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Lay Abstract 

All organisms rely on cell division for growth, this is the process of making two 

identical “daughter” cells from a single “mother” cell. DNA, arranged in structures 

called chromosomes, contains information essential for life from the single cell level 

up to more complex multi-celled organisms like humans. It is therefore essential that 

during the process of division the DNA is copied and distributed evenly between the 

two daughter cells. As well as this process of cell division for growth, known as 

mitosis, there is a second type of cell division which is essential for sexual 

reproduction, this type of cell division is known as meiosis. Rather than a single 

division, cells undergo two rounds of division to halve the number of chromosomes 

they contain. This is possible because organisms such as humans have two similar 

but non-identical copies of each chromosome. Meiosis divides not only the newly 

copied DNA but also these two versions of each chromosome. This then allow the 

fusion of two cells, each with a single copy of each chromosome, returning the cell 

to a state with two copies of each chromosome. The correct segregation of DNA in 

meiosis is essential, in humans failures in meiotic chromosome segregation lead to 

inviable embryonic cells, experienced clinically as miscarriage, and can also lead to 

birth defects such as Down syndrome.  

My project was therefore to look at the fundamental mechanisms that govern the 

segregation of chromosomes in meiotic division. Specifically, the first of the two 

rounds of division because the DNA that has just been copied remains together 

when mitotic division would cause them to separate. In the organism which I used 

for my project, baker’s yeast, there is a protein complex which has the job of 

keeping the newly copied chromosomes together during the first meiotic division, it 

is known as the monopolin complex. To function, the monopolin complex must be 

located at a specific location on the chromosome, along with many other protein 

complexes which are needed for chromosome division. My project predominantly 

focused on how the monopolin complex becomes localised onto the DNA and to 

some extent what its function is once there. By understanding this process in yeast I 

hope to also contribute to understanding across all organisms where meiosis takes 

places, eventually leading to an understanding that could reduce human infertility 

and birth defects. 



IV 
 

Abstract 

Meiosis is a specialised form of cell division, which halves the chromosome content 

of a cell. A single round of DNA replication is followed by two rounds of division. 

Meiosis utilises the key machinery of mitosis but with specific adaptations, 

particularly in the first division. In the first meiotic division, unlike mitosis or meiosis 

II, sister chromosomes segregate together. In budding yeast, the fusion of sister 

kinetochores allows them to attach to a single microtubule from one cell pole. The 

four-protein complex responsible for this fusion and therefore sister co-segregation 

in meiosis I is called monopolin. However, the mechanism by which monopolin acts 

is unclear.  

What is well understood about monopolin is its structure, it is a four-protein complex 

of two homodimers of Csm1 and two copies of the proteins Lrs4, Mam1 and the 

casein kinase, Hrr25. The complex forms a V-shaped structure, with a kinetochore 

binding region at each point of the V. This structure has led to the proposed 

mechanism of monopolin forming a mechanical bridge between the two 

kinetochores directly causing their fusion. There is, however, no direct evidence for 

this mechanism and many open questions remain, particularly as to how the 

bridging interaction would be regulated and the role of proteins, Mam1 and Hrr25, 

which do not form the structure of the V-shape.  

This project had several aims, firstly to dissect whether all components of the 

monopolin complex are required for monoorientation or if some only serve to target 

the complex to the kinetochore.By artificial tethering of monopolin to the 

kinetochore, I was able to demonstrate the requirement for a complete monopolin 

complex for the mono-orientation of sister chromatids. Secondly, I aimed to show 

the molecular basis for the interaction between monopolin and the kinetochore.  This 

was done by following insight gained form the crystal structure of monopolin 

showing the interaction between Csm1 and its kinetochore receptor Dsn1, I 

generated mutants in Dsn1 that disrupt this interaction. Through predominantly 

assessment of cell viability, imaging of chromosome division in meiosis and 

chromatin immunoprecipitation of monopolin components I demonstrated that these 

sites within Dsn1 are essential for the localistion of monopolin to the kinetochore, 

sister chromatid mono-orientation and therefore meiosis. In addition, through the 

use of mass spectrometry I showed that two serines within this region of Dsn1 are 

phosphorylated in meiosis, and that they are good candidates for being a point of 
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regulation for the interaction between monopolin and the kinetochore.   Finally, 

although it is known that Hrr25 must be enzymatically active for mono-orientation of 

sister chromatids in meiosis, no in vivo targets of this phosphorylation have been 

described. I, therefore, utilized a mutant version of Hrr25 which is not recruited to 

the monopolin complex and mass spectrometry to identify possible targets of 

phosphorylation by Hrr25 at the meiotic kinetochore.   
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Chapter 1- Introduction 

1.1 Mitosis  

1.1.1 The mitotic cell cycle  

The purpose of the mitotic cell cycle is to produce two daughter cells that are exact 

copies of the parent cell. This is true for a cell in a multi-cellular organism where cell 

division is needed for growth and repair and for a single-celled organism, like 

budding yeast, where cell division creates two new single-celled organisms.  

The process of dividing can be broadly considered as two processes which each 

happen at a separate phase in the cell cycle. The first is the doubling of all the cell’s 

contents including duplication of the DNA which happens at S-phase. The second is 

the division of those contents in M-phase, first by mitosis which is the division of the 

nucleus followed by the cellular division known as cytokinesis. Between the end of 

each M-phase and start of S-phase there is a growth phase known as G1 and often 

a second growth phase between the S and M-Phase known as G2. However 

budding yeast do not have a well-defined G2 growth phase.  

The cell cycle must be tightly regulated as orderly progression is essential for 

correct division. Without proper regulation, division can lead to mis-segregation of 

chromosomes and consequently changes in chromosome number, this is known as 

aneuploidy. In somatic divisions of multi-cellular organisms this can lead to cancer.  

One of the central regulators of cell cycle progression is cyclin-dependent kinase 

(Cdk) activity. Cdk is dependent for its activity on bound cyclin proteins, the 

expression of which oscillate across the cell cycle. The specificity of which cyclin is 

bound to Cdk specifies its targets and as a result the process it controls. The cyclins 

are degraded at the end of mitosis by the Anaphase Promoting Complex/Cyclosome 

(APC/C), which allows exit from M-phase and stops immediate entry into the next 

cell cycle.  

In addition to this, cells must also satisfy checkpoints, which halt progression 

through the cell cycle if a previous process has not been completed. These include 

the start checkpoint for entry into S phase, then another checkpoint between G2/M, 

although this is of less importance in budding yeast, and a final checkpoint at the 

metaphase to anaphase transition when the duplicated DNA is segregated 

(reviewed in Morgan 2007). 
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While the general principles of cell division are conserved across eukaryotes, many 

of the molecular details are best understood in yeast. For this reason and because 

my own research was carried out in S. cerevisiae, it is this species that I will focus 

on.  

1.1.2 Entry into S-phase and DNA duplication  

Replication of DNA is a key feature of the cell cycle, it is the point of commitment 

from which the cell must then go on to divide. Budding yeast will cycle continuously, 

unless cues such as low nutrition or DNA damage halt replication. Replication 

begins at specific genomic sites, replication origins, from which DNA unwinds in 

both directions and DNA polymerase copies the chromosome. Replication must 

occur only once per cell-cycle, re-replication would be disastrous for the cell. To 

ensure robust commitment can happen only once in the cell cycle the process of 

DNA replication is divided into two temporally distinct steps (Donnell et al., 2013) 

The first is the loading of the prereplication complex onto replication origins which 

occurs in late mitosis and early G1 (Diffley et al., 1994). The assembly of this 

complex is inhibited by the activity of the mitotic cyclin-Cdk complex, Cdk 

phosphorylation targets some of the complex components for by degradation 

(Elsasser et al., 1999; Piatti et al., 1995). It is this activity which prevents the 

replication origins being re-bound and duplicated at any other point in the cell cycle.  

Once the prereplication complex is loaded these sites are primed for initiation of 

replication in S-phase. Upon entry into S-phase, the activity the S-phase cyclin/Cdk 

complex rises. Phosphorylation by S-phase Cdk/cyclin and the kinase DDK (Dbf4 

dependent kinase/cdc7) allow the recruitment of the preinitiation complex and 

eventually DNA polymerase which will replicate DNA, committing the cell to divide 

(Mantiero et al., 2011; Sheu & Stillman, 2006). 

1.1.3 Entry into M-phase  

M-phase divides this new replicated DNA and eventually the cell. To allow for this, 

the newly replicated DNA is arranged in sister chromatids, held together in pairs by 

the protein complex cohesin and condensed into compact rod-like structures. The 

process of condensation occurs in first phase of mitosis, prophase. Sister 

chromatids must then attach to the mitotic spindle which generates pulling forces to 

move the sisters to separate cell poles. The microtubules of the mitotic spindle 

emanate from spindle pole bodies (SPBs) (centrosomes in higher Eukaryotes) and 

is made up of highly dynamic microtubules which capture chromosomes via a 
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protein structure known as the kinetochore. The stages of mitosis where these 

connections are made are known as prophase and metaphase. The mitotic spindle 

generates pulling force, by amongst other mechanisms, the depolymerisation of the 

microtubule. This leads to the division of chromosomes but cohesin keeps the 

sisters attached until all sister chromatids are arranged in a bi-oriented state. Each 

sister chromosome must align at the centre of the microtubule spindle with each pair 

of kinetochores attached to opposite SPBs (Fig. 1.1) (reviewed in Morgan 2007). 

1.1.4 Biorientation of sister chromatids 

There are two mechanisms which ensure correct biorientation of sister chromatids in 

metaphase. The first is an intrinsic bias that means each sister pair is more likely to 

be attached to opposite poles than not (Indjeian & Murray, 2007). The second is an 

error correction mechanism which means incorrect attachments are removed and 

additional attempts to make the right connections are made.  

The demonstration of the preference to biorientation is that, when challenged with 

microtubule depolymerising drugs, cells which cannot correct attachment errors will 

bi-orient their sister chromatids more successfully if the SPB is first allowed to 

separate (Indjeian & Murray, 2007). Therefore, the positioning of SPBs is important 

for the nature of the initial attachment. The intrinsic ability of sister kinetochore pairs 

to form attachments with opposite spindle poles is likely through their arrangement 

in a back-to-back conformation (Hauf & Watanabe, 2004). Bias towards biorientation 

is influenced by the recruitment of condensin to the mitotic peri-centromere 

(Verzijlbergen et al., 2014). Recruitment of condensin, a SMC (structural 

maintenance of chromosomes) protein complex, to the pericentromere likely 

changes the structure of this region leading to the conformation that creates a bias 

towards biorientation (Cuylen & Haering, 2011).  

Despite this bias towards biorientation, sister chromatids will still often become 

attached in an erroneous manner, with both sisters being attached to the same pole 

(syntelic attachment). In some species a single kinetochore can also become 

attached to both poles (merotelic attachment), though this cannot happen in budding 

yeast, as they have a single microtubule per kinetochore (Winey et al., 1995). 

Incorrect attachments are detected by a lack of tension, since with correct 

biorientation tension is generated between the two sister kinetochores as they are 

being pulled to opposite poles. Attachments which are not under tension have outer 

kinetochore targets phosphorylated by the kinase Ipl1 (Aurora B) (Biggins & Murray, 
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2001). This causes destabilisation of the interaction between the kinetochore and 

microtubules, thereby removing the incorrect attachments and allowing for another 

attempt to establish correct attachments. Unattached kinetochores also generate a 

signal which can propagate throughout the cell to halt progression until all 

chromosomes are correctly attached, this is known as the spindle assembly check 

point (Pinsky et al., 2006) (reviewed in Krenn & Musacchio 2015).  

1.1.5 The Metaphase to Anaphase transition  

The separation of sister chromatids happens in anaphase. The central regulator of 

transition into anaphase is the ubiquitin ligase APC/C bound to the activator protein 

Cdc20 (APC/CCdc20). APC/CCdc20 activity is inhibited by the spindle checkpoint and 

Cdk kinase activity (Angiolella et al., 2003; Tang et al., 2004). Once chromosomes 

are aligned and the checkpoint satisfied, APC/C becomes active and can target 

proteins for degradation.  

One of the key degradation targets of the APC/CCdc20 is Pds1 (securin) (Ciosk et al., 

1998; Cohen-fix et al., 1996; Yamamoto et al., 1996). The function of Pds1 is to 

inhibit a protease called separase. When Pds1 is degraded separase becomes 

active and can cleave the cohesin which is holding together sister chromosomes 

(Uhlmann et al., 1999, 2000). This allows them to be pulled apart by the mitotic 

spindle (Fig.1.1).  

APC/CCdc20 also targets the mitotic cyclins for degradation. This eventually allows 

progression into the final stage of mitosis, telophase, where the spindle 

disassembles and chromosomes decondense. It also allows for the reloading of the 

DNA prereplication complex to replication origins, so that cells are ‘reset’ to begin 

the next cell cycle. 
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Figure 1.1 Chromosome segregation during mitotic division of S. cerevisiae  

Prior to mitosis DNA is replicated in S-phase, the newly duplicated DNA is held together 

by cohesin (shown in grey). During mitosis is the DNA is divided, the first section of 

which is prophase when chromosomes condense into compact rod structures and their 

capture by the spindle is begun. During metaphase the chromosomes become aligned 

in the center of the spindle, along the metaphase plate. For progression to the next 

stage of mitosis is only allowed once all the sister chromatids are attached to the 

spindle with each sister attached to opposite poles, via kinetochores (shown in orange), 

in a conformation known as biorientation. Once this has occurred the cohesin which is 

holding the sister together is degraded allowing the sister chromosomes to separate, 

this occurs in anaphase. The final stage of mitosis is telophase, when the spindle 

disassembles and the chromosomes decondense.  
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1.2 The Kinetochore  

Defined briefly above was the large multi-component complex known as the 

kinetochore. The primary function of the kinetochore is to act as a linker between 

chromosomes and the microtubules of the spindle. This connection must be 

maintained even when microtubules are depolymerising, converting 

depolymerisation into a pulling force on chromosomes. This makes the kinetochore 

essential for mitosis and meiosis because without this connection chromosomes 

would not be successfully segregated. Kinetochores also act as a signaling hub 

adding to their importance during cell division.  

1.2.1 The centromere  

The centromere (CEN) is the location on DNA upon which the kinetochore 

assembles. Centromeres are defined by a histone variant where the subunit H3 is 

replaced with Cenp-A (sometimes referred to as Cse4 in budding yeast) (Palmer et 

al., 1987; Stoler et al., 1995). What defines the placement of Cenp-A is very different 

in budding yeast than in other eukaryotes. In mammals the region can be 

megabases long and consists of repetitive DNA sequence. In contrast, budding 

yeast - S. cerevisiae and closely related species - have point centromeres, regions 

of approximately 120 bp of well-defined DNA sequence. This sequence is occupied 

by a single Cenp-A histone and builds a relatively small kinetochore structure, when 

compared to higher eukaryotes (reviewed in Burrack & Berman 2012). 

Although the scale of budding yeast centromeres may be very different from higher 

eukaryotes the kinetochore structure is remarkably similar. Utilising many 

homologous proteins each simply present at a greater copy numbers in larger 

kinetochores. The increased copy number of kinetochore proteins scales with the 

number of microtubule interactions the kinetochore is able to make (Joglekar et al., 

2008). Each budding yeast kinetochore binds just a single microtubule (Winey et al., 

1995). It may be useful to consider the larger kinetochore of higher eukaryotes as 

repeating microtubule binding units very similar to the budding yeast kinetochore. 
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Figure 1.2 The S. cerevisiae outer kinetochore structure A) The kinetochore is the 

protein structure which links DNA to microtubules, it is therefore essential for the 

separation of chromosomes in mitosis and meiosis. The outer kinetochore is distal 

from the DNA and makes connections to the microtubules. Its widely conserved 

components are collectively known as the KMN network. The KMN network includes 

Spc105 (green), Ndc80 (pink) and Mtw1 (yellow and orange). In budding yeast it also 

includes the Dam1 complex (blue) which surrounds microtubules. The Mtw1 complex 

consists of two heterodimers, Nsl1:Dsn1 (orange) and Mtw1:Nnf1 (yellow). (Diagram 

inspired by Dimitrova et al., 2016). B) End on rendering of kinetochore taken from 

Dimitrova et al., 2016. C) EM negative stain images of isolated kinetochore particles 

taken form Gonen et al., 2012. 

 

C 
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1.2.2 The structure of the yeast kinetochore  

The protein structure of the kinetochore is built by the hierarchical assembly of 

approximately 35 core proteins arranged in subcomplexes. These subcomplexes 

are broadly defined as two groups: the inner and outer kinetochore (Fig. 1.2). The 

inner kinetochore are DNA proximal components, multiple complexes bind directly to 

centromeric DNA. This includes the Cnn1, Cbf3 and Mif2 which binds to both 

centromeric DNA the centromere specific histone, Cenp-A. The inner kinetochore 

also includes the COMA subcomplex, which contains the essential proteins Okp1 

and Ame1 as well as Mcm21 and Ctf19. 

The outer kinetochore which interacts with the microtubules, predominantly consists 

of the KNM network (named for the mammalian homologs of the subcomplexes), a 

grouping of three subcomplexes, the Ndc80, Mtw1 and Spc105 complexes (Fig. 

1.2). Of these it is the Ndc80 complex which forms the strongest interaction with 

microtubules; the complex and its interaction with microtubules is very widely 

conserved. Mtw1 acts as a linker between the inner and outer kinetochores and is 

discussed in more detail bellow. While Spc105 has some weak microtubule binding 

capacity it also plays an important role as a scaffolding protein for regulatory 

kinetochore components, including the spindle assembly checkpoint. The KNM 

network is widely conserved across eukaryotes but yeast have an additional 

microtubule binding interface, this is the DAM1 complex, which forms a ring 

structure around microtubules and assists the kinetochore microtubule interaction.  

Each kinetochore contains just one or two copies of the inner kinetochore 

components, but has many multiple of the outer kinetochore components, 5-7 for 

KMN network components (Joglekar et al., 2006). From visualization using EM 

negative staining the kinetochore appears to be arranged in a hub and spoke 

structure, a dense central region is surrounded by, on average, 5 smaller globular 

domains (Gonen et al., 2012, see Fig. 1.2 C). This combined with the data about 

protein copy number per kinetochore would suggest that the hub is the inner 

kinetochore components recruiting 5-7 copies of the outer kinetochore, thereby 

providing multiple microtubule interaction sights for each kinetochore. This is 

possible because outer kinetochore components have multiple different inner 

kinetochore receptors. The Mtw1 complex can bind to both Mif2 and the COMA 

complex (Hornung et al., 2014). The Ndc80 complex also has multiple receptors 
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binding to both Dsn1 within the Mtw1 complex and to the central kinetochore 

component, Cnn1. 

1.2.3 Structure and function of the Mtw1 complex  

The KMN network component Mtw1 consists of four proteins, in a 1:1:1:1 

stoichiometry (Wulf et al., 2003), arranged in two heterodimers. One heterodimer 

consisting of Mtw1 and Nnf1, the other being Dsn1 and Nsl1 (Hornung et al., 2010; 

Maskell et al., 2010). Each heterodimer forms a coiled-coil at their C-terminus which 

interact, the N-terminus then forms a globular domain and align adjacent to each 

other (Dimitrova et al., 2016; Hornung et al., 2010; Maskell et al., 2010).  

The Mtw1 complex acts as a bridge between the inner and the outer kinetochore. It 

does this by binding to both the microtubule binding complex Ndc80 and the DNA 

proximal COMA complex (Hornung et al., 2010; Maskell et al., 2010) This interaction 

is essential for kinetochore functions; a truncation of the COMA protein Ame1 which 

disrupts its binding to Mtw1 causes complete loss of cell viability (Hornung et al., 

2014).  

As a bridging complex linking the inner and the outer kinetochore Mtw1 can act as a 

point of regulation for the construction of the kinetochore. Phosphorylation of Dsn1 

by Ipl1 is required for its binding to the inner kinetochore (Akiyoshi et al., 2013). This 

phosphorylation acts by relieving the auto-inhibition caused by the Dsn1 N-terminus 

region binding to the Mtw1/Nnf1 head (Dimitrova et al., 2016). Phosphorylation of 

Dsn1 by Ipl1 removes this binding, allowing the Mtw1/Nnf1 head to bind Ame1-Okp1 

(Dimitrova et al., 2016; Hornung et al., 2014). From this connection the outer 

kinetochore builds round the inner forming several points of interaction for 

microtubules and allowing a strong link between microtubules and the chromosome 

to form.  
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Figure 1.3 Chromosome 

segregate during meiotic division 

in S. cerevisiae During meiosis 

cells copy their DNA just once then 

divide it twice, eventually generating 

four daughter cells each with half 

the genetic content of the parental 

cell. In order to do this cells must 

adapt the mitotic cell division 

machinery. As in mitosis, 

chromosomes will condense in 

prophase I, however, unlike in 

mitosis they will also form 

homologous pairs. This allows them 

to form a crossover structure known 

as chiasma. These hold the 

homologous pairs together by the 

cohesin which is distal to the 

crossover. (cohesin is depicted in 

grey). During metaphase I the 

homologous pairs become aligned 

along the metaphase plate. In 

contrast to mitosis each set of sister 

chromatids is attached to the same 

pole, in a conformation known as 

monoorientation. During anaphase I, 

arm cohesin is degraded to allow 

the separation of the paired 

homologues, but a pool of 

centromere cohesin is protected 

from this removal. In metaphase II 

chromosomes are aligned on the 

spindle with sister chromosomes 

attached to opposite poles, much in 

the same way as they are in mitosis. 

Then in anaphase II the centromeric 

pool of cohesin is cleaved and the 

sister chromosomes separate to 

opposite poles.  
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1.3 Meiosis 

Sexual reproduction is fundamentally the fusing of cells from two different organisms 

of the same species. It allows for a rapid rearrangement of genetic content across a 

species and as such is a likely mechanism for the diversity seen in eukaryotes. To 

allow for the fusion of two cells, their genetic content must first be halved. To do this 

cells have evolved a specialised form of cell division known as meiosis. 

Meiosis requires two rounds of division without an intervening round of DNA 

replication. In the first round of meiotic division homologous pairs of chromosomes 

align on the metaphase plate and are segregated. This is referred to as a 

reductional division. The second meiotic division more closely resembles the mitotic 

division, with sister chromatids bi-orienting and being separated in a so-called 

equational division.  

To perform these two meiotic divisions cells utilise much of the same machinery that 

is used in mitosis but also require several key adaptations (Fig.1.3): 1) Tension must 

be generated across paired homologues, this is achieved through homologous 

recombination forming chiasma; 2) Both sisters must be attached to the same cell 

pole in the first meiotic division, known as monoorientation; 3) Cohesin must be lost 

in a two steps, firstly from chromosome arms to allow separation of paired 

homologues in the first meiotic division while being maintained at the centromere to 

allow tension between sister chromatids in the second meiotic division (reviewed in 

Duro and Marston 2015). 

Behind this essential process lie many complex and highly regulated steps all of 

which must be orchestrated in an orderly manner to allow for the two rounds of 

division to happen correctly and result in the generation of gametes with the correct 

DNA content.  

1.3.1 Meiotic entry in S. cerevisiae  

S. cerevisiae can grow and divide as either a haploid (having a single copy of each 

chromosome) or a diploid (having two copies of each chromosome). They switch 

between these states by the fusion of two haploid cells (mating) to make a diploid 

and by sporulation, a meiotic division that divides a diploid into four haploids.  

Budding yeast undergo meiosis during sporulation. Sporulation occurs in response 

to environmental stress of low levels of both glucose and nitrogen. The cell must 

also be a diploid with a copy of both mating type variants (MATa and MATalpha) 
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and contain mitochondria to be able to undergo sporulation. Initiation of sporulation 

is orchestrated by the transcription factor Ime1. The expression of Ime1 occurs in 

response to the nutritional stimuli, but is also dependent on the additional criteria of 

being a diploid with mitochondria. Ime1 up regulation causes a wave of gene 

expression which regulates early meiosis. Early meiotic genes trigger the meiotic 

DNA replication, chromatin remodelling and homologous recombination. One of the 

key targets of Ime1 is the kinase Ime2. Ime2’s upregulation indirectly allows the 

activity of S-phase cyclin-Cdk and therefore DNA replication without the need for 

G1/S mitotic cyclins which must be supressed to prevent vegetative growth 

(reviewed in van Werven & Amon 2011).  

Ime1 also triggers the expression of Ndt80, the transcription factor which is the 

central regulator of the middle meiotic gene and required meiotic DNA segregation 

(Chu et al., 1998; Pak & Segall, 2002).  

1.3.2 Homologous recombination and the synaptonemal complex 

As previously mentioned, one of the key features that allows for the two rounds of 

meiotic division is the generation of tension between homologous chromosome pairs 

in metaphase I through the formation of chiasma, generated by homologous 

recombination.  

Homologous recombination is initiated by Spo11 which cuts DNA to form double 

strand breaks (DSB). DSB formation is linked to the cell cycle to prevent cutting prior 

to completion of S-phase. The 5’ ends of DSB’s are resected to generate single 

stranded DNA which is then coated with Rad51 and Dmc1. This DNA-protein 

complex can invade double stranded DNA to find a complimentary strand. This 

invasion expels a section of single stranded DNA into a structure know as a 

displacement loop (D-loop). Most commonly this will be repaired as a non-crossover 

event, in which the strand is repaired and returned to its original chromatid. 

However, to form chiasma, breaks must be repaired as crossover events, whereby 

the invading stand is extended from the 3’ end and the exposed D-loop forms an 

additional interaction with the single stranded DNA on the homologue; the DNA 

breaks are then ligated to form a structure known as a double Holliday junction. 

DNA cleavage and re-ligation can then resolve these structures as crossover 

events. The distribution of crossover vs non-crossover events is important because 

each pair must form at least one chiasma to allow for the generation of tension 

between homologues in meiosis I.  
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To facilitate the process of homologous recombination, chromatin undergoes some 

large conformational changes throughout the meiotic prophase. Meiotic prophase 

can therefore be divided into four stages, leptotene, zygotene, pachytene and 

diplotene, the transition between each coinciding with conformational changes in the 

chromatin structure.  

The first stage of this process, which happens in leptotene, is the pairing of 

homologues. During leptotene tightly bound sister chromatids form loop structures 

radiating from a protein structure, known as the axial element. The axial element 

acts as a binding site for proteins such as Spo11 and Dmc1, which are needed for 

recombination.  

Entry into the next stage, zygotene, is characterised by the even closer binding of 

the homologous pairs by the formation of a structure known as the synaptonemal 

complex (SC). The primary structure of the SC are the transverse filaments which 

bridge the two homologues, along with a central element which runs along the 

middle of the transverse filaments. The transverse filaments predominantly consist 

of the protein Zip1. The SC is required to form a stable structure to facilitate the 

formation of crossovers both as a chromatin organising structure and for the 

recruitment of additional elements needed for recombination.  

Pachytene is marked by the formation of the final synaptonemal complex structure 

and during its subsequent disassembly at end of pachytene, chromatin also 

becomes decondensed. This is followed by a recondensation in the final stage, 

diplotene. This allows the crossover structures to be observed as there is no longer 

such a tight association of sisters at the arms (reviewed in Gray and Cohen 2016). 
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Figure 1.4 Orientation of Chromosomes in mitosis and meiosis I During mitosis and 

meiosis II sister chromosomes bi-orientate, meaning they are attached to separate poles of the 

cell via kinetochores (yellow) capturing microtubules from two separate spindle pole bodies.  In 

contrast during meiosis I the newly copied sister chromosomes remain bound, moving to the 

same pole of the cell (1). In budding yeast, the mechanism which allows this to occur is the 

fusion of the two sister kinetochores (2). This generates a single interface which binds a single 

microtubule, with greater strength than the mitotic kinetochore (3).  

3.  

2. 
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1.3.3 Entering the first meiotic division  

In yeast, commitment to the first meiotic division happens in pachytene with the 

expression of the transcription factor Ndt80 (Chu et al., 1998; Xu et al., 1995). Ndt80 

expression is required for the complete resolution of crossovers and the exit from 

prophase. If breaks generated for homologous recombination persist, cells are 

stopped from progressing by the recombination checkpoint system, one of the 

mechanisms of which is a reduction of Ndt80 activity. The recombination checkpoint 

is dependent on the sensing of DNA damage, so in a spo11∆ strain cells will enter 

the meiotic division without having formed chiasma.  

Ndt80 allows progression, in part by triggering the activity of the cyclin Clb1. It also 

upregulates the activity of Cdc5 (polo-like kinase) which allows for the resolution of 

crossovers and destabilisation of cohesion located on chromosome arms (reviewed 

in Morgan 2007). 

1.3.4 Monoorientation of sister chromatids in meiosis I  

One of the features which allows for the reductional division of chromosomes in 

meiosis I is the attachment of both sister kinetochores to the same pole (Fig. 1.3). 

This is known as monoorientation.  

Many species achieve monoorientation through fusion of the two sister kinetochores 

to form a single microtubule binding interface (Fig. 1.4). Although the presence of 

such a fused kinetochore structure was proposed as early as 1937 (Darlington, 

1937), it was not until much later that evidence for a bridging conformation was 

established by electron micrographs of grasshopper kinetochores showing a single 

kinetochore structure for each bivalent (Goldstein, 1981). Greater detail of the 

meiotic kinetochore could be shown by fluorescent imaging in maize. This showed 

that the outer kinetochore proteins Mis12 and Ndc80 form a bridge between two 

inner CENP-C molecules in meiosis (Li & Dawe, 2009).  

Functional evidence for the fusion of the meiosis I kinetochore was demonstrated in 

budding yeast by Sarangapani et al. (2014). Kinetochores isolated from meiosis I 

formed stronger attachments to microtubules than kinetochore isolated form mitosis 

or meiosis II (Sarangapani et al., 2014). It can be reasoned that this increased 

binding force was due to an increased number of microtubule binding elements in 

each kinetochore. In agreement with this, the study also showed that the meiosis I 

kinetochore contained a higher copy number of Nuf2, a member of Ndc80 

microtubule binding complex (Sarangapani et al., 2014). The monopolin complex is 



16 
 

responsible for kinetochore fusion of the meiosis I kinetochores (Sarangapani et al., 

2014) and therefore monoorientation (Tóth et al. 2000; Rabitsch et al. 2003). This 

complex and its role in sister chromatid monoorientation is the main focus of this 

study and as such will later be discussed in much greater detail.  

Kinetochore fusion is not, however, the mechanism by which all species achieve the 

monoorientation of sister chromosomes in meiosis I. In S. pombe for instance 

centromeric enrichment of the meiotic specific cohesin, which contains the kleisin 

subunit Rec8, appears to be responsible for establishing monoorientation in meiosis 

I (Watanabe & Nurse, 1999; S. Yokobayashi et al., 2003). If the mitotic cohesin is 

expressed in meiosis it is unable to become enriched at centromeres or establish 

the reductional division seen in wild type cells (S. Yokobayashi et al., 2003). The S. 

pombe meiosis specific protein Moa1 is also required for monoorientation but it likely 

does this through regulating Rec8 activity, as premature cleavage of centromeric 

Rec8 prevents monoorientation, even if Moa1 is localised at the centromere (Shihori 

Yokobayashi & Watanabe, 2005). This is contrast to monoorientation in budding 

yeast where Rec8 is dispensable (Tóth et al., 2000).  

Mammalian monoorientation appears to be more closely related to that of fission 

yeast. Indeed, imaging of human oocytes shows two distinct kinetochores in each 

pair of sister chromatids, rather than a single fused kinetochore (Patel et al., 2016; 

Zielinska et al., 2015) and monoorientation in mice is dependent on a function 

homologue of Moa1, MEIKIN (Kim et al., 2015).  

1.3.5 The mechanisms which allow two step cohesin removal  

In meiosis I the paired homologues are held together by the cohesin along the arms 

distal from crossover events. As in mitosis, anaphase and chromosome separation 

are triggered by the destruction of Pds1 (securin), which allows separase protease 

activity to cleave the cohesin. The important adaptation that allows for the two 

rounds of division in meiosis, is that in meiosis I cohesin is removed only from the 

arms of chromosomes (Fig.1.3). This allows the separation of homologous 

chromosome pairs whilst a pool of cohesin close to the centromere is protected from 

cleavage until meiosis II. This pool of cohesin allows tension to be generated 

between bi-orientated sisters meaning alignment on the spindle can be regulated 

much as it is in mitosis (reviewed in Morgan 2007). 

One of the factors that allows for this protection is the presence of a meiosis specific 

cohesin complex where the subunit Scc1 is replaced with Rec8. Rec8 can only be 
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cleaved by separase if it is first phosphorylated (Brar et al., 2006). Recruitment of 

the PP2A phosphatase to the centromere via the protein Sgo1 causes 

dephosphorylation of the centromeric cohesin, preventing cleavage by separase 

(Kitajima et al., 2004, 2006; Marston et al., 2004; Riedel et al., 2006). Only when 

Sgo1 is removed from the centromere and then degraded in meiosis II is the 

centromeric Rec8 able to be cleaved (Jonak et al., 2017). 

1.3.6 Transition from meiosis I to meiosis II 

Immediately after the separation of homologous pairs in the first division, meiosis II 

begins and the separation of the sister chromatids occurs. This transition from 

meiosis I to II shares some similarities to exit from mitosis, with the destruction of 

the first meiotic spindle being triggered by a reduction in activity of Cdk1. However 

unlike in mitosis there is a low level of Cdk1 activity and this contributes to, amongst 

other things, the prevention of re-replication.  

A meiosis II spindle is then reformed and sister chromatids bi-orientate on this 

spindle. Their proper alignment allows for a second round of Pds1 destruction, the 

cleavage of the remaining centromeric cohesin and separation of sisters (Fig. 1.3) 

(reviewed in Morgan 2007). 

1.3.7 Spore formation in budding yeast 

The completion of the meiotic divisions is coupled to spore formation. In yeast a 

nuclear envelope extends from each SPB enclosing the DNA to form four haploid 

nuclei. All four are packaged within the tough spore walls of the mother cells 

(reviewed in Morgan 2007). 

1.3.8 Meiosis-specific kinetochore adaptations in S. cerevisiae  

Unlike in higher eukaryotes, during mitosis in budding yeast the kinetochore remains 

permanently localised to the centromere (reviewed in Dorn & Maddox 2012). 

However, in meiosis the outer kinetochore is shed between meiotic entry and 

prophase, with the outer kinetochore component Ndc80 being degraded causing 

delocalisation of other outer kinetochore components (Asakawa et al., 2005; Miller 

et al., 2012). This was first observed in S. pombe where it causes delocalisation 

from the SPB (Asakawa et al., 2005). Expression of Ndc80 in late prophase allows 

the outer kinetochores to reassemble (Miller et al., 2012). The shedding of the outer 

kinetochore is an active process dependent on Ipl1 (Meyer et al., 2015). It seems 

likely that this kinetochore rearrangement could facilitate converting kinetochores 

that are usually biased towards biorientation, to a conformation that allows for 
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monoorientation. Consistent with this, it was shown that shedding of the outer 

kinetochore allows the recruitment of the monopolin complex, which is known to be 

important for facilitating monoorientation (Miller et al. 2012; Meyer et al. 2015). 

1.3.9 Human infertility and birth defects can be caused by problems in meiosis 

The mechanisms which regulate meiosis are relevant to human infertility with a third 

of miscarriages being a result of embryonic aneuploidy. Aneuploidy is the result of 

mis-segregation of chromosomes during the meiotic divisions. Aneuploidy that does 

not result in miscarriage can cause severe birth defects, for instance trisomy of 

chromosome 21 results in down syndrome. The instance of down syndrome and 

aneuploidy in pregnancy increases dramatically with maternal age (reviewed in 

Hassold T and Hunt P 2001).  

The correlation between maternal age and aneuploidy has driven research into the 

mechanisms. Female meiosis is different from spermatogenesis in that oocytes are 

arrested in meiotic prophase for at least a decade before the first meiotic division. 

