA ligase. Ligation reactions were assembled with 

approx. 10 ng of digested vector and an excess of the corresponding insert in a molar ratio of 1:10. 

DNA fragments purified from agarose gels were incubated with 400 U of T4 DNA ligase (50 mM 

Tris/HCl pH 7.5, 10 mM MgCl2, 1 mM ATP, 10 mM DTT) in a total volume of 20 µl for 1 h at RT. The 

concentration of DNA fragments after restriction hydrolysis and extraction from agarose gels for 

ligation reactions was assessed according to the fluorescence intensity of the ethidium bromide 

stained band after electrophoresis (MassRuler DNA Ladder Mix, #SM0403, Fermentas, St. Leon-Rot, 

Germany). The complete ligation reaction was used for transformation into competent E. coli cells (see 

5.2.8 Transformation of chemical competent E. coli cells). 

 

5.2.5 Sequencing 
 

Purified plasmids were sequenced by the Microchemistry Core Facility of the Max Planck Institute of 

Biochemistry using an ABI 3730 sequencer with the corresponding BigDye® Terminator v3.1 cycle 

sequencing kit. The resulting sequences were aligned to the sequences of corresponding wild type 

genes, obtained from the Saccharomyces Genome Database (http://www. yeastgenome.org/). The 

alignments of nucleotide sequences were performed using the BLAST (Basic Local Alignment Search 

Tool) tool (http://www.ncbi.nlm.nih.gov/). 
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5.2.6 DNA agarose electrophoresis 

 

All DNA samples were subjected to electrophoretic separation on 1% (w/v) agarose gels in TAE buffer 

(40 mM Tris/HCl pH 8.0, 20 mM acetic acid, 2 mM EDTA). DNA agarose electrophoresis was 

performed with direct current at a constant voltage of 100 V for at least 30 min. Samples were loaded 

in TAE buffer supplemented with 10% (w/v) glycerol, 0.005% bromophenol blue and 0.005% xylene 

cyanol FF. Different DNA molecules are separated according to their size and conformation, which 

correlates to their velocity of migration through the network of polymerized agarose. In order to 

visualize the DNA fragments, agarose gels were prepared containing 0.01% (w/v) ethidium bromide as 

fluorescent dye, which intercalates into DNA. This intercalation shifts the wavelength for the maximal 

fluorescence of ethidium bromide and therefore, DNA-ethidium bromide adducts can be detected 

under UV light (λ = 366 nm). DNA markers of the GeneRuler (#SM0311) and MassRuler (#SM0403) 

series, respectively (all Fermentas, St. Leon-Rot, Germany) were used as molecular weight standards. 

 

5.2.7 Purification of plasmid DNA from E. coli  

 

To amplify plasmid DNA, 5 ml of liquid LB medium (supplemented with 50 µg/ml ampicillin) were 

inoculated with cells from individual E. coli colonies in a sterile capped glass tube and incubated for at 

least 16 h at 37 °C. Cells were collected by centrifugation (2 min, 5000 g, RT) and plasmid DNA was 

extracted using the AccuPrep® Plasmid Mini Extraction kit (Bioneer, Republic of Korea) according to 

its instructions. Plasmid DNA was eluted in 50 µl sterile, deionized water instead of the provided 

elution buffer.  

 

5.2.8 Transformation of chemical competent E. coli cells 

 

Bacteria in ice cold solutions containing calcium chloride show typically higher rates for DNA uptake 

compared to untreated cells and are therefore called chemical competent or CaCl2-competent cells. 