This has resulted in ‘cohesin fatigue’ being considered one of the key factors in 

aneuploidy. Most cohesin is laid down in the pre-meiotic S-phase, then gradually 

lost over time during the arrest and results in separation of the homologous pairs 

(reviewed in Nagaoka, Hassold, and Hunt 2012). 

This however is unlikely to be the sole mechanism with spindle assembly and 

microtubule-kinetochore attachments also being highly error prone in oocytes 

(Holubcová et al., 2015; Nagaoka et al., 2012). This too could have a correlation 

with maternal age. Human meiosis I kinetochores do not show the fused 

conformation which has been seen in yeast, however, their geometry may still be 

important because the distance between sister kinetochores increases with the age 

of the women they are isolated from (Patel et al., 2016). This increase in separation 

correlates with a missalignment of bivalents (Zielinska et al., 2015). 

1.4 The monopolin complex  

In budding yeast the monopolin complex is essential for successful chromosome 

segregation in the first meiotic division; it ensures that the kinetochores of sister 

chromatids are attached to the same pole (Tóth et al., 2000), allowing for the first 

reductive division of meiosis.  

The first of the four components of the monopolin complex which was identified and 

characterised was Mam1. Mam1 was first identified through a screen of genes 
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upregulated during meiosis I and which when deleted caused uneven DNA 

distribution in spores (Tóth et al., 2000).  

One way of demonstrating Mam1’s role in monoorientation of sister chromatids is 

that its deletion rescues the viability of spo11∆ spo12∆ cells (Tóth et al., 2000). 

spo11∆ spo12∆ cells are inviable in meiosis as they attempt just a single meiotic 

division without crossovers. The deletion of MAM1 from these cells allows complete 

equatorial division of chromosome in meiosis I, thereby producing viable dyads 

(Tóth et al., 2000). The phenotype of forming viable dyads in spo11∆ spo12∆ 

background when monoorientation is disrupted, allowed for a functional screen to 

identify other proteins important for the monoorientation of sister in meiosis I 

(Rabitsch et al., 2003). This screen identified the protein Csm1, which was already 

known to be important for correct chromosome distribution in meiosis but no 

mechanism for its function had been described (Rabitsch et al., 2001). 

This then allowed the identification of a third protein, Lrs4, which was known to bind 

to Csm1 (Uetz et al., 2000). If just one of these three proteins, Mam1, Csm1 or Lrs4 

is deleted, sister chromosomes will have an increased rate of biorientation during 

meiosis I (Rabitsch et al., 2003; Tóth et al., 2000).  

The final component of the monopolin complex is Hrr25, a member of casein kinase 

1 family. (Petronczki et al., 2006). Hrr25 binds to the monopolin complex in meiosis 

and is recruited to the centromere (Petronczki et al., 2006). The presence of Hrr25 is 

required for kinetochore recruitment of monopolin and its kinase activity is needed 

for the monoorientation of kinetochores in meiosis I (Petronczki et al., 2006).  

All four of these proteins, Mam1, Csm1, Lrs4 and Hrr25 act in a complex together to 

ensure the monoorientation of sister kinetochores during meiosis I.  

1.4.1 The structure of the monopolin complex 

Although all four components of the monopolin complex Mam1, Csm1, Lrs4 and 

Hrr25, interact and are needed for their meiotic function, the complex can, be 

considered as two sub-complexes. Csm1 and Lrs4 bind to one another throughout 

the cell cycle (Rabitsch et al., 2003) and Mam1 can bind strongly to Hrr25 

independently of Csm1 and Lrs4 (Petronczki et al., 2006).  

When Csm1 is expressed in vitro, sedimentation equilibrium ultracentrifugation gives 

a mass equivalent two copies of Csm1, suggesting in isolation Csm1 forms a 

homodimer (Corbett et al., 2010). Crystal structures for both the full length Csm1 
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homodimer and a truncated C-terminal region reveal the structure of this 

homodimer. The C-terminal region forms a globular structure and is sufficient to 

form the dimer. The N-terminal region consists of an alpha-helix which extends 

away from the C-terminal globular domain, forming a coiled-coil in the Csm1 dimer. 

(Corbett et al., 2010). Analysis by sedimentation equilibrium ultracentrifugation of 

the structures from when Lrs4 is expressed along with Csm1 gives a mass 

equivalent to an oligomer which consists of four Csm1 copies and two of Lrs4 

(Corbett et al., 2010), suggesting a single Lrs4 dimer binds two Csm1 dimers 

(Fig.1.4). Negative stain electron microscopy of  Csm1/Lrs4 oligomers shows they 

form a V-shaped structure (Fig 1.4 A; Corbett et al., 2010). The crystal structure of 

the Csm1/Lrs4 oligomer suggests Lrs4 is at the base of the V-shaped structure and 

the Csm1 globular domains at the two points, ~10nm apart (Corbett et al., 2010)  

The equilibrium ultracentrifugation analysis of truncated Csm1 binding to Mam1, 

shows that the globular domain of the Csm1 dimer can bind to a single copy of 

Mam1 (Corbett & Harrison, 2012). Mam1 can also bind a single copy of Hrr25, as 

demonstrated by SEC-MAL analysis (Corbett & Harrison, 2012). Mam1 and Hrr25 

bind via a central region in Hrr25 which is conserved only in point centromere yeast. 

This is consistent with the observation that Mam1 is present only in yeast with point 

centromeres (Ye et al., 2016).  

As each complex consists of two dimers of Csm1 each able to recruit a single copy 

of Mam1 and in turn a single Hrr25, the monopolin complex contains four copies of 

Csm1 and two copies of Lrs4, Mam1 and Hrr25 (Fig 1.4 C; Corbett & Harrison, 

2012).  

1.4.2 Monopolin kinetochore binding 

During meiosis all four of the monopolin complex components become localised at 

centromeres (Petronczki et al., 2006; Rabitsch et al., 2001; Tóth et al., 2000). 

Monopolin binds to the kinetochore via an interaction between the globular domain 

of Csm1 and the N-terminus of Dsn1, a component of the Mtw1 complex (discussed 

in section 1.2.3) (Corbett et al., 2010; Sarkar et al., 2013). The Csm1 globular 

domain contains a hydrophobic cleft which interacts with hydrophobic residues 

within the first 110 amino acids of Dsn1 (Corbett et al., 2010; Sarkar et al., 2013). If 

this interaction is disrupted, by either point mutations in the hydrophobic cleft of 

Csm1 or truncation of Dsn1, cells will mis-segregate their DNA in meiosis, much the 

same as in monopolin delete strains (Corbett et al., 2010; Sarkar et al., 2013). This 
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suggests that the recruitment of monopolin to the kinetochore is essential for its role 

in sister monoorientation.  

As Csm1 is the only component of the monopolin complex that binds directly to the 

kinetochore, it is unsurprising that the remaining monopolin complex components 

are dependent on Csm1 for their recruitment to the kinetochore (Rabitsch et al., 

2001). However, the complex is not maintained at the kinetochore in the absence of 

either Mam1 or Hrr25 (Petronczki et al., 2006; Tóth et al., 2000), all components of 

the monopolin complex must be present for its stable recruitment to the kinetochore 

in meiosis.  

1.4.3 Monopolin fuses sister kinetochores in meiosis I  

As discussed previously (section 1.3.4) the monoorientation of sister chromatids in 

meiosis I is facilitated by the fusion of the sister kinetochores (Sarangapani et al. 

2014). Kinetochores isolated from cells with non-functional monopolin, by mam1 

deletion or disruption of Csm1 binding by truncation of Dsn1, have a reduced 

microtubule binding force for meiosis I kinetochores, comparable to that of mitotic 

kinetochores (Sarangapani et al. 2014). This suggests that monopolin is required for 

the fusion of sister kinetochores in meiosis I. Monopolin is also sufficient for this 

fusion in vitro as the addition of recombinant monopolin to kinetochores isolated 

from mitosis was able to increase the binding force of the kinetochore particles 

(Sarangapani et al. 2014). This ability to cause the fusion of sister kinetochores in 

meiosis I is likely to be monopolin’s essential meiotic function.  

There is a model of monopolin function which suggests it is directly bridging across 

the two sister kinetochores (Corbett et al., 2010), with a single monopolin complex 

binding Dsn1 molecules in each of the paired sister kinetochores. This model stems 

from observation of the structure of monopolin. Since monopolin contains two 

kinetochore binding regions, each one within the globular domain of the two Csm1 

dimer which means they are specially separated (Corbett et al., 2010). Although this 

model of a monopolin forming a bridge is appealing and consistent with the fusion of 

sister kinetochores there is as yet been no evidence which directly supports this. It 

also leaves many open questions, particularly as to how each Csm1 binding 

interface is able to form interactions with Dsn1 within different sister kinetochores 

when there are multiple copies of Dsn1 within each kinetochore (Joglekar et al., 

2006).  
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1.4.4 Regulation of monopolin meiotic activity 

Although the monopolin complex alone is sufficient to cause the fusion of sister 

kinetochores in vitro (Sarangapani et al., 2014), in vivo many additional factors are 

required for the monoorientation of sister kinetochores.  

Mam1 as the only meiosis specific component of the complex is the only point of 

regulation dependent on gene expression. Mam1 is expressed only in meiosis I, 

being expressed predominantly in late anaphase I (Chu et al., 1998; Tóth et al., 

2000). 

1.4.4.1 Monopolin recruitment to the kinetochore requires phosphorylation by 

DDK and Cdc5  

Mam1 expression alone is insufficient to cause sister kinetochore fusion (Rabitsch et 

al. 2003). Phosphorylation of monopolin components is also required for the 

localisation of the complex at the kinetochore. This phosphorylation is mediated by 

two kinases, Cdc5 (Clyne et al. 2003; Lee and Amon 2003) and DDK (Dbf4 

dependent kinase/Ccd7) (Matos et al. 2008; Lo et al. 2008). Mam1 is 

phosphorylated by Cdc5 (Clyne et al. 2003) and both kinases phosphorylate Lrs4 

(Katis et al. 2004; Matos et al. 2008). It has been suggested that for this meiotic 

function the Csm1/Lrs4 sub-complex must first be released from the nucleolus 

(Rabitsch et al. 2003), where they are located in mitosis, and that this release is 

triggered by phosphorylation of Lrs4 by Cdc5 (Clyne et al. 2003; Monje-Casas et al. 

2007). Further to this release from the nucleolus, DDK phosphorylation is needed for 

localisation of monopolin to the kinetochore and without this localisation sister 

chromosomes will be bi-oriented during metaphase I (Matos et al. 2008; Lo et al. 

2008). 

In addition to these two kinases it has been suggested that the meiosis-specific 

protein Spo13 is also required for the monopolin complex to localise to kinetochores 

(Katis et al., 2004; Lee et al., 2004). It is thought that Spo13 facilitates additional 

Cdc5-dependent phosphorylation of Lrs4 after its release from the nucleolus (Matos 

et al. 2008). However, there are some aspects of this regulation that remain unclear. 

Firstly it has been observed that expression of Mam1 and Cdc5 in mitosis is 

sufficient to cause sister chromatid co-segregation (Miller et al., 2012; Monje-Casas 

et al., 2007). As Spo13 is expressed only in meiosis (Wang et al., 1987), this would 

mean Spo13 is not required for the localisation or function of monopolin. However, 

when Cdc5 is artificially tethered to the kinetochore in a spo13∆ background, Lrs4 
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can be phosphorylated but the monopolin complex is not correctly localised to 

centromeres (Galander et al., 2019). This would imply that Spo13 is needed for the 

kinetochore localisation of monopolin and that this function is independent of is role 

of facilitating phosphorylation by Cdc5.  

In addition, new evidence shows that kinetochore-localised Cdc5 is able to bias 

sister chromatids to monoorient in the absence of Mam1 (Galander et al., 2019). 

This means that some of the monoorientation defects attributed to delocalisation of 

monopolin in spo13∆ and Cdc5 depletion may in fact be due this role in 

monoorientation that is separate from monopolin localisation.  

1.4.4.2 The outer kinetochore must be shed to allow for the recruitment of the 

monopolin complex 

One of the meiosis-specific adaptations of yeast meiosis is the temporary shedding 

of outer kinetochore components before prophase (discussed in section 1.3.8). It 

has been suggested that one of the functions of this adaptation would be to facilitate 

monopolin binding. Both monopolin and another kinetochore complex, Ndc80, bind 

to Dsn1 so it seems possible that Ndc80 is removed to allow access by monopolin 

(Dimitrova et al., 2016; Hornung et al., 2010). Indeed, it was shown that if the outer 

kinetochore is prevented from shedding by premature expression of Clb3 or meiotic 

depletion of Ipl1, Mam1 can no longer localise to the kinetochore (Meyer et al., 

2015; Miller et al., 2012). Mam1 localisation can then be rescued by the 

simultaneous meiotic depletion of Ndc80.  

1.4.4.3 The effect of meiosis specific centromere geometry on monopolin’s 

capacity to cause monoorientation 

As with biorientation of kinetochores in mitosis (Verzijlbergen et al., 2014), the SMC 

complex, condensin, may also contribute to correct kinetochore orientation in 

meiosis I. Temperature sensitive inactivation of condensin during a metaphase I 

arrest results in an increased level of sister chromosome biorentation. This may be 

because of reduction of the levels of Mam1, but not Lrs4/Csm1 to the centromeric 

region (Brito, Yu, et al., 2010). The authors propose that the recruitment of 

condensin to the meiotic centromere generates a higher order structure, which could 

both itself contribute to monoorientation and allow for the binding of Mam1 to the 

already loaded Csm1/Lrs4 complex.  
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A recent publication has additionally suggested a role for the formation of the 

synaptonemal complex (SC) in the recruitment of the monopolin complex to 

kinetochores (Prajapati et al., 2018). Underling this is that the SC may support a 

geometry that allows for homologue segregation in meiosis I, which is supported by 

their observation that zip1∆ cells bi-orient a modest proportion of their sister 

kinetochores during meiosis I (Prajapati et al., 2018). However, their observation 

that zip∆ reduces the localisation of Mam1 at metaphase I, could just as likely be an 

effect of zip1∆ cells not progressing correctly through meiosis (Sym et al., 1993), 

rather than a lack of SC resulting directly in an inability of cells to localise Mam1 

(Prajapati et al., 2018). Further study is therefore needed to clarify the relationship 

between the SC and monopolin.  

1.4.5 The role of Csm1/Lrs4 in regulating rDNA  

Ribosomal DNA (rDNA) is present at a single locus consisting of multiple repeating 

units, 100-200 in S. cerevisiae (Rubin & Sulston, 1973; Schweizer et al., 1969). This 

locus must be both silenced from transcription and prevented from undergoing 

homologous recombination across the repeating units. As well as their role in sister 

kinetochore monoorientation, the monopolin complex components have a role in this 

silencing (Smith et al., 1999) and inhibition of recombination within rDNA (Huang et 

al., 2006; Mekhail et al., 2008). It is this role in regulation of rDNA that requires the 

localisation of Csm1 and Lrs4 to the nucleolus during the mitotic cell cycle (Rabitsch 

et al., 2003).  

To prevent recombination in the rDNA, Csm1/Lrs4 are at least partially dependent 

on the inner nuclear membrane protein Heh1 (Mekhail et al., 2008). Csm1/Lrs4 

together with Heh1 are required to form a compact rDNA structure, located at the 

nuclear periphery (Mekhail et al., 2008) and this limits recombination with rDNA.  

Silencing of the rDNA by Csm1/Lrs4 is independent of the canonical Sir2 pathway, 

but is dependent on the RENT (regulator of nucleolar silencing and telophase exit) 

network and the presence of both Fob1 and Tof2 (Huang et al., 2006). This 

Csm1/Lrs4-dependent silencing does not affect the rDNA silencing universally but is 

specific to the NTS1, a unit within the rDNA locus (Huang et al., 2006). In addition 

the SUMO isopeptidase, Ulp2, can bind to Csm1, an interaction that is need for Ulp2 

recruitment to rDNA and the stability of proteins there, including Tof2 (Liang et al., 

2017).  
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Interestingly the binding between Csm1 and these rDNA silencing partners is similar 

to that of Csm1 interactions with both Mam1 and Dsn1, with Tof2 occupying the 

same binding hydrophobic cavity as Dsn1 (Corbett et al., 2010) and Ulp2 binding in 

a similar confirmation to that of Mam1 (Liang et al., 2017). It is worth considering 

that as with Dsn1 binding, the Tof2 binding of Csm1 could crosslink rDNA, resulting 

a closed confirmation that facilitates silencing and repression of recombination thus 

crosslinking represents a possible universal mechanism for monopolin function.  

1.4.6 The monopolin complex in mitotic segregation  

The meiosis-specific role of monopolin appears to be limited to budding yeast 

species, particularly those with point centromeres. Consistent with this, Mam1 the 

meiosis specific factor, is also limited to budding yeast with point centromeres (Ye et 

al., 2016). However, monopolin functions more widely in eukaryotes at mitotic 

kinetochores.  

The S. pombe homologues of Csm1/Lrs4, (sometimes referred to as Pcs1/Mde4) 

reduce merotelic attachments in mitosis and therefore chromosome mis-segregation 

(Rabitsch et al. 2003; Gregan et al. 2007). Deletion of either Csm1 or Lrs4 leads to 

lagging chromosomes and stretching of kinetochores (Gregan et al., 2007). The 

mechanism of the Csm1/Lrs4 mitotic function could be through a similar bridging 

mechanical function to that performed by the monopolin complex during meiosis of 

budding yeast (Rabitsch et al. 2003). S. pombe forms two to four microtubule 

attachments per centromere (Ding et al. 1993), Csm1/Lrs4 could thus be acting to 

clamp multiple microtubule binding regions to stop them forming attachments to 

microtubules emanating from opposite poles (Rabitsch et al. 2003). Csm1/Lrs4 also 

seems to have a role in recruiting condensin to the centromere (Tada et al., 2011). 

This centromeric condensin could support a conformational change to prevent 

merotelic attachments, leaving the possibility for multiple mechanisms of Csm1/Lrs4 

function in mitotic division.  

It has been suggested that the Csm1/Lrs4 components of monopolin may also play 

a role in chromosome stability is S. cerevisiae (Brito, Monje-Casas, et al., 2010). 

Csm1/Lrs4 appears to be released from the nucleolus at anaphase, mediated by the 

mitotic exit network (MEN) (Huang et al., 2006) and then becomes associated with 

kinetochores (Brito, Monje-Casas, et al., 2010). There is, however, some 

disagreement in the literature on the effect of this localisation, as deletion of 

monopolin complex components has been reported to both affect plasmid stability 
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(Brito, Monje-Casas, et al., 2010) and not affect chromosome fragment stability 

(Sarkar et al., 2013). The report that plasmid stability affected by monopolin deletion 

did not uncover a mechanism, however (Brito, Monje-Casas, et al., 2010), making 

the mitotic role for budding yeast monopolin away from the rDNA uncertain.  
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Figure 1.5 The monopolin complex A) Diagram of protein interactions between all 

components of the monopolin complex. Determined by Rabitsch et al., 2003; Petronczki 

et al., 2006; Corbett et al., 2010 and Corbett et al., 2012. Diagram adapted from Corbett 

et al., 2012. B) Representative class averages of electron micrographs of negatively 

stained Csm1/Lrs4 1–102 complex. Showing the V-shape structure they form when 

expressed together in vitro. C)The monopolin complex consists of four proteins. It 

contains two copies of Lrs4 (green), four copies of Csm1 arranged in two dimers (yellow), 

then two copies of Mam1 (pink) and Hrr25 (blue). Csm1 and Lrs4 are arranged to form a 

V-shaped structure. Mam1 binds to the globular domain of Csm1 at the points of the V, 

Mam1 in turn binds to Hrr25 recruiting it to the complex. The Csm1 globular domain can 

also bind to the kinetochore protein, Dsn1, which allows the monopolin complex to be 

recruited to the kinetochore. 
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1.5 Aims of this study  

As established in this chapter, the monopolin complex essential for the correct 

segregation of chromosomes in the yeast meiotic division (Petronczki et al., 2006; 

Rabitsch et al., 2003; Tóth et al., 2000). It does this by facilitating the fusion of sister 

kinetochores (Sarangapani et al., 2014). However, how it is able to establish this, 

particularly within the context of cells, still remains unclear. This study aimed to 

contribute to our understanding of how the monopolin complex causes the fusion of 

sister kinetochores specifically in meiosis I. 

Aim 1 Assess if all monopolin subunits are required at the kinetochore for 

monoorientation of sister chromatids in meiosis I  

Csm1, Lrs4, Mam1 and Hrr25 bind to form the monopolin complex and all four 

proteins are needed for the complex to form a stable interaction with the kinetochore 

during meiosis I (Petronczki et al., 2006; Rabitsch et al., 2003). What remains 

unclear is if once they are located at the kinetochore they have independent 

functions. By using live cell imaging to examine the meiotic phenotype of cells where 

just one of the monopolin complex is deleted, I aimed to identify any subtle 

differences in their behavior when individual members of the monopolin complex are 

deleted, which may indicate a dominant role for one of the complex components. By 

tethering individual subunits of the monopolin complex to the kinetochore, I will 

bypass the need for the complete complex for localisation and, in doing so, address 

if they can perform independent functions once localised. 

Aim 2 – Identify the sites within Dsn1 which are important for monopolin 

binding and therefore its interaction with the kinetochore 

The interaction interface between the kinetochore and the monopolin complex has 

previously been identified (Sarkar et al., 2013). How this interaction is made and 

regulated is important to understand, as binding of the monopolin complex to the 

kinetochore is essential for its function and often seen as a key point for its 

regulation. This study therefore aimed to look more closely at this interaction 

interface and identify the specific amino acids within Dsn1 which contribute to its 

binding to Csm1. I will do this by taking direction form a crystal structure of this 

interaction and using this to mutate amino acids within the potential interaction site, 

then monitor the effect these mutations have on the fidelity of chromosome 

segregation in meiosis and the binding of monopolin to the kinetochore.  This is with 
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the aim of understanding the molecular detail of how the monopolin complex binds 

to the kinetochore and potentially how this could allow its activity to be regulated. 

Aim 3 - To identify Hrr25 phosphorylation targets 

When the monopolin complex is recruited to the kinetochore it brings with it an 

active kinase, Hrr25 (Petronczki et al., 2006). The kinase activity of Hrr25 is 

dispensable for monopolin complex recruitment to the kinetochore but required for 

the monoorientation of sister kinetochores in meiosis I. This would imply that Hrr25 

has targets which it phosphorylates at the kinetochore and that these contribute to 

the fusion of sister kinetochores in meiosis I. This could be either by regulating the 

behavior of the monopolin complex once it has localised or there could be a 

separate role for this phosphorylation. This study aimed to address this by identify 

target of Hrr25 phosphorylation at the meiotic kinetochore. 
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Chapter 2 - The Monopolin subunits must work 
together for their meiotic function 

2.1 Introduction 

The budding yeast monopolin complex is a four-protein complex consisting of Csm1, 

Lrs4, Mam1 and the kinase Hrr25. Deletion or inhibition of any of these four proteins 

leads to aberrant bi-orientation of sister kinetochores during the first meiotic division 

and consequently meiotic chromosome mis-segregation (Petronczki et al., 2006; 

Rabitsch et al., 2003; Tóth et al., 2000). Mam1 is unique amongst the complex in 

being the only component to be expressed specifically during meiosis I (Tóth et al., 

2000). During meiosis I Mam1 along with the three components of the monopolin 

complex which are present throughout the cell cycle are recruited to the kinetochore 

(Petronczki et al., 2006; Rabitsch et al., 2003; Tóth et al., 2000).  

Csm1 is required for the recruitment of Mam1 to the kinetochore (Rabitsch et al., 

2003), as Csm1 contains the interface for kinetochore binding and Mam1 binds to 

Csm1 (Corbett et al., 2010; Corbett & Harrison, 2012). Mam1, in turn, recruits the 

kinase Hrr25. Despite binding directly to the kinetochore, Csm1 recruitment is also 

unstable in the absence of Mam1 (Rabitsch et al., 2003). Monopolin acts on 

kinetochores to cause the fusion of sister kinetochores during meiosis I 

(Sarangapani et al., 2014) and binding of the complex to the kinetochore is essential 

for its function (Corbett et al., 2010). 

What remains unclear is how the monopolin complex is causing the fusion of sister 

kinetochores. It is possible to consider two mechanisms of monopolin function, 

where either of the two subcomplexes, Csm1/Lrs4 or Mam1/Hrr25, takes a dominant 

role in function. The Csm1/Lrs4 dominant model is based on the structure of the 

complex. Csm1/Lrs4 forms a V-shaped structure with two kinetochore-binding 

domains at the points of the V. This has led to the suggestion it could bridge the two 

sister kinetochores acting directly to fuse them (Corbett et al., 2010). Alternatively, it 

is possible to consider Mam1 as the key component, as it is the only meiosis-

specific protein and brings with it the kinase Hrr25. Mam1/Hrr25 could, therefore, 

alter the kinetochore to allow fusion of kinetochore proteins, Csm1/Lrs4 acting only 

as a scaffolding structure for recruitment.  
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My aim was to identify any phenotypic differences between cells when they have 

different components of the monopolin complex removed. In addition, I asked 

whether Mam1 functions independently of the Csm1/Lrs4 component by artificially 

tethering it to the kinetochore.  

2.2 Results 

2.2.1 The monopolin complex is required for correct chromosome segregation 

during meiosis  

Although the meiotic phenotype of mam1∆ and csm1∆ had previously been 

compared by using fixed cell imaging, I thought that subtle differences in the 

phenotype of these cells may be more apparent by live cell imaging. These 

differences could then suggest which, if either, of the two proteins is playing a more 

significant role in monopolin’s meiotic function. I imaged cells which carried 

homozygous tetO repeats adjacent to centromere 5 and producing TetR-

GFP(CEN5-GFP), this allows the segregation of chromosome V to be monitored 

during meiosis. The cells also contained the central kinetochore proteins Mtw1 and 

Pds1 labelled with the fluorescent protein tdTomato, allowing the stage of meiosis of 

each cell to be identified by kinetochore behaviour and the degradation of Pds1 on 

entry into anaphase.  

In wild type cells, the CEN5-GFP foci were seen to undergo two rounds of division 

(Fig. 2.1 A). Pds1 is degraded and the Mtw1-tdTomato signals cluster before 

splitting into two foci. Simultaneously, the CEN5-GFP focus segregates into two foci. 

In some cells the Mtw1-tdTomato signals clustered again before segregating into 4 

foci along with the segregation of the CEN5-GFP foci into 4 separate foci. This is not 

the case for cells lacking either Mam1 or Csm1, where at the time of Mtw1 foci first 

separation, two CEN5-GFP foci appear but stay close together (Fig. 2.1 B and C). 

This is likely to happen because the two GFP foci are sister chromatids bi-orienting, 

so they are attached to separate poles and under tension, however, cohesion is 

maintained at the centromeres, limiting how far the chromosome can be pulled 

apart. The second division is then highly disordered, with mam1∆ and csm1∆ cells 

predominantly only resolving chromosomes to 2 or 3 foci (Fig. 2.1 D). This is likely a 

consequence of failing to properly segregate their homologous chromosomes in the 

first division. This experiment confirms the phenotypes previously seen though fixed 

cell imaging techniques (Rabitsch et al., 2003; Tóth et al., 2000), but offers no 

suggestion that Csm1 and Mam1 have any distinct meiotic roles.  
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 Figure 2.1 Deletion of monopolin causes problem with chromosome segregation in 
meiosis. Live cell image of cells with homozygous labelled CEN5-GFP. Ndt80 is under the 
control of an inducible promoter to allow synchronous exit from prophase I. Cells also carry 
Mtw1-tdTomato to label kinetochores and Pds1- tdTomato used to determine the onset of 
anaphase. A, B and C) Representative images highlighting that mam1∆ and csm1∆ cells 
fail to undergo two distinct rounds of separation or segregate all 4 GFP foci. Images taken 
at 15 minute intervals. Stages implied by kinetochore behavior. D) Count for separation of 
chromosomes by count of total GFP foci seen at any given point during meiosis. E) Count 
of final Mtw1 foci number. Wild type (AMy21422) n=50, mam1∆ (AMy21022) n=51 and 
csm1∆ (AMy21023) n=42  
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Figure 2.2 Imaging of Kinetochores and Chromosome labeling of centromere 5 is 

used to determine chromosome orientation during meiosis I. During the first meiotic 

division sister chromosomes must remain bound together, this allows for the two rounds 

of division. Disruption of monoorientation during meiosis I causes sister separation, 

known as biorientation. To test whether sister chromosomes are correctly orientated I 

used an imaging assay where the central kinetochore protein Mtw1 is labelled with the 

red florescent protein td-tomato, additionally one of the two copies of chromosome 5 is 

labelled close to the centromere by the insertion of tet-O sequence within the DNA, 

which then binds a GFP label tet-R protein. During meiosis I if chromosomes are 

correctly mono-orientated the two kinetochore clusters will separate and appear as 

separate foci, however as the two sister copies of chromosome 5 remain bound only a 

single GFP focus can be seen.  However, if the chromosome 5 sister chromosomes are 

biorientated the centromere GFP signal will be pulled apart and two GFP foci will be 

resolved. This means the rate of bi-orientation during meiosis I can be determined by the 

presence of one vs two GFP dots.  

Monoorientation  Biorientation  
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Figure 2.3 Deletion of Monopolin subunits causes the segregation of sister 
chromosomes during meiosis I. Live cell imaging of heterozygous CEN5-GFP. 
Ndt80 is under the control of an inducible promoter to allow synchronous exit from 
prophase I. Cells also carry Mtw1-tdTomato to label kinetochores and Pds1 – 
tdTomato used to analyse the onset of anaphase. A, B and C) Highlight that in 
mam1∆ and csm1∆ cells 2 GFP foci can often be seen in metaphase I D) Count of 
sister chromosome segregation in meiosis I as defined by the presence of 2 GFP 
foci, when kinetochores first segregate. Strains are (AMy22014) n=47, mam1∆ 
(AMy21623) n=41 and csm1∆ (AMy22015) n=27 
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2.2.2 The monopolin complex is required for co-segregation of sister 

chromatids in meiosis I  

To confirm that mam1∆ and csm1∆ cells segregate their sister chromatids in meiosis 

I and this is the cause of the meiotic chromosome mis-segregation, it was also 

important to image heterozygous dots. The same CEN5-GFP foci were used, 

however, only one of the homologues was labelled. This allows a distinction to be 

made between separation of homologues and sister chromatids (see Fig. 2.2). Once 

again, Mtw1 and Pds1 were labelled with tdTomato to monitor progression through 

meiosis.  

In wild type cells, during the first meiotic division, as defined by the first segregation 

of the Mtw1 foci, the CEN5-GFP foci remained as a single dot (Fig.2.3 A and D), 

moving to one side of the cell along with one of the two Mtw1 foci. It is only in the 

subsequent division, after Mtw1 has re-clustered and split into 4 dots, that the 

formation of two GFP foci is observed.  

This is not the case for mam1∆ or csm1∆ cells where during the first meiotic division 

2 GFP foci could be seen in 68% of cells for mam1∆ and 52% for csm1∆ (Fig.2.3 B, 

C and D). This confirms that deletion of the monopolin complex causes the 

premature biorientation of sister chromosomes during the first meiotic division, as 

expected. Furthermore, both the homozygous and heterozygous dot segregation 

patterns of mam1∆ and csm1∆ are similar, suggesting that the two monopolin sub-

complexes do not play independent roles.  

2.2.3 Mam1 or Csm1 alone are insufficient to cause monoorientation 

independently of the monopolin complex  

We wished to test directly whether either of the monopolin sub-complexes could 

function independently. As each of the sub-complexes is dependent on the other for 

their localisation (Monje-Casas et al., 2007; Rabitsch et al., 2003), we reasoned that 

by bypassing this dependence for localisation, we could induce mono-orientation 

with one or other of the sub-complexes. To test this idea, a former member of the 

lab (Dr Eris Duro) generated constructs where either Mam1 or Csm1 is fused to 

Dsn1 by expression of a recombinant Mam1-Dsn1 or Csm1-Dsn1 fusion protein, 

either throughout the cell cycle, under control of the DSN1 promoter or conditionally 

under a copper-inducible promoter (Fig. 2.4, A).  
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Figure 2.4 Neither Mam1 or Csm1 alone tethered to the kinetochore is sufficient for 
monopolin function A) Diagram to show the monopolin Dsn1 fusion. All wild type 
copies of Dsn1 are tagged with a Flag tag and are under the control of the Dsn1 
promoter at the native locus. The fusion constructs are also at the Dsn1 native locus with 
Dsn1 promoter. The promoter is then followed by Mam1 ORF (green) and then 
immediately the Dsn1 ORF (yellow). B) Live cell imaging of heterozygous CEN5-GFP. 
Ndt80 is under the control of an inducible promoter to allow synchronous exit from 
prophase I. Cells also carry Mtw1-tdTomato to label kinetochores and Pds1-tdTomato 
used to analyse the onset of anaphase. Count of sister chromosome segregation in 
meiosis I. Strains are wild type (AMy17556,n=578), MAM1-DSN1-6HIS-3FLAG 
(AMy19104 n=523), mam1∆ (AMy19419, n=499), mam1∆ MAM1-DSN1-6HIS-3FLAG 
(AMy19417, n=536), csm1∆ MAM1-DSN1-6HIS-3FLAG (AMy19343 n=293), csm1∆ 
(AMy19216, n=251) and mam1∆ pCUP-CSM1-DSN1-6HIS-3FLAG, with the addition of 
copper (AMy19710, n=224) (Experiment performed by Dr. E. Duro)  
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In all cases, cells also had a wild type copy of Dsn1 to reduce potential cell growth 

defects. He then tested the ability of cells to correctly monoorient their sister 

kinetochores during the first meiotic division by imaging heterozygous CEN5-GFP, 

as previously described, but without a tdTomato labelled Pds1. 

The presence of the Mam1-Dsn1 fusion protein caused no problems with sister 

chromosome monoorientation during meiosis (Fig. 2.4, B). The Mam1-Dsn1 

construct was sufficient to compensate for the deletion of Mam1, as expression in a 

mam1∆ background reduced biorientation of sister chromosomes to levels close to 

that observed in wild type cells (Fig. 2.4, B). This, however, is not the case for 

csm1∆, where expression of Mam1-Dsn1 has little effect on the observed level of 

sister chromosome biorientation, with cells bi-orientating sister chromosomes 37% 

of the time.  

Similarly, Csm1 was fused to Dsn1 and expressed under a copper-inducible 

promoter specifically in meiosis so as to allow for proper mitotic growth. Artificially 

tethering Csm1 to the kinetochore could partially rescue the phenotype of mam1∆: 

30% of the cells segregated sister chromosomes in the first division when Csm1 

was tethered to the kinetochore, compared to 60% in mam1∆ alone. This may 

suggest that Mam1 functions to localise Csm1, but this is not its only role. It does, 

however, rule out the possibility that Csm1/Lrs4’s sole function is as a scaffold for 

the recruitment of meiosis-specific factors. I conclude that both subcomplexes are 

required for correct chromosome segregation in meiosis I.  

2.2.4 Tethering Mam1 to the kinetochore cause recruitment of the monopolin 

complex in both mitosis or meiosis  

It remained unclear how the Mam1-Dsn1 fusion would be functioning within the 

kinetochore. For instance, whether it can recruit the remaining monopolin 

component members and if the Mam1-Dsn1 construct disrupted recruitment of other 

kinetochore components. To address these questions I performed a kinetochore 

immunoprecipitation followed by mass spectrometry.  