The calcium cations supposedly compensate the negative charge of the DNA backbone, allowing 

approximation to charged phospholipids of the E. coli cell envelope (Hanahan, 1983). Aliquoted (100, 

200 µl) cell suspensions of the strains XL1-blue and BL21(DE) were stored at –80 °C after calcium 

chloride treatment. These aliquots were thawed on ice and 50 µl of the suspension were transformed 

using approximately 100 ng of plasmid DNA or 20 µl of ligation reactions. The mixtures were 

incubated for 20 min on ice. After a 1 min heat shock at 42°C the suspension was incubated for 

additional 2 min on ice, so that the cells can take up the plasmids. 1 ml LB-media was added and the 

transformed cells were recovered for 45 min at 37 °C. Subsequently, these cells were collected by 

centrifugation (2 min, 5000 g, RT), resuspended in 100 µl sterile water and plated on selection plates 

containing ampicillin and grown overnight at 37 °C. 
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5.2.9 Transformation of S. cerevisiae 

 

All yeast transformations were performed using a modified version of the standard lithium 

acetate/polyethylene glycol (LiAc/PEG) protocol. 20 ml of a liquid yeast culture were grown overnight 

to an optical density (OD600) of approx. 0.5–0.8 and harvested by centrifugation (2 min, 3500 g, RT). 

The cells were washed with 25 ml of sterile, deionized H20 and the resulting pellet was resuspended in 

1 ml 0.1 M lithium acetate solution. Cells were pelleted by centrifugation (2 min, 3500 g, RT) and 

subsequently resuspended in 250 µl of 0.1 M LiAc. 50 µl of this cell suspension were used for each 

transformation reaction and mixed with either 1 µg of purified plasmid (yeast centromeric or episomal 

plasmids: pRS316 and pRS425), 2 µg of linearized vector (yeast integrative plasmids: pRS403, 

pRS405 and pRS406) or 2 µg of a PCR product for integration via homologous recombination. After 

addition of 240 µl of 50% PEG4000, 36 µl of 1 M LiAc and 5 µl of single stranded (ssDNA) from 

salmon testis (10 mg/ml, Invitrogen), the reactions were thoroughly mixed and incubated for 30 min at 

30 °C under gentle shaking. In order to increase the transformation efficiency, each reaction was 

supplemented with 36 µl DMSO and subject to a 10 min heat-shock at 42 °C. Subsequently, the cells 

were harvested by centrifugation (2 min, 3500 g) and the supernatant was completely removed. The 

pellet was resuspended in 120 µl of sterile, deionized water and plated on corresponding selection 

media. 

The integration of plasmids encoding wild type or mutant versions of Sgo1 (plasmids Nr. 1–8, 11, 13, 

14, 19–21) was targeted into the endogenous SGO1 promoter (in-between YOR072W and YOR073W) 

through linearization using the restriction enzyme SphI (NEB, Frankfurt, Germany). Plasmids derived 

from pRS406 (plasmids Nr. 12, 15, 16) were integrated into the URA3 locus (YEL021W) after 

linearization using StuI (NEB, Frankfurt, Germany). Plasmid Nr. 22 (derived from pRS403) was 

integrated into the HIS3 locus (YOR202W) after restriction hydrolysis using NheI (NEB, Frankfurt, 

Germany). 

 

5.2.9 Extraction of genomic DNA from S. cerevisiae 

 

Genomic DNA from budding yeast cells was prepared by phenol/chloroform extraction and 

subsequent ethanol precipitation. A small amount of yeast cells (freshly grown on agar plates) was 

transferred to a 1.5 ml reaction tube and resuspended in 200 µl lysis buffer (10 mM Tris/HCl pH 8, 

100 mM NaCl, 1 mM EDTA, 2% Triton X-100, 1% SDS). 200 µl of a phenol/chloroform/iso-amylalcohol 

mixture (Roti® Phenol/C/I, Roth, Karlsruhe, Germany) were added and the mixture was thoroughly 

mixed. To lyse the yeast cells, approximately 0.3 g of acid washed glass beads (425–600 µm; Sigma-

Aldrich) were added and the sample was vortexed for 3 min at maximum speed. Subsequently, 200 µl 

TE buffer (10 mM Tris/HCl pH 8, 1 mM EDTA) were added and the mixture was vortexed for additional 

3 min at maximum speed. Organic and aqueous phase were separated by centrifugation (10 min, 

16100 g, RT) and the aqueous phase was transferred to a fresh microcentrifuge tube. To precipitate 
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DNA from the aqueous phase, 700 µl of pure ethanol were added and the mixture was incubated for 

30 min at RT. Genomic DNA was pelleted by centrifugation (10 min, 16100 g, RT), the supernatant 

was removed and the resulting DNA was washed once with 500 µl of pre-cooled 70% ethanol. After 

drying, the pellet was resuspended in 50 µl of sterile, deionized water. Genomic DNA extracted by this 

method was used as template for PCR to either amplify yeast genes for cloning or to verify the correct 

integration of DNA fragments by homologous recombination.  

 

5.2.10 Sensitivity of yeast mutants towards microtubule poisons and protein overexpression 
 

To analyze the effect of specific mutations on chromosome segregation, the growth of corresponding 

mutant strains was compared either in the presence of microtubule poisons (benomyl or nocodazole) 

or upon induction of syntelic attachments by galactose-inducible overexpression of Cik1-cc (Jin et al., 

2012). To this end mutant and wild type yeast cells were grown overnight in YP or SC medium 

containing 2% glucose, diluted to an OD600 of 0.3 and tenfold serial dilutions were spotted on 

YPD/YPG plates or on SC plates containing indicated concentrations of benomyl and nocodazole, 

respectively. If not stated otherwise, plates were incubated for 2–5 days at 25 °C or 30 °C. Likewise, 

yeast cells containing a plasmid to overexpress Mps1 under control of the GAL1 promoter (Nr. 15 or 

16) were spotted on plates containing benomyl and 2% galactose to test whether high levels of Mps1 

can rescue the chromosome segregation defect of sgo1 mutants. In addition, the effect of Sli15 

overexpression from a high copy number plasmid (yeast episomal plasmid Nr. 23) on mutants with 

chromosome segregation defects was analyzed. To maintain high levels of the episomal plasmid in 

these mutants, cells were spotted on YP/SC plates or on plates containing nocodazole without leucine 

to avoid the loss of copies of plasmid Nr. 23.  

 

5.2.11 Induction of cell cycle arrest and synchronization of S. cerevisiae cultures 

 

Haploid MATa yeast cells were arrested in G1 through addition of the mating pheromone α-factor 

(Core Facility, Max Planck Institute of Biochemistry, Martinsried, Germany) to a final concentration of 

20 µM. As α-factor becomes degraded over time, the pheromone was added twice at different time 

points to ensure stringent cell cycle arrest. Liquid cultures of exponentially growing yeast cells in YP or 

SC complete medium (OD600 ranging from 0.6 to 1.5) were supplemented with α-factor to a final 

concentration of 10 µM and incubated at RT, 25 °C or 30 °C under constant shaking. After 1.5 h 

incubation, a second aliquot of α-factor was added to reach a final concentration of 20 µM. 

Subsequently, cultures were incubated for additional 1.5 h at the corresponding temperature. 

To arrest yeast cells in mitosis, liquid cultures of exponentially growing yeast cells in YP or SC 

complete medium (OD600 ranging from 0.6 to 1.5) were supplemented with nocodazole (5 mg/ml in 

DMSO; Santa Cruz Biotechnology, Inc., Dallas, USA) to a final concentration of 20 µg/ml. For 
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complete depolymerisation of microtubules, the cultures were incubated for 3 h at RT, 25 °C or 30 °C 

under constant shaking.  

The frequency of either large budded (mitotic) or unbudded (G1) cells in the corresponding yeast 

cultures was determined by light microscopy (ECLIPSE E400, Nikon) to confirm the cell cycle arrest. 

Cells were released from cell cycle arrest by washout of α-factor or nocodazole. To this end, cells 

were collected by centrifugation (2 min, 3500 g, RT), the supernatant was removed and the pellet was 

washed twice with 25 ml of sterile, deionized water. Subsequently, the pellet was resuspended in 

either YP or SC medium and samples (equivalent to one OD600 unit of cells) for cell cycle experiments 

were withdrawn at indicated timepoints. These samples were snap-frozen in liquid nitrogen and 

processed according to 5.3.1 after the timecourse was completed. 