Cells were either in log phase mitotic growth or arrested in metaphase I of meiosis 

by meiotic depletion of Cdc20. The whole kinetochore structure was then isolated 

from these cells by immunoprecipitation (IP) via a FLAG tag on the central 

kinetochore component Dsn1 (Akiyoshi et al., 2010). I confirmed the presence of 

multiple proteins at a concentration sufficient for further analysis by silver stain (Fig. 
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2.5). Parallel samples were used for identification of proteins present by mass 

spectrometry.  

Peptide counts representative of the kinetochore MIND complex, Ndc80 and Ctf19 

indicate successful isolation of kinetochores (Table 2.1). For Dsn1, between 27 and 

54 peptides were identified. When cells contained both a wild type copy of Dsn1 and 

Mam1-Dsn1-3FLAG a lower Dsn1 peptide count was recovered than Dsn1-3FLAG, 

suggesting that MAM fusion may disrupt Dsn1 immunoprecipitation or stability of the 

protein.  

Despite this, it is clear that tethering Mam1 to the kinetochore increases the 

recruitment of the remaining monopolin components. Consistent with previous work 

in the lab where monopolin can only be identified in Dsn1-FLAG IP after prior 

crosslinking of the cells (Sarangapani et al., 2014), only a single peptide of Hrr25 

was identified in IP of wild type meiotic kinetochores. In contrast, in cells expressing 

the Mam1-Dsn1 fusion all the members of the monopolin complex were identified 

(Table 2.1).  

More strikingly in the mitotic samples when Mam1 would not normally be expressed, 

the remaining members of the monopolin complex are recruited to kinetochores, to a 

level close to that of meiotic samples, suggesting that no meiosis-specific regulation 

is required for the interaction between Mam1 and Csm1. This includes the release 

from the nucleolus of Lrs4/Csm1 which has been considered to be important for its 

ability to be recruited to the kinetochore and triggered by Cdc5 (Clyne et al., 2003; 

Rabitsch et al., 2003).  
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Figure 2.5 Immunoprecipitation of Dsn1-Flag or Mam1-Dsn1-Flag successfully 
isolate the kinetochore A) Mitotic cells were in log phase growth at the point of collection. 
Meiotic cells were induced to sporulate and arrested in metaphase I by meiotic depletion of 
Cdc20. Kinetochores were then immunoprecipitated via the Flag tag on Dsn1 or MAM1-
DSN1 construct. Silver staining was used to visualise proteins. Fusion proteins were 
expressed in mam1∆ background so the only Mam1 present in the strain is that in the 
fusion construct. Dsn1/DSN1-3FLAG (AMy19396), mam1∆ Dsn1/MAM1-DSN1-3FLAG 
(AMy19422) and mam1∆ MAM1-Dsn1-3FLAG /MAM1-DSN1-3FLAG (AMy24131) 
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Monopolin  Mam1  12 16  15 24 

 Lrs4  5 10  4 12 

 Csm1  2 6  4 11 

 Hrr25 1 17 24 1 11 28 

Mtw1 Dsn1 46 27 33 54 27 41 

 Nsl1 22 8 15 16 10 17 

 Mtw1 35 16 19 35 18 32 

 Nnf1 22 11 17 17 13 19 

Ndc80 Spc25 10 8 9 14 9 10 

 Ndc80 95 47 67 83 49 60 

 Spc24 20 11 20 16 11 14 

 Nuf1 44 21 37 40 27 38 

Ctf19 Ctf19 27 8 15 22 12 20 

 Okp1 33 16 18 28 10 20 

 Mcm21 30 5 12 19 7 17 

 Ame1 18 11 17 17 7 17 

 Nkp1 15 6 10 4 2 11 

 Iml3 8 4 5 3 2 7 

Dam  Duo1 8 2 5    

 Dam1 4 1 2  2  

 Ask1 5  1    

Table 2.1. Artificially tethering Mam1 to the kinetochore allows the recruitment of 
all the Monopolin subunits in mitosis or meiosis. Mitotic cells were in log phase 
growth at the point of collection. Meiotic cells were induced to sporulate and arrested in 
metaphase I by meiotic depletion of Cdc20. Kinetochores were then immuno-
precipitated via Flag tag on Dsn1 or MAM1-DSN1 construct. Samples were then 
analysed by mass spectrometry. Peptide counts of key kinetochore components and the 
monopolin complex are shown. Fusion proteins were expressed in mam1∆ background 
so the only Mam1 present in the strain is that in the fusion construct. Dsn1/DSN1-
3FLAG (AMy19396), mam1∆ Dsn1/MAM1-DSN1-3FLAG (AMy19422) and mam1∆ 
MAM1-Dsn1-3FLAG /MAM1-DSN1-3FLAG (AMy24131) 
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2.3 Discussion 

Using live cell imaging to follow the segregation of chromosomes in cells lacking 

either Mam1 or Csm1, I confirmed that both proteins contribute to the correct 

distribution of chromosomes to spores during meiosis, by ensuring that sister 

kinetochores are mono-oriented in meiosis. The published literature suggested that 

for correct monopolin function, all of the complex components must be present and 

localised to the kinetochore (Rabitsch et al., 2003; Tóth et al., 2000). Artificially 

tethering either Csm1 or Mam1 to the kinetochore demonstrates that 

interdependence for localisation of each of these proteins cannot fully explain the 

role of either sub-complex (Fig. 2.3). Instead, both the Csm1/Lrs4 and Mam1/Hrr25 

sub-complexes must play an active role in the fusion of the two sister kinetochores.  

2.3.1 The fusion model in the light of sub-complex interdependence  

From previous work demonstrating that monopolin fuses sister kinetochores 

(Sarangapani et al., 2014) and monopolin having two spatially separated 

kinetochore binding sites (Corbett et al., 2010), it has been hypothesised that it 

directly bridges the two sister kinetochores to fuse them. It could have therefore 

been predicted that the Lrs4/Csm1 sub-complex, which forms a V-shape structure 

and contains both the kinetochore binding regions, would be able to fuse sister 

kinetochores without the need for the Mam1/Hrr25 sub-complex, if Lrs4/Csm1 was 

independently located at the kinetochore. However, this is not the case. The Csm1-

Dsn1 fusion could not fully compensate for mam1∆ (Fig. 2.4). Interestingly, we did 

observe a partial rescue, which may indicate that some of the Csm1-Dsn1 

constructs are acting to bridge kinetochores, however, Mam1 recruitment is still 

needed for proper monoorientation. There are at two possibilities for the need for 

Mam1 in this context, either it is acting to regulate the Csm1/Lrs4 bridging activity, or 

it acts, potentially via Hrr25 kinase recruitment, to modify other proteins at the 

kinetochore thereby facilitating monoorientation through an additional mechanism. 

The second possibility is made unlikely by there still being high levels of sister 

chromosome bi-orientation in meiosis when Mam1 is tethered to the kinetochore in 

the absence of Csm1 (Fig. 2.4). Therefore, I propose that there is regulation of the 

Csm1-kinetochore interaction that cannot be compensated for by Csm1 being 

tethered to the kinetochore. However, more work would be needed to examine 

specifically the mechanism of this regulation.  
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2.3.2 Meiosis-specific post-translational modifications are not required for 
formation of the monopolin complex 

Early studies of the Lrs4/Csm1 sub-complex suggested that part of the regulation of 

its meiosis-specific behaviour may be its release from the nucleolus, where it is 

located during mitosis (Clyne et al., 2003; Rabitsch et al., 2003) This release was 

suggested to happen in response to the hyperphosphorylation of Lrs4 (Clyne et al., 

2003; Lee & Amon, 2003). However, in the Mam1-Dsn1 construct producing cells 

which recruit Mam1 to the kinetochore throughout the cell cycle, I have identified 

Csm1 and Lrs4 at the kinetochore in mitosis (Fig. 2.4). This suggests that, although 

by imaging Csm1 and Lrs4 appear restricted to the nucleolus in mitosis (Rabitsch et 

al., 2003), there is in fact at least a small pool which has access to the kinetochores.  

From the observation of Lrs4 and Csm1 at mitotic kinetochores we can conclude 

that, although the meiosis-specific kinase Cdc5 has been shown to be essential for 

monopolin activity (Clyne et al., 2003; Lee & Amon, 2003), it’s action is not essential 

for binding between Mam1 and Csm1. Although all components of the monopolin 

complex are recruited to the kinetochore in the mitotic Mam1-Dsn1 strains, they 

cannot be acting to mono-orient sister kinetochores or these strains would not be 

viable. Now I have established that the Mam1-Dsn1 fusion construct can be 

recruited into the kinetochore and recruit the remaining monopolin components even 

in mitosis, it can be used as a tool to further investigate other possible mechanisms 

other than that of complex formation and kinetochore recruitment which could be 

regulating its activity.  
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Chapter 3 - The molecular basis for monopolin 
recruitment to the kinetochore  

3.1 Introduction 

The importance of monopolin for meiosis is well established (Petronczki et al., 2006; 

Rabitsch et al., 2003; Tóth et al., 2000) and the interdependence of all the 

monopolin complex components was shown in the previous chapter. Sarangapani et 

al. (2014) found that the monopolin complex fuses sister kinetochores in the first 

meiotic division. This was demonstrated by the increased force required to rupture a 

connection between the meiotic kinetochores and microtubules, as well as an 

increase in kinetochore component copy number (Sarangapani et al., 2014), 

suggesting that the two sister kinetochores are fused and form a single microtubule 

interaction. This paper also demonstrated that the monopolin complex was sufficient 

to cause the fusion of the kinetochores, as the addition of recombinant monopolin 

complex to mitotic kinetochores purified from yeast was sufficient to increase the 

force needed to rupture the kinetochore microtubule interaction.  

The Csm1/Lrs4 monopolin sub-complex has been shown by crystallography to form 

a V-shaped structure (Corbett et al., 2010), with the kinetochore binding region, the 

globular domains of Csm1, at the ends of the V. This finding led to the suggestion 

that monopolin causes the fusion of sister kinetochores by forming a bridging 

interaction between two kinetochores.  

The globular domains of Csm1 are recruited to the kinetochore via Dsn1(Corbett et 

al., 2010). In budding yeast Dsn1, the 110 N-terminal amino acids are dispensable 

for mitotic growth but truncated up to residue 110 causes chromosome mis-

segregation in meiosis. Making it likely that the N-terminal region of Dsn1 binds to 

Csm1. Sarkar et al. (2013) also identified three distinct regions within the first 110 

amino acids of Dsn1 that are highly conserved across the Saccharomycetes class of 

yeasts. These are described as box 1, at the most N-terminal conserved region of 

Dsn1, then box 2 and 3 after.  

While performing a study into the evolution of the kinetochore across Eukaryotes, 

Eelco Tromer, a student in Geert J.P.L Kops group identified evidence for a broader 

relevance of this N-terminal region of Dsn1. Gene searches in a diverse set of 

eukaryotic species identified orthologues of kinetochore proteins, as had been 

described previously (Sacristan et al., 2018). The inclusion of monopolin proteins in 
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this analysis identifies Csm1 as appearing widely across eukaryotic species, to the 

point that Csm1 must have been part of the kinetochore in the Last Eukaryotic 

Common Ancestor (LECA). However, the ancestral function of Csm1 does not 

appear to be fusion of sister kinetochores in meiosis I, as this mechanism of 

monoorientation has not been observed so widely in eukaryotes (discussed in 

section 1.3.4). The presence of a conserved motif in the N- terminal region of Dsn1 

(box 1) was also included in the analysis, it too is conserved beyond yeast and 

appears widely across eukaryotes, like Csm1 (Fig. 3.1; Plowman et al. 2019). 

Furthermore, Dsn1 box 1 is co-evolving with Csm1, suggesting that this region may 

act as a binding site for Csm1 (Fig. 3.1; Plowman et al. 2019). Csm1 and Dsn1 

proteins have a low phylogenetic profile similarity (r=0.331), however, the Dsn1 

box1 and Csm1 have a high phylogenetic profile similarity (r=0.802). Meaning their 

presence within a given species correlates, this is most likely to occur if they are 

dependent on each other for function.  The meiosis-specific component, Mam1, is 

only present in yeast with point centromeres (Rabitsch et al., 2003). Instead, the 

Csm1-Dsn1 interaction seems to be involved in mitotic chromosome segregation. In 

S. pombe, for instance, the Csm1 homolog, Pcs1, and the Lrs4 homolog, Mde4, 

have been shown to prevent merotelic kinetochore attachments (Gregan et al., 

2007; Rabitsch et al., 2003).  

My collaborators, Namit Singh and Kevin Corbett, generated a crystal structure of 

the Dsn1-Csm1 interface, to better understand this interaction. To successfully 

generate a crystal structure, they used Candida glabrata (Cg), a budding yeast 

which is related to S. cerevisiae (Sc) (82% similarity between Sc Dsn1 residues 72-

110 and Cg Dsn1 residues 32-67) (Fig. 3.2). This allowed a structure to be solved 

with 2.3 Å resolution (Fig. 3.3). The crystal structure of a hybrid complex where Cg 

Csm1 is expressed with a fragment of S. cerevisiae Dsn1 was also resolved to1.8 Å 

(Fig. 3.3). 

There is a highly conserved hydrophobic cavity on the globular head of Csm1 

(Corbett et al., 2010). The crystal structure of Candida glabrata shows this cavity 

can being occupied by Dsn1 via either box 1 or box 3 (Fig. 3.3), when S. cerevisiae 

Dsn1 is expressed with the Cg Csm1 then only the confirmation where box 3 

occupies this cavity is seen. When box 3 binds the conserved hydrophobic cavity, 

box 2 also forms an interface with Csm1. These structures where all three boxes are 
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seen to form interactions with Csm1, but not at the same time, left questions as to 

which of these interactions was biologically relevant.  

In vitro binding assays were used to test whether this N-terminal region of Dsn1 

could mediate an interaction between Csm1 and Dsn1. A small fragment of Dsn1 

70-110, which contains the box 1, 2, and 3 regions defined by Sarkar et al (2013) 

could be pulled down by Csm1. However, Dsn1 fragments consisting of either the 

box 1 region alone or box 2/3 regions were not able to interact with Csm1 (Fig. 3.4 

A; Plowman et al. 2019).  

We then sought to identify the amino acids within the N-terminus of Dsn1 

responsible for the interaction between Dsn1 and Csm1. To do this we identified five 

regions of interest to mutate and analyse for an effect on the interaction between 

Csm1 and Dsn1. 

Within box 1, L72 and F74 were selected for mutation, as these sites are conserved 

widely across eukaryotic species (Fig.3.1; 3.4, green). Box 2 forms a alpha-helix, 

with polar residues which pack against Csm1 and hydrophobic residues on the side 

which would face out into the solution. It is unusual for hydrophobic residues to face 

out into solutions, so this could suggest that the outward face of the alpha-helix is 

also a binding interface. Therefore, L88, L92 and L95 were selected to mutate and 

disrupt this potential binding interface (Fig. 3.5, orange). E90, N94 and D97 are on 

the side of the coil that would be expected to bind Csm1 (Fig. 3.5, yellow) and were 

mutated to disrupt this interaction. Within box 3, V104 and F107 were selected to 

mutate as they appear to form hydrophobic interactions with Csm1 from the crystal 

and conservation data (Fig. 3.5, light blue). Box 3 also contains two serine residues 

which are conserved across yeast, so were selected as a possible point of 

regulation by phosphorylation (Fig. 3.5, dark blue). For each of these five sites of 

interest, residues were mutated to alanine, a small non charged amino acid, which 

should disrupt only specific interactions. As well as either aspartate or lysine, which 

are charged amino acids which in the case of the hydrophobic patches or the coil, 

oppose the expected interactions. In the case of the two serine residues the addition 

of aspartate is designed to mimic the negative charge of phosphorylation. 

Both box 1 and 3 hydrophobic residues show a reduced interaction with Csm1 when 

mutated (Fig. 3.4). Unexpectedly, mutations in L88, L92 and L95 also seem to 

reduce the interaction between Dsn1 and Csm1 (Fig. 3.4). Mutating E90, N94 and 

D97 does not seem to have a negative effect on Csm1 binding, Dsn1-
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E90A/N94A/D97A may, in fact, lead to a strengthening of the Csm1/Dsn1 

interaction. S109 and S110 were mutated to aspartate to act to mimic the negative 

changes which would be added by phosphorylation at this site, these phosphor-

mimetic mutations lead to an increased Csm1 binding capacity of the Dsn1 peptide 

(Fig. 3.3). This could suggest that phosphorylation at these residues helps facilitate 

binding. 

The aim of my work was to determine the importance of each of these interfaces in 

vivo, for monopolin recruitment, kinetochore monoorientation and meiosis.  
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Figure 3.1 The interaction between Csm1 and Dsn1 is widely conserved across 
eukaryotes A) Presence-absence profiles of the KMN network (including Knl1/Zwint-1, 
Mis12 complex, and the Ndc80 complex), 35 CCAN/Ctf19 complex, plus Csm1 and 
Dsn1-N in 109 eukaryotic proteomes. White squares indicate absence and coloured 
squares presence of the proteins in a particular species. The tree at right depicts the 
various eukaryotic supergroups. B) t-SNE projection and 2 dimensional representation 
of phylogenetic profile similarity (Pearson distance [D = 1--r]) of kinetochore proteins 
depicted in panel a. The table in the lower left corner summarizes the frequencies of 
Csm1, Dsn1 and Dsn1-N in 109 eukaryotic species. While the presence-absence 
profiles of Dsn1 and Csm1 are not similar (Pearson correlation coefficient, r= 0.339), the 
presence-absence profiles of Csm1 and Dsn1-N are highly similar (r= 0.799). In species 
with both Csm1 and Dsn1, only 6 do not have a Dsn1-N motif (6 of 55), while in species 
with Dsn1 that lack Csm1, none have the Dsn1-N motif (0 of 30). (Work performed by 
Eelco Tromer with supervision by Geert J.P.L. Kops and Berend Snel and appears in 
Plowman et al. 2019) 

 

Figure 3.2 The N-terminal region of Dsn1 contains a region of conservation A) 

Diagram of S. cerevisiae (Sc) and C. glabrata (Cg) Dsn1 with regions of conservation 

shown in orange. The C –terminal region of Dsn1 allows binding to the MIND complex. 

The conserved region at the N-terminus of Dsn1 is important for the interaction between 

Dsn1 and Csm1. The Csm1 binding region is highlighted and the sequences from a 

selection of point centromere yeast, including S. cerevisiae and C. glabratas, this shows 

the conseveration within these regions . The S. cerevisiae sequence has the bases 

which are mutated for further study highlighted. (Adapted from Plowman et al. 2019) 
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Figure 3.3 Dsn1 can form two different mutual exclusive interactions with Csm1 
A) Overall view of the CgCsm169-181:CgDsn14-72 complex, showing the Dsn1 Box 2-3 
region (orange) interacting with a Csm1 dimer (blue with white surface). B) Overall view 
of the CgCsm169-181:CgDsn14-72 complex, showing the Dsn1 Box 1 region (orange) 
interacting with a Csm1 dimer (teal with white surface) (PDB ID 6MJB) C) Overall view 
of the CgCsm169-181:ScDsn171-110 complex, showing the Dsn1 Box 2-3 region (orange) 
interacting with a Csm1 dimer (blue with white surface). (PDB ID 6MJC) D) Closeup 
view of the CgDsn1 Box 3 region (orange) interacting with the Csm1 conserved 
hydrophobic cavity (blue with white surface) in the CgCsm169-181:CgDsn14-72 complex. 
Residue numbers shown are for CgDsn1, with ScDsn1 equivalents shown in orange 
text. E) Closeup view of the CgDsn1 Box 1 region (orange) interacting with the Csm1 
conserved hydrophobic cavity (blue with white surface) in the CgCsm169-181:CgDsn14-72 

complex. Residue numbers shown are for CgDsn1, with ScDsn1 equivalents shown in 
orange text. (Work performed by Namit Singh with supervision by Kevin Corbett and 
appears in Plowman et al. 2019)  
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Figure 3.4 The N-terminal region of Dsn1 is able to bind Csm1 in vitro The N-
terminus of Dsn1 binds Csm1 in vitro. Ni2+-pulldown of in vitro translated S. 
cerevisiae Dsn1 N-terminal region constructs by Sc His6-Csm169-190 A) Fragment of 
Dsn1 of either Box1 (70-80), Box2/3 (80-110) or all three (70-110). B) Fragment of 
Dsn1 covering 70-110 as wildtype or containing the indicated mutations. (Work 
performed by Namit Singh with supervision by Kevin Corbett and appears in 
Plowman et al. 2019) 
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3.2 Results 

3.2.1 Truncation at the N-terminus of Dsn1 effect progression through meiosis 

I first sought to confirm the phenotype of truncating the first 110 amino acids of Dsn1 

which had previously been described in Sarkar et al. (2013). Diploids which carry a 

truncation in Dsn1 were sporulated and the four spores of the resulting tetrads were 

separated. The number of spores which grew from each tetrad was then counted. If 

chromosomes are not correctly segregated during meiosis the resulting haploids will 

be aneuploid. Aneuploidy in cells leads to poor growth so if all four spores of a tetrad 

do not grow it is likely that the chromosomes mis-segregated during the meiotic 

divisions.  

As expected from previous studies, diploids where both copies of Mam1 have been 

deleted showed very poor spore growth after sporulation (Tóth et al., 2000) and in 

none of the tetrads scored did all four of the spores successfully grow (Fig. 3.5).  

Two different truncations of Dsn1 were used for this assay, DSN1-∆78 where the 

first 78 amino acids of Dsn1 have been removed and DSN1-∆110, where the first 

110 amino acids of Dsn1 are truncated. DSN1-∆78 removes the box 1 hydrophobic 

binding region and DSN1-∆110 removes all three N- terminal conserved regions.  

 

Both truncations of Dsn1 have a dominant effect on spore viability. When one copy 

of Dsn1 was truncated at residue 78 (DSN1-∆78) and one was wild type, only 3 out 

of 66 tetrads produced four viable spores (Fig. 3.5). Diploids with one Dsn1 

truncated at residue 110 (DSN1-∆110) and one full length copy resulted in a similar 

reduction in spore viability. The effect of both copies of Dsn1 being truncated was 

comparable to the heterozygous phenotype.  

  

This would suggest that both box 1 and box 2/3 are needed for meiotic division. As 

well as all copies of Dsn1 in the kinetochore needing a functional Csm1 binding site. 
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Figure 3.5 The N-terminal region of Dsn1 contribute to spore viability A) 
Truncation of the N-terminus of Dsn1 affects spore viability. Diploid cells where 
either one or both copies of Dsn1 truncated were sporulated, the spores dissected 
away from each other and then allowed to grow. The number of spores from each 
tetrad which formed colonies was then counted. Wild type (AMy1827 and AMy1828; 
n =65), mam1∆ (AMy1932 and AMy1947;n=41), +/ mam1∆ (AMy1827 and 
AMy11417;n=66), + / DSN1-∆78 (AMy17232 and AMy1827;n= 37), + / DSN1-∆110 
(AMy17230 and AMy1827;n= 36), DSN1-∆110 / DSN1-∆110 (AMy17507 and 
AMy17505;n = 75). (Truncation strains were dissected by Eris Duro a former post 
doc in the lab). 
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3.2.2 Point mutations in the N-terminal region of Dsn1 cause loss of viability 
during meiosis  

I then sought to confirm that the sites identified as conserved across point 

centromeric yeast (Fig.3.4) and which are suggested by the crystal structure 

(Fig.3.2), as well as the in vitro binding assay (Fig. 3.3) to be important for Csm1 

binding, are important for meiotic progression.  

 

Mutations in the box1, 2 or 3 motifs of either one (Fig. 3.6 A) or both copies of Dsn1 

(Fig. 3.6 B) cause a loss in spore viability. The most striking loss of viability is when 

either of the hydrophobic binding residues is mutated. When Dsn1 box1 alanine 

mutations (L72/F74A) are present in single copy (heterozygous), only 37% of the 

tetrads produced 4 viable spore and, when homozygous, spore viability was further 

reduced, with just 18% of tetrads growing all 4 spores. Mutations in Dsn1 box 3 

hydrophobic residues also have a dramatic and dominant effect on viability, with 

heterozygous alanine mutations (V104/F107A) producing only 36% of tetrads where 

all 4 spores grew and when homozygous only 7% of tetrads generated 4 viable 

spores.  

 

Dsn1 box 2 mutations have a more limited effect on spore viability and the addition 

of large, charged residues had a greater effect than mutations to alanine. When 

Dsn1 E90/N94/D97A is homozygous, 94% of tetrads grew all 4 spores successfully. 

However with mutations of these same residues to lysine (Dsn1 E90/N94/D97K) 

resulted in 58% of tetrads with 4 viable spores (Fig. 3.6 B). These mutations are on 

the polar face of the alpha-helix which would be expected to interact with Csm1. As 

the alanine mutations have such little effect on spore viability it seems unlikely that 

these polar residues are the primary site for the Csm1-Dsn1 interaction. The 

increased effect of the lysine mutations could come from these larger charged 

residues affecting the structure of the coil.  

 

The effect of mutating the two conserved serines (S109/S110) also varied 

depending on the amino acid which was used for the substitution. When mutated to 

alanine, so that they were unable to be phosphorylated, only 55% of tetrads 

generated 4 viable spores. However, in S109/S110D, where the aspartate residues 

add charge and therefore can mimic phosphorylated residues, 88% of tetrads 
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generate 4 viable spores (Fig. 3.6 B). Although viability was lower than the wild type, 

this does suggest that aspartate residues in place of the serines allow some Dsn1 

function which is not facilitated by alanine residues.  

Once I had established that mutations in these residues in the N-terminus of Dsn1 

do affect meiosis I wanted to understand how chromosome segregation is affected 

in these mutants.  

3.2.3 Point mutations in the N-terminal region of Dsn1 cause chromosome 
biorientation in the first meiotic division 

I predicted that the loss of meiotic viability in cells with mutations in the N-terminal 

region of Dsn1 is due to sister chromatids bi-orienting at the first meiotic division. 

This would mimic what is seen in monopolin knockout strains (Fig. 2.1 and Fig. 2.2, 

Tóth et al. 2000; Rabitsch et al. 2003) and would be consistent with the idea that the 

sites mutated in these strains are important for the kinetochore localisation of 

monopolin.  

 

Cells carring heterozygous tetO repeats adjacent to centromere 5 and a TetR GFP 

(CEN5-GFP), allowing for visualisation of a GFP focus at centromere 5, were used 

assay the separation of sister chromatids in the first meiotic division. Firstly, cells 

were arrested in metaphase I by the meiotic depletion of Cdc20. In metaphase I, 

chromatids would be expected to be attached to a single pole, so not under any 

tension. Therefore, the GFP foci labelling the sister centromeres would appear as a 

single focus. When either the box 1 (L72 F74) or box 3 (V104 F107) hydrophobic 

regions are mutated to alanine, I observed a higher than incidence of cells with 2 

GFP foci (7.7% and 6.5%) than in the wild type, indicating that the sister 

kinetochores are bi-oriented and under tension (Fig. 3.7). This suggests that these 

strains have low viability due to mis-segregation of sister chromosomes in the first 

meiotic division. However, this experiment is limited in that it has a small range in 

which to observe the phenotype. Wild type has an unexpectedly high error rate, 1% 

of cells contained 2 GFP foci and mam1∆, which in the viability assay did not 

generate any tetrads where all four spores are viable, has just 16% of cells with 2 

GFP foci (Fig. 3.7). The low level of CEN5-GFP separation observed in mam1∆ is 

likely to be at least partly due to the limitations of the arrest, with only 50% cells 

being in the metaphase I arrest at the time point used. To overcome this problem 

and better assay differences in the meiosis I biorientation of these mutants, I used 

live-cell imaging.   
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Figure 3.6 Point mutation in the N-terminal region of Dsn1 dominantly affect spore 
viability. A and B) Diploid cells where one or both copies of Dsn1 contained point 
mutations were sporulated, the spores dissected away from each other and then allowed 
to grow. The number of spores from each tetrad which grew colonies were then counted. 
For each strain a minimum of two independent diploids was dissected. A) Wild type and 
+/mam1∆ are replicates of data in Fig.3.5. All of the following strains were crossed to 
cross to a wild type strains (either AMy1827 or AMy1828); mam1∆ (AMy11417;n=66), 
DSN1-L72A/F74A (AMy17222;n=38), DSN1-L72D/F74D (AMy17123 or AMy17313; 
n=68), DSN1-E90K/N94K/D97K (AMy24629;n=38), DSN1-V104A/F107A (AMy24652;n= 
78), DSN1-V104D/F107D (AMy24755;n= 64), DSN1-S109A/S110A (AMy26803;n=42), 
DSN1-S109D/S110D (AMy24744;n=75). B) Wild type and mam1∆/mam1∆ are replicates 
of data in Fig.3.5. Diploids for sporulation were generate by crosses between the following 
strains; DSN1-L72/F74A (AMy17222 and AMy17223;n=40), DSN1-L72D/F74D 
(AMy17313 and AMy17373; n=57), DSN1-L88A/L92A/L95A (AMy21921 and 
AMy22719;n=56), DSN1-E90A/N94A/D97A (AMy23151 and AMy23152;n=39), DSN1-
E90K/N94K/D97K (AMy24629 and AMy24632;n=19), DSN1-V104A/F107A (AMy24624 
and AMy24652;n=56), DSN1-V104D/F107D (AMy24755 and AMy24858;n=38), DSN1-
S109A/S110A (AMy26426 and AMy26803 ;n=38), DSN1-S109R/S110R (AMy24250 and 
AMy24251;n=40) and DSN1-S109D/S110D (AMy24744 and AMy24688;n=49).  
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In addition to the heterozygous CEN5-GFP foci, strains for live cell imaging had 

Mtw1 and Pds1 labelled with tdTomato, to visualise kinetochores and progression 

into anaphase I, respectively. At metaphase I, when two distinct foci of Mtw1 could 

be seen, cells were counted as either having single GFP foci so as having mono-

oriented their sister chromatids or as having two GFP foci and bi-oriented 

chromosomes. Consistent with the phenotype observed in the fixed cell assay the 

mutations in box 1 (L72 F74) or box 3 (V104 F107) hydrophobic regions cause 

biorientation of sister chromatids, to a level which is significantly different to 

wildtype. L72A F74A bi-orients 37% of the time and V104A F107A, 41% (Fig. 3.8). 

This is however significantly less than mam1∆ where 83% of sister chromatids bi-

orient in the first meiotic division (Fig. 3.8). 

 

The conserved box 3 serine residues also have a mild bi-orientation phenotype 

when mutated to alanine or arginine but not aspartate (Fig.3.8). This reinforces the 

idea that these serine residues may be a site of regulation by phosphorylation.  

 

There is also a qualitative difference in the way that cells carrying the Dsn1 mutation 

progress through meiosis. Cells were counted as having completed two rounds of 

divisions if their kinetochores (Mtw1-tdTomato) cluster before separating into 4 

distinct foci. However, this division often appeared as the kinetochore drifting apart 

or attempting this division multiple times before being successful. As a way of 

scoring this phenotype, the transition into meiosis II, the time between the first and 

second kinetochore segregation was counted. Indeed, this phenotype was observed 

as an increased time interval between metaphase I and metaphase II, in Dsn1- 

L72A F74A and Dsn1- V104A F107A, as compared to wild type. This is indicative of 

cells with mutations in Dsn1 being unable to correctly segregate their chromosomes.  

 

Imaging of first division confirms that the N-terminal mutations of Dsn1, particularly 

the hydrophobic residues, cause sister chromatids do separate during meiosis I and 

this is what then leads to the failure to segregate DNA evenly in meiosis.  
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Figure 3.7 Point mutations in the N-terminus of Dsn1 cause chromosome bi-
orientation in a metaphase I arrest. A and B) Chromosomes are heterozygous 
labelled with tetO array close to CEN5 and TetR-GFP. Cells were arrested in 
metaphase I by meiotic depletion of Cdc20. Wild type (AMy20550), Mam1∆ 
(AMy20551), DSN1-L72A/F74A (AMy17415), DSN1-L88A/L92A/L95A (AMy22794), 
DSN1-E90A/N94A/D97A (AMy22928), DSN1-V104A/F107A (AMy24687) and 
DSN1- S109A/S110A (AMy27432) A) The proportion of cells which contain 2 GFP 
foci was then counted. Sum of 3 independent experiment with the exception of wild 
type and Mam1∆ which have 9 and 7 repeats respectively. Error bars are standard 
error of 2 dot proportion. B) Percentage of cells which are in a metaphase I arrest 
scored by the presence of a short dense spindle when tubulin is visualised using IF. 
The average of two independent repeats.  
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Figure 3.8 Point mutations in the N-terminus of Dsn1 cause chromosome bi-

orientation during meiosis I. A) Live cell imaging of cells with heterozygous labelled 

CEN5-GFP. Cells also carry Mtw1-tdTomato to label kinetochores and Pds1-tdTomato 

used to analysis the onset of anaphase. Scoring of GFP foci at anaphase I onset, 

defined as the first occasion on which Mtw1-tdTomato segregate. A Chi-Squared test 

was used to test if bi-orientation was significantly different in the mutant strains when 

compared to wild-type. All but DSN1-E90A/N94A/D97A and DSN1-S109D/S110D were 

significantly different from wildtype. DSN1-L72A/F74A p=5.62x10-19 , DSN1-L72D/F72D 

p=1.89 x10-11, DSN1-L88A/L92A/L95A p=3.14x10-7, DSN1-E90A/N94A/D97A p=0.5, 

DSN1-E90K/N94K/D97K 3.5 x10-7, DSN1-V104A/F107A p=2.26x10-16, DSN1-

V104D/F107D p=1.38x10-27, DSN1-S109A/S110A p=1.02 x10-4, DSN1-S109R/S110R 

p=2.41 x10-3 and DSN1-S109D/S110D p= 0.23. A Chi-Squared test was also used to 

test if bi-orientation was significantly different in the mutant strains when compared to 

Mam1∆. All of the strains were significantly different from Mam1∆.  Legend continues on 

next page. 
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Figure 3.9 Point mutations in the N-terminus of Dsn1 affect the recruitment of 
Mam1 to the kinetochore. A) Analysis of Mam1-9Myc association with a representative 
centromere (CEN4) by anti-Myc chromatin immunoprecipitation followed by quantitative 
PCR (ChIP-qPCR). No Tag (AMy8291), wild type (AMy25617), DSN1-L72A/F74A 
(AMy25618), DSN1-L72D/F74D (AMy25111), DSN1-V104A /F107A (AM24669), DSN1-
V104D/F107D (AMy26778), DSN1-S109A/S110A (AMy26800) and DSN1-S109D/S110D 
(AMy26476) cells carrying MAM1-9MYC were arrested in metaphase I of meiosis by 
depletion of Cdc20. No tag and wild type are both 7 repeats, all dsn1 point mutant strains 
have 3 repeats with the exception of DSN1-L72D/F74D and DSN1-S109D/S110D which 
both have 5 repeats. 

 

Figure 3.8  A con.) DSN1-L72A/F74A p=1.92 x10-30 , DSN1-L72D/F72D p=4.15x10-26, 

DSN1-L88A/L92A/L95A p=5.68x10-26, DSN1-E90A/N94A/D97A p=6.39 x10-31, DSN1-

E90K/N94K/D97K 3.77x10-30, DSN1-V104A/F107A p= 5.04x10-26, DSN1-V104D/F107D p= 

2.91 x10-31, DSN1-S109A/S110A p= 1.13 x10-25, DSN1-S109R/S110R p= 5.33x10-22 and 

DSN1-S109D/S110D p= 9.42 x10-31. In addition DSN1-S109A/S110A and DSN1-

S109D/S110D were using a Chi-Squared test and they are significantly different from each 

other, p=3.00 x10-4.B) Count of time between metaphase I and metaphase II, defined as 

the first time 2 Mtw1 foci can be seen to the first time more than 2 Mtw1 foci can be seen. 