 

5.3 Protein biochemistry techniques 

5.3.1 TCA precipitation of cellular proteins 

 

The level of endogenous (Cdc20, Clb2, histone H3, Pgk1) and epitope-tagged proteins (eGFP, GST, 

HA, FLAG, myc) in yeast cells was analyzed via immunoblotting after precipitation of the proteins 

using trichloroacetic acid (TCA). To this end, cells equivalent to one OD600 unit were harvested by 

centrifugation (2 min, 3500 g) and resuspended in 500 µl sterile, deionized H2O. The cells were 

incubated for 10 min on ice after 100 µl of alkaline lysis buffer (1.85 M NaOH, 7.5% (v/v) β-

mercaptoethanol, 10 mM PMSF) were added. After lysis the cellular proteins were precipitated by 

addition of TCA to a final concentration of 25% (w/v). The reactions were incubated for 10 min on ice 

for complete precipitation. Subsequently, the precipitate was collected by centrifugation (10 min, 

16100 g, 4 °C) and the supernatant was discarded. The protein-pellet was washed with 1 ml of pre-

cooled acetone. To remove residual acetone, the samples were dried completely at 65 °C. The 

proteins were resuspended in 50 µl of SDS-sample buffer (62.5 mM Tris/HCl pH 6.8, 2% (w/v) SDS, 

10% (v/v) glycerol, 5% (v/v) β-mercaptoethanol, 0.002% (w/v) bromphenole blue) and denatured by 

boiling for 5 min at 95 °C. Subsequently, the samples were subjected to SDS-PAGE and 

immunoblotting as described in 5.3.2 and 5.3.3. 

 

5.3.2 SDS-PAGE 

 

Protein samples from yeast cells were separated by discontinuous sodium dodecylsulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) as previously described (Laemmli, 1970). The 

denaturing reagent SDS binds to the proteins with its hydrophobic tail and compensates their native 

charge. Thus, the net charge of a protein correlates with its size in SDS-sample buffer (62.5 mM 

Tris/HCl pH 6.8, 2% (w/v) SDS, 10% (v/v) glycerol, 5% (v/v) β-mercaptoethanol, 0.002% (w/v) 
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bromphenole blue). The samples were loaded on polyacrylamide gels (7.5%, 10% or 12.5% 

separation gel, 5% stacking gel) and electrophoresis was conducted in running buffer (25 mM 

Tris/HCl, 200 mM glycine, 0.1% (w/v) SDS) at a constant voltage of 200 V for 1 h. PrecisionPlus All 

Blue protein marker (# 161-0373, Bio-Rad Laboratories) was used as a molecular weight standard. 

After electrophoresis proteins were either transferred to membranes for immunoblotting or stained for 

45–60 min with Coomassie Brilliant Blue (0.25% Coomassie Brilliant Blue R250, 50% (v/v) methanol, 

10% (v/v) acetic acid) at room temperature. To remove background of the protein dye, gels were 

washed with destaining solution (40% methanol, 10% acetic acid) for 2 h. 

 

5.3.3 Immunoblotting 

 

Proteins from polyacrylamide gels were transferred to polyvinylidene difluoride (PVDF) membranes 

(Roche Diagnostics) using the Mini-PROTEAN wet transfer system (Bio-Rad Laboratories). The 

blotting unit was assembled in pre-cooled transfer buffer (25 mM Tris/HCl, 1.44% (w/v) glycerol, 20% 

(v/v) methanol) and transfer was conducted for 70 min at a voltage of 100 V with a direct current of 

350 mA. For increased transfer efficiency PVDF membranes were activated in methanol for 2 min and 

washed with transfer buffer. 

In order to inhibit unspecific protein-protein interactions, all membranes were blocked for at least 

45 min with 5% skim milk powder in Tris-buffered saline (TBS; 25 mM Tris/HCl pH 7.4, 75 mM NaCl) 

supplemented with 0.1% (w/v) polyoxyethylene sorbitan monolaurate (Tween). Subsequently, 

membranes were incubated with primary antibodies (see Table 6) diluted in 5% milk TBS-T either for 

2 h at room temperature or overnight at 4 °C under constant shaking. To remove unspecific-bound 

proteins from membranes, they were washed three times for 10 min with TBS-T under gentle shaking. 

Secondary antibodies conjugated to horseradish peroxidase (see Table 6) were diluted in 5% milk 

TBS-T and membranes were incubated with this solution for 2 h at room temperature. Membranes 

were repeatedly washed for 10 min with TBS-T to remove proteins, which bound due to unspecific 

protein-protein interactions. Membrane-bound proteins of interest were detected via the enzymatic 

activity of the horseradish peroxidase conjugated to the corresponding secondary or to the PAP 

antibody. The ECLprime™ kit (Amersham/GE Healthcare, Little Chalfont, UK) was used for the 

detection of the resulting luminescence on ECL hyperfilms with variable exposure times (GE 

Healthcare, Little Chalfont, UK) according to the instruction manual. 

 

5.3.4 in vitro binding analysis of Sgo1 and purified PP2A complexes 

 

PP2A complexes containing TAP-tagged Rts1 were purified from yeast strain 284 via affinity 

chromatography using calmodulin sepharose beads (GE Healthcare, Munich, Germany). In brief, 

yeast cells were harvested by centrifugation, resuspended in lysis buffer (10 mM Hepes, 200 mM KCl, 
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1 mM MgCl2, 1 mM DTT, 1 mM PMSF, 0.5% Triton X-100, supplemented with Roche Protease 

Inhibitor Mix) and glass bead lysis was performed. The fraction of soluble proteins was separated from 

cell debris by centrifugation (45 min, 100000 g, 4 °C) and incubated with calmodulin sepharose beads 

to immunoprecipitate PP2A complexes. Bead-bound proteins were washed with high salt lysis buffer 

(10 mM Hepes, 600 mM KCl, 1 mM MgCl2, 1 mM DTT, 1 mM PMSF, 0.5% Triton X-100, 

supplemented with Roche Protease Inhibitor Mix) and subsequently eluted through the addition of 

ethylene glycol tetraacetic acid (EGTA) to a final concentration of 5 mM. Equal amounts of purified 

PP2A complexes were incubated with wild type or mutant (N51I), His6-tagged Sgo1∆C fragments and 

Ni2+-NTA-Agarose beads (QIAGEN, Hilden, Germany) for 2 h in pulldown buffer (50 mM Tris/HCl, 

300 mM NaCl, 10 mM imidazole, 1 mM PMSF supplemented with Roche protease inhibitor mix). 

Sgo1∆C fragments had been expressed from plasmids Nr. 17 and 18 in E. coli BL21 (DE3) cells and 

purified via Ni2+-NTA affinity chromatography. Bead-bound Sgo1∆C fragments were separated from 

soluble proteins by centrifugation and repeatedly washed with pulldown buffer. Purified proteins were 

eluted by boiling in SDS sample buffer and subjected to SDS-PAGE followed by immunoblotting to 

detect co-purified PP2A subunits (experiments were performed by K. Peplowska). 

 

5.4 Chromatin immunoprecipitation (ChIP) followed by quantitative PCR 
 

Chromatin immunoprecipitation (ChIP) experiments were performed using a modified procedure based 

on a previously published protocol (Kalocsay et al., 2009). Exponentially growing yeast cells were 

diluted to an optical density (OD600) of 0.3 in 100 ml of fresh YPD and incubated for 2 h under constant 

shaking at room temperature (130 rpm, RT). Each culture was supplemented with 20 µl/ml nocodazole 

to depolymerize all microtubules and incubated for additional 3 h (130 rpm, RT) to arrest cells in 

mitosis. The induction of the mitotic arrest was confirmed by analyzing the morphology of yeast cells 

using light microscopy (ECLIPSE E400, Nikon). DNA and proteins in mitotic cells were cross-linked 

through addition of formaldehyde to a final concentration of 1% and incubation for 16 min (130 rpm, 