Wild type (AMy25932;n= 78), mam1∆ (AMy26546; n= 40), DSN1-L72A/F74A (AMy25821; 

n= 78), DSN1-L72D/F72D (AMy26543; n=59), DSN1-L88A/L92A/L95A (AMy25763; n=26), 

DSN1-E90A/N94A/D97A (AMy25750; n=39), DSN1-E90K/N94K/D97K (AMy25881; n=93), 

DSN1-V104A/F107A (AMy25762; n=51), DSN1-V104D/F107D (AMy26475; n=61), DSN1-

S109A/S110A (AMy26828; n=50), DSN1-S109R/S110R (AMy25751; n=24) and DSN1-

S109D/S110D (AMy27009; n=64)  
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3.2.4 Point mutations in the N-terminal region of Dsn1 alter the recruitment of 
monopolin to the kinetochore 

 
I predict that the mutations in the N-terminal region of Dsn1 are causing sister 

chromatid biorientation in meiosis I due to an inability to recruit the monopolin 

complex to the kinetochore. Therefore, I assessed directly if mutations in the N-

terminus of Dsn1 affected the recruitment of monopolin to the kinetochore using 

ChIP-qPCR. Mam1, the meiosis-specific component of monopolin, was tagged with 

9-Myc to allow it to be immuno-precipitated. Both a centromere and chromosome 

arm site were checked and, in wild type cells, Mam1-9myc was enriched at 

centromeres specifically, as expected (Fig.3.9). Mutations in both the hydrophobic 

regions in box 1 and box 3 caused reduced enrichment of Mam1-9Myc at 

centromeres, to 25% of wild type levels (Fig. 3.9). This reduction of Mam1 

enrichment at the centromere along with the in vitro binding assay (Fig.3.3) suggest 

that the monopolin complex can no longer bind to the kinetochore because of a 

disruption in the Csm1/Dsn1 interaction.  

 

In agreement with the phenotypic analysis (Fig.3.6; 3.8), Dsn1-S109A S110A 

reduced the recruitment of Mam1 to the kinetochore, whereas mutating these 

residues to the phospho-mimetic amino acid, aspartate, had little or no effect. 

However, Dsn1- S109D/S110D did not have increased centromere retention of 

Mam1, so the increased stability of binding in this mutant identified in the in vitro 

binding assay does appear to be the case in vivo.  

3.2.5 Phosphorylation of S109/S110 alters the nature of Mam1 recruitment to 
the kinetochore  

Although, the phospho-mimetic mutation of S109/S110 to S109D/S110D did not 

seem to affect meiosis to the same extent as when these sites cannot be 

phosphorylated (S109A/S110A mutants), these mutants did not behave exactly as 

wild type (Fig. 3.6; 3.9). I wanted to investigate further the recruitment of Mam1 to 

the kinetochore in these phospho-null and phosphor-mimetic strains, to better 

understand how phosphorylation at these sites could be important for regulating 

monopolin activity. 
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To this end, I imaged a GFP-labelled version of Mam1 along with Mtw1-tdTomato in 

live cells synchronised in prophase I, by having Ndt80 under the control of a 

galactose promoter. As these cells also carry Gal4-ER, they can be released from 

the prophase arrest by addition of -estradiol which allowed observation of Mam1 

co-localisation with the kinetochore throughout meiosis (Fig. 3.10).  

 

Dsn1 S109A/S110A has the unexpected phenotype of Mam1-GFP forming sharp 

puncta which overlap with the kinetochore signal, but not covering the complete 

region of the kinetochore, as is seen in wild type cells (Fig. 3.10 A and B). Dsn1 

S109D/S110D also does not localise Mam1 in the same manner as wild type, with 

40% showing no localisation of Mam1 (for wild type, no localisation of Mam1 is 

observed in only 10% of cells) (Fig. 3.10 B).  

 

The Dsn1 S109A/S110A phenotype suggests that phosphorylation at these sites is 

dispensable for, at least, the initial recruitment of Mam1. Dsn1 S109A/S110A shows 

a milder phenotype in viability and meiosis I chromosome segregation (Fig. 3.6 and 

Fig. 3.8) than mutations in either hydrophobic region and this partial function may be 

due to this compromised but still present interaction. I would hypothesise that 

phosphorylation at these sites may then stabilise the interaction. 

 

There however remains the possibility that these sites are not phosphorylated in 

meiosis. An alternative hypothesis is that the proprieties of the serines themselves 

are important for meiosis and the distinct phenotype of different substituted amino 

acids is coincidental.  
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Figure 3.10 S109 S110 effects the nature of Mam1 localisation at the 
kinetochore A) Mam1 is labelled with GFP and kinetochores are marked by labelling 
of Mtw1 with tdTomato. Cells were arrested in pachytene and then released 
synchronously by Ndt80 being under the control of a pGAL promotor which allowed 
it to only be expressed upon the addition β-estradiol. Wild type (AMy14942), csm1∆ 
(AMy15096) and DSN1-S109A/S110A (AMy26963) B) Strains as in A with the 
addition of DSN1-S109D/S110D (AMy26947). Wild type n=40, csm1∆ n=37, DSN1- 
S109A/S110A n= 50 and DSN1-S109D/S110D n= 39. All cells scored as having two 
GFP dots when kinetochores segregate also had a Mam1 cloud around their 
kinetochores prior separation.  
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Figure 3.11 Dsn1 is phosphorylated during meiosis A) Peptide and summary 
table of phosphorylation. Kinetochores were isolated from cells arrested in 
metaphase I, wild type (AMy8291) and mam1∆ (AMy12538). Phosphorylated 
peptides were enrichment for with TiO2 columns. Both the flow through and the 
bound fraction were the analysed by mass spectrometry. Table indicates were a 
site was been identified as phosphorylated.  
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3.2.6 Dsn1 is phosphorylated at S109 and S110 during meiosis  

To address the question of whether Dsn1 residues S109 and S110 are 

phosphorylated in vivo and the relevance of this phosphorylation in meiosis, I 

performed mass spectrometric analysis of meiotic cell samples. To do this I isolated 

the kinetochore, by immunoprecipitation of Dsn1, in cells arrested in metaphase I by 

meiotic depletion of Cdc20. This was done for both a wild type strain and mam1∆. 

Enrichment of phosphorylated peptides was used to increase the probability of 

detection.  

Within the wild type samples, peptides carrying both phosphorylations at S110 alone 

and S109 and S110 together were detected (Fig.3.11; Fig.7.1; Fig.7.2). This 

confirms that both of these sites are phosphorylated during meiosis. In the mam1∆ 

sample S110 phosphorylation alone was detected (Fig.3.11; Fig7.3). This raises the 

interesting possibility that S109 is phosphorylated in response to monopolin binding.  

3.2.7 Dsn1- S109D S110D cannot compensate for the phenotype of hrr25-zo  

As phosphorylation at S110 appeared to be dependent on the presence of Mam1 

Hrr25 is therefore an interesting candidate for phosphorylating this site, as it is 

recruited to the kinetochore via binding to Mam1. If the role of Hrr25 within the 

complex was to phosphorylate these sites to stabilise the interaction the requirement 

for Hrr25 could be by passed by the phospho-mimetic mutations of S109 and S110. 

To test this I generate a strain that had both Dsn1 S109D/S110D and hrr25-zo. Live 

cell imaging of heterozygous CEN5-GFP foci along with Mtw1 and Pds1 labelled 

with tdTomato, in this strains shows high levels of sister chromosome segregation 

with the first meiotic division (Fig.3.12). This would shows that S109/S110D 

mutation in Dsn1 is not able to compensate for a lack of Hrr25 with the monopolin 

complex and phosphorylation of these sites is not the primary role Hrr25.  

However, this does not conclusively show that Hrr25 is not responsible for 

phosphorylation at this site. Simple that Hrr25 has other roles that mean if it is not 

recruited cells are unable to correctly mono-orientate chromosomes in meiosis I.  
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Figure 3.12 S109D S110D cannot compensate for the phenotype of hrr25-zo A) 

Live cell imaging of cells with heterozygous labelled CEN5-GFP. Cells also carry 

Mtw1-tdTomato to label kinetochores and Pds1-tdTomato used to analysis the onset 

of anaphase. Scoring of GFP foci at anaphase I onset, defined as the first occasion on 

which Mtw1-tdTomato segregate. Wild type (AMy25932;n= 28), mam1∆ is a 

reproduction of Fig.3.8 A (AMy26546; n= 40) and hrr25-zo DSN1-S109D/S110D 

(AMy28399; n=22) 
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Figure 3.13 Mutations in Dsn1 the N-terminus of Dsn1 do not result in increased 
sensitivity to the microtubule-depolymerizing drug, benomyl. A) Cells grown in liquid 
media overnight, were sequentially diluted 10 fold, before spotting onto YEPDA or 
YEPDA with12% benomyl and incubated at 25oc for 3 days. sgo1∆ (AMy808), wild type 
(AMy1827), csm1∆ (AMy13914), ∆110-DSN1 (AMy17230), DSN1-L72A/F74A 
(AMy17222), DSN1-L72D/F74D (AMy17313), DSN1-L88A/L92A/L95A (AMy22719), 
DSN1-E90A/N94A/D97A (AMy23151), DSN1-E90K/N94K/D97K (AMy24632), DSN1-
V104A/F107A (AMy24652), DSN1-V104D/F107D (AMy24755), DSN1-S109A/S110A 
(AMy26803) and DSN1-S109D/S110D (AMy24744). 

 

 

12µg/ml Benomyl 
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Figure 3.14 Mutations in Dsn1 box 1 or box 3 do not increase loss rates of an 
artificial mini-chromosome. A) Cells carry a chromosome fragment with selection marker 
and SUP11. Cells were grown in selective media to maintain the chromosome fragment 
before plating onto solid media without selection and lacking adenine. Loss of the 
chromosome results in colour change from white to red. A red/white half-sectored colony 
indicates loss of the chromosome fragment at the first division after plating. Loss rate is 
calculated as: 50% red colonies / (total colonies – 100% red colonies). Three separate 
csm1∆ isolates were tested. Wild type (AMy2522 and AMy2523), csm1∆ (AMy27775, 
27776 and 27777), sgo1∆ (AMy3695), DSN1-L72A/F74A (AMy27773) and DSN1-
V104A/F107A (AMy27774).  
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3.2.8 Mutations in the N-terminal region of Dsn1 do not affect genetic stability 

Although work by Sarkar et al. (2013) suggested that the first 110 amino acids of S. 

cerevisiae Dsn1 play a meiosis-specific role I wished to confirm that the mutations I 

have made in Dsn1 do not affect mitotic growth. The phenotype observed in meiosis 

could be an artefact caused by chromosome mis-segregation in mitosis generating 

aneuploidy. In addition, it could indicate that the effects we see are not directly 

caused by the first 110 amino acids of Dsn1 being a binding site for Csm1.  

To test their susceptibility to benomyl, cells carrying Dsn1 mutations were plated on 

YEPDA containing 12% benomyl (Fig.3.13). sgo1∆ cells, known to be sensitive to 

benomyl (Indjeian et al., 2005), were used as a positive control and, as expected, 

grew on YEPDA but not when plated on 12% benomyl (Fig.3.13). csm1∆ has slow 

mitotic growth but has no sensitivity to benomyl, which is consistent with the 

previously published observation that lrs4∆ is not sensitive to benomyl (Sarkar et al., 

2013). The slow growth is likely to be due to Csm1’s involvement in rDNA binding, 

rather than its interaction with the kinetochore (Rabitsch et al., 2003). For all the 

Dsn1 mutations in box1/2/3, including complete truncation of the first 110 amino 

acids (Dsn1-110∆), benomyl has no effect on growth (Fig.3.13). This is consistent 

with results previously described in the literature that truncation of the first 110 

amino acids does not cause benomyl sensitivity (Sarkar et al., 2013) and with the N-

terminus of Dsn1 being specifically important for meiosis.  

For the box 1 and box 3 mutants which showed high levels of meiotic chromosome 

mis-segregation, I confirmed that they did not have a mitotic chromosome instability 

phenotype using a more sensitive chromosome loss assay. Cells carry a 

chromosome fragment (CFIII) with a selection marker and SUP11 (Hieter et al., 

1985). Loss of the chromosome fragment and therefore the SUP11 gene stops 

suppression of the ade2-1 mutation, which results in colony colour changing from 

white to red. A half sectored red/white colony indicates that the chromosome 

fragment was lost in the first division after plating. Chromosome loss rate per 

division can, therefore, be calculated as half red sectored colonies / white colonies. 

sgo1∆ was again used as a positive control, having a high rate of chromosome 

instability. sgo1∆ has a loss per division rate of 73.3x10-3, compared to wild type 

which was 0.96x10-3 (Fig. 3.14). csm1∆ shows a close to wild type chromosome loss 

rate of 0.90x10-3 (Fig. 3.14), indicating that the slow growth (Fig. 3.13) is not a result 
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of chromosome instability. This is also consistent with data in the literature that lrs4∆ 

has no effect on chromosome stability (Sarkar et al., 2013) but not with reports that 

plasmid stability is reduce in lrs4∆ or csm1∆ strains (Brito, Monje-Casas, et al., 

2010). Dsn1-L72A/F74A and Dsn1-V104A/F107A also appear close to wild type in 

their chromosome loss rate.  

3.2.9 Dsn1 is expressed and recruited to kinetochore at wild type levels in 
Dsn1 point mutants 

I also wished to confirm that these mutations in Dsn1 did not alter the stability or 

recruitment of Dsn1 to the kinetochore, as this could be causing un-identified growth 

problems, or the phenotypes observed in meiosis. 

I confirmed through western blot that mutations in box 1 or box 3 did not cause a 

change in the level of Dsn1 protein in cycling cells (Fig.3.15 A). I also confirmed by 

ChIP-qPCR that in meiotic metaphase I arrest Dsn1 is recruited into the kinetochore 

to normal levels when sites in Dsn1 box 1 or box 3 are mutated to alanine (Fig.3.15 

B).  

3.2.10 Meiosis-specific kinetochore dismantling and reassembly happen 
correctly in Dsn1 box 1/3 mutants 

During meiotic prophase Ndc80 is degraded temporally and is only incorporated into 

the kinetochore after prophase I exit (Miller et al., 2012). Dsn1 remains stably 

localised at the kinetochore during the cell cycle, but as this dismantling and 

reassembly is a meiosis-specific alteration in kinetochore behaviour, I felt it was also 

important to confirm this process is not affected by mutating the N-terminus of Dsn1.  

I imaged cells, where Ndc80 was labelled with GFP and Mtw1, an inner kinetochore 

component which is expressed and localised throughout meiosis, was labelled with 

tdTomato. Ndc80 can be seen appearing during prophase and co-localising with 

Mtw1 in cells where Dsn1 in mutated at either box1/box3 (Fig.3.16). Therefore, 

mutating Dsn1 does not affect the meiosis-specific degradation and reassembly of 

the kinetochore. 

I have shown that mutations in the N-terminus do not affect mitotic growth (Fig. 3.13; 

3.14), Dsn1 stability at the kinetochore (Fig. 3.15) or the meiosis-specific 

reassembly of the kinetochore (Fig. 3.16). This means that the failure of these 

mutants to correctly segregate their chromosomes in meiosis (Fig.3.6 and 3.8) is not 

due to Dsn1 not functioning correctly as a structural kinetochore protein, but as 

predicted, through its meiosis-specific function of recruiting the monopolin complex. 
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  Figure 3.15 Mutation in box 1 and box 3 do not affect the expression of 
Dsn1 or its incorporation into the meiotic kinetochore. A) Dsn1 mutants are 
expressed at wild type levels in cycling cells. Cycle cell western blot of Dsn1 
expression. PGK1 is used as a loading control. Strains are Wild type (AMy8291), 
DSN1-L72A/F74A (AMy25618), DSN1-V104A/F107A (AMy24669) and DSN1-
S109R/S110R (AMy24633) B) Cells are as in A with the addition of No Tag 
(AMy25617). Cells carrying DSN1-3Flag were arrested in metaphase I of 
meiosis by depletion of Cdc20. Shown is the average of four independent 
experiments with error bars representing standard error. 
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  Figure 3.16 Mutations in box 1 and box 3 of Dsn1 do not affect the meiotic 
behaviour Ndc80. A) The outer kinetochore protein Ndc80 is labelled with 
GFP, the central kinetochore protein Mtw1 was labelled with tdTomato. Ndc80 
is degraded in meiotic prophase and re-incorporated upon at prophase I exit. 
(Miller et al., 2012) Representative images to show that the outer kinetochore is 
properly re-recruited when Dsn1 mutated. Wild type (AMy26337), DSN1- 
L72A/F74A (AMy26457), DSN1- V104A/F107A (AMy26547), and DSN1-
S109A/S110A (AMy26848).  
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  Figure 3.17 Box 1 and box 3 have at practically independent function in 
meiosis. A) Diploid cells where one copy of DSN1 contained point mutations 
and the other is either wild type or truncated were sporulated, the spores 
dissected away from each other and then allowed to grow. The number of 
spores from each tetrad which grew colonies were then counted. For each 
strain a minimum of two independent diploids was dissected. Wild type, mam1∆ 
and ∆110-Dsn1 data is replicated from figure 3.5. All crosses have 
heterozygous Dsn1 proteins, point mutant are crossed to either wild type 
(AMy1828) or ∆110-Dsn1 (AMy17505) . Point mutant strains are DSN1-L72A/ 
F74A/V104A/F107A (AMy26727, wild type n=77, ∆110 n=83), DSN1- 
L72A/F74A/S109A/S110A (AMy25883, wild type n=29, ∆110 n=74), 
L72D/F74D/S109D/S110D (AMy25882, wild type n=26) and DSN1-
L72A/F74A/V104A/F107A/S109A/S110A (AMy26728 wild type n=62, ∆110 
n=72).  
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3.2.11 Box 1 and box 3 perform independent functions in meiosis  

From the crystal structure of the Csm1/Dsn1 interaction interface it appears the box 

1 and box 3 regions of Dsn1 are not able to simultaneously bind the hydrophobic 

cleft of Csm1 (Fig. 3.3). However, both are important for the recruitment of 

monopolin to kinetochore (Fig. 3.9) and therefore kinetochore monoorientation in 

meiosis (Fig. 3.8). These mutations do not, however, result in a phenotype in 

viability or chromosome missegregation as severe as mam1∆ or DSN1- ∆110 

(Fig.3.5;3.6;3.8). I, therefore, wished to see if these regions are working 

cooperatively in the recruitment of monopolin, so generated mutants where both the 

box1 and box 3 regions were mutated simultaneously, predicting this would have 

additive deleterious effects on in meiotic progression. 

Mutating both the box 1 and box 3 hydrophobic residues in combination causes an 

increased drop in viability compared to either of the mutations alone (Fig. 3.17). 

Heterozygous expression of Dsn1-L72A/F74A/V104A/F107A generated no tetrads 

where all 4 spores were viable and overall viability was 35% as compared to 67% 

and 68% viability in the heterozygous mutation of Dsn1-L72A/F74A and Dsn1 

V104A/F107A respectively (Fig. 3.17). Dsn1-L72A/F74A/S109A/S110A also has an 

additive deleterious effect on viability compared to each mutation alone (22% overall 

viability) (Fig. 3.17). Combining box 1 mutation with either box 3 region has such a 

striking phenotype that, unsurprisingly, Dsn1- L72A/F74A/V104A/F107A 

/S109A/S110A in which both box 3 sites and box 1 are mutated, has no further 

deleterious effects, with 20% overall viability (Fig. 3.17).  

Dsn1- L72D/F74D/S109D/S110D was also tested with the idea that the aspartate 

residues at S109 S110 may cause additional binding effects, as suggested by the in 

vitro binding assay (Fig.3.3), and therefore compensate for the lack of binding by the 

box 1 hydrophobic region. Unexpectedly, heterozygous expression of Dsn1- 

L72D/F74D/S109D/S110D has a worse phenotype than Dsn1- L72D/F74D alone, 

with 20% overall viability and 63% overall viability respectively (Fig. 3.17). It is, 

however, unclear what is causing this and may be due to the overall, increased 

negative charge in the region, Dsn1- L72A/F74A/S109D/S110D could be generated 

and tested as a way of addressing this possibility.  

In addition to testing heterozygous survival, the combined alanine mutants in both 

box1 and box3 (L72A/F74A/V104A/F107A, L72A/F74A/S109A/S110A and 

L72A/F74A/V104A/F107A/S109A/S110A) were also crossed to DSN1- ∆110 strains, 
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so that strains had no functional Dsn1 N-terminus region. These strains had a 

comparable phenotype to that of the heterozygous expression of the box 1/box 3 

combination alone (Fig. 3.17).  

The viability of these combined Dsn1 mutations is comparable to that of the DSN1- 

∆110 and mam1∆ strains, which leads me to believe that I have identified all sites 

within the N-terminus of Dsn1 which are responsible for the recruitment of 

monopolin.  

3.3 Discussion 

3.3.1 There are two distinct points of interaction between Csm1 and Dsn1, 
both of which are important for meiotic division 

This study has identified two distinct points of interaction between Csm1 and the N-

terminal region of Dsn1. Crystal structures of the N-terminal fragment along with 

Csm1, show two different binding conformations (Fig.3.2), where both interaction 

domains can bind to a previously identified hydrophobic cleft on Csm1 (Corbett et 

al., 2010). My in vivo mutagenesis study shows that both Dsn1 regions identified as 

potential Csm1 interaction domains in the crystal structure are involved in the 

monoorientation of sister kinetochores during meiosis I (Fig.3.8) and monopolin 

recruitment to the kinetochore (Fig.3.9). Combining mutations in both hydrophobic 

patches causes an even greater drop in the overall meiotic viability of these strains 

(Fig.3.17), suggesting each has a semi-independent role in the binding of Csm1.  

In light of this, we have proposed a model in which Csm1 binds the kinetochore in a 

two-step manner (Fig.3.18). Based on the conservation of Dsn1 box1 this can be 

considered the universal platform for Csm1 binding (Fig.3.1) but in the case of yeast 

with point centromeres, it acts as an initial unstable docking site. Box 3 is present 

only in yeast with point centromeres (Fig.3.5), so we suggest it is responsible for a 

meiosis-specific binding confirmation. Within box 3 there are two conserved serine 

residues which I have confirmed are phosphorylated during meiosis (Fig.3.11). 

Phosphorylation at these serines could then act as a mechanism for allowing 

regulation of this secondary meiosis-specific interaction.  

I was, however, not able to demonstrate a two-step interaction. The mutagenesis 

study of box 2, may also bring into question the stepwise interaction. The 

E90/N94/D97A mutation has little effect on mitotic viability (Fig 3.6) or chromosome 

bi-orientation in meiosis I (Fig 3.8), this suggests the region is not needed for the 

interaction between Csm1 and Dsn1. Mutation of E90/N94/D97 to lysine, a large 
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and positively charged amino acid, does have an effect on mitotic viability (Fig 3.6) 

and chromosome bi-orientation in meiosis I (Fig 3.8). Likely because lysine spatially 

disrupts specific binding sites. In the two-step model this could be that they spatially 

disrupt the hand-over between the box 1 and box 3 interaction. However, it may also 

be that box 1 and box 3 are able to bind simultaneously so that box 2 must pack 

close to Csm1. 

Disparities in the crystal structures between that of the C. glabrata and S. cerevisiae 

may add some weight to a model where both box 1 and box 3 are binding 

simultaneously. The C. glabrata structure shows the full length of the Dsn1 

fragment, it forms interactions where box 1 binds one globular domain and box 2-3 

are interacting with a separate Csm1 globular domain, both via the Csm1 

hydrophobic patch previously identified as important for the interaction with Dsn1 

(Corbett et al., 2010). When the S. cerevisiae Dsn1 fragment was expressed along 

with C. glabata Csm1 an interaction between box 2/3 and the Csm1 globular domain 

was identified (see Fig. 3.3). However, unlike the C. glabrata box 1, the S. 

cerevisiae box 1 region cannot be seen interacting with the Csm1 hydrophobic cleft, 

instead it forms an interaction at a different point on the Csm1 globular domain. It is 

unclear from the crystal data whether this box 1 interaction is happing with the same 

Dsn1 fragment as the box 2/3 interaction which is occupying the hydrophobic cleft, 

meaning it is unclear if it is of true biological relevance. This does leave the 

possibility that in S. cerevisiae both box 1 and box 3 can bind the same Csm1 

globular domain, and both of these points of interaction are needed for strong 

binding between Csm1 and Dsn1 in S. cerevisiae. 

Despite, the remaining uncertainty about a two-step interaction model, it remains 

appealing as it could allow for a form of “error-correction” for the interaction between 

Csm1 and Dsn1. The monopolin complex is proposed to act as a molecular cross-

linker between the two sister kinetochores (Corbett et al., 2010). For monopolin to 

be acting in this way it must bind specifically to the Dsn1 molecules within both 

sisters, not across Dsn1 molecules within the same kinetochore, of which there are 

multiple (Dimitrova et al., 2016; Joglekar et al., 2006). A step-wise binding could 

allow a conformation in which only monopolin molecules which have successfully 

bound bridging two sister kinetochores form the second reinforced binding 

conformation (Fig.3.18), ensuring only these structurally supportive bridge 

interactions are maintained.  
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This model of step-wise Dsn1 binding should be considered in the context of our 

observation that mutating the Csm1 binding region of Dsn1 has a strongly dominant 

negative effect on meiotic progression. It had been previously reported that N-

terminal truncations of Dsn1 also had a dominant negative effect on meiotic 

progression (Sarkar et al., 2013). Here I find that heterozygous expression of point 

mutations in the key hydrophobic binding residues, box 1 (L72 F74) and box 3 

(V104 F107), results in a dramatic loss of meiotic viability (Fig.3.6). There are 6-7 

copies of Dsn1 in each budding yeast kinetochore (Dimitrova et al., 2016; Joglekar 

et al., 2006) and mutation in the N-terminus of Dsn1 do not affect its recruitment to 

the kinetochore (Fig.3.15;B), I would therefore expect heterozygous expression of 

Dsn1 mutants results in on average three copies of wild type and three copies of a 

mutated Dsn1 in each kinetochore. As a result, the dominant negative phenotype 

would suggest that most or even every copy of Dsn1 within a kinetochore must be 

occupied by a monopolin complex for correct meiotic segregation to occur. The loss 

of meiotic viability observed for hydrophobic point mutants could therefore be due to 

the strength of monopolin crosslinking being too weak without multiple crosslinking 

interactions. In which case an “error correction” mechanism to ensure that all bound 

copies of the monopolin complex bridge the two sister kinetochores would be vital.  
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Figure 3.18 Model of two step binding of Csm1 to the kinetochore. 1) 
The initial unstable Csm1 binding is via box 1, shown in yellow. 2) This is 
then converted to a stable interaction via binding to box 3 (orange). This 
stable conformation could be maintained by phosphorylation of Dsn1 
S109/S110 3) It is the stable binding of each Csm1 globular head to Dsn1 
which allow the monopolin complex to bind in a conformation that bridges 
sister kinetochores and facilitates their fusion during meiosis I. (Adapted 
from a figure which appears in Plowman et al. 2019) 
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3.3.2 Both S109 and S110 can be phosphorylated during metaphase of 
meiosis I  

This study identified both S109 and S110 as being phosphorylated (Fig.3.11) and 

related this to a phenotype of meiosis I chromosome mis-segregation (Fig.3.8). 

Although the mass spectrometry experiment was able to confirm that S109 S110 

can be phosphorylated in vivo, the nature of the technique limits the conclusions 

which can be made. This experiment suggests that S109 is phosphorylated in a 

Mam1-dependent manner, as phosphorylated S109 is not identified in a mam1∆ 

strain. However, mass spectrometry is insufficient to conclude the absence of a 

phosphorylation, as the peptide may simply not have been detected and this would 

therefore need to be confirmed by an independent method, or at least by a more 

quantitative mass spectrometry protocol.  

Nevertheless, it appears possible that Hrr25, the kinase present in the monopolin 

complex itself, could be responsible for this phosphorylation of S109 (Fig.3.18). 

Hrr25 would not have been present at the kinetochore in mam1∆ strains, as it is 

recruited via binding to Mam1 (Fig.4.1). This is consistent with literature that reports 

Hrr25 can phosphorylate Dsn1 in vitro (Ye et al., 2016). However, according to 

previous literature the kinase function of Hrr25 is dispensable for the monopolin 

complex’s recruitment to the kinetochore (Petronczki et al., 2006) and that in vitro 

the Hrr25 kinase activity destabilises the monopolin complex (Sarangapani et al., 

2014). Phospho-mimetic mutations at the S109/S110 were also unable to rescue the 

phenotype of hrr25-zo (Fig.3.12), although this does not rule out that Hrr25 

phosphorylates these sites it does mean this is not the only function of Hrr25 within 

the monopolin complex. While the idea that Hrr25 phosphorylates Dsn1-S109/S110 

is still worth perusing, it should also be considered that Cdc5 and DKK are also 

known to be important for the monopolin complex to be recruited to the kinetochore 

(Clyne et al., 2003; Lo et al., 2008; Matos et al., 2008).  

3.3.3 The mitotic role of the interaction between Csm1 and Dsn1  

My collaborator’s work on the co-evolution of Csm1 and Dsn1 N-terminus (Fig.3.1) 

suggest an ancestral role for Csm1 at the kinetochore, which is distinct from its well-

studied meiotic role in budding yeast. In S. pombe, the species in which monopolin 

is best studied other than budding yeast, there appears to be no equivalent to the 

meiosis-specific monopolin complex component, Mam1, or a role for monopolin in 

meiosis. We could, however, confirm that the conserved ancestral Csm1 binding site 

is, as predicted, responsible for Csm1 binding (Plowman et al. 2019). Mutations in 
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the equivalent of Dsn1 box 1 sites reduced Csm1 binding in an in vivo binding 

experiment. Rather than the meiotic function of monopolin seen in budding yeast, 

this recruitment of the Csm1/Lrs4 to the kinetochore in S. pombe reduces merotelic 

attachment in mitosis (Gregan et al., 2007; Rumpf et al., 2010), likely by crosslinking 

the multiple microtubule bundling sites within each chromosome (Gregan et al., 

2007; Rabitsch et al., 2003). Identification of this binding site for Csm1 at the 

kinetochore in S. pombe provides a tool to further investigate Csm1/Lrs4 in mitosis 

of eukaryotes with regional centromeres. Mutation of Mis13 (S. pombe Dsn1 

homologue) would allow the separation of the role of Csm1/Lrs4 in kinetochore 

binding from that of rDNA binding (Gregan et al., 2007) and in spindle binding (Choi 

et al., 2009).  

Like S. pombe, each mammalian kinetochore binds to multiple microtubules and 

therefore has the potential to form merotelic attachments. Merotelic attachments are 

known to be a major cause of aneuploidy in cultured mammalian cells (Cimini et al., 

2001). In mammalian cells merotelic attachments can persist into anaphase and do 

not cause lagging chromosomes as long as there is preference attachment to the 

correct pole (Cimini et al., 2004). Although the evolution study suggests that Csm1 

was a kinetochore binding protein in the last common eukaryotic ancestor, the 

Csm1/Dsn1 N-terminal interaction was not identified as conserved in mammals and 

Csm1 is also not found in metazoans (Fig.3.1). However, the crosslinking function of 

monopolin could act as a model of how the mammalian cells can reinforce 

preference binding of kinetochores to a single pole and prevent any deleterious 

effects of merotelic attachments. 
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Chapter 4 - What are the phosphorylation targets of 
Hrr25 at kinetochores? 

4.1 Introduction 

Hrr25 is the budding yeast homologue of casein kinase I, it has a very wide set of 

biological roles (DeMaggio et al., 1992; Hoekstra et al., 1991). This includes cell 

cycle regulation, DNA repair and ribosomal formation. Deletion of Hrr25 results in 

disruption of all of Hrr25’s functions and causes slow growth as well as low meiotic 

spore viability (Hoekstra et al., 1991).  

Hrr25 is recruited to the kinetochore as part of the monopolin complex during 

meiosis. The identification of the hrr25-zo mutation, which disrupts Hrr25’s binding 

to Mam1, allowed Hrr25’s role within the monopolin complex to be interrogated 

without disrupting its roles in mitosis or elsewhere in meiosis (Petronczki et al., 

2006).  

Disrupting Hrr25’s binding to Mam1 in the hrr25-zo mutant causes sister chromatids 

to bi-orientate during meiosis I (Petronczki et al., 2006). The hrr25-zo also causes 

monopolin components to be lost from the kinetochore (Petronczki et al., 2006). 

Hrr25 must also be enzymatically active for monoorientation of sister chromatids. If 

Hrr25 is inhibited during meiosis, sister chromatids will become bi-orientated 

(Petronczki et al., 2006). Inhibiting the kinase function of Hrr25 using an analogue 

sensitive version of Hrr25, does not, however, affect the recruitment of the 

remaining monopolin components to kinetochores (Petronczki et al., 2006). In 

addition, when the complete monopolin complex was recombinantly expressed and 

purified, the complex containing the kinase dead Hrr25 mutant protein was sufficient 

to cause the fusion of isolated kinetochores (Sarangapani et al., 2014). In fact, 

inclusion of the active kinase form of Hrr25 appears to destabilise the complex 

meaning it is unable to be purified (Corbett & Harrison, 2012). To summarise, 

although the kinase activity of Hrr25 is important for monoorientation of sister 

chromatids, it is dispensable for the stability of the monopolin complex. However, 

the presence of Hrr25 in the monopolin complex is required for complex stability. 

Previous studies have shown that Hrr25 is able to phosphorylate itself (Corbett & 

Harrison, 2012) and Dsn1, the kinetochore protein which monopolin binds to (Ye et 

al., 2016). These phosphorylation events, however, have only been shown in vitro, 

so it is unclear what relevance they have to meiosis or if they have any role in 
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monoorientation. It is also possible that Hrr25 targets other components within the 

kinetochore that have as yet not been identified. It therefore remains unclear how 

the kinase activity of Hrr25 contributes to monopolin function.  

The aim of the experiments discussed in this chapter was to use mass spectrometry 

to identify proteins which are phosphorylated by Hrr25 at the kinetochore in meiosis 

I. Identification of these targets may lead to a better understanding of how Hrr25 

kinase activity contributes to monoorientation of sister kinetochores during meiosis I.  

4.2 Results  

4.2.1 Hrr25 localisation at the kinetochore is required for meiosis  

Prior to examining phosphorylation targets I first confirmed the meiotic phenotype for 

the hrr25-zo mutant, which had been previously been described in the literature, by 

using an imaging assay. Cells carried heterozygous tetO repeats adjacent to 

centromere 5 and a TetR GFP (CEN5-GFP), allowing for visualisation of a GFP 

focus at centromere 5 and were arrested in metaphase I by the meiotic depletion of 

Cdc20. In metaphase I, chromatids would be expected to be attached to a single 

spindle pole and so not be under any tension. Therefore, the GFP foci labelling 

sister centromeres should appear as a single focus. However, if strains have 

monoorientation defects sister chromatids can become attached to separate poles 

and therefore be under tension in meiosis I. This tension can be visualised as two 

separate GFP foci.  

In wild type cells less than 2% of metaphase I cells contain two GFP foci. This is in 

contrast with mam1∆ strains where 17% of cells show two GFP foci, indicating that 

sisters prematurely bi-orientate and are under tension in meiosis I (Fig. 4.1 A). 

hrr25-zo strains also show a higher incidence of sister biorientation than wild type 

cells, with 7% of cells containing two GFP foci. As expected, the hrr25-zo mutation 

disrupts correct sister monoorientation in meiosis I.  