RT). The cross-linking reaction was terminated through addition of autoclaved 2.5 M glycine solution to 

a final concentration of 375 mM and incubation for 25 min under constant shaking (130 rpm, RT). Cells 

equivalent to 50 units of OD600 were withdrawn from each culture and pelleted by centrifugation (5 min, 

3500 g, 4 °C). Subsequently, the cell pellet was resuspended in 25 ml of pre-cooled phosphate-

buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4), pelleted by 

centrifugation (5 min, 3500 g, 4 °C) and washed once with 1 ml of PBS. Cells were harvested by 

centrifugation (5 min, 3500 g, 4 °C), the supernatant was removed and cells were snap-frozen in liquid 

nitrogen for storage at –80 °C. 

The resulting cell pellet was resuspended in 800 µl FA lysis buffer (50 mM HEPES, 150 mM NaCl, 

1 mM EDTA, 1% Triton X-100, 0.1 % Deoxycholic acid, 0.1 % SDS) supplemented with protease 

inhibitors (1 mg/ml Pefabloc SC (Roche) and EDTA-free complete protease inhibitor mix (Roche)) and 

zirconia beads (0.5 mm, BioSpec Inc., Bartesville, USA) were added. Subsequently, yeast cells were 

lysed in seven runs (3 min each with a frequency of 30 Hz) using a bead beater (MM301, Retsch 
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GmbH, Haan) with 3 min cooling intervals after each run. To separate cell lysate and zirconia beads, 

the reaction tubes were pierced with a small needle and the lysate was collected in a 15 ml falcon by 

centrifugation (1 min, 100 g, 4 °C). After the cell lysate was transferred to a fresh 2 ml reaction tube, 

the chromatin fraction was separated from soluble proteins by centrifugation (15 min, 16100 g, 4 °C). 

The resulting chromatin pellet was resuspended in 1 ml of FA lysis buffer (50 mM HEPES, 150 mM 

NaCl, 1 mM EDTA, 1% Triton X-100, 0.1 % Deoxycholic acid, 0.1 % SDS) supplemented with 

protease inhibitors (1 mg/ml Pefabloc SC (Roche) and EDTA-free complete protease inhibitor mix 

(Roche)) and transferred to 15 ml Sumilon tubes (Sumitomo Bakelite Co., Japan). The purified 

chromatin was sheared by water bath sonification to an average fragment size of 250–500 bp with 

40 cycles of 30 sec sonification followed by a 30 sec break using the Bioruptor UCD-200 system 

(Diagenode sa, Liege, Belgium). The soluble chromatin fragments were separated from cell debris and 

intact cells by centrifugation (35 min, 6150 g, 4 °C) and used as input material for the 

immunoprecipitation (20 µl were withdrawn as “input” sample for qPCR analysis).  

800 µl of this soluble chromatin fraction were incubated with 40 µl of anti-FLAG antibody coupled to 

super-paramagnetic beads (mouse monoclonal antibody M2, product #M8823, Sigma) for 2 h at room 

temperature with head-over-tail rotation. Bead-bound protein-DNA adducts were collected using a 

magnetic rack and washed three times with 400 µl FA lysis buffer (50 mM HEPES, 150 mM NaCl, 

1 mM EDTA, 1% Triton X-100, 0.1 % Deoxycholic acid, 0.1 % SDS). Additionally, the 

immunoprecipitated material was washed twice with 400 µl high salt buffer (50 mM HEPES, 500 mM 

NaCl, 1 mM EDTA, 1% Triton X-100, 0.1 % Deoxycholic acid, 0.1 % SDS) and once with 400 µl ChIP 

washing buffer (10 mM Tris/HCl pH 8, 250 mM LiCl, 1 mM EDTA, 0.5% NP-40, 0.5% Deoxycholic 

acid). After a final washing step with 400 µl TE (10 mM Tris/HCl pH 8, 1 mM EDTA), the beads were 

resuspended in 110 µl ChIP elution buffer (50 mM Tris/HCl pH 7.5, 1 mM EDTA, 1% SDS). To elute 

the bound protein-DNA adducts from the antibody-coated beads, the suspension was incubated for 