The hrr25-zo strain does not bi-orientate its sister chromatids to the same extent as 

strains where MAM1 has been deleted. This can be partially explained by the fact 

that less of the hrr25-zo mutant strains appeared to be in metaphase I arrest, as 

measured by indirect immunofluorescence staining of microtubules (Fig. 4.1 B). As 

only two repeats of this experiment were performed, I am unable to say if this is a 

significant difference and likely to come from an effect of hrr25-zo on meiotic 

progression or a technical problem with cells not properly entering meiosis. 
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However, regardless of why hrr25-zo cells are not arrested at metaphase I to the 

same extent as wild type cells, it can account for some but not all of the difference in 

biorientation between hrr25-zo and mam1∆.  

In conclusion, consistent with the published literature, the hrr25-zo mutant does 

have an effect on sister chromosome monoorientation in meiosis I but a less 

dramatic effect than complete deletion of MAM1.  

4.2.2 Hrr25 and Mam1 are dependent on each other for their localisation at the 
kinetochore  

The literature suggests that Hrr25 recruitment to the kinetochore is dependent on 

the monopolin complex, specifically Mam1 to which it binds (Petronczki et al. 2006). 

I wished to confirm the dependence on Mam1 for Hrr25 binding to the kinetochore 

using ChIP-qPCR of Hrr25 with cells arrested at metaphase I through depletion of 

Cdc20.  

Hrr25 is enriched at both centromere sites tested and this enrichment is dependent 

on the presence of Mam1 (Fig. 4.2 A). Hrr25 was also enriched on chromosome 

arms, which was expected as Hrr25 is known to phosphorylate Rec8 to allow its 

cleavage by separase (Katis et al., 2010). Unexpectedly chromosome arm site 

localisation also appears to be dependent on Mam1, this is inconsistent with what is 

known about localisation of Mam1. From immunoblotting it is apparent that this 

result may be affected by an overall lower protein content in the mam1∆ sample and 

higher levels in a no tag of repeat A (Fig. 4.2 B). Meaning that generally, although 

this experiment does suggest that Hrr25 is dependent on Mam1, its exact levels are 

unreliable in this experiment.  

In addition to Hrr25’s dependence on Mam1 for kinetochore binding it has been 

suggested in the literature that the presence of Hrr25 within the monopolin complex 

is essential for its stability both as a complex and with binding to the kinetochore 

(Petronczki et al., 2006). I confirmed this through ChIP-qPCR of Mam1 in a hrr25-zo 

background (Fig. 4.3), again during a metaphase I arrest through depletion of 

Cdc20. As expected Mam1 shows enrichment at centromeres but not at 

chromosome arms, reflecting its binding to kinetochores (Fig. 4.3). In a hrr25-zo 

background this centromeric localisation of Mam1 is greatly reduced, suggesting 

that Mam1’s association with the kinetochore is dependent on its binding to Hrr25.  
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Confirmation of the expected hrr25-zo phenotype both in chromatid biorientation and 

on the mutual reliance on Mam1 for kinetochore localisation allowed the use of this 

mutant as a tool for examining the phosphorylation changes upon kinetochore 

binding of Hrr25 and the monopolin complex.  

4.2.3 hrr25-zo causes global significant changes in the phosphorylation 

To look globally and in an unbiased manner at phosphorylation patterns in hrr25-zo 

strains I first chose to look at phosphorylation changes across the whole cell. Three 

repeats of both wild type and hrr25-zo strains were grown to allow statistical 

analysis. Cells were arrested in metaphase I by depletion of Cdc20. Whole cell 

lysate was then sent to a collaborator in the lab of Matthias Trost (Dundee), where 

peptides were digested with trypsin and enriched for phosphorylated peptides using 

TiO2 bead method.  

Both an increase and a decrease in peptide phosphorylation where identified when 

the two strains were compared (Table 7.3 and 7.4). GO term searches of the 

peptides which showed increased rates of phosphorylation in hrr25-zo mutant 

identified an enrichment for proteins involved in endocytosis (Fold enrichment = + 

6.34, FDR = 5.66E-03). This is consistent with a previously described function of 

Hrr25 in endocytosis (Lord et al., 2011). Suggesting that delocalisation of Hrr25 from 

the kinetochore leads to an increased phosphorylation of other Hrr25 targets.  

Many proteins had a significant reduction in phosphorylation in hrr25-zo strains as 

compared to wild type. However, few were at the kinetochore or appeared to be 

interesting targets to pursue in the context of Hrr25 as part of the monopolin 

complex (Table 7.1). I therefore sought a more targeted approach to identify Hrr25 

phosphorylation targets relevant to meiosis. 
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Figure 4.1 Hrr25-zo causes bi-orientation of chromosomes in meiosis I. A and B) 
Chromosome 5 is heterozygous labelled with tetO array close to CEN5 and Tet-R-GFP. 
Cells are arrested in metaphase I by meiotic depletion of Cdc20. Wild type (AMy20550), 
mam1∆ (AMy20551) and hrr25-zo (AMy21575). Two independent repeats. A) The 
proportion of cells which contain 2 GFP foci was then counted. Sum of 2 independent 
experiment. B) The proportion of cells in a metaphase I accessed by presences of a short 
dense tubulin bundle. Visualised by anti-tubulin immunofluorescent.  
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Figure 4.2 Hrr25 does not localise at the kinetochore in mam1∆. Cells carrying 
Hrr25-6HA were arrested in metaphase I of meiosis by depletion of Cdc20. A) 
Immunoprecipitation was used to isolate Hrr25-6HA and its association with arm and 
two centromeric chromatin sites was accessed using qPCR. Two independent repeats. 
Light grey is No tag (AMy8067), dark grey is wild type (AMy20717) and orange is 
mam1∆ (AMy20718). B) Anti-HA western of Hrr25 expression for the two independent 
repeats. Anti-PGK1 is used as a loading control.  
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Figure 4.3 Mam1 does not localise to kinetochores in metaphase I arrest in cells 

with Hrr25-zorro mutation. A) Cells carrying Mam1-9Myc were arrested in metaphase I 

of meiosis by depletion of Cdc20. Immunoprecipitation was used to isolate Mam1 9-Myc 

and its association with arm and two centromeric chromtin sites was accessed using 

qPCR. Four independent repeats and error bars represent standard error. Light grey is no 

tag (AMy1835), dark grey is wild type (AMy23695) and orange is hrr25-zo (AMy23735).  
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4.2.4 Identification of potential Hrr25 targets at the kinetochore by mass 
spectrometry in hrr25-zo background 

The Hrr25 targets most relevant to its role as part of the monopolin complex would 

be at the kinetochore. To enrich for these targets, kinetochores were isolated by 

immunoprecipitation prior to mass spectrometry analysis. Cells were arrested at 

metaphase I by depletion of Cdc20. Kinetochores were then isolated via a tag on the 

central kinetochore protein Dsn1. Three samples for both wild type and hrr25-zo 

strains were taken to allow for statistical analysis of results.  

Initially, protein levels in each sample were compared. The software platform 

MaxQuant was used to generate a label free quantification of each protein. Then 

further refinement of the data and visualisation was carried out in Perseus. 

Clustering of protein levels using Euclidean distance shows a largely similar pattern 

of protein abundance (Fig. 4.4 A). The enriched cluster, highlighted in orange, 

corresponds to kinetochore proteins, as expected. Samples ‘Wild type A’ and ‘hrr25-

zo C’ cluster with the no tag, indicating a general lower level of protein enrichment 

and a therefore low quality of data from these samples. The difference between the 

wild type and hrr25-zo samples was also calculated along with the log p of these 

changes (Fig. 4.4 B). This showed no significant difference in the level of any protein 

between the two groups. The only protein which sits on the threshold for being 

significantly down regulated in the hrr25-zo sample is CRC1, a mitochondrial 

protein, and as such is not likely to be important in the role of monopolin. Although 

not significant for any single peptide there is a general trend of lower levels of 

proteins more frequently in the hrr25-zo sample, which should be considered in 

further analysis. 

Despite possible concerns in the overall protein level, the two groups being 

compared have largely similar protein levels. This means that any changes we see 

in phosphorylation are likely to be a genuine.  

From the same mass spectrometry run, peptides with phosphorylation were 

detected for comparison between the two samples. As with total protein analysis, 

intensity for peptides was generated in MaxQuant and then further refinement and 

visualisation was carried out in Perseus. One step which allowed for comparison 

was assignment of a number to missing values with a random number selected from 

the normal distribution of the column but weighted to lower values. Two examples of 

data refinement are shown, one (Fig. 4.5 A) where all peptides had a value assigned 
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and a second (Fig. 4.5 B) where prior to assignment of values, any peptide which 

did not appear more than once within in each group was removed. This allows the 

inclusion of many more peptides but is however more prone to producing false 

positives. Within the volcano plots, the X-axis represents the fold difference between 

the two sample groups, with anything to the right of 0 being lower within the hrr25-zo 

sample, so a potential target of the kinase. The Y-axis represents the log P-value of 

this difference. 

When all peptides are plotted (Fig. 4.5 A), none of the intensity differences are 

significant. In addition, those peptides which appear close to being significant are 

unlikely candidates for Hrr25 phosphorylation, based on previous knowledge of their 

function (proteins highlighted in green). The effect of the more stringent selection, of 

only peptides which are detected multiple times, can be seen in that these peptides 

are no longer included in the analysis when the criteria of multiple detections is 

applied (Fig. 4.5 B). There are, however, some peptides which could be of interest 

and were lost from the more stringent analysis (highlighted in blue), these include 

two sites within Dsn1 and one in Spc105 (Fig. 4.5 A). There are also some 

phosphorylated peptides which are included in the more stringent analysis and 

seem relevant to the meiotic kinetochore (Fig. 4.5 A highlighted in orange).  

Although none of the changes reach the threshold of significance, Dsn1 had several 

peptides which showed a reduced level of phosphorylation in the hrr25-zo strain 

(Fig. 4.5 B highlighted in blue). These include several within the N-terminal region, 

which was of interest as it is this region which is the binding interface for monopolin 

at the kinetochore. Phospho-peptides which appeared reduced in hrr25-zo also 

included outer kinetochore components Ndc80 and Spc105 (Fig. 4.5 B highlighted in 

orange). These are interesting as phosphorylation at both of these proteins disrupts 

erroneous kinetochore microtubule interactions (reviewed in Krenn and Musacchio, 

2015). There are also two members of the COMA complex, Ame1 and Okp1, which 

if genuine targets of Hrr25 could imply Hrr25 has a role in changing the structure of 

or interactors with the kinetochore beyond monopolin.  
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Figure 4.4 Kinetochore Mass Spectrometry whole protein levels Comparison of 
protein levels identified from kinetochore isolation of no tag (AMy15740, n=1), wild type 
(AMy8291, n=3) and hrr25-zo (AMy22255, n=3). Proteins were excluded from the 
comparison if they appeared in less than two of the samples. For all remaining proteins 
any samples where no peptides had been detected were assigned a values a random 
number selected from normal distribution of the column but weighted to lower values. A) 
Euclidean distance clustering based on protein levels within each sample. Orange 
represents highly abundant proteins, blue proteins of low abundance and black is the 
midpoint between these abundance levels. B) Each point is representative the relative 
abundance of a protein between the two samples. The X-axis represents the fold 
difference between the two sample groups, with anything to the right of 0 being lower 
within the hrr25-zo sample. Y represents the log P of this difference, with the threshold for 
significance displayed as intersecting line. Proteins of interest are highlighted Dsn1 is in 
yellow, COMA complex components Ame1 and Okp1 are green, Spc105 is in pink and 
Ndc80 is blue.  
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Figure 4.5 Phosphorylated peptide abundance in wild type and hrr25-zo strains 
Comparison of levels phosphorylated peptides identified from kinetochore isolation, from the 
same experiment which is showed in Fig. 4.4. Strains are wild type (AMy8291, n=3) and 
hrr25-zo (AMy22255, n=3). A) To allow comparison a random number selected from normal 
distribution of the column but weighted to lower values is assigned to all peptides even if 
they are identified only once. Each point is representative the relative abundance of a 
peptide which was identified to be phosphorylated. The X-axis represents the fold difference 
between the two sample groups, with anything to the right of 0 being lower within the hrr25-
zo sample. Y represents the log P of this difference, with the threshold for significance 
displayed as intersecting line. Green altered but not known kinetochore proteins so are of 
less interest. Yellow, peptides appear which also appear in B. Blue, peptides that might be 
interesting but are lost in the increased filter so have less confidence. B) To allow 
comparison a random number selected from normal distribution of the column but weighted 
to lower values is assigned to all peptides but only if they have been identified at least twice. 
Otherwise they will be excluded. Each point is representative the relative abundance of a 
peptide which was identified to be phosphorylated. The X-axis represents the fold difference 
between the two sample groups, with anything to the right of 0 being lower within the hrr25-
zo sample. Highlighted are peptides of interest; orange are in the outer kinetochore proteins 
Spc105 and Ndc80, blue are within Dsn1 and in green are COMA complex components 
Ame1 and Okp1.  
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4.2.5 Phosphorylation of Spc105 is potentially important for correct 
monoorientation of sister kinetochores  

Following the identification of these potential phosphorylation sites I wished to test 

their relevance to progression through meiosis. Unfortunately, due to time restraints 

only a limited number of sites could be selected for further investigation. One site 

chosen was Dsn1 T12, as the N-terminal region of Dsn1 is the site of recruitment for 

monopolin to the kinetochore and because Hrr25 has been shown to phosphorylate 

Dsn1 in vitro. The other site selected was Spc105 T356, as its fold change 

difference between hrr25-zo and wild type is greater than many other candidates. 

Spc105 has also been shown to be important for monoorientation in other 

organisms (Miyazaki et al., 2017; Radford et al., 2015).  

To test the relevance of these sites in Dsn1 and Spc105, the threonine residues 

were mutated to alanine, so they could no longer be phosphorylated. In the case of 

Spc105, because T356 is directly preceded by a threonine, I chose to mutate both 

T355 and T356 to reduce the chances of a compensatory phosphorylation. The 

division of kinetochores during meiosis I was then assessed by live-cell imaging. 

Cells carried heterozygous tetO repeats adjacent to centromere 5 and a TetR 

GFP(CEN5-GFP), allowing for visualisation of a GFP focus at centromere 5, if this 

dot segregates during meiosis I it suggests sister chromatids have become bi-

orientated on the spindle. The cells also contained the central kinetochore proteins 

Mtw1 and Pds1 labelled with the fluorescent protein tdTomato, allowing the stage of 

meiosis of each cell to be identified by the kinetochore behaviour and the 

degradation of Pds1 upon entry into anaphase.  

Dsn1 T12A appeared to have no effect on the level of sister kinetochore 

monoorientation in meiosis I, with all sisters remaining bound together (Fig. 4.6 A). 

Spc105 T355A T356A did have a dramatic effect on the ability of cells to mono-

orientate sister kinetochores in meiosis I, with 68% of cells having two GFP foci at 

meiosis I, a level equivalent to levels of separation seen in mam1∆ (Fig. 4.6 A). This 

suggests an important role in the monoorientation of sister chromatids for Spc105. 

They also often fail to separate their kinetochore foci in two distinct rounds of 

division (Fig. 4.6 B). These sites in Spc105 are therefore important for establishing 

correct chromosome segregation, but to establish their role chromosome 

monoorientation more work would be needed.  
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Figure 4.6 Preventing phosphorylation of Spc105 T356 effects monoorientation Live 
cell image of cells with heterozygous labelled CEN5-GFP. Cells also carry Mtw1-
tdTomato to label kinetochores and Pds1-tdTomato used to analysis the onset of 
anaphase. Wild type (AMy25761), DSN1-T12A (AMy28398) and SPC105-T355A/T356A 
(AMy28396). A) Representative images of DSN1-T12A and Spc105-T355A/T356A 
highlighting that Spc105-T355A/T356A often fails to complete two round of kinetochore 
division. B) Scoring of GFP foci at anaphase I onset, defined as the first occasion on 
which Mtw1-tdTomato segregate. Wild type (total cell count =28), DSN1-T12A (total cell 
count=26) and SPC105-T355A/T356A (total cell count=26). To allow comparison with 
Mam1∆ data which was generated during a different experiment and was previously 
displayed in Fig. 2.2 was used, the strains also differ in that they contains prophase block 
release construct.  
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4.3 Discussion 

I confirmed that hrr25-zo has a meiotic phenotype of premature segregation of sister 

chromosomes in meiosis (Fig. 4.1 and Petronczki et al., 2006). This effect is through 

hrr25-zo being unable to bind to Mam1 which, as a consequence, results in the 

disassembly of the monopolin complex and its loss from the kinetochore (Fig. 4.3, 

Corbett and Harrison, 2012). I therefore used it as a tool to try and identify proteins 

which Hrr25 phosphorylates at the kinetochore through mass spectrometry analysis. 

This technique identifies Spc105 as a possible target for Hrr25 at the kinetochore, 

providing the possibility of a novel mechanism for monopolin function.  

4.3.1 Limitations to mass spectrometry experiments  

Mass spectrometry with kinetochore pull down yielded a potentially interesting target 

in Spc105, T356. However, as none of the changes identified reached a threshold of 

statistical significance, caution must be used when interpreting this data. To gain 

more confidence in this result it would be necessary to repeat the experiment with 

some changes to the methodology.  

It is clear that samples did not show a high level of reproducibility, with wild type A 

and hrr25-zo C having a different overall protein level to that of the other samples 

(Fig. 4.4 A). In the experiment the protein levels within each sample were not 

accessed before mass spectrometry, instead it was assumed that using the same 

weight of cell pellet would yield similar enough protein levels for assessment. This is 

clearly not the case, perhaps due to different efficiencies in cell lysis. Error could 

also be introduced during processing of samples. This could be combated by using 

a labelling technique, which would allow the pooling of samples prior to preparation 

and injection into the mass spectrometer.  

The recovery of phosphorylated peptides may also be a limiting factor in this 

experiment, as they are not always identified efficiently by the mass spectrometry 

machine. This can be seen when looking at the amount of phospho-peptides which 

are identified in just a single sample and were not included in a more stringent 

analysis (Fig. 4.5 A and B). This could perhaps be improved by the addition of a 

step that selects for peptides which have been phosphorylated.  

I would also consider performing a similar experiment, instead using an analogue 

sensitive form of Hrr25 that can specifically inhibited by the addition of 1NM-PP1. 

Although using hrr25-zo has some advantages, as it will only disrupt the kinetochore 

targets of Hrr25, it also has some limitations, including the fact that it leads to the 
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complete loss of the monopolin complex from the kinetochore (Fig. 4.3 and 

Petronczki et al. 2006). It would therefore be interesting to include Hrr25 inhibition to 

compare if similar targets are identified. This would limit the possibility of identifying 

phosphorylation changes which are the result of monopolin loss rather than direct 

targets of Hrr25.  

4.3.2 The role of Spc105 in meiosis 

The mass spectrometry comparing phosphorylation in wild type and hrr25-zo 

backgrounds identified phosphorylation at position T356 of Spc105 to be 

downregulated in hrr25-zo strains (Fig. 4.5). This implies that it may be a target of 

phosphorylation by Hrr25. When Spc105 T356 was mutated to alanine so that it 

could not be phosphorylated, sister chromosomes segregated in the first meiotic 

division more frequently than in wild type cells (Fig. 4.6). This suggests that 

phosphorylation at this site could indeed play a role in the monoorientation of sister 

kinetochores.  

Although this is an encouraging result, much more work would need to be done to 

characterise the role of phosphorylation at this site. This would include a need to 

demonstrate, through an independent method, that Spc105 is a direct target of 

Hrr25. Spc105 phosphorylation at T356 could be downstream effect of mis-

localisation of the monopolin complex. An in vitro experiment with recombinant 

Hrr25 and Spc105 could be used to demonstrate Hrr25’s ability to directly 

phosphorylate Spc105. Further characterisation of the phenotype would also be 

needed, firstly to show that this a meiosis specific effect. Since I was able to 

generate and grow these strains they appear viable, however, I would wish to 

assess if Spc105 T355A T356A has an effect in mitosis when cells are challenged in 

a way that should activate the spindle assembly checkpoint. Phosphorylation of 

Spc105 is required for the function of the spindle assemble checkpoint (Reviewed in 

Krenn and Musacchio, 2015). T356 is outside the MELT domain which is known to 

be phosphorylated in order to recruit the checkpoint factor Bub1 (London et al., 

2012), but I would still be cautious that the effect we are seeing is not a result of a 

mitotic mis-segregation.  

Homologues of Spc105 appear to play a particularly important role in meiosis of 

species including Drosophila and fission yeast (Miyazaki et al., 2017; Radford et al., 

2015). One of the mechanisms which underlies this importance is the recruitment of 

Shugoshin (Sgo) and therefore the protection of centromeric cohesin. Unlike 
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budding yeast, the protection of centromeric cohesin is essential for co-segregation 

of sister chromosomes in meiosis I for both fission yeast and Drosophila (see 

section 1.3.4). In fission yeast, Spc7 (homologue of Spc105) can be phosphorylated 

in meiosis by Plo1 (homologue of Plk-1) in a manner that is dependent on its binding 

to Moa1 (homolog of Spo13 in budding yeast and Meikin in higher eukaryotes) 

(Miyazaki et al., 2017). This allows the recruitment of Bub1, which phosphorylates 

histone-H2A, facilitating the recruitment of Sgo to centromeres. Similarly, in 

Drosophila depletion of Spc105 results in delocalisation of Sgo from the centromere 

and separase dependent mis-segregation of chromosomes in meiosis I (L.-I. Wang 

et al., 2019).  

In budding yeast the centromere localisation of Sgo1 and therefore cohesin 

protection, is dependent on Bub1, the same as it is in fission yeast (Kiburz et al., 

2005). However, budding yeast monoorientation is not dependent on the presence 

of centromeric cohesin (Rabitsch et al., 2001). In addition, unlike the Moa1-Plo1 

targets in fission yeast Spc7, Spc105 T356 is not within in the MELT motif, the 

region known to be important for Bub1 binding (London et al., 2012; Miyazaki et al., 

2017). Considered together, this would imply that the importance of Spc105 T356 

phosphorylation in the co-segregation of sister chromatids in meiosis I, cannot be 

directly extrapolated from the role of Spc105 in cohesion protection in other 

organisms. However, a function in cohesin protection is still relevant to budding 

yeast for allowing retention of cohesin into meiosis II. 

In light of the differing mechanism for monoorientation in budding yeast, it is also 

worth considering that phosphorylation of Spc105 T356 could regulate Bub1 for its 

role in the spindle assembly checkpoint. The spindle assembly checkpoint is known 

to be important for correct chromosome segregation in meiosis I of budding yeast 

(Shonn et al., 2000). Like in mitosis the checkpoint can halt cell cycle progression 

and facilitate realignment of wrongly attached kinetochores, only allowing 

progression through meiosis when homologous pairs are correctly attached and 

aligned on the spindle (Tsuchiya et al., 2011). An adaptation from what is seen in 

mitosis, where the spindle assembly checkpoint response to tension that is 

generated between bi-orientated homolog pairs which are linked by crossovers 

(Shonn et al., 2000). This leaves open questions as to how the checkpoint is 

adapted in meiosis I so as to register the bi-orientation of homologues rather than 

sister chromatids. It would be a neat mechanism if monopolin, as well as directly 
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causing the monoorientation of sister kinetochores, could also modulate the 

checkpoint in a way that would allow monoorientation to be tolerated for cell cycle 

progression.  

To summarise, although I did not get the opportunity to validate Spc105 as a target 

of Hrr25 phosphorylation, it presents an interesting avenue for further study. So too 

could the phosphorylated sites that were identified within Ndc80 and the COMA 

complex.  
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Chapter 5 – Discussion  

5.1 Regulation of monopolin complex activity 

Previous literature on the regulation of the monopolin complex has demonstrated its 

dependence on the meiosis specific protein Spo13 as well as the kinases Cdc5 and 

DDK (Clyne et al., 2003; Katis et al., 2004; Lee et al., 2004; Lee & Amon, 2003; Lo 

et al., 2008; Matos et al., 2008). Without this regulation, monopolin is not localized to 

the kinetochore in meiosis I and fails to mono-orientate sister kinetochores. What 

remains unclear is precisely how the activity of these kinases mediate the activity of 

monopolin.  

Lrs4 and Csm1 are located in the nucleolus during the mitotic cell cycle and 

released upon entry into meiosis (Rabitsch et al., 2003). This finding led to the 

suggestion that phosphorylation by Cdc5, in particular, could facilitate their release 

from the nucleolus and that this was key for their activity (Clyne et al. 2003; Monje-

Casas et al. 2007). Using kinetochore isolation and mass spectrometry I could 

characterise the protein content of the kinetochore in a scenario where Mam1 is 

localised to the kinetochore even during mitosis (Fig. 2.4). Surprisingly, when Mam1 

was tethered to the kinetochore, Lrs4 and Csm1 were identified at the kinetochore 

during mitosis at levels comparable to meiosis. This shows that at a pool of 

Lrs4/Csm1 has access to the kinetochore throughout the cell cycle. Moreover, as 

they were able to be recruited to equivalent levels as in meiosis, I propose that the 

release from the nucleolus is not the limiting factor of monopolin activity in a Cdc5-

depleted background as previously suggested (Clyne et al., 2003).  

One possible mechanism which regulates monopolin activity is the regulation of the 

interaction between Csm1 and Dsn1 which is required for the monopolin complex to 

bind to kinetochores (Corbett et al., 2010; Sarkar et al., 2013). This interaction, 

between the globular domain of Csm1 and the N-terminal region of Dsn1, is known 

to be essential for monopolin’s function (Corbett et al., 2010; Sarkar et al., 2013). I 

have identified two serine residues with the N-terminal region of Dsn1 (Dsn1 S109 

S110) which are phosphorylated during meiosis (Fig. 3.11). When these sites are 

mutated to alanine residues, preventing them from being phosphorylated, cells do 

not localise Mam1 to the kinetochore to the same level as wild type cells (Fig. 3.9) 

and have an increased tendency to separate their sister chromatids in meiosis I (Fig. 

3.8). This suggests that Dsn1 S109 S110 are possible points of regulation for the 
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interaction of Csm1 with the kinetochore. I have some preliminary data that S109 

phosphorylation is dependent on the presence of Mam1 (Fig. 3.11), which would 

make Hrr25 kinase a good candidate for phosphorylating at this site. However, 

phosphomimetic mutations at these sites (Dsn1 S109D S110D), where not able to 

compensate for the phenotype caused by a mutant version of Hrr25 that cannot 

localise to the kinetochore (Fig. 3.12). To pursue this hypothesis further, 

phosphorylation of Dsn1 sites S109 and S110 would need to be characterised in 

much greater detail. As all experiments were carried out during a metaphase I 

arrest, I would first like to confirm if phosphorylation at either of these sites occurs 

specifically during meiosis. To be true candidates for regulating monopolin 

kinetochore binding during meiotic progression they must be phosphorylated only in 

meiosis I. Characterisation of this phosphorylation should also include the 

identification of the kinase or kinases responsible for their phosphorylation. This 

could be investigated by inhibiting Cdc5 and DDK, as they are known to be 

important for monopolin kinetochore localisation, and so would be good candidates 

to phosphorylate these sites.  

One aspect of the monopolin literature that remains absent from both the published 

literature and my own work is a detailed exploration of the expression of Mam1. It is 

a key component of the complex, essential for modulating the meiosis specific 

function (Tóth et al., 2000); first identified as a meiosis I specific transcript in a 

microarray screen (Chu et al., 1998). However, what regulates Mam1 expression 

and even a precise assessment of protein levels across the cell cycle has not been 

established. Linking Mam1 synthesis and degradation to meiotic progression is a 

largely unexplored avenue of research which could yield interesting results.  
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A 

B 

Figure 5 The monopolin complex as a bridging structure Monopolin has 

been proposed to act as a bridging molecule between multiple Dsn1 proteins 

to cause the fusion of sister kinetochores in meiosis I.  Diagrams show two 

sister kinetochores, the inner kinetochore is blue, and the outer kinetochore in 

yellow contains the Mtw1 and Ndc80 complexes. On the left the kinetochore 

is shown end on, on the right they are shown from the side and include the 

DNA and microtubules. In both the monopolin complex in purple is included to 

show how it may cause the fusion of sister kinetchores  A) A model of the 

monopolin complex where it acts as a bridging molecule across two 

separately formed sister kinetochores. With each sister chromosome retaining 

a separate inner kinetochore. B) A model of monopolin as a bridging molecule 

where it stabilises the expansion of the kinetochore structure by bridging 

across Dsn1 proteins which are in a single outer kinetochore structure which 

incorporates both sister chromosomes.  
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5.2 The monopolin complex as a bridging structure 

In budding yeast, sister chromosomes mono-orientate in meiosis I because their 

kinetochores are fused to form a single binding interface for microtubules 

(Sarangapani et al., 2014). In vitro, the monopolin complex is sufficient to cause this 

fusion (Sarangapani et al., 2014). It has been proposed that the monopolin complex 

causes this fusion by binding across the two kinetochores (Corbett et al., 2010). This 

was proposed largely based on crystal structure data: the Csm1/Lrs4 subcomplex 

forms a V-shaped structure with the kinetochore binding interfaces at either point of 

the V (Fig. 1.5, Corbett et al. 2010). This hypothesis may even represent a universal 

model for the function of Csm1/Lrs4 when it is acting on rDNA (leading to rDNA 

compaction and silencing) or the mitotic kinetochore in fission yeast (where it 

prevents merotelic attachments) (Gregan et al., 2007; Liang et al., 2017; Rabitsch et 

al., 2003).  

When I tethered Csm1 to the kinetochore by fusion with Dsn1 it was unable to 

generate monoorientation of sister kinetochores in the absence of Mam1 (Fig. 2.3). 

This data rules out the idea that the function of Mam1 is simply to locate the 

Csm1/Lrs4 dimer at the kinetochore allowing for kinetochore fusion. However, it 

does not rule out that Csm1/Lrs4 subcomplex is forming a direct bridging construct. 

This is due to the complexity of Csm1 forming the correct bridging interaction. Each 

kinetochore has between 4-7 Dsn1 molecules (Joglekar et al., 2006), meaning that 

in the absence of the correct regulation Csm1 is likely to form two interactions within 

the same kinetochore, rather than across the two sisters. Together this implies a 

role for Mam1/Hrr25 in regulating the monopolin complexes ability to form a bridging 

interaction.  

My work on the region of Dsn1 which interacts with Csm1 identified two interfaces 

both of which are important for monopolin recruitment to the kinetochore (Fig. 3.2 

and Fig. 3.9). I, therefore, propose a two-step binding interaction where Csm1 

makes an initial binding interaction that is then converted to a more stable 

interaction (Fig. 3.18). This could allow for an “error correction” step, where only 

interactions which do form a bridge will be converted to the second more stable 

binding confirmation.  

My work or any work to date in the literature has failed to directly test the direct 

bridging model, largely because of the difficulty of doing so. Although still not directly 

addressing this, one outstanding question that must be answered for this model to 
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hold up is whether the interaction between monopolin and the kinetochore is a 

stable one. For the monopolin complex to function through mechanical fusion it must 

form a very stable interaction with the kinetochores. However, when kinetochores 

are isolated from meiotic yeast the monopolin complex can only be identified by 

mass spectrometry when proteins are crosslinked (Sarangapani et al., 2014). This 

could imply a weak or transient interaction. To add weight to the bridging 

hypotheses it would be important to show that only if Csm1/Lrs4 are present at the 

kinetochore are meiosis I kinetochores fused. This could be done by analysing the 

binding force of kinetochore particles with a laser trap assay as described in 

Akiyoshi et al. 2010. It has previously been shown that meiotic kinetochores have 

increased microtubule binding forces in meiosis I (Sarangapani et al., 2014). 

However, this increased binding force could be correlated with the persistence of 

Csm1/Lrs4 using single molecule imaging techniques alongside the laser trap. For 

the fusion model to hold true Csm1/Lrs4 must be retained at kinetochores with 

increased binding force. If instead Csm1/Lrs4 can bind, be lost and kinetochores still 

have increased binding, then they must alter the existing kinetochore structure 

rather than form the structural bridge themselves. Even this would fail to 

conclusively prove the bridging model, as if they are retained they could still be 

acting to alter the existing kinetochore but in a manner rapidly reversed upon their 

delocalisation.  

The idea of monopolin acting as a direct bridging molecule for the fusion of the sister 

kinetochores has failed to account for larger structural changes that could be 

happening in the meiotic kinetochore. Sarangapani et al 2014, showed a relative 

increase in the number of copies of Ndc80 complex in kinetochores from meiosis I 

as compared to inner kinetochore units. This is inconsistent with what would be 

expected to happen if the two sister kinetochores were bound together via Dsn1 

alone. An alternative model of sister kinetochore fusion could be that there exists an 

integrated inner kinetochore where fused kinetochores form a single “hub” made up 

of inner kinetochore components, consisting of centromere-proximal binding 

subunits from both sisters, and then around this an increased number of microtubule 

binding “spokes”  (Gonen et al., 2012). This would then mean that monopolin is not 

bridging across two separate kinetochore structures, but is instead acting to stabilise 

the more expansive outer kinetochore structure. In this context monopolin would 

bind across adjacent Dsn1 molecules, each a separate “spoke” of the outer 

kinetochore (see Fig. 5). Monopolin would still act as a mechanical linker, but to 
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resist the increased force of an expanded outer kinetochore rather than to bring the 

two outer kinetochores together. It is also clear in this model how all Dsn1 molecules 

will be occupied by monopolin, a condition which appears necessary from the 

dominant negative effect of the Dsn1 point mutation (Fig.3.6). However, this model 

does open more unanswered questions as to how the inner kinetochore would form 

a single structure. Particularly as to how the Cenp-A histones from both the sisters 

could form the base for a single inner kinetochore structure when S. cerevisiae 

canonically builds its kinetochore on just a single Cenp-A. There also appears to be 

an inconsistency with the fact that monopolin is sufficient for the fusion of sister 

kinetochores (Miller et al., 2012; Monje-Casas et al., 2007; Sarangapani et al., 2014) 

and with integration of the sister kinetochores being established form the DNA 

proximal kinetochore when monopolin binds the outer kinetochore protein, Dsn1. 

This alternate model of monopolin acting as a bracing linker rather than a direct 

fusion linker, does not negate having to establish if monopolin is indeed a stable 

enough component of the meiotic kinetochore to be acting mechanically, but instead 

adds a possible further avenue for future investigation. 

In general, it remains the case that, although the monopolin complex has been well 

established as essential for the monoorientation of sister kinetochores in meiosis I, 

how the complex performs this function is unclear. There are multiple conceivable 

mechanisms which remain possible for the monopolin complex to facilitate the 

fusion of sister kinetochores. The monopolin complex’s function must also be linked 

to progression and regulation in meiosis, how this is achieved too remains unclear. 

The work presented here moves the field closer to clarifying these questions, 

predominantly by defining in greater detail the point of interaction between the 

monopolin complex and the kinetochore. As well as identifying possible targets for 

the kinase within the complex. These both present intriguing avenues for further 

investigation.  
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Chapter 6 Materials and Methods 

6.1. General information 

6.1.1 Supplier information 

Reagents for liquid growth media and agar plates were provided by Difco, 

Formedium and Merck. Chemicals and other consumables were supplied through 

Merck, Melford, Scientific Laboratory Supplies, Boehringer Mannheim, Fisher and 

Gibco BRL unless otherwise stated. The reagents used to make the growth media 

for both bacteria and yeast were supplied by: Formedium, Difco and Sigma. 

6.1.2 Sterilisation 

Growth media were autoclaved at 120oC and pressure of 15 pounds/inch2 for 15 

min. Solutions were sterilised using 0.22 µm bottle top filters (Nalgene) or 0.22 µm 

syringe filters (Milipore). Glassware and plating beads were sterilised by baking at 

250oC for 16 hours. 

6.2 Bacterial methods 

Bacteria were used for the production and amplification of plasmids, below follows 

detail of methods used for this.  

6.2.1 Bacterial strain 

The DH5α E. coli strain was used for cloning and propagation of plasmids, 

genotype: F φ80lacZ∆M15 ∆(lacZYA-argF)U169 deoR recA1 endA1 hsdR17(rk-, 

mk+) phoA supE44 thi-1 gyrA96 relA1 λ- . XL10-Gold was used for site directed 

mutagenesis, genotype: endA1 glnV44 recA1 thi-1 gyrA96 relA1 lac HteΔ(mcrA)183 

Δ(mcrCB-hsdSMR-mrr)173 tetR F'[proAB lacIqZΔM15 Tn10(TetR Amy CmR)] 

6.2.2 Bacterial media  

The following media were used for the growth of bacteria (Table 6.1) : 
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Table 6.1 Bacterial media  

Media Composition Concentration 

Luria Bertani (LB) Bacto-tryptone 
Bacto-yeast extract 
NaCl 
(pH adjusted to 7.2 with NaOH) 

1% w/v 
0.5% w/v 
0.5% w/v 
2% w/v 

Luria-Bertani (LB) agarose plate Bacto-tryptone 
Bacto-yeast extract 
NaCl 
agarose  
Adjusted to pH 7.2 with NaOH 

1 % w/v 
0.5 % w/v 
0.5 % w/v 
2 % w/v 

SOC Bacto-tryptone 
Bacto-yeast extract 
NaCl 
Glucose 
MgCl2 
MgSO4 
KCl 

2% w/v 
0.5% w/v 
20 mM 
20 mM 
10 mM 
10 mM 
10 mM 

 

6.2.3 Growth conditions 

Bacteria were grown in LB media or on LB plates at 37˚C. Liquid cultures were 

shaken at 200 rpm. For selection or maintenance of plasmids media was 

supplemented with ampicillin at 100 µg/ml.  

6.2.4 Transformation by electroporation 

Electro-competent DH5α were removed from storage at -80˚C and thawed on ice. 

Per transformation, 40 µl of cells were pipetted into pre-chilled electroporation 

cuvettes (Cell Project, 2 mm gap). ~100ng of plasmid DNA from mini-prep or midi-

prep was added and cells electroporated using a Bio-Rad Gene Pulser II at 2.5V, 

200Ω and 2.5 µF. Cells were immediately resuspended in 1 ml LB media and 

incubated at 37˚C for 1 hour. Cells were spun at 3000 rpm, resuspended in 200 µl 

LB media and plated onto LB + ampicillin plates and incubated at 37˚C for 16 hours. 

6.2.5 Transformation by chemical competence  

100 µl of chemically competent DH5α were removed from storage at -80oC and 

thawed on ice. DNA was added to thawed cells and mixed gently by pipetting up 

and down, then the mix was incubated on ice for 30 min. E. coli were heat shocked 

at 42oC for 30 seconds in a water bath. 1 ml of LB was added to and they were 

incubated at 37oC whilst shaking 200 rpm for 1 hour. Cells were spread onto the 

selection plates which had been pre-warmed to 37oC before incubation at 37oC for 

~16 hours.  
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6.2.6 Transformation of XL10-Gold E. coli 

Transformation of XL10-Gold E. coli was o nly carried out during the site directed 

mutagenesis protocol, according to the standard manufacturers protocol, as cited in 

QuikChange XLII Site-directed Mutagenesis Kit (Agilent Technologies). The XL10-

Gold E. coli were gently thawed on ice until liquid, then 45 μl of cells were 

transferred into a pre-chilled 14 ml BD Falcon Polypropylene round-bottomed tube. 

To the E. coli, 2 μl of the β-mercaptoethanol mix (supplied with the QuikChange XLII 

Site-directed Mutagenesis Kit) was added to the cells, and the mixture swirled and 

placed on ice. The mixture was briefly swirled every 2 min for 10 min in total, with 

incubations on ice in-between, before 2 μl of plasmid DNA was added and the 

reaction swirled once more, before incubation on ice for 

30 min. The E. coli were then heat-shocked in a water-bath pre-heated to 42oC for 

30 sec, then placed on ice for 2 min, before 500 μl pre-heated LB or SOC was 

added. The E. coli were then incubated at 37oC shaking at 200 rpm for 1 hour to 

allow recovery. The cells were plated with glass beads onto two pre-warmed 

LB+Amp agarose plates (37oC), with one containing 100 μl E. coli and one 

containing 400 μl E. coli. These were then incubated at 

37oC for ~ 16 hours. 

6.3 Budding Yeast Methods  

6.3.1 S. cerevisiae strain and origins 

 Yeast strains in this study were predominantly SK1, except those used for 

chromosome loss assays for which W303 were used. A full list of strains found in 

the appendix table 7.3.  

The CEN5-GFP marker consists of two components: (1) an array of tet operator 

sequences inserted at the chromosome V centromere, and (2) a Tet repressor 

protein fused to GFP, which binds to and specifically marks these operator sites and 

were previously described in (Tanaka et al., 2000). MAM1-9MYC was also 

described in (Tóth et al., 2000) and MAM1-yeGFP was described in (Matos et al., 

2008). PDS1-tdTomato and pCLB2-CDC20 were described in (Lee & Amon, 2003) 

and (Matos et al., 2008), respectively. MTW1-tdTomato was generated in SK1 as 

described in (Fernius et al., 2013). pCLB2-CDC20 were described in (Lee & Amon, 

2003) and (Matos et al., 2008), respectively. pGAL-NDT80 pGPD1-GAL4(848)-ER 

for prophase I block release was described in (Benjamin et al., 2003) Chromosome 
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III fragment (CFIII) for chromosome loss assays carrying HIS3 and Sup11 was 

described in (Hieter et al., 1985). In This work DSN1-6His-3FLAG constructs with 

point mutation derived from plasmid pSB1590 (Akiyoshi et al., 2009) by site directed 

mutagenesis and integrated into the DSN1 endogenous locus by PCR-mediated 

transformation. Mam1-Dsn1-6His-3FLAG and Csm1-Dsn1-6His-3FLAG, were 

constructed in the lab by Dr E. Duro. Ndc80- yeGFP constructed in the lab by Dr N. 

Vincenten, by trasfomation of yeGFP extended from plasmid AMp890. Hrr25 was 

tagged with 6HA by extension from AMp470. hrr25-zo strain was kindly received 

from the Nasmyth lab described in Petronczki et al. 2006. hrr25-zo was cloned into 

SK1 by extension of Hrr25 gene and generation of AMp1331, AMp1331 was in turn 

extend by PCR and transformed into the native Hrr25 locus of a SK1 strain.  

 

6.3.2 Budding yeast media and drugs 

The following is a table (6.2) of media used for the growth of budding yeast: 

Table 6.2 Yeast Media  

Media Composition Concentration 

YEPDA agar 
plates 

Bacto-peptone 
Bacto-yeast extract 
Glucose 
Adenine 
Agar  

2% w/v 
1% w/v 
2% w/v 
0.3 mM 
2% w/v 

4%YEPDA agar 
plate 

Bacto-peptone 
Bacto-yeast extract 
Glucose 
Adenine 
Agar 

2% w/v 
1% w/v 
4% w/v 
0.3 mM 
2% w/v 

YPG agar plates Bacto-peptone 
Bacto-yeast extract 
Glycerol 
Adenine  
agar 

2% w/v 
1% w/v 
2.5% v/v 
0.3 mM 
2% w/v 

SPO (sporulation) 
agar plates 

KAc 
Agar  

0.3% w/v 
2% w/v 

Dropout media 
agar plates 

To make dropout media, yeast nitrogen base 
without amino acids was mixed with 
synthetic complete 
mixture without a specific amino acid (SC/-
AAs): 
 
Yeast nitrogen base 
Formedium synthetic complete dropout 
Glucose 
Adenine 
Agar 

 
 
 
 
 
 
1% (w/v) 
1x 
2% (w/v) 
0.3 mM 
2% (w/v) 
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YEPDA Bacto-peptone 
Bacto-yeast extract 
Glucose 
Adenine 

2% w/v 
1% w/v 
2% w/v 
0.3 mM 

YPA Bacto-peptone 
Bacto-yeast extract 
KAc 

2% w/v 
1% w/v 
1% w/v 

BYTA Bacto-tryptone 
Bacto-yeast extract 
KAc 
K phthalate 

2% w/v 
1% w/v 
1% w/v 
50 mM 

SPO (sporulation) 
media 

KAc 0.3% (w/v) 

Dropout media To make dropout media, yeast nitrogen base 
without amino acids was mixed with 
synthetic complete 
mixture without a specific amino acid (SC/-
AAs): 
 
Yeast nitrogen base 
Formedium synthetic complete dropout 
Glucose 
Adenine 

 
 
 
 
1% (w/v) 
1x 
2% (w/v) 
0.3 mM 

 

To select for the KanMX marker in budding yeast strains, G418 was used at a 

concentration of 400 μg/ml (made by dissolving the powder in water) in YEPDA agar 

plates. To select for the hphMX6 marker in budding yeast strains, hygromycin (HPH) 

was used at a concentration of 400 μg/ml (stock HPH 50 mg/ml) in YEPDA agar 

plates. To select for the NatMX6 marker in budding yeast strains, Clonat was used 

at a concentration of 100 μg/ml (200 mg/ml Clonat stock in water) in YEPDA agar 

plates. To make diploid strains, α-factor was spread onto YEPDA plates to a final 

concentration of 10 μg/ml (5 mg/ml stock α-factor in DMSO, synthesised by Peptide 

Protein Research). In meiotic strains containing the pGAL-NDT80 block/release 

construct, 1 μM β-estradiol (5 mM β-estradiol stock in ethanol) was added to the 

cultures to induce NDT80 expression. 

6.3.3 Budding yeast vegetative growth  

Haploid SK1 budding yeast were placed from -80 oC onto YPG agar plates (to 

ensure maintenance of mitochondria in the cells), and incubated at 30oC overnight, 

except for W303 strains which were placed from -80 oC onto YEPDA agar plates 

directly. Haploid SK1 strains were then transferred to YEPDA the next morning and 

incubated at 30oC. Diploid SK1 strains were transferred onto 4% YEPDA the next 

morning and transferred onto a new 4% YEPDA plate every 24 hours, to prevent 
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sporulation. For vegetative growth of diploid SK1 budding yeast, cultures were 

grown by placing a small amount of yeast into YEPDA or selective media to a 

maximum of 10% total volume of the flask. All budding yeast liquid media cultures 

were grown at 30oC shaking at 250 rpm. 

6.3.4 Budding yeast cell growth in meiosis  

Diploid yeast were placed from -80oC onto YPG agar and grown at 30oC overnight 

before being transferred to YEPDA 4% agar and incubated at 30oC for ~9 hours 

before inoculating into YEPDA liquid medium and incubating with shaking for 24 

hours. Cells were transferred to BYTA or YPA at an OD600 = 0.2 – 0.3 and incubated 

for a further ~16 hours. Cells were washed once with sterile distilled water and re-

suspended in SPO medium at an OD600 = 1.8 – 1.9; t=0. The time in SPO was 

dependent on the experimental method or arrest used. Cells were incubated at 30oC 

for the duration. 

6.3.5 Metaphase I arrest using the pCLB2-CDC20 construct 

Diploid strains containing the pCLB2-CDC20 (Lee & Amon, 2003) construct were 

induced to undergo meiosis, as described above. The SPO cultures were incubated 

at 30oC shaking at 250 rpm for 6 hours to allow the metaphase I arrest to occur. The 

arrest was monitored by tubulin immunofluorescence (see 6.6.3), as metaphase I 

arrested cells have a distinct short, rectangular spindle by immunofluorescence. 

 

6.3.6 pGAL-NDT80 block/release prior to imaging 

Diploid strains containing the pGAL-NDT80 construct (Benjamin et al., 2003) were 

induced to undergo meiosis, as described above, and incubated at 30oC shaking at 

250 rpm for 6 hours into the prophase I arrest. The diploid strains were induced to 

exit from the prophase I arrest and progress through meiosis I and II nuclear 

divisions by addition of 1 μM β-estradiol then incubated at 30oC shaking at 250 rpm 

for 2 hours. At which point cells were transferred to imaging dishes and imaged as 

described below (6.6.4.2).  
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6.3.7 High efficiency yeast transformation  

Table 6.3 High efficiency yeast reagents  

Solution Composition Concentration 

TE Tris-HCl pH 7.5 
EDTA pH 7.5 

10 mM 
1 mM 

LiTE LiAc pH 7.5 
TE 

100 mM 
1X 

40 % PEG solution PEG4000 
LiAc pH 7.5 
TE 

40 % 
100 mM 
1x 

 

The budding yeast strain was inoculated into 10 ml YEPDA pre-culture and 

incubated overnight at 30oC shaking at 250 rpm. In the morning, the cells were 

diluted to OD600 = 0.2 in 50 ml YEPDA and incubated at 30 oC shaking at 250 rpm for 

4-5 hours, or until the OD600 = 0.6-1. The cells were harvested by centrifugation at 

3000 rpm for 3 min. The cells were washed in 10 ml water before being transferred 

into a 1.5 ml eppendorf tube with 1 ml water then 1 ml TE. Cells were then 

resuspended in 300 μl LiTE. Separately, 10 μl ExTaq PCR DNA was mixed with 100 

μg carrier DNA (10 μl, 10 mg/ml sonicated salmon sperm DNA), before addition of 

50 µl yeast in LiTE mix and 40 % PEG solution. The yeast were incubated at 30oC, 

shaking at 250 rpm for 30 min, then heat-shocked at 42oC for 15 min. The yeast 

were centrifuged at 3000 rpm for 2 min, the supernatant removed, and the cells 

resuspended in 200 μl TE. For selection of auxotrophic markers yeast were directly 

plated onto amino-acid drop out plates incubated at 30oC. For drug marker selection 

yeast were plated onto YEPDA plates and allowed to grow at 30oC overnight, before 

replica plating onto YEPDA plates containing drugs.  

Colonies were then selected and streaked to single colonies on selective plates. 

Then further screened by colony PCR for all yeast and western blotting for tagged 

strains before final transformant was selected.  

6.3.8 Yeast Crosses  

To cross strains, haploid strains of complimentary mating types were selected. One 

of the strains was patch onto YEPDA plates in a large patch. A small amount of the 

second strain, which must contain a selection marker not present in the first strain, 

was mixed into the large patch of the first. They were then incubated at 30oC for 8 or 

16 hours to allow for crossing. Yeast was then streaked to single colonies on the 

unique selection marker of the second strain and incubated at 30oC for 
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approximately 48 hours. Diploid colonies were then transferred onto YEPDA plates 

and incubated at 30oC for a further 24 hours to allow expansion. They were then 

transferred to SPO plates and incubated at 30oC for 48 hours to allow diploids to 

sporulate. 

6.3.9 Tetrad Dissection  

The product of a cross which has sporulated, as described above, was then 

digested by incubation in 20 μl 1 mg/ml zymolyase (AMS Biotechnology) in 2 M 

sorbitol for 8 min, before 1 ml water added to stop the digestion. A streak of 20 μl of 

cells was placed down the centre of a dry YEPDA agar plate, and the tetrads 

dissected into individual spores using a micromanipulator on a Nikon Eclipse 50i 

light microscope. The YEPDA plate was then incubated at 30oC for 48 hours to 

allow spore germination and colony formation. Single colonies were patched onto 

fresh YEPDA plates and incubated at 30oC for 24 hours, before the genotype being 

verified by replica plating on selective media and by yeast colony PCR. 

6.3.10 Spore viability assay 

Crosses and dissection were performed as described above. With the only 

adaptations being a minimum of two isolated diploids were dissected and following 

48 hours for spore germination pictures of the dissection plates were taken using an 

Epson Perfection V550 Photo scanner. The spores which grew were then counted. 

6.3.11 Benomyl sensitivity assay  

Haploid cells were grown at room temperature for ~16 hours in YEPDA with 

shaking. Cultures were then diluted to an OD600=0.1 in water before making serial 1 

in 10 dilutions. Dilutions were plated using 48 pronged “hedgehog” on either YEPDA 

agar or YEPDA containing 12µg/ml, 10µg/ml and 8µg/ml benomyl and incubated at 

25oC for 3 days. Images of plates were taken using an Epson Perfection V550 

Photo scanner. 

6.3.12 Chromosome loss assay  

This assay measures the loss of chromosome III fragment (CFIII) carrying HIS3 and 

Sup11 as described in (Hieter et al., 1985). Loss of Sup11, via loss of CFIII, stops 

suppression of ade2-1 mutation causing a colony colour change from white to red 

(Koshland & Hieter, 1987). W303 haploid yeast were grown in minimal media 

lacking histidine, to ensure maintenance of the chromosome fragment, for ~16 hours 

at room temperature. Cells were washed in YEPD liquid media without the addition 

of adenine. Cell concentration was measure at OD600 to allow dilution for 
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approximately 120 cells per plate and plated on YEPD agar without the addition 

of adenine. After incubation at 25oC for 5 day, the fraction of half-sectored colonies 

was scored. The number of half red colonies was divided by the total number of 

colonies to calculate the CFIII loss rate per cell division. Any completely red colonies 

were excluded as CFIII must have been lost prior to plating. 

6.4 DNA Methods  

6.4.1 E. coli mini prep  

Table 6.4 Mini prep reagents  

Solution  Composition  Concentration 

GTE  Glucose 
EDTA pH 7.5 
Tris-HCl pH 7.5 

50 mM  
10 mM  
25 mM  

Alkaline SDS SDS 
NaOH 
(must be made fresh) 

1 % v/v 
200 mM 

High Salt Buffer KAc 
Adjusted to pH 4.8 using glacial 
acetic acid 

2.5 M 

TE Tris-HCl pH 7.5, 

EDTA pH 7.5 

10 mM 

1 mM 

 

E. coli carrying the desired plasmid were grown in 2 ml of LB+AMP overnight at 

37oC. Cells were transferred to a 1.5 ml Eppendorf and pelleted by centrifuging at 

14,000 rpm for 5 min, at 4oC. Pellet was resuspended in 100 µl GTE and then 

vortexed to mix. 150 µl Alkaline SDS was added and then mixed by inversion. 150 µl 

High Salt buffer was added and mixed by inversion before incubation on ice for 15 

min. Cells were pelleted by centrifuging at 14,000 rpm for 5 min, at 4oC. Supernatant 

was transferred into a fresh Eppendorf containing 900 ml of 100% ethanol precooled 

to -20oC. DNA was pelleted by centrifuging at 14,000 rpm for 5 min, at 4oC. DNA 

pellet was resuspended in 200 µl of 70% ethanol precooled to -20oC. DNA was re-

pelleted by centrifuging at 14,000 rpm for 5 min, at 4oC. The supernatant was 

poured off, the tube tapped on to tissue paper then left open at room temperature for 

~10 min until the remaining ethanol had evaporated. The dried pellet was then 

resuspended in 50 µl TE before storage at -20oC.  
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6.4.2 E. coli Midi prep  

Reagents as Mini Prep with the addition of;  

Table 6.5 Midi Prep reagents  

Solution  Composition  Concentration 

LiCl  LiCl 5 M  

EtOH/NaAc EtOH 
NaAc 

90% v/v 
0.3 M 

 

E. coli carrying the desired plasmid were grown in 50 ml of LB+AMP overnight at 

37oC. Cells were transferred to a 50 ml falcon tube and pelleted by centrifuging at 

3,600 rpm for 5 min, at 4oC. Pellet was resuspended in 2.5 ml GTE and then 

vortexed to mix. 5 ml Alkaline SDS was added and vortexed briefly. 2.5 ml High Salt 

buffer was added and vortexed briefly. Cells were pelleted by centrifuging at 3,600 

rpm for 5 min, at 4oC. Supernatant was poured through a kimwipe into a fresh 50 ml 

falcon. 10 ml of isopropanol was added then the DNA pelleted by centrifuging at 

3,600 rpm for 5 min, at 4oC. The pellet was then was resuspended in 750 µl TE 

before the addition of 1 ml LiCl, mixed by inversion and incubation on ice for 20 min, 

to precipitate RNA. The RNA was pelleted by centrifuging at 3,600 rpm for 5 min, at 

4oC. The supernatant was taken and transferred to a fresh 15 ml falcon, 3.5 ml of 

ethanol was added and mixed by inversion prior to incubation at -20oC for 10 mins. 

DNA was pelleted by centrifuging at 3,600 rpm for 5 min, at 4 oC. The DNA pellet 

was then was resuspended in 200 µl TE before the addition of 500 µl EtOH/NaAc 

and mixed by inversion prior to incubation at -20oC for 10 mins. DNA was pelleted 

by centrifuging at 3,600 rpm for 5 min, at 4oC. The supernatant was poured off, the 

tube tapped on tissue then left open at room temperature for ~10 min till the 

remaining ethanol had evaporated. The dried pellet was then resuspended in 200 µl 

TE before transfer to an Eppendorf tube for storage at -20oC.  

6.4.3 Genomic DNA extraction form Budding yeast (Smash and Grab)  

Used for extracting the genomic DNA of budding yeast prior to PCR for sequencing 

or cloning. Was used on both haploid and diploid yeast which were growing on 

YEPDA.  
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 Table 6.6 Genomic DNA extraction from Budding yeast reagents  

Solution   Composition  Concentration 

DNA breakage buffer  
 

Triton X-100 
SDS 
NaCl 
Tris-HCl pH 8.0 
EDTA pH 8.0 

2 % v/v 
1 % v/v 
100 mM 
10 mM 
1 mM 

TE Tris-HCl pH 7.5, 
EDTA pH 7.5 

10 mM 
1 mM 

 

A toothpick was used to mix yeast taken from a plate into 200 µl of DNA breakage 

buffer. A scoop of glass beads of ~100 µl (0.5 mM zirconia/silica glass beads, 

Biospec Products) was added to this mix followed by 200 µl phenol:chloroform, then 

mixed for 3 min continuously using a multi-vortexer. Yeast mix was then centrifuged 

at 13,500 rpm for 5 min, which separated the sample into a pellet and two aqueous 

phases with a lipid layer separating them. Around 120 µl of the upper aqueous layer 

was transferred to a fresh Eppendorf tube containing 1 ml of ethanol pre-cooled to -

20oC. DNA was pelleted by centrifugation at 13,500 rpm for 5 min, ethanol was 

removed and tube was left open at room temperature for ~15 min until all the 

ethanol had evaporated. DNA was then resuspended in 50 µl TE and then used 

immediately as a substrate for PCR or stored at -20oC. 

6.4.4 PCR reactions 

6.4.4.1 Yeast Colony PCR  

Yeast colony PCR was performed using a Taq DNA polymerase isolated within the 

lab and 10x PCR buffer containing: 70 mM MgCl2, 500 mM KCl, 100 mM Tris (pH 

8.3) and 0.1% Gelatin. The composition of the reaction mix and program of the 

reaction is listed in tables below. Prior to setting up the reaction the PCR machine 

was started to allow preheating to 95oC. A toothpick was used to add a small 

sample of yeast to the PCR reaction mixture. Both the making of the reaction mix 

and the addition of the yeast was performed on ice. The yeast containing reaction 

mix was placed in the pre-heated PCR machine and program begun for 

amplification of the DNA.  
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Table 6.7 Colony PCR reagents  

Solution Volume (μl) 

10x PCR Buffer 2 

2.5 mM dNTPs (Promega)  1.6 

20 μM forward primer 1 

20 μM reverse primer 1 

dH2O 14 

Lab Taq 0.4 

 

 Table 6.8 Colony PCR reaction program  
 

Step Temperature (oC)  Time  

1 95 10 min 

2 95 30 sec 

3 50-60 (dependent on 
primer)  

30 sec 

4 72 3 min 

 Repeat steps 2- 4 for 29 cycles  

5 72  10 min  

6 10  Hold 

 

6.4.4.2 PCR using TaKaRa ExTaq DNA polymerase  

TaKaRa Extaq DNA polymerase (TaKaRa order number: RR001) has higher base 

accuracy than in house Taq polymerase. It was therefore used for extension for 

yeast transformation, including for Dsn1 gene and tags, and for PCR extension prior 

to sequencing. PCR was performed using the TaKaRa ExTaq kit as described in 

manufactures protocol. 

 

Table 6.9 ExTaq PCR reagents 
 

Solution Quantity  

10x Ex Taq Buffer    10 µl 

dNTPs 8 µl 

100 µM Forward Primer 1 µl 

100 µM Reverse Primer  1 µl 

DNA (plasmid or smash and 
grab product) 

50-150 ng 

Ex-Taq 0.5 µl 

dH2O Make up total volume to 100 µl  
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Table 6.10 ExTaq PCR reaction program  
 

Step Temperature (oC)  Time  

1 95 5 min 

2 95 30 sec 

3 50-60 (dependent on 
primer)  

30 sec 

4 72 1 min/kb  

 Repeat steps 2- 4 for 25 cycles  

5 72  10 min  

6 10  Hold 

 

6.4.4.2 PCR using Q5 DNA polymerase  

Q5 DNA polymerase (NEB, order number: M0491) was used predominantly for 

extension of DNA prior to cloning by Gibson assembly. PCR was carried out in 

accordance with manufactures instructions.  

Table 6.11 Q5 PCR reagents  

 

Solution Quantity 

10x Q5 Buffer (NEB)  20 µl 

dNTPs (promega)  8 µl 

100 µM Forward Primer 0.5 µl 

100 µM Reverse Primer  0.5 µl 

DNA (plasmid or smash and 

grab product) 

~500 ng 

Q5 polymerase (NEB)  1 µl 

dH2O Make up total volume to 100 µl  

 

Table 6.12 Q5 PCR reaction program  
 

Step Temperature (oC) Time 

1 98 30 sec 

2 98 10 sec 

3 55-65 (dependent on 
primers)  

30 sec 

4 72 45 sec /kb  

 Repeat steps 2- 4 for 25 cycles  

5 72  2 min  

6 10  Hold 
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6.4.5 PCR purification  

PCR product purification was performed using a spin column purification kit, Qiagen 

QIAquick PCR purification kit (Order number: 28104), performed as instructed by 

the manufacturer. Purified PCR product was stored at -20oC.  

6.4.6 Agarose gel electrophoresis 

To visualise DNA after extension by PCR or digestion by restriction enzymes, DNA 

was run onto agarose gels with contained ethidium bromide for staining of the DNA. 

The gel was made by dissolving 0.5-1% w/v agarose in TAE buffer (40 mM Tris, 1 

mM EDTA, 0.11 % v/v acetic acid) by microwave. The gel was then allowed to cool 

briefly before being poured into a gel cast (Thermo Scientific) before the addition of 

5 µl/ml ethidium bromide which was well mixed into the gel. A comb was added and 

the gel was allowed to set. Orange G loading buffer (0.1 % w/v Orange G, 10 % 

glycerol, 1 mM EDTA pH 8.0) was added to the DNA at a ratio of 1/6. The gel was 

submerged in TAE buffer before the DNA was loaded onto the gel along with 7.5 µl 

of DNA ladder (NEB 1 kb DNA ladder, order number: N3232L). Constant voltage of 

90-120 was applied to the gel for 30-45 min. DNA was then visualised by using a UV 

trans-illuminator.  

6.4.7 DNA Gel extraction  

DNA was isolated form agarose gel by first excising the band of the desired size 

from the gel. Followed by use of the Qiagen QIAquick Gel extraction kit (Order 

number: 28704) in accordance with the manufacturer’s instructions.  

6.4.8 Ethanol precipitation  

To ethanol precipitate DNA, a volume of 3 M NaAc 10% of the total DNA volume 

was added to the DNA, followed by 2.5x the volume of ethanol which had been pre-

cooled to -20oC. DNA was pelleted by centrifugation at 13,500 rpm for 10 min at 

4oC. Supernatant was poured off, then the DNA pellet was resuspended in 70% 

ethanol in water before being pelleted again by centrifugation at 13,500 rpm for 10 

min at 4oC. The supernatant was again poured off and the tube left open at room 

temperature for ~15 min for the remaining liquid to evaporate. Before the DNA was 

resuspended in TAE.  
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6.4.9 Cloning by Gibson Assembly 

 

 

Plasmid fragments were extended using Q5 polymerase (see section 6.4.4.2) using 

primers which incorporated complimentary sequences at the sites which are 

intended to be joined. To digest the parental plasmid 8 µl of PCR product was 

added to 1 µl of Cutsmart buffer (NEB) with 1 µl of Dpn1 (NEB) then incubated at 

37oC for 30 min before deactivation of Dpn1 by incubation at 80oC for 20 min. DNA 

products were mixed at a 5:1 molar ratio of insert to vector, with 100 ng of vector 

and amount of insert calculated accordingly. PCR products were added to 10 µl of 

the Gibson Assembly reaction mixture (Table 6.13) and total volume of reaction 

made up to 20 µl. Reaction was incubated at 50oC for 30 min then cooled to 10oC. 

Then 2 µl of the reaction mix was used for transformation of chemically competent 

DH5α cells as described in 6.2.5.  

6.4.10 Site directed mutagenesis 

Site directed mutagenesis of plasmids was performed using the QuikChange II XL 

Site Directed Mutagenesis Kit (Agilent Technologies, order number: 200522), 

according to the manufacturer’s protocol. With some minor alterations in the primer 

design, with primers designed longer than the 45 bp limit suggested by the protocol 

and Tm ≥ 80oC. In addition, the plasmid extension reaction was divided across a 

gradient of annealing temperatures from 60-70oC and extension time was extended 

to 1.5 min/kb. Reactions were pooled before parent strand digestion as described in 

Table 6.13 Gibson Assembly Master Mix  
 

Solution   Composition Concentration 

5x ISO Buffer  
(Buffer was 
made and store 
at -20oC) 
 

Tris-HCl, pH 7.5 
MgCl2 
dATP (New England Biolabs N0446S) 
dCTP (New England Biolabs N0446S) 
dGTP (New England Biolabs N0446S) 
dTTP (New England Biolabs N0446S) 
DTT 
PEG- 8000 
NAD (Merck N1511) 

0.5 M 
50 mM 
1 mM 
1 mM 
1 mM 
1 mM 
50 mM 
1% (w/v)  
5 mM 

Gibson 
Assembly 
reaction mixture 
(buffer made 
and store at -
20oC as 10 µl 
aliquots) 

ISO buffer 
T5 Exonuclease (New England Biolabs 
M0363S) 
Phusion Polymerase (New England Biolabs 
F530L) 
Taq Ligase (New England Biolabs M0208L) 
 

1x 
0.08 
units/reaction  
0.5 units/reaction 
 
80 units/reaction  
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the protocol. DNA was then ethanol precipitated and resuspended in 10 µl of TE 

before 2 µl of this product was used for transformation of XL10-Gold E. coli as 

described in 6.2.6.  

6.4.11 DNA sequencing  

All DNA sequencing was carried out by Edinburgh Genomics on an ABI 3730 DNA 

Analyser (Applied Biosystems, ThermoFisher). The resulting sequence data was 

then analysed on either Lasergene (DNA STAR) or the data alignment tools within 

Benchling (online lab book software). The preparation of plasmid or yeast DNA prior 

to the sequencing differed. Primers were designed so that the whole gene as well as 

cloning sites for plasmids were covered with the assumption that each primer would 

extend for approximately 500 bp.  

6.4.11.1 Plasmid DNA preparation  

 
Table 6.14 Plasmid Sequencing Big Dye reaction  
 

Solution Volume (µl) 

Mini-Prep DNA  1  

BigDye V3.1 (Applied 
Biosystems, ThermoFisher) 

2  

Primer 0.5 

5x Sequencing Buffer 2  

dH2O 4.5  

 

Table 6.15 Plasmid Sequencing BigDye 
reaction program  
 

Step Temperature (oC) Time 

1 95 5 mis 

2 95 30 sec 

3 55  15 sec 

4 60 4 min 

 Repeat steps 2- 4 for 25 cycles  

6 10  Hold 

 

6.4.11.2 Yeast DNA preparation  

Genomic DNA was isolated form yeast sample by the “smash and grab” method 

described in 6.4.3. The gene which was to be sequenced was then extended using 

ExTaq polymerase (see 6.4.4.2). If a strong single band could be seen following the 

extension the PCR product was then isolated using Qiagen QIAquick PCR 

purification kit as described in 6.4.6. 1 µl of this isolated PCR product could then be 



119 
 

used in the same BigDye Sequencing reaction as performed for Plasmid DNA 

preparation.  

6.5 Protein Methods 

6.5.1 TCA Protein extraction  

Table 6.16 TCA extraction reagents 

Solution   Composition Concentration 

TCA  
(Store at 4oC and 
protected from light)  

TCA 
dH2O 

5% 
95% 

TE Tris pH 7.5  
EDTA 

50 mM 
1 mM 

Protein Breakage Buffer 
(make immediately prior to 
use)  

TE 
DTT 
50x Protease inhibitors  

1 ml 
2.75 µl 
20 µl 

3x SDS sample Buffer Tris-HCl pH 6.8 
β-mercaptoethanol 
glycerol 
SDS 
bromophenol blue 

187 mM 
6 % v/v 
30 % v/v 
9 % v/v 
0.05 % w/v 

 

For meiotic samples 10 ml of culture in a stage of exponential growth was taken, for 

meiotic samples 5 ml was taken. Sample was spun at 3000 rpm for 3 min at 4oC to 

pellet cells. Supernatant was removed and 5 ml 5% TCA was added to the pellet. 

Pellet was resuspended but taking care to not expose it to light for too long or to let 

it heat up. Cells in the TCA were incubated on ice for at least 10 min. They were 

then spun down and the TCA poured off. This would leave just enough for the pellet 

to be resuspended in for transfer to a 2 ml fast prep tube. Cells were again pelleted 

by centrifuging at 3000 rpm for 3 min at 4oC The remaining TCA was removed, the 

pellet was snap frozen in liquid nitrogen and stored at -80oC for a minimum of 16 

hours.  

 

Cell pellet was removed from the -80oC and was briefly allowed to thaw at room 

temperature. Cell pellet was then suspended in 1 ml acetone and vortexed. The 

cells were then spun at 13,500 rpm for 7 min. The acetone was then removed using 

a pipette. The pellet was then left to dry out fully in a fume hood. This was a 

minimum of 2 hours but was often left for 16 hours. 

 

The dried pellet was suspended in 100 µl protein breakage buffer and glass beads 

(0.5 mM zirconia/silica 218 glass beads, Biospec Products) of approximately 100 µl 

were added into the cell mix. The cells were then broken in a Fastprep Bio-



120 
 

Pulveriser FP120 at 6.5 speed for 3 cycles of 45 sec. 50 µl of 3x SDS of sample 

buffer was added to the lysate. Samples were then incubated for 5 min on a hot 

plate that had been pre-heated to 100oC. Samples were then either stored at -20oC 

or spun down briefly before loading onto an SDS-PAGE gel for visualisation.  

6.5.2 SDS-PAGE protein gels 

 

Table 6.17 SDS-PAGE protein gel reagents  
 

Solution   Composition Concentration 

Separation buffer  Tris Base 
SDS 

1.5 M 
0.4% W/V 

Stacking buffer Tris Base 
SDS 
pH to 6.8 with glacial acetic acid 

0.5M  
0.4% W/V 

Running Buffer Tris 
Glycine 
SDS 

25 mM 
190 mM 
0.01 % w/v 

 

 

 

Table 6.18 SDS-PAGE protein gel composition  
 

Solution   Composition Volume  

10% Resolving gel  30% Acrylamide  
Separation buffer (Table 6.22) 
dH2O 
10% ammonium persulphate (APS) 
TEMED  

10 ml 
7.5 ml  
12.5 ml  
450 µl 
30 µl  

4% Stacking gel 30% Acrylamide  
Stacking Buffer (Table 6.22) 
dH2O 
10% APS  
TEMED 

2 ml  
7.5 ml 
5.3 ml 
150 µl 
15 µl 

 

Separation was usually performed on a 10% gel however for particularly large or 

small proteins the percentage acrylamide was adjusted to 8% or 12% respectively. 

This was done by changing the volume of acrylamide and water accordingly. As 

APS and TEMED are the polymerising reagents the other component were added 

and the gel pouring system set up with the gels before they were added.  