10 min at 65 °C under gentle shaking (1000 rpm). Finally, the beads were collected with a magnetic 

rack at the bottom of the reaction tube and 100 µl of the supernatant containing the cross-linked 

material was transferred to a fresh tube (“ChIP” sample). Input as well as ChIP samples were treated 

for 2 h with Proteinase K (1 mg/ml) at 42 °C to digest immunoprecipitated proteins and further 

incubated for 6 h at 65 °C to revert residual protein-DNA cross-links. 

Co-precipitated DNA fragments were purified via phenol-chloroform extraction followed by ethanol 

precipitation. To this end, 200 µl of a phenol/chloroform/iso-amylalcohol mixture (Roti® Phenol/C/I, 

Roth, Karlsruhe, Germany) were thoroughly mixed with ChIP as well as input samples and transferred 

to phase lock gel tubes (5 PRIME, Inc., Gaithersburg, USA). Organic and aqueous phases were 

separated by centrifugation (5 min, 16100 g, RT) and the aqueous phase was transferred to a new 

phase lock gel tube. Subsequently, 500 µl of the phenol/chloroform/iso-amylalcohol mixture were 

added to the aqueous phase, mixed thoroughly and organic and aqueous phases were again 

separated by centrifugation (5 min, 16100 g, RT). Purified DNA fragments were precipitated from the 

aqueous phase by addition of 1 ml ethanol and incubation for 1 h at –20 °C. The precipitated DNA was 

collected by centrifugation (30 sec, 16100 g, RT), the pellet was washed once with 70% ethanol and 

resuspended in 50 µl elution buffer (from the QIAGEN PCR purification kit). 
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In order to evaluate the enrichment of DNA co-precipitated with FLAG-tagged proteins, quantitative 

real-time PCR (RT-qPCR) was performed using the LightCycler LC480 system in combination with the 

LightCycler 480 SYBR Green I Master hot-start reaction mix (Roche Diagnostics GmbH, Mannheim, 

Germany) according to the protocol, which is summarized in Table 9. PCR reactions (0.6 µM of each 

primer) containing either 2 µl of ChIP samples or 2 µl of input samples (1:10 dilution) were assembled 

as technical triplicates in 384-well LightCycler plates using the CAS-1200 robot system (Corbett 

Lifesciences/Quiagen, Hilden, Germany).  

For each used primer pair (see Table 2), a standard curve was generated based on a dilution series 

from one of the input samples (1:5, 1:50, 1:500 and 1:5000). This standard curve was used for the 

quantification of the amount of co-purified DNA fragments in ChIP and input samples (second 

derivative maximum of the PCR amplification curves). To validate the obtained quantification, the 

specificity of the PCR reaction was monitored by melting curve analysis of each amplified DNA 

fragment. The ratio of DNA-ChIP sample to DNA-input sample was calculated for 

centromeric/pericentromeric regions (0.1 kb away from CEN1 (primers Nr. 1 and 2), 1.1 kb away from 

CEN4 (primers Nr. 3 and 4) and 5 kb away from CEN12 (primers Nr. 5 and 6)) and for the rDNA locus 

(NTS1-2; primers Nr. 7 and 8). The relative enrichment was calculated by normalization to the 

ChIP/Input ratio for a control locus on the arm of chromosome 10 (MDV1/YJL112W; primers Nr. 9 and 

10).  