 

SDS page gel was made using 5 ml resolving gel and 2 ml stacking gel (Table 6.18) 

for Mini Trans-Blot System. Glass plates were placed into pouring apparatus as 

described by the manufacture instructions (Biorad). The stacking gel was poured 



121 
 

between the plates, then 1 ml of isopropanol was pipetted on top to form a level top 

on the gel. Gel was then left to polymerise. Once set the isopropanol was tipped off 

and the gel top was rinsed with water and the remaining liquid dabbed out. The 

stacking buffer was then poured to completely fill the cavity, then a comb with 10 or 

15 wells was added. This was again allowed to polymerise before using the gel.  

The gel could then be moved to a Mini Trans-Blot apparatus (Biorad) and the tank 

was filled with running buffer (Table 6.17) in accordance with the manufacturer’s 

instructions. 7-15 µl of TCA extracted proteins in loading buffer (described in6.5.1) 

could then be loaded and along with 7.5 µl Rainbow Ladder (Merck, Order number: 

RPN800E) which allowed for the estimation of molecular weight. The SDS-page gel 

was run at 180 V for around 45 min or until the loading dye had reached the end of 

the gel.  

 

6.5.3 Western blotting  

Table 6.19 Western Blotting reagents 

Solution   Composition Concentration  

Transfer Buffer Tris 
glycine 
SDS 
MeOH 

25 mM 
1.5 % w/v 
0.02 % w/v 
10 % v/v 

Ponceau S staining 
solution  

Ponceau S 
TCA 
Acetic acid 

0.47 % w/v 
3 % w/v 
1 % v/v 

PBS NaCl 
KCl  
Na2PO4 
KH2PO4 

13.7 mM 
270 μM 
1 mM 
176 μM 

PBST PBS 
Tween20 

0.05 % v/v 
Tween20 

 

In order to perform a western blot protein must first to transferred to a nitrocellulose 

membrane (0.45 μM nitrocellulose blotting membrane, GE Healthcare, Amersham). 

This was performed in Biorad transfer unit according to manufacturer’s instructions 

in Transfer Buffer. The transfer cassette was arranged so that the gel and 

nitrocellulose membrane had 2 sheets of blotting paper (GE Healthcare TE70) and a 

sponge on both sides. The stack was made up submerged in Transfer buffer (Table 

6.19) and pressed to remove any air bubbles. An ice pack was added to the transfer 

tank to prevent overheating. The transfer was run at 90 V for 90 min.  
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Transfer was checked by staining for total protein on the nitrocellulose membrane. 

The membrane was first washed briefly in water (~ 2 min) and then placed in 

Ponceau S staining solution until bands could be identified. The membrane was 

again washed in water first to more clearly see protein band pattern and then to 

completely remove staining.  

 

Membrane was then transferred into a solution of 5% Milk in PBST to block the 

exposed membrane. Membrane was left in this solution at room temperature for 30 

min. The blocking solution was removed and the membrane was then incubated 

with primary anti-body (Table 6.20) in a 2% Milk in PBST solution. Membrane was 

incubated in this primary anti-body solution at 4oC overnight (~16 hours). Membrane 

was then rinsed briefly in PBS before being incubated in PBST for 15 min on a tilting 

platform. This PBST washing step was repeated twice more, before incubation with 

the secondary antibody. A secondary antibody which was Horseradish Peroxidase 

(HRP)-coupled (Table 6.20) and in a solution of 2% Milk in PBST. The membrane 

was incubated with the antibody at room temperature for 1 hour on tilting platform. 

Three PBST wash steps were then performed as before.  

 

Antibody could then be visualised by ECL (Enhanced chemiluminescence). For this 

SuperSignal West Pico chemiluminescence kit (Thermo Scientific, order number: 

34580) was used as in accordance with the manufacturer’s instructions. For proteins 

of low abundance or poor antibody signal, it could be enhanced by supplementing 

the Pico chemiluminescence by with SuperSignal West Femto chemiluminescence 

kit (Thermo Scientific,order number: 34094) at 10-30% off the total volume 

depending on the protein being visualised. In a dark room, the nitrocellulose 

membrane was exposed to X-ray film (Agfa Healthcare CP-BU, blue), and the film 

developed using a Konica-Minolta SRX-101A developer. 

Table 6.20 Antibodies used for western blotting 
 

Target Primary/ 
Secondary 

Concentratio
n 

Antibody 
Species  
 

Source/company 

Pgk1 Primary 1/10000 Rabbit Homemade (C. 
Fox) 

FLAG (M2) Primary 1/1000 Mouse Merck (F1804) 

HA (HA11) Primary 1/1000 Mouse Biolegend 
(MMS-101R) 

HA (12CA5) Primary 1/1000 Mouse Primary Roche 
(11666606001) 



123 
 

Myc (9E10)  Primary 1/1000 Mouse Biolegend (658502) 

Anti-mouse  
 

Secondary 1/5000 Sheep ECL VWR GE 
healthcare 
(NXA931) 

Ant-Mouse  Secondary 1/5000 Sheep VWR GE 
healthcare 
(NXA931) 

 

6.5.4 Isolation of kinetochores by immunoprecipitation 

Kinetochores were isolated from cells as described in (Akiyoshi et al., 2009) with 

some modifications. The complete process will be described below.  

6.5.4.1 Cell growth and drop freeze harvesting 

Mitotic growth was carried out as described in 6.2.2, with some the following 

additional specifications. The strains were first inoculated into a 25 ml of YEPDA 

media and allowed to grow for 8 hours before 5 ml of this culture was transferred in 

300 ml of YEPDA. This culture was then left to grow for 16 hours. 6 x 1 litre in 5 litre 

flasks were then inoculated to an OD600 = 0.1. This were then incubated until they 

reach an OD600 = 0.9. This took around 7 and a half hours for healthy strains.  

Meiotic strains were grown as described in 6.2.3 with some the following additional 

specifications. Initial incubation was into 100 ml of YEPDA in which it was allowed to 

grow for 24 hours. The a premeiotic culture was set up in YPA at an OD600= 0.3, this 

was grown over night for approx. 16 hours. Then 6 x 500 ml cultures at OD600 = 1.9 

were set up in SPO and grown for 6 hours.  

 

Once cells had grown they were pelleted by centrifuging at 4000 rpm for 10 min at 

4oC in a large Beckman Avanti J25 centrifuge. The pellet was then washed twice in 

water, pre-cooled to 4oC, by first suspending the pellet then centrifuging again at 

4000 rpm for 10 min at 4oC. Following the washes the cells were transferred to a 50 

ml falcon using water and again pelleted by centrifuging but at 3000 rpm for 5 min at 

4oC in a large bench top centrifuge. At this point the pellet was weighed. Pellet was 

then resuspended in 1 ml/ 5 g of pellet of water with 0.2 mM PMSF and 1x CLAAPE. 

The cells were then dropped slowly using a 10 ml pipette in liquid nitrogen so that 

they formed spheres. These were then transferred into a fresh falcon and stored at -

80oC until all strains for an experiment had been harvested.  
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6.5.4.2 Grinding  

Harvested cells were ground into a powder using the Retsch MM400 Twin 

Biopulveriser. The capsule and ball were pre-cooled in liquid nitrogen. An 

approximately even weight of cell was added to each capsule, each capsule take no 

more than 13 g. They were then ground by Biopulveriser at 30 Hz for 3 min, before 

being placed back into liquid nitrogen till they had been cooled. This was repeated 4 

times. Grindates was then transferred to a fresh falcon and stored at -80oC.  

6.5.4.3 Conjugation of anti-body to Protein G-beads  

Prior to immunoprecipitation (IP) of Dsn1 the antibody must first be bound to protein 

G-dynabeads. This was usual done the day before the IP.  

Table 6.21 Anti-body Conjugation Reagents  
 

Solution   Composition Volume 

0.1 M Na-phosphate buffer 
pH 7.0 

0.5M Na2HPO4  
1M NaH2PO4    
dH2O 

58 ml 
21 ml 
421 ml 

PBS NaCl 
KCl  
Na2PO4 
KH2PO4 

13.7 mM 
270 μM 
1 mM 
176 μM 

PBST PBS 
Tween-20 

0.01 % v/v 
Tween20 

 

For each strain 500 μl of Protein G Dynabeads (Invitrogen 20 mg/ml) was placed in 

a separate 1.5 ml Eppendorf this allowed them to be concentrated using a magnetic 

rack so that the supernatant they are suspended in could be removed. Beads were 

washed twice in 1 ml 0.1 M Na-phosphate buffer (Table 6.21) by suspension 

inversion followed by concentration on the magnet. Beads were then suspended by 

inversion in 500 µl of 1 mg/ml M2 FLAG antibody (Merck, order number: F1804) and 

500 µl of 0.1 M Na-phosphate buffer (Table 6.21). The beads were then incubated 

at room temperature for 25 min with gentle agitation. Beads were then contracted on 

the magnet and washed in 1 ml of 0.1 M Na-phosphate buffer pH 7.0 with 0.01% 

Tween 20. They were then washed twice in 1 ml of 0.2 M triethanolamine, pH 8.2. 

Then suspended in 1 ml of 20 mM Dimethyl Pimelimidate (DMP) (in Merck, order 

number: D8388) in 0.2 M triethanolamine, pH 8.2 and incubated for 30 min at room 

temperature with rotation. Beads were concentrated on the magnet and suspended 

in 1 ml of 50 mM Tris-HCl, pH 7.5 and incubated for 15 min at room temperature 
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with rotation. Beads were concentrated then washed 3 times in 1 ml PBST (Table 

6.21). Beads where contracted and resuspended in 300 µl of PBST. The beads 

could then be stored at 4oC until needed but not for more than 48 hours.  

 

Before being used for IP they must be concentrated and resuspend in the same 

buffer (with inhibitors) that is used for the lysate.  

 

6.5.4.4 Immunoprecipitation  

Table 6.22 Immunoprecipitation Reagents  
 

Solution   Composition Concentration 

Buffer H0.15 
(store at 4oC)  

HEPES-KOH  
MgCl2   
EDTA   
EGTA-KOH  
Glycerol   
NP-40  
KCl 

25 mM 
2 mM 
0.1 mM 
0.5 mM 
15% 
0.1% 
150 mM 

2000X CLAAPE 
(store at -80oC) 

Chymostatin (Melford, C1104) 
Aprotinin (Melford, A2301) 
Leupeptin (Melford, L1001) 
E-64 (Melford, E1101) 
Pepstatin A (Melford, P2203) 
Antipain, dihydrochloride (Melford, 
A0105) 

10 mg/ml 
10 mg/ml 
10 mg/ml 
10 mg/ml 
10 mg/ml 
10 mg/ml 

20x phosphatase 
inhibitors 
(store at 4oC) 

Sodium pyrophosphate 
Na-beta-glycerophosphate  
Na3VO4 (orthovanadate)  
NaF 

20 mM 
40 mM 
2 mM 
100 mM 

Buffer H 0.15 
supplemented with 
inhibitors 
(Make directly prior to 
use)  

Buffer H 0.15  
Phosphatase inhibitors  
Roche EDTA-free Protease inhibitor  
CLAAPE  
Pefablock  
Benzamidine  
microcystin  
NEM  

 
1x 
1x 
1x 
2 mM 
1 mM 
0.2 µM 
1 mM 

 

Grindate generated as 6.5.4.2 was removed from the -80oC, placed on ice and 

allowed to defrost slightly. Buffer H 0.15 supplemented with inhibitors (Table 6.22) is 

added to cells grindate, at a volume of 16 ml/ 9 g of grindate minus the volume 

added for drop freezing. Cell grindate was resuspended in this mixture by both of 

pipetting and vortexing, taking care to keep it cool. Once resuspended mix was 

incubated on ice for 20 min to lyse cells.  
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Cell were transfer to 13.2 mL thinwall polyallomer tube (Beckman, part number: 

331372) and then to a SW41Ti Beckman Rota, so that they could be centrifuged at 

24,000 rpm for 1.5 hours at 4oC. This will separate the cells suspension into three 

phase, a non-soluble pellet, a large lysate phase and a thin lipid layer on the top. A 

needle and syringe was used to pierce the tube and remove the middle lysate layer, 

care was taken to avoid collection of any of the other two layers. Lysate was 

transferred into 50 ml falcon tubes. This was performed in the cold room and with all 

equipment pre cooled. 

The FLAG conjugated beads washed in buffer H 1.05 with inhibitors could then be 

added to this lysate. Lysate was incubated with beads at 4oC for 2.5 hours with slow 

rotational mixing. The beads were then concentrated on a large magnet that had 

been precooled to 4oC. Lysate could then be removed, a proportion of which was 

snapped frozen in liquid nitrogen to allow testing efficiency of IP. Beads were then 

suspended in 1 ml of Buffer H 0.15 supplemented with inhibitors plus 2 mM DTT and 

incubated at 4oC for 10 min with rotational mixing. They were then again 

concentrated and the supernatant removed. They were washed again once more 

with 1 ml of Buffer H 0.15 supplemented with inhibitors plus 2 mM DTT followed by 

three further washes with 1 ml of Buffer H 0.15 supplemented with inhibitors alone.  

The proteins were then removed from the beads in one of two ways. Firstly and 

predominantly, beads were suspended in 150 µl of FLAG peptide (0.5 mg/ml in lysis 

buffer with inhibitors) and incubated at 4oC for 30 min with gentle agitation. 

Alternatively for a higher level of protein recovery but with higher background, beads 

were resuspended in 50 mM Tris pH 8 with 5% SDS and heated to 70oC for 10 min. 

For either method, 10 µl was then removed for testing by silver stain, the rest was 

snap frozen in liquid nitrogen and stored at -80 oC.  

6.5.4.5 Silver Stain  

Following IP proteins were visualised by being separation on a NuPAGE gel and 

silver stained. To do this the 10 µl of sample removed prior to freezing was mixed 

with 2.5 μl 4x LDS sample buffer (NuPAGE Invitrogen, order number: NP0007) 

supplemented with 5 % β-mercaptoethanol, before being heated at 95oC for 5 min. 

In order to be able to estimate the weights of proteins on the gel a proteins standard 

ladder was also prepared, 1 μl Rainbow Ladder (GE Healthcare Lifescience, order 

number: RPN800E) added to 9 μl 1x LDS sample buffer supplemented with 5% β-

mercaptoethanol and heated at 95oC for 5 min. Proteins standards were also 
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prepared to allow protein concentration to estimated, these were 10 µl of 10 μg/ml, 4 

μg/ml, 2 μg/ml and 1 μg/ml of Bovine Serum Albumin (BSA) protein standards 

(made from 10 mg/ml NEB BSA) added to 2.5 μl 4x LDS sample buffer 

supplemented with 5% β-mercaptoethanol and heated at 95oC for 5 min. Full 

volume of ladder, samples and protein standards were loaded onto a NuPAGE 4-12 

% Bis-Tris 1 mm 10-well gel (Invitrogen, Order number: NP0321) which was 

submerged in 1x MES SDS running buffer (Novex Life Technologies, order number: 

NP0002). Gel was run at 180 V for around 45 min, or until the dye front had reached 

the bottom of the gel.  

Silver staining of the gel was then carried out using Invitrogen SilverQuest Staining 

Kit (order number: LC 6070) in accordance with the standard staining protocol in the 

manufacturer’s instructions. Silver stain was then scanned to have a digital copy.  

 

The gel was dried in order to preserve it. Gel was incubated for 30 min in a drying 

solution consisting of (10 % v/v glycerol, 40 % v/v EtOH), then placed between two 

DryEase Mini Cellophane membranes (Novex Life Technologies, order number: 

NC2380) that had been briefly pre-soaked in the drying solution. The gel was then 

assembled in the Invitrogen DryEase Gel Drying System (Novex Life Technologies) 

and left at room temperature to air dry for a minimum of 24 hours.  

6.5.5 Mass spectrometry 

6.5.5.1 Colloidal Blue staining 

To prepare for in gel protein digestion, samples were run into the gel and stained. IP 

samples were taken out of -80oC and for 140 µl of sample 35 µl of μl 4xLDS sample 

buffer supplemented with 5% β-mercaptoethanol was added. A molecular weight 

standard was also prepared by 1 μl Rainbow Ladder being added to 9 μl 1xLDS 

sample buffer supplemented with 5% β-mercaptoethanol. Both sample and ladder 

were heated to 95oC for 5 min, samples where then spun at 13,000 rpm for 5 min. 

Ladder and samples were then loaded onto NuPAGE 4-12% Bis-Tris 1 mm 10-well 

gels (Invitrogen, Order number: NP0321) which was submerged 1xMES SDS 

running buffer (Novex Life Technologies, order number: NP0002). Samples were 

loaded across two wells and leaving an empty lane between each set of samples. 

Gel was then run at 200 v for just 5 min until the protein had entered the gel and 

formed a tight band. Gel was then removed from cassette and washed in deionised 

water. Gel was then stained with Invitrogen Colloidal Blue Staining Kit (order 



128 
 

number: LC6025) in accordance with manufactures instructions with an overnight 

distaining step in deionised water around 20 hours.  

6.5.5.2 In gel digestion  

Once protein samples were in the gel and stained they were ready to begin peptide 

digestion. In a sterile fume hood and using sterile scalpels, each sample band was 

cut out of the gel and into small 1mm3 sections. Gel pieces were placed in a 1.5 ml 

Eppendorf and covered in 50 mM ammonium bicarbonate (ABC). After at least 5 

min in the ABC solution, the solution was removed and gel pieces were covered in 

equal volumes of acetonitrile (ACN) and 50 mM ABC. Gel pieces were incubated in 

at room temperature for 30 min with gentile agitation, at which point the ACN/ABC 

mix was removed. If gel pieces still contained blue they were again covered in equal 

volumes of ACN and 50 mM ABC and incubated for a further 10 min at room 

temperature with gentile agitation before the moving onto the next step. When gel 

pieces had been distained, they were covered in 10 mM DTT in 50 mM ABC and 

incubated at 30 min at 37oC with gentile agitation. DTT solution was removed and 

gel pieces were submerged in ACN and incubated at room temperature for 5 min. 

ACN solution was removed and gel pieces were covered in 55 mM iodoacetamide 

(IAA). Gel was incubated in IAA for 20 min at room temperature protected from light. 

IAA solution was removed gel pieces were covered in 50 mM ABC and incubated at 

room temperature for 5 mins before this solution was discarded. Gel pieces were 

then covered in ACN and incubated for 5 min then removed and discarded. Before 

the addition of fresh ACN and further incubation for 5 min. Gel pieces were then 

covered in the protease mix, either 13 μg/ml trypsin (Thermo Scientific, Pierce 

Trypsin order number: 90057) in 10% ACN and 10 mM ABC or 13 ng μL-1 AspN 

(Promega, order number:9PIVA116) in 10 mM ABC. For both gel was incubated first 

for 15 min on ice to allow the enzyme to be evenly distributed in the gel, then 

transferred to 37oC to begin digestion, samples were left to digest overnight, ~16 

hours.  

6.5.5.3 Stage tip preparation  

Once peptides had been digested they had to be removed from the gel and loaded 

onto a stage tip ready for injection in to mass spectrometry machine. To do this, 

0.1% (v/v) trifluoroacetic acid (TFA) of equal volume to the digestion mix was added 

to the gel pieces and digestion mix. The pH of the sample was tested using pH 

indicator paper and 1 µl of 10% (v/v) TFA added if the pH was not ≤ 3. Sample was 
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incubated at room temperature for 15 min. The supernatant was remove and 

transfered to a fresh Eppendorf ready for loading onto the stage tip. The gel pieces 

were cover with the smallest possible volume of ACN and incubate for 5 min, before 

transferring to a fresh low bind Eppendorf tube. This tube with ACN solution was 

placed in a speed vacuum until it was completely dry ~45 min.  The peptides were 

then resuspend in 0.1% TFA and this was added to the sample ready for loading 

onto the tip.  

Two disks of Empore C18 (3M) were cut and inserted in a 200 µl pipette tip so they 

form a seal at the bottom. The C18 disks was conditioned by passing through 20 µl 

of methanol followed by 40 µl of 0.1% TFA. The sample was then passed through. 

The disks where then washed with 60 µl of 0.1% TFA. Stage tip were then be stored 

at 4oC until injection into the mass spectrometry machine. 

 

6.5.5.4 Enrichment of Phosphorylated Peptides 

Phosphopeptides were enriched using a titanium dioxide (TiO2) spin tips kit (High-

Select™ TiO2 Phosphopeptide Enrichment Kit, ThermoFisher Scientific). This was 

performed in accordance with the manufacturer’s instructions. With the alteration 

that flow through was retain and loaded onto stage tip (as described in 6.5.5.3) prior 

to analysis by mass spectrometry. Once phosphorylated peptides had been eluted 

from TiO2 spin tips into a low bind Eppendorf tube they were dried in speed vacuum 

before storage at 4oC until injection into the mass spectrometry machine. 

6.5.5.5 Mass spectrometry and analysis 

Samples were prepared for LC-MS/MS analysis by diluting them to 6 μL with 0.1% 

TFA. LC-MS-analyses were performed on an Orbitrap Fusion™ Lumos™ Tribrid™ 

Mass Spectrometer (Thermo Fisher Scientific, UK) coupled on-line to an Ultimate 

3000 RSLCnano System (Dionex, Thermo Fisher Scientific, UK). Peptides were 

separated on a 75x50 cm EASY-Spray column (2 µm particle size, 100Å – Thermo 

Fisher Scientific) assembled in an EASY-Spray source (Thermo Fisher Scientific, 

UK), operated at a constant temperature of 50oC. Peptides from the phospho-

enriched samples were resuspended in 40uL of 0.1% TFA, vortexed and sonicated 

for 5 min and then concentrated down to 6 μL with vacuum centrifugation, before 

they were injected on the mass spectrometer. For both sets of samples the same 

gradient and method were applied. Briefly, mobile phase A consisted of 0.1% formic 

acid in deionised water while mobile phase B consisted of 80% acetonitrile and 
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0.1% formic acid. Peptides were loaded onto the column at a flow rate of 0.3 μL min-

1 and eluted at a flow rate of 0.25 μL min-1 according to the following gradient: 2 to 

40% buffer B in 120 min, then to 95% in 11 min (total run time of 160 min). Survey 

scans were performed at 120,000 resolution (scan range 350-1500 m/z) with 

an ion target of 4.0e5. MS2 was performed in the Ion trap at rapid scan mode with 

ion target of 2.0E4 and HCD fragmentation with normalized collision energy of 27 

(Olsen et al., 2007). The isolation window in the quadrupole was set at 1.4 

Thomson. Only ions with charge between 2 and 7 were selected for MS2. 

The MaxQuant software platform (Cox & Mann, 2008) version 1.6.1.0 was used to 

process raw files and search was conducted against the Saccharomyces 

cerevisiae (strain SK1) complete/reference proteome set of Saccharomyces 

Genome Database (released in December, 2016), using the Andromeda search 

engine (Cox et al., 2011). The first search peptide tolerance was set to 20 ppm while 

the main search peptide tolerance was set to 4.5 pm. Isotope mass tolerance was 2 

ppm and maximum charge to 7. Correct protease was selected according to 

experiment and two missed cleavages were allowed. Carbamidomethylation of 

cysteine was set as fixed modification. Oxidation of methionine and acetylation of 

the N-terminal as well as phosphorylation of serine, threonine and tyrosine were set 

as variable modifications.  

Additional refinement and visualisation was performed using Perseus version 1.6.0.7  

6.5.5.7 Mass spectrometry for whole cell lysate  

Samples for anaylsis of whole cell lysate were grown into a metaphase I arrest as 

previously described in 6.3.4. Samples were then processed, digested, enriched for 

phosphopitides and run on the mass spectrometry machine by our collaborators as 

previous described in Humphrey, Azimifar, and Mann 2015. Data was analysed by 

the MaxQuant software platform and Perseus. Go term analysis was performed on 

the online GO Enrichment Analysis tool (The Gene Ontology Consortium, Panther), 

search was carried out for biological process. Using the GO Ontology database 

Released 2019-02-02 
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6.5.6 Chromatin Immunoprecipitation (ChIP)  

Table 6.23 Chromatin Immunoprecipitation Reagents  

Solution   Composition Concentration 

Diluent  NaCl 
EDTA 
HEPES-KOH 

0.143 M 
1.43 mM 
71.43 mM 

Fixing Solution 37 % Formaldehyde 
Diluent 

30% v/v 
70% v/v 

2x FA lysis buffer  
(stored at 4oC and always 
used cold) 

HEPES-KOH pH7.5 
NaCl 
EDTA 
TritonX 
Na Deoxycholate 

100 mM 
300 mM 
2 mM 
2% v/v 
0.2% v/v 

TBS Tris-HCl pH7.5 
NaCl 

20 mM 
150 mM 

ChIP Wash Buffer 1 FA lysis buffer 
SDS 
NaCl 

1x 
0.1% v/v 
275 mM 

ChIP Wash Buffer 2 FA lysis buffer 
SDS 
NaCl 

1x 
0.1% v/v 
500 mM 

ChIP Wash Buffer 3 Tris-HCl, pH 8 
LiCl 
EDTA 
NP-40 
Na Deoxycholate 

10 mM 
0.25 M 
1mM 
0.5% v/v 
0.5% v/v 

ChIP Wash Buffer 4 (TE)  Tris-HCl, pH 8 
EDTA 

10 mM 
1 mM 

 

6.5.6.1 Fixation of Cells for ChIP  

ChIP was performed on meiotic culture which were in metaphase arrest (see 

selctions 6.3.4), with 45 ml of culture. Once grown the culture was transferred to a 

50 ml falcon and tube 5 ml of fixing solution was added (Table 6.23), this was then 

incubated at room temperature for 1 hour on a tilting platform. Cells were pelleted by 

centrifugation at 3000 rpm for 3 min at 4oC and the supernatant removed. Cell pellet 

was then washed by resuspension in 10 ml TBS (Table 6.23) which had been pre-

cooled to 4oC, before pelleting again by centrifugation at 3000 rpm for 3 min at 4oC 

and removal of the supernatant. This wash was repeated for a second time and 

wash then followed by a wash in FA lysis buffer with 0.1% SDS, which had also 

been pre-cooled to 4oC. For the FA lysis buffer wash not all of the buffer was 

removed, a small volume was retained so that the pellet could be suspended in this 

small volume. The pellet was then transferred to a 2 ml fast-prep tube and cells 
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were again pelleted. The remaining supernatant was removed. The pellet was snap 

frozen in liquid nitrogen before storage in -80oC.  

6.5.6.2 ChIP 

Cell pellets were removed from the -80oC, placed on ice and left to thaw briefly. 

Pellet was then suspended in 400 µl of FA lysis buffer (Table 6.23) with had been 

supplemented with 0.5 % SDS, 1 mM PMSF and 1x Roche EDTA-free Protease 

inhibitors (PI). A scope of glass beads (0.5 mM zirconia/silica glass beads, Biospec 

Products) of approximately 100 µl was added to the suspended cells, care taken to 

ensure each sample had the same as close to the same amount of beads as 

possible. Cells were then lysed by the Fastprep Bio-Pulveriser FP120 machine at 

6.5 speed for 2 cycles of 30 sec with a 10 min incubation on ice between the two 

rounds. The pellet and supernatant was then transferred to a new tube without 

transferring any of the beads. This was done by piercing the bottom of the tube with 

a 25-gauge needle which had been heated over a flame. The pierced tube was then 

suspended over a second tube in a 15 ml falcon, both of which had been pre-cooled 

on ice, before centrifuging at 2500 rpm for 3 min at 4oC. The lysate, both the pellet 

and supernatant where transferred to an Eppendorf tube which had been pre-cooled 

on ice. Lysate was then centrifuged at 13,000 rpm for 15 min at 4oC, the 

supernatant was then removed. The pellet was resuspened in 1 ml of FA lysis buffer 

with 0.1% SDS,1 mM PMSF and 1x PI by mixing with the handle end of an 

inoculation loop, as long lengths a free chromatin make it hard to mix by pipetting. 

Lysate was again pelleting by being centrifuged at 13,000 rpm for 15 min at 4oC. 

Supernatant was removed and pellet was resuspended in 500 µl of FA lysis buffer 

with 0.1% SDS and 1 mM PMSF, using an inoculation loop as before. Lysate was 

then sonicated at 4oC in a Bioruptor Twin sonicating device (Diagenode) on HIGH 

30 sec ON, 30 sec OFF for 30 min total sonication. Cell debris was pelleted by 

centrifuged at 13,000 rpm for 15 min at 4oC. Supernatant was transferred to a fresh 

Eppendorf with 500 µl of FA lysis buffer with 0.1% SDS, 1 mM PMSF and 1x PI this 

was mixed gentile by inversion. Before again centrifuging at 13,000 rpm for 15 min 

at 4oC. 1 ml of the supernatant was taken and added to 300 µl of FA lysis buffer with 

0.1%SDS, 1 mM PMSF and 1x PI. 100 µl of lysate was taken as input and frozen at 

-20oC. 1 ml of lysate was taken for the IP. To the IP sample 15 µl of protein G 

dynabeads which and been pre-wash of 1 ml FA lysis buffer with 0.1%SDS, 1 mM 

PMSF and 1x PI by repeated concentration on magnet and suspension in buffer 
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without pipetting up and down. To this lysate and bead mix antibody was also added 

(see table 6.29 for details). Mix was then incubated for a minimum of 16 hours at 

4oC with rotational mixing. Beads were concentrated on magnet and supernatant 

removed, 1 ml ChIP wash buffer 1 was then added and mixed on a rotational mixer 

for 5 min at room temperature. Beads were again concentrated on the magnet and 

this wash process was then repeated with first ChIP wash buffer 2, then ChIP wash 

buffer 3 and finally ChIP wash buffer 4. After final wash beads were concentrate on 

the magnet and final wash buffer removed, after which they were suspended in 200 

µl of 10% w/v Chelex-100 Resin (Biorad) in Hyclone water (Hypure Molecular 

Biology Grade Water, GE Lifesciences). Input was thawed, 10 µl taken and 200 µl of 

10% w/v Chelex-100 Resin (Biorad) added to it. Both IP and input samples were 

boiled for 10 min at 100oC. Samples were cooled on ice and centrifuged briefly at 

2000 rpm. 2.5 μl of 10 mg/ml Proteinase K (Invitrogen) was added to both IP and 

input samples, samples were then vortexed and incubated at 55oC for 15 min before 

vortexing again and incubation at 55oC for a further 15 min. Both IP and input 

samples were boiled for 10 min at 100oC. Samples were cooled on ice and 

centrifuged briefly at 2000 rpm. 120 µl of samples was transferred to a fresh 

Eppendorf, with care taken not to transfer any Chelex-100 Resin along with the 

sample. Samples were then stored at -20oC prior to qPCR.  

 

Table 6.24 Antibodies used for ChIP  

Target Volume Antibody 
Species  
 

Source/company 

FLAG (M2)  
 

5 µl Mouse Merck (F1804) 

HA (12CA5) 7.5 µl  Mouse Primary Roche 
(11666606001) 

Myc (9E10)  10 µl  Mouse Biolegend (658502) 
 

6.5.6.3 Quantitative PCR (qPCR)  

Two different qPCR mixes were used details of difference in protocols follow. DNA 

from ChIP protocol both input and IP was diluted prior reaction for this Hyclone 

Water (HypureMolecular Biology Grade Water, GE Lifesciences) was used. This 

water was also used in reaction mix. Reaction was set up in a 96-well plate (Roche) 

with 3 repeats for each reaction, and the qPCR reaction run on a Lightcycler 480 

Roche machine.  
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6.5.6.3.1 qPCR using SYBRGreen 

SYBR green mix was discontinued by the manufacture so was used for some but 

not all qPCR experiments.  

Prior to addition into qPCR reaction ChIP samples were diluted with Hyclone Water 

(Hypure Molecular Biology Grade Water, GE Lifesciences). This dilution was then 

compensated for in the calculations for enrichment after qPCR.  

Input samples were diluted 1 in 500. IP samples were diluted 1 in 10.  

 

Table 6.25 SyberGreen PCR reagents  

Solution Volume (μl) 

SYBR Green master 
mix (Life 
Technologies)  

5  

10x qPCR Buffer 1  

20 µM Forward 
Primer 

0.4  

20 µM Reverse 
Primer  

0.4  

Hyclone H2O 8.2  

DNA  5  

 

 

Table 6.26 SYBR green PCR reaction program  

Step Temperature (oC) Time Acquisition 

Pre-incubation  95 1 min No 

Amplification 
 

95  5 sec No 

52 20 sec No 

72 12 sec Single 

Repeat amplification steps for 40 cycles   

Melting curve  95 5 sec  No 

65 40 sec No 

97  0.3oC/sec increase in 
temperature from 65 -97  

Two per 1oC 
temperature 
increase  

Hold  55 Forever  No  
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6.5.6.2 qPCR using Luna Universal  

Luna Universal (NEB) was used following discontinuation of SYBR green. This is 

includes all ChIP qPCR from chapter 3.  

As with SYBR green samples were diluted with Hyclone Water prior to addition to 

qPCR reaction. Input samples were diluted 1 in 300. IP samples were diluted 1 in 

60.  

Table 6.28 LUNA PCR reagents  
 

Solution Volume (μl) 

Luna Universal Master Mix  5  

20 µM Forward Primer 0.125  

20 µM Reverse Primer  0.125  

Hyclone H2O 1.75  

DNA  3  

 

 

 

 

 
 
 
 
 
 
 
Table 6.27 SYBR green qPCR primer sets 
 

 Sequence Primer 
efficiency 

Distance from 
centromere 

Primer  
Amp-
licon 
size (bp) 

782 AGATGAAACTCAG
GCTACCA 

2.013 95 kb to the left 
of CEN4 

93 

783 TGCAACATCGTTAG
TTCTTG 

794 CCGAGGCTTTCAT
AGCTTA 

2.061 150 bp to the 
right of CEN4 

80 

795 ACCGGAAGGAAGA
ATAAGAA 

945 TGAAGGTGAGCTT
AAGACAG 

1.891 125 bp to the 
right of CEN5 

114 

946 CAACCATGTTCGTA
GCTAAA 

1319 ATGATTCAATGGAT
TTAGCC 

1.919 9.5 kb to the left 
of CEN4 

103 

1320  GTCAGTCTTATGCT
GTTCCC 
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Table 6.29 LUNA PCR reaction program  
 

Step Temperature (oC) Time Acquisition 

Pre-incubation  95 1 min No 

Amplification 
 

95  15 sec No 

60  30 sec Single 

Repeat amplification steps for 42 cycles   

Melting curve  95 5 sec  No 

65 40 sec No 

97  0.3oC/sec increase in 
temperature from 65 -97  

Two per 1oC 
temperature 
increase  

Hold  55 Forever  No  

 

 

  

Table 6.30 LUNA qPCR primer sets 
 

 Sequence Primer 
efficiency 

Location Primer  
Amplicon 
size (bp) 

8172 gccgaggctttcatagctta 2.098 CEN4  90 

8173 gacgataaaaccggaaggaag 

8175  gctaccaccaataacacagttgag 1.881 ARM4  173  

8176 gtaccttccctgataatccgtct 

8214 tgtgtatgcgttccgaactt 2.000 CEN13 
CDEIII  

125 

8215 ctctagccaatttatcctgtcg 
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6.6 Microscopy methods 

6.6.1 Fluorescence microscopy  

Fluorescence microscopy analysis was carried out on a Zeiss Axioplan 2 

fluorescencemicroscope with a 100 x Plan ApoChromat NA 1.45 oil lens.  

6.6.2 Fixed GFP dot visualisation  

For the visualisation of CEN5-GFP foci in fixed cells. Cell were grown to enter 

meiosis (6.3.3) often into a metaphase I arrest (6.3.4) in a meiotic volume of 10 ml. 