Table 9. Setup of the LightCycler LC480 system to amplify co-purified DNA fragments for quantitative 
real-time PCR analysis 

PCR step Duration and temperature 

Initial denaturing 10 min @ 95 °C 

Denaturing step 10 sec @ 95 °C 

Annealing step 10 sec @ 55 °C 

Elongation step 16 sec @ 72 °C 

Number of cycles 45 

melting curve analysis  

 

5.5 Fluorescence microscopy to visualize GFP/RFP-tagged proteins 
 

Images of cells expressing proteins tagged with GFP or RFP were obtained using a fully automated 

Zeiss inverted microscope (AxioObserver Z1) equipped with a MS-2000 stage (Applied Scientific 

Instrumentation, USA), a CSU-X1 spinning disk confocal head (Yokogawa, Herrsching), a LaserStack 

Launch with selectable laser lines (Intelligent Imaging Innovations, USA) and an X-CITE Fluorescent 

Illumination System. Images were captured using a CoolSnap HQ camera (Roper Scientific, Canada) 

under the control of the Slidebook software (Intelligent Imaging Innovations, USA). All fluorescence 
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signals were imaged with a 63x oil objective. A total of 10 z-stacks were collected and each optical 

section was 0.4 µm thick. Projected images were used for display. 
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Abbreviations 
 

µ micro 

5’-FOA 5’-fluoroorotic acid 

A ampere 

aa amino acid 

Ade  adenine 

Amp  ampicillin 

ATP adenosine-5’-triphosphate 

APC/C anaphase promoting complex/cyclosome 

APS ammonium peroxydisulfate 

bp base pair 

cc coiled-coil 

CDC cell division cycle 

CEN centromere (centromeric DNA) 

ChIP chromatin immunoprecipitation 

Chr chromosome 

CPC chromosomal passenger complex 

C-terminal carboxy-terminal 

D-box destruction-box 

DMSO dimethyl sulfoxide 

DNA deoxyribonucleic acid 

DIC differential interference contrast 

dNTP  deoxynucleoside triphosphate 

DTT dithiothreitol 

EDTA ethylenediaminetetraacetic acid 

eGFP enhanced green fluorescent protein 

g gram; gravitational constant 

G1  gap 1 phase of the cell cycle 

G2  gap 2 phase of the cell cycle  

GFP green fluorescent protein 

EtBr  ethidium bromide 
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h(s) hour(s) 

H2A/B histone H2A/B 

H3 histone H3 

HA  HA human influenza hemagglutinin epitope 

HRP horseradish peroxidase 

IN input  

IP immunoprecipitation 

k kilo 

kb kilo base pairs 

kDa kilo Dalton 

KT(s) kinetochore(s) 

l liter 

LB lysogeny broth 

MCS multiple cloning site 

m milli 

M molar 

MAT mating type 

min minutes 

mRNA messenger RNA 

MT(s) microtubule(s) 

MW molecular weight 

myc human c-Myc protein derived epitope 

n nano 

nt nucleotides 

N-terminal amino-terminal 

OD optical density 

ORF open reading frame 

PAGE polyacrylamide gel electrophoresis 

PAP peroxidase anti-peroxidase 

PBS phosphate-buffered saline 

PCR polymerase chain reaction 

PEG polyethylene glycol 

PMSF phenylmethylsulfonyl fluoride 
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PTM posttranslational modification 

qPCR quantitative PCR 

rDNA DNA coding for ribosomal RNA 

RNA ribonucleic acid 

rpm rounds per minute 

RT room temperature 

SAC spindle assembly checkpoint 

s second 

S-phase  DNA synthesis phase of the cell cycle 

SC synthetic complete 

SD standard deviation 

SDS sodium dodecyl sulfate 

SEM standard error of the mean 

SIM SUMO-interacting motif 

SMC  structural maintanence of chromosomes 

ssDNA single stranded DNA 

STUbL  SUMO-targeted ubiquitin ligase 

SUMO  small ubiquitin-like modifier 

TAP tandem affinity purification 

TBS Tris-buffered saline 

TCA trichloroacetic acid 

Tris tris(hydroxymethyl)aminomethane 

ts temperature sensitive 

U unit 

Ub  ubiquitin 

V volt 

v/v volume per volume 

w/v weight per volume 

WT wild type 

YP yeast bactopeptone 
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