100 µl of meiotic culture was added to an Eppendorf tube containing 10 µl of 37% 

fromaldehyde. Cells were incubated at room temperature for 8 min to fix them. Cells 

were pelleted by centrifugation at 13,500 rpm for 1 min and supernatant was 

removed. Pellet was resuspended in 1 ml of 80% v/v ethanol. Cells were again 

pelleted by centrifugation at 13,500 rpm for 1 min, ethanol was carefully removed 

with a p1000 pipette. Cells were centrifuged at 13,500 rpm briefly and the remaining 

ethanol was removed using a p200 pipette. Pellet was resuspended in 20 µl of 1 

µg/ml DAPI in PBS. They were then stored at 4oC, however GFP fluorescence fades 

over time so they were always visualised and scored later that day or the next day. 

For scoring and visualisation 3 μl of the sample was placed onto a 1 mm thickglass 

slide (Fisher Scientific) and a 18 x18 mm cover slip (VWR) placed on this. 

Microscope which was used for visualisation is descripted in 6.6.1.  

6.6.3 Immunofluorescence  

Immunofluorescence (IF) was used to visualise tubulin as way of scoring the stage 

of the cell cycle.  

Table 6.31 Immunofluorescence Reagents  
 

Solution   Composition Concentration  

0.1 M potassium 
phosphate 
buffer pH 6.4 

1 M K2HPO4 
1 M KH2PO4 
dH2O 

27.8 ml 
72.2 ml 
900 ml 

Formaldehyde fixing 
solution  

37 % formaldehyde 
0.1 M potassium phosphate 
buffer pH 6.4 

10 % v/v 
90 % v/v 

1.2 M sorbitol-citrate  sorbitol 
K2HPO4 
citric acid 

1.2 M 
0.1 M 
36 mM 

Digestion Solution  
(made directly prior to use)  

1.2 M sorbitol-citrate 
glusulase (Perkin-Elmer) 
10 mg/ml zymolyase (AMS 
Biotechnology) 

200 μl 
20 μl 
6 μl 
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Table 6.32 Immunofluorescence antibodies   

Antibody Concentration  Dilution  Species  Company  

 Mono α-tubulin  1 mg/ml 1:50 Rat Bio-Rad AbD 
Serotec 

 Anti-rat-FITC  
 

1.25 mg/ml 1:100 Donkey Jackson 
immunoResearch 

 

200 µl of meiotic culture was harvester and the cell were pelleted by centrifugation 

at 3,000 rpm for 1 min. The cells were resuspended in 500 µl of formaldehyde fixing 

solution (Table 6.31) before incubation overnight at 4oC. Cells were washed by 

centrifugation at 3000 rpm for 1 min to pellet cells, removal of fixing solution and 

then resuspension in 0.1 M potassium phosphate buffer (Table 6.31). This wash 

with potassium phosphate buffer was repeated twice more, before cells were 

resuspended in 1 ml 1.2 M sorbitol-citrate (Table 6.31). At which point cells were 

stored at -20oC.  

 

A multi-well slides (Thermo Scientific, 30 well, 2 mM slides) was prepared for IF 

samples by first being cleaned with distilled water by pour approximately 100 ml 

over the slide. The slide was then left to air dry. 5 µl of 0.1% polylysine was place on 

each well that was to be used and incubated at room temperature for 5 min. Slide 

was washed as before with distilled water and allowed to air dry.  

 

Cells must first be digested. The thawed cells samples were pelleted by 

centrifugation at 3000 rpm for 1 min and the supernatant removed. Cells were then 

resuspended in 200 µl of digestion solution and incubated at 30oC until cell 

membrane was digested. This was assessed by visual inspection, looking for ruffling 

at the cell edge and a darker cell tone, this took at least 2 hours for meiotic cells. At 

which point cells were pelleted by centrifugation at 3000 rpm for 3 min, digestion 

solution removed and cells resuspended in 30 µl sorbitol solution. 5 µl of cell 

solution was added to well of prepared coverslip and allow to sit for 10 min. The 

density of cells was checked visually and more cells were added if they were at a 

low density. The slide was submerged in methanol for 3 min followed by acetone for 

10 secs, it was then allowed to dry completely. 5 µl of primary antibody (Table 6.32) 

in 1% BSA w/v in PBS solution was added to each well and slide was incubated in 

chamber which protected it from light and was also lined with wetted tissue paper to 

keep it moist. Incubation was 2 hours at room temperature. Following incubation 
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primary anti-body solution was removed and well was washed 5 times with 1% BSA 

w/v in PBS by the addition of 5 µl of solution to the well before removal by with 

aspirator, being careful not to the well. 5 µl of secondary antibody (Table 6.32) in 1% 

BSA w/v in PBS solution was added to well before incubation at room temperature 

in the dark damp chamber. Wells were then wash 5 times with 1% BSA w/v in PBS 

as previously. 3 µl of DAPI-mount was added to each well and a cover slip placed 

over the top taking care to not allow any air bubbles. The cover slip was then sealed 

on to the slide using nail varnish and stored at -20oC.  

6.6.4 Live cell imaging  

6.6.4.1 Live cell imaging using microfluidics on the Deltavision Elite 

All live cell imaging performed using the microfluidics system were meiotic cells 

which contained the pGAL-NDT80 prophase block release system, so were 

prepared for imaging as described in section 6.3.5.  

The ONIX microfluidics plates (CellASIC, order number: Y04D-02) were prepared 

for imaging by first purging the plate using the standard manufactures protocol with 

the ONIX microfluidics system (CellASIC). The microfluidics plate wells were then 

washed three times with 200 μl of SPO media (Table 6.2) supplemented with 2 µM 

β-estroldial. The wells were then filled with 200 μl of SPO media (Table 6.2) 

supplemented with 2 µM β-estroldial and the plate placed at 30oC to pre-heat for a 

minimum of 30 min. Once cells had been released from the prophase block by 2 

hours in β-estroldial supplemented media 200 µl of cell culture sample was added 

the wells of the microfluidics plate. The plate was again connected to the ONIX 

microfluidics system and the cell were loaded using the manufacturer’s standard cell 

loading protocol.  

Microfluidics live cell imaging experiments were carried out on a Deltavision Elite 

System (Applied Precision) on an inverted Olympus IX-71 microscope with a 100 x 

UplanSApo NA 1.4 oil lens. Images were acquired on a photometrics Cascade II 

EMCCD camera.  

The software used was SoftWorx (Applied Precision) on a Linux computer. Points 

were selected within each well and images were acquired every 15 min for a total of 

12 hours with 7 Z-stacks of 0.85 μM for FITC, Tomato and brightfield channels. For 

imaging of CEN5-GFP dots, the FITC channel the imaging conditions were: Camera 

gain 290, 5 % transmitted light and 0.1 sec exposure. For imaging of Mtw1-

tdTomato and Pds1-td Tomato, the red channel the imaging conditions were: 
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Camera gain 290, 5 % transmitted light and 0.2 sec exposure. The images were 

analysed using the ImageJ software version 2.0.0-rc-43/1.51g (National Institutes of 

Health). 

 

6.6.4.2 Live cell imaging using Ibidi dishes on the Zeiss microscope 

For imaging using Ibidi dishes cells either contained pGAL-NDT80 prophase block 

release system, so was prepared for imaging as described in section 6.3.5 or they 

were an asynchronous meiosis. For asynchronous meiosis cells were prepared as 

described in 6.3.3 and placed in SPO and incubated at 30oC for 2 hours to allow 

them to enter meiosis shaking before they were added to the dish.  

Ibidi glass-bottomed μ-slide dish with 4 or 8 wells (Ibidi, 4 well order number: 80827, 

8 well order number: 80426) were used. Both were prepared by first being washed 

with ethanol and then being air dried. 45 or 90 µl of 5 mg/ml concanavalin A 

(dissolved in 50 mM CaCl2, 50 mM MnCl2) was then added to each well and spread 

using an inoculation loop before being incubated at 30oC for 15 min. The well was 

then washed three times with 500 µl or 1 ml of water. 300 µl or 600 µl of cell culture 

was then was then added to the cells and incubated at 30oC for 20 min. The cell 

culture was then removed and the well washed twice with 500 µl or 1 ml of SPO. 

Fresh SPO, supplement with β-estroldial if appropriate was then added to the well. 

300 µl for 8 well dishes and 600µl for 4 well dishes.  

 

Ibidi dish live cell imaging was carried out on a Zeiss Axio Observer Z1 (Zeiss UK, 

Cambridge) equipped with a Hamamatsu Flash 4 sCMOS camera, 

Prior motorised stage and Zen 2.3 acquisition software. Points were selected within 

each well and images were acquired every 15 mins for a total of 12 hours with 8 Z-

stacks of 0.8 μM for FITC, Tomato and brightfield channels. For imaging of CEN5-

GFP dots, the FITC channel the imaging conditions were: Binning 4x4, 5% 

transmitted light and 0.15 sec exposure. For imaging of Mtw1-tdTomato and Pds1-

tdTomato, the red channel the imaging conditions were: Camera gain 390, 5% 

transmitted light and 0.2 sec exposure. The images were analysed using the ImageJ 

software version 2.0.0-rc-43/1.51g (National Institutes of Health) were Z-stacks were 

projected to 2-D using max projection. Brightness and contrast were adjusted for 

representative images. 
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Appendix 1 - Dsn1 S109 S110 phosphorylation spectra 

 

 

 

Figure 7.1 Cells carrying DSN1-6HIS-3FLAG and pCLB2-CDC20 Strain (AMy8291) were 
induced to sporulate and arrested in metaphase I by Cdc20 before harvesting. Dsn1-6His-
3FLAG was immunoprecipitated and analysed by mass spectrometry as described in 
materials and methods. Annotated MS/MS spectra of peptide Dsn1 97-114, showing 
detected fragments used for identification. Peptide identified in sample unenriched for 
phosphorylation show S110 as phosphorylated.  
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Figure 7.2 Cells carrying DSN1-6HIS-3FLAG and pCLB2-CDC20 Strain (AMy8291) were 
induced to sporulate and arrested in metaphase I by Cdc20 before harvesting. Dsn1-6His-
3FLAG was immunoprecipitated and analysed by mass spectrometry as described in 
materials and methods. Annotated MS/MS spectra of peptide Dsn1 97-114, showing 
detected fragments used for identification. Peptide identified in sample enriched for 

phosphorylated peptides using TiO2 spin column shows phosphorylation at both S109 S110.  
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Figure 7.3 Cells carrying mam1∆, DSN1-6HIS-3FLAG and pCLB2-CDC20 Strain 
(AMy12538) were induced to sporulate and arrested in metaphase I by Cdc20 before 
harvesting. Dsn1-6His-3FLAG was immunoprecipitated and analysed by mass spectrometry 
as described in materials and methods. Annotated MS/MS spectra of peptide Dsn1 97-114, 
showing detected fragments used for identification. Peptide identified in sample enriched for 
phosphorylated peptides using TiO2 spin column shows phosphorylation at both S110.  
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Appendix 2 - hrr25-zo whole cell phospho-peptides 

 

Table 7.1 Phospho- peptides significantly upregulated in hrr25- zo cells 
 

 log2 
(hrr25-zo 
/hrr25-
WT) 

(-)Log 
ANOVA p 
value 

Phospho (STY) Probabilities 

MRH1  5.16 2.18 PAAT(1)PNLS(1)KDKK 

YPK2  5.15 1.96 KINTNETLSSS(0.001)LS(0.991)S(0.008)PK 

RHO5 4.92 2.05 GSLS(0.014)S(0.986)AS(0.023)S(0.977)LPSTDR 

PAM1  4.87 2.91 LNS(1)LSNQSTFR 

SMY1  4.80 1.73 
GLNLHSIKVTSS(0.002)T(0.041)PKS(0.832)PS(0.12
4)S(0.001)GS(0.001) 

OSH2 4.59 2.31 
HAPPPVPNET(0.014)DNDS(0.921)QY(0.065)VQDE
KSKIESNVEK 

GIP4  4.57 2.90 SASTPNPSASSSLAPS(1)PK 

RTK1  4.45 2.17 ESHVVASSTLTGIS(0.958)PT(0.018)S(0.024)AK 

SPT7  4.44 2.13 SFPLTQEEEHHGAVS(1)PAVDTR 

YCK3  4.41 2.05 
S(0.003)RIS(0.995)S(0.992)NPQS(0.899)FT(0.11)KQ
QHVLK 

SSD1 4.36 3.22 
SSTINNDS(0.916)DS(0.064)LS(0.015)S(0.004)PTKS
GVR 

EDE1 4.35 3.57 
TTPLS(1)ANS(0.155)T(0.945)GVS(0.66)S(0.229)LT(
0.01)R 

SEC9 4.34 2.16 LNNIEES(0.873)T(0.127)DDLDINLHMNTNR 

CST9  4.20 2.09 S(0.006)NS(0.991)T(0.002)QQLTNTHLK 

RTS3  4.18 2.55 
S(0.021)LS(0.939)GIS(0.032)S(0.007)S(0.002)DLTE
SGALLHDRR 

TPO3  4.10 3.70 QIDGASSPSSNEDALES(1)DNNEK 

BDP1 4.05 2.60 EIEEDNS(1)DNDKGVDENETAIVEKPSLVGER 

RCN2 3.94 2.73 
S(0.487)RS(0.487)T(0.027)DDAVS(0.999)LQDNNLA
LLEDHR 

RPL14a 3.86 1.90 STDS(0.999)IVKASNWR 

ART5  3.77 2.09 SLS(0.999)SPVFNK 

MRH1  3.74 2.00 APVAS(1)PRPAAT(1)PNLSKDK 

PMT2 3.71 2.80 ESSSINVSEELS(1)S(1)ADER 

ATG13 3.63 2.79 S(0.001)LS(0.999)LS(0.997)PCT(0.003)R 

MDH2 3.62 1.68 NIDKGLEFVAS(0.031)RS(0.81)AS(0.579)S(0.579) 

TIF5 3.60 2.48 
SQNAPS(0.966)DGT(0.015)GS(0.001)S(0.009)T(0.0
09)PQHHDEDEDELSR 

YOR05
2C 

3.56 3.34 KS(0.001)DS(0.993)GT(0.006)VLGAIPLNSR 

http://www.yeastract.com/view.php?existing=locus&orfname=YDR033W
http://www.yeastract.com/view.php?existing=locus&orfname=YMR104C
http://www.yeastract.com/view.php?existing=locus&orfname=YNL180C
http://www.yeastract.com/view.php?existing=locus&orfname=YDR251W
http://www.yeastract.com/view.php?existing=locus&orfname=YKL079W
http://www.yeastract.com/view.php?existing=locus&orfname=YDL019C
http://www.yeastract.com/view.php?existing=locus&orfname=YAL031C
http://www.yeastract.com/view.php?existing=locus&orfname=YDL025C
http://www.yeastract.com/view.php?existing=locus&orfname=YBR081C
http://www.yeastract.com/view.php?existing=locus&orfname=YER123W
http://www.yeastract.com/view.php?existing=locus&orfname=YDR293C
http://www.yeastract.com/view.php?existing=locus&orfname=YBL047C
http://www.yeastract.com/view.php?existing=locus&orfname=YGR009C
http://www.yeastract.com/view.php?existing=locus&orfname=YLR394W
http://www.yeastract.com/view.php?existing=locus&orfname=YGR161C
http://www.yeastract.com/view.php?existing=locus&orfname=YPR156C
http://www.yeastract.com/view.php?existing=locus&orfname=YNL039W
http://www.yeastract.com/view.php?existing=locus&orfname=YOR220W
http://www.yeastract.com/view.php?existing=locus&orfname=YKL006W
http://www.yeastract.com/view.php?existing=locus&orfname=YJL128C
http://www.yeastract.com/view.php?existing=locus&orfname=YHL001W
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PSK1 3.52 2.71 PYIGAS(0.051)NLS(0.96)EHS(0.989)FVNLKEK 

PSK1 3.45 1.98 
PY(0.001)IGAS(0.951)NLS(0.924)EHS(0.125)FVNLK
EK 

DUF1 3.44 1.39 TQS(1)S(0.212)GS(0.784)LLS(0.005)R 

NNK1 3.39 3.17 
RDS(0.951)FS(0.949)QENS(0.03)DS(0.058)LS(0.011
)PEDSILSR 

MKS1 3.36 1.74 TSNVTALAS(0.025)LS(0.975)PPQPSNNGR 

PGM3 3.34 1.75 ASVGVMIT(0.978)AS(0.022)HNPK 

ENT2 3.33 1.73 
T(0.073)GT(0.091)FINS(0.839)QGT(0.999)GY(0.998)
K 

NPR3 3.32 1.41 T(0.001)AS(0.999)QIALNESAK 

SNC1 3.31 3.22 
SSSTPFDPY(0.01)ALS(0.986)EHDEERPQNVQS(0.0
03)K 

SPA2 3.24 2.64 MASIDWS(1)S(1)EEEEEEQVKEKPNEPEGK 

SPA2 3.24 2.64 MASIDWS(1)S(1)EEEEEEQVKEKPNEPEGK 

EIS1 3.17 1.44 SLISAVEDRDIHNIGKT(0.933)S(0.027)GGGS(0.04)R 

IVY1 3.16 2.03 
RPVAS(0.261)S(0.83)AGS(0.909)ENNDHLDDMNHL
R 

ECM11 3.10 1.66 
LS(0.102)LNGENT(0.201)S(0.762)S(0.936)PAKEKS(
0.999)QEPIENPGSYQK 

UBP1 3.09 1.49 MKDDLEAIQS(1)NNEEDDEKEQEQEQK 

SIZ1 3.06 1.51 
SMEGPPTVQQQSPS(0.012)VIRQS(0.954)PT(0.035)
QR 

FET3 3.06 1.71 EVNEDRHS(0.051)T(0.949)EKHQFLTK 

PPZ1 3.05 2.20 KLANQQQQMMETSITNDNES(1)QQ 

ROD1 3.05 2.03 ALS(0.988)T(0.012)ASLISSNGQTSASKNYHTLVK 

GIS1 3.00 1.38 QNSNNINPLDAGPS(0.005)FS(0.995)PLHKKPK 

AKR1 2.98 2.49 AIRS(1)GNEEES(1)GNEQVNHNDEAEEDPLLTR 

MSS4 2.95 2.23 AKEDDLQLADT(0.05)AS(0.95)IEEQPQTQGPIR 

EAP1 2.91 2.08 
S(0.162)S(0.162)T(0.86)PNAES(0.815)QLLS(0.002)
ASDK 

VNX1 2.89 2.30 SHSVPDLNTATPS(0.967)S(0.033)PKR 

DOP1 2.85 1.70 IKMEAEENPS(0.999)ET(0.001)ETNDSHLDR 

EIS1 2.83 2.64 S(1)LIS(1)AVEDRDIHNIGK 

ATG9 2.81 2.13 NIDGEDT(0.033)HS(0.94)MDEDS(0.02)LT(0.006)KK 

KKQ8 2.77 1.59 SIVSAQILDPKNS(1)PIRQR 

LEE1 2.75 1.79 RNS(0.036)QS(0.964)ANEMLAPQIQDFQNIPR 

ESC1 2.74 1.84 SVESDLHEHS(1)PDNLYDLAAR 

HXT6 2.73 1.67 
SQDAAVAEQNPEEHLS(0.983)PVDS(0.698)AS(0.20
9)NS(0.066)VLS(0.03)T(0.012)PT(0.002)NKAENDEL
K 

PTR2 2.70 1.62 
ANDIEILEPMES(0.999)LRS(0.935)T(0.062)AKY(0.00
4) 
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SSD1 2.64 3.36 KRS(0.903)S(0.071)T(0.026)INNDSDSLSSPTK 

NTR2 2.53 2.22 
NNEKEIT(0.919)NFS(0.081)DDEMQGFQDEMLALT
DNQIAIQKDSK 

AGE2 2.51 1.76 S(0.001)NT(0.005)S(0.995)LLNLQVSSLSK 

YGR23
7C 

2.44 1.41 SRS(1)ES(1)PMFR 

YEF3 2.38 1.40 KKELGDAYVS(1)S(1)DEEF 

PWP2 2.31 1.48 RPSDDDENES(1)EDEDKQEEVDISK 

SWI6 2.27 1.40 
LKIDT(0.002)S(0.027)VIDAES(0.814)DS(0.932)T(0.1
99)PNT(0.026)AR 

DCP2 2.19 1.33 
NSVSKPQNS(0.002)EENAS(0.161)T(0.764)S(0.589)
S(0.482)INDANAS(0.002)ELLGMLK 

TCO89 1.98 1.35 
NVQQLNQNELQS(1)PDS(1)IDEQEEDKSGTDGKEN
HR 

SNU114 1.92 1.34 NTQSPQT(1)PLVEPVTER 

TOP2 1.92 1.90 S(0.912)T(0.088)EPVSASDKYQK 

CUE5 1.81 1.56 
S(0.842)GES(0.136)T(0.023)GKVVAETTYIDTPDTET
K 

PTC3 1.78 1.61 RKS(1)IFDFHDFSDDDNEVFAITTK 

NUP2 1.66 1.32 ETYDS(1)NES(1)DDDVTPSTK 

TSL1 1.61 2.17 
SLLVHSLLNNT(0.02)S(0.579)QT(0.418)S(0.983)LE
GPNNHIVTPK 

RED1 1.58 1.35 
RADEQKEDEEEES(1)LDELS(0.459)T(0.54)PMVY(0.
001)PIK 

NVJ2 1.50 1.95 RPS(1)QPLNTLSPKLEGR 

PUF3 1.43 2.25 
S(0.048)VS(0.955)NAS(0.969)LDT(0.026)QNT(0.002
)FEQNVESDKNFNKLNR 

RPL16b 1.38 1.41 S(1)QPVVVIDAKDHLLGR 

RAS2 1.37 1.85 NAS(1)IES(0.999)KT(0.001)GLAGNQATNGK 

PWP1 1.35 2.43 ATLEEAEGES(1)GVEDDAATGSSNK 

OLA1 1.35 1.31 VIVPS(1)PR 

YHR097
C 

1.34 2.67 
AY(0.725)LFNKANS(0.116)S(0.145)T(0.023)T(0.02)T
(0.971)LDAIKPNSK 

RGA2 1.34 1.65 AHDELPS(1)PGKVPLS(1)PS(1)PK 

FUN12 1.33 1.44 
STPAAT(1)PAAT(0.987)PT(0.012)PS(0.001)SASPN
KK 

ROM2 1.31 2.49 RKPS(1)LPQLALAGLK 

YPQ2 1.28 1.51 TSLLS(0.999)GETQT 

VNX1 1.27 1.47 SHS(1)VPDLNTATPS(0.001)S(0.999)PK 

PMD1 1.24 1.93 RAS(1)HPLQSYIIAK 

VPS21 1.20 1.48 TAEEQNSASNERES(1)NNQR 

IPP1 1.19 1.84 AASDAIPPAS(1)PKADAPIDK 

SDS24 1.16 2.16 ASTSNTFPPSQSNSSNNLPT(0.014)S(0.986)R 
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EMI2 1.13 2.92 S(1)FENLHK 

CCC1 1.10 2.13 NSAQDLENS(1)PMS(1)VGKDNR 

RAS2 1.10 1.75 
KMS(1)NAANGKNVNS(0.116)S(0.434)T(0.431)T(0.0
19)VVNAR 

YDL129
W 

1.07 1.82 S(1)AEAYLVTPEEPAKNKSER 

CCC1 1.07 2.77 NSAQDLENS(1)PMS(1)VGKDNR 

RAS2 1.05 1.98 NAS(1)IES(0.972)KT(0.028)GLAGNQATNGK 

RPC19 1.03 1.91 HIQEEEEQDVDMT(1)GDEEQEEEPDREKIK 

NVJ1 1.02 2.57 S(1)LNQPSSLLHIQVSPTK 

YAT2 1.02 1.33 TGVKIS(1)PVVDK 

PB+A90
:A101S
2 

1.01 2.34 S(0.126)AS(0.874)VGSNQSEQDKGSSQSPK 
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 Table 7.2 Phospho- peptides significantly downregulated in hrr25- zo cells 
 

 log2 (hrr25-
zo /hrr25-
WT) 

(-)Log 
ANOVA 
p value 

Phospho (STY) Probabilities 

PFK26 -5.61 2.23 
YSVIPT(0.001)APPS(0.456)ARS(0.585)S(0.903)FAS
(0.052)DFLS(0.002)R 

YAP1801  -4.74 1.69 
SLEEHLIEDDKTHNTFVPVDS(0.002)S(0.007)QGS(0
.991)AGAVLAK 

CMR1  -4.55 3.20 AT(0.004)KS(0.996)AS(0.5)PT(0.5)LPTRR 

IVY1  -4.01 2.31 
RAS(0.648)S(0.236)IT(0.165)S(0.403)GT(0.708)S(0.
627)T(0.209)INDLQT(0.001)LIT(0.001)KR 

AMS1  -3.88 3.16 S(0.112)S(0.888)EDIIYDPQFKPVQGIYENR 

YNL208W  -3.86 1.95 GLFSTIIGGS(1)AGAYAGSK 

MIG1  -3.86 1.77 KTKFEIGESGGNDPY(0.001)MVS(0.044)S(0.955)PK 

UTP9  -3.69 1.54 GS(0.877)S(0.123)LDLVASFSHDSTR 

GPA2 -3.67 1.46 QQQPS(1)PHNVKERK 

SKG3 -3.63 1.67 SKNEDLGS(1)LKEFEELSQK 

SIP5  -3.54 1.42 RIGS(0.179)KS(0.897)S(0.924)NVEDNTSSQPR 

SIP5  -3.38 1.55 RIGS(0.14)KS(0.862)S(0.998)NVEDNTSSQPR 

HEH2 -3.25 3.12 LQS(0.022)S(0.976)PEAS(0.003)KVR 

MSC3 -3.16 1.47 
S(0.001)S(0.001)S(0.002)DS(0.978)PT(0.018)ATANL
VK 

PSP2 -3.15 1.36 S(0.589)KS(0.407)NPFGS(0.003)AKPVDTQSK 

UBP1 -3.02 1.89 
DIS(0.001)NY(0.001)DPLNGEVDGVT(0.999)S(0.999
)DDEDEY(0.001)IEETDALGNTIKKR 

UBP1 -2.99 1.84 
DIS(0.001)NY(0.001)DPLNGEVDGVT(0.999)S(0.999
)DDEDEY(0.001)IEETDALGNTIKKR 

RTN1  -2.94 1.43 
TAPVSST(0.002)AGPQT(0.006)AS(0.052)T(0.192)T(
0.748)KLAADVPLEPES(0.001)K 

FPK1  -2.93 2.85 NLS(1)PTKQNGK 

LCB5 -2.92 1.94 SRS(0.007)S(0.993)IDNISR 

YMR124
W 

-2.91 1.77 
RGDITS(0.004)AGS(0.804)T(0.767)S(0.425)GEDSS
QPK 

SRO9 -2.88 1.70 NRTPTPKSST(0.002)AT(0.997)K 

SRF1 -2.86 2.00 KS(0.005)GS(0.995)LEALQNAK 

KIN82 -2.83 1.32 NLS(1)NGS(1)LNDINENEELQNFHR 

KIN82 -2.83 1.32 NLS(1)NGS(1)LNDINENEELQNFHR 

CHZ1  -2.76 1.40 ELES(1)QKESSHNKSEK 

HOP1 -2.69 1.47 S(1)NKQLVKPK 

BCY1  -2.68 1.75 
NIVLFPEPEES(0.055)FS(0.116)RPQS(0.938)AQS(0.
945)QS(0.945)R 

STM1  -2.67 1.37 NNRS(1)KDVTDSATTK 

http://www.yeastract.com/view.php?existing=locus&orfname=YIL107C
http://www.yeastract.com/view.php?existing=locus&orfname=YHR161C
http://www.yeastract.com/view.php?existing=locus&orfname=YDL156W
http://www.yeastract.com/view.php?existing=locus&orfname=YDR229W
http://www.yeastract.com/view.php?existing=locus&orfname=YGL156W
http://www.yeastract.com/view.php?existing=locus&orfname=YNL208W
http://www.yeastract.com/view.php?existing=locus&orfname=YGL035C
http://www.yeastract.com/view.php?existing=locus&orfname=YHR196W
http://www.yeastract.com/view.php?existing=locus&orfname=YER020W
http://www.yeastract.com/view.php?existing=locus&orfname=YLR187W
http://www.yeastract.com/view.php?existing=locus&orfname=YMR140W
http://www.yeastract.com/view.php?existing=locus&orfname=YMR140W
http://www.yeastract.com/view.php?existing=locus&orfname=YDR458C
http://www.yeastract.com/view.php?existing=locus&orfname=YLR219W
http://www.yeastract.com/view.php?existing=locus&orfname=YML017W
http://www.yeastract.com/view.php?existing=locus&orfname=YDL122W
http://www.yeastract.com/view.php?existing=locus&orfname=YDL122W
http://www.yeastract.com/view.php?existing=locus&orfname=YDR233C
http://www.yeastract.com/view.php?existing=locus&orfname=YNR047W
http://www.yeastract.com/view.php?existing=locus&orfname=YLR260W
http://www.yeastract.com/view.php?existing=locus&orfname=YMR124W
http://www.yeastract.com/view.php?existing=locus&orfname=YMR124W
http://www.yeastract.com/view.php?existing=locus&orfname=YCL037C
http://www.yeastract.com/view.php?existing=locus&orfname=YDL133W
http://www.yeastract.com/view.php?existing=locus&orfname=YCR091W
http://www.yeastract.com/view.php?existing=locus&orfname=YCR091W
http://www.yeastract.com/view.php?existing=locus&orfname=YER030W
http://www.yeastract.com/view.php?existing=locus&orfname=YIL072W
http://www.yeastract.com/view.php?existing=locus&orfname=YIL033C
http://www.yeastract.com/view.php?existing=locus&orfname=YLR150W
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RAS2 -2.64 2.22 GSGANS(1)VPRNS(1)GGHR 

YMR124
W 

-2.63 2.30 RGDITSAGS(0.867)T(0.354)S(0.779)GEDSSQPK 

IGO2 -2.61 1.41 QGSISSGPPPRS(1)PNK 

SNT1  -2.56 1.95 STHSQS(0.941)S(0.04)PS(0.019)LHTK 

DUS4 -2.48 1.66 SAS(1)VVERQE 

PIG2 -2.47 1.41 KFKLS(0.024)DDDS(0.976)DIENDNDS(1)DDAINR 

RPA43  -2.46 1.32 S(1)QVKRANENSETAR 

HHO1 -2.46 3.61 EVS(1)PKPK 

RPL1a -2.45 2.16 SKITS(0.169)S(0.831)QVR 

YNL194C -2.43 1.55 
T(0.625)VDS(0.689)QT(0.689)PT(0.991)PVPT(0.615)
NGGIPS(0.187)S(0.142)VPVT(0.056)EVQQS(0.006)
QS(0.001)HQNHR 

NVJ1 -2.42 1.47 KES(0.001)T(0.999)AEPDSLSR 

YLR149C -2.41 1.47 HNS(1)IQPSNSGKNSTEK 

BRE5 -2.39 1.54 EKS(1)PEISKPK 

FPK1  -2.34 1.47 
YVKPMTSVANAS(0.001)PAS(0.997)PPLS(0.928)PT
(0.025)IPET(0.048)DVLQTPK 

IVY1  -2.34 1.58 PDNNTEQLQGS(0.986)PS(0.019)S(0.995)DQR 

SQS1 -2.34 1.50 HNS(1)RPDNNLLPS(1)PS(0.958)PQLT(0.042)EDIK 

GPA2 -2.32 1.66 TVNT(1)ANQQEKQQQR 

TOM20  -2.13 1.54 GVVGS(0.002)KAES(0.998)DAVAEANDIDD 

HSP12  -2.07 1.44 S(1)DAGRKGFGEK 

ELF1 -2.03 1.51 RGRGALVDS(1)DDE 

CMR1  -2.03 2.24 S(0.003)AS(0.997)PTLPTRR 

STM1  -2.00 1.72 KGNNTANATNS(1)ANTVQKNR 

NTR2  -2.00 1.42 
NNEKEIT(0.018)NFS(0.982)DDEMQGFQDEMLALT
DNQIAIQKDSK 

ASK10  -1.99 1.84 GNNS(1)AQNLTTSSSTASR 

BCY1  -1.96 1.83 
NIVLFPEPEES(0.672)FS(0.328)RPQS(0.998)AQS(0.
001)QS(0.001)R 

TSL1  -1.92 1.35 AGNRPT(0.033)S(0.953)AAT(0.011)S(0.003)LVNR 

GFA1  -1.89 2.78 REVGAS(1)MTR 

VPS74  -1.85 1.73 ADS(1)GDTSSIHSSANNTKGDK 

BUD14  -1.79 1.41 
HYKENSSELPDS(0.001)Y(0.001)DY(0.063)S(0.916)
DS(0.019)EFEDNLERR 

CKI1 -1.59 1.41 VQES(1)RPGS(1)VR 

AIM21  -1.58 1.57 KKS(1)PTSVQEGK 

PBP1 -1.57 1.87 
RS(0.001)GS(0.999)NIS(0.88)QGQS(0.095)S(0.004)
T(0.02)GHTTR 

http://www.yeastract.com/view.php?existing=locus&orfname=YNL098C
http://www.yeastract.com/view.php?existing=locus&orfname=YMR124W
http://www.yeastract.com/view.php?existing=locus&orfname=YMR124W
http://www.yeastract.com/view.php?existing=locus&orfname=YHR132W-A
http://www.yeastract.com/view.php?existing=locus&orfname=YCR033W
http://www.yeastract.com/view.php?existing=locus&orfname=YLR405W
http://www.yeastract.com/view.php?existing=locus&orfname=YIL045W
http://www.yeastract.com/view.php?existing=locus&orfname=YOR340C
http://www.yeastract.com/view.php?existing=locus&orfname=YPL127C
http://www.yeastract.com/view.php?existing=locus&orfname=YPL220W
http://www.yeastract.com/view.php?existing=locus&orfname=YNL194C
http://www.yeastract.com/view.php?existing=locus&orfname=YHR195W
http://www.yeastract.com/view.php?existing=locus&orfname=YLR149C
http://www.yeastract.com/view.php?existing=locus&orfname=YNR051C
http://www.yeastract.com/view.php?existing=locus&orfname=YNR047W
http://www.yeastract.com/view.php?existing=locus&orfname=YDR229W
http://www.yeastract.com/view.php?existing=locus&orfname=YNL224C
http://www.yeastract.com/view.php?existing=locus&orfname=YER020W
http://www.yeastract.com/view.php?existing=locus&orfname=YGR082W
http://www.yeastract.com/view.php?existing=locus&orfname=YFL014W
http://www.yeastract.com/view.php?existing=locus&orfname=YKL160W
http://www.yeastract.com/view.php?existing=locus&orfname=YDL156W
http://www.yeastract.com/view.php?existing=locus&orfname=YLR150W
http://www.yeastract.com/view.php?existing=locus&orfname=YKR022C
http://www.yeastract.com/view.php?existing=locus&orfname=YGR097W
http://www.yeastract.com/view.php?existing=locus&orfname=YIL033C
http://www.yeastract.com/view.php?existing=locus&orfname=YML100W
http://www.yeastract.com/view.php?existing=locus&orfname=YKL104C
http://www.yeastract.com/view.php?existing=locus&orfname=YDR372C
http://www.yeastract.com/view.php?existing=locus&orfname=YAR014C
http://www.yeastract.com/view.php?existing=locus&orfname=YLR133W
http://www.yeastract.com/view.php?existing=locus&orfname=YIR003W
http://www.yeastract.com/view.php?existing=locus&orfname=YGR178C


150 
 

TPS2  -1.57 1.40 TTTAQDNS(1)PKKR 

HHO1 -1.54 2.20 KKS(1)PTVTAK 

PCK1 -1.44 1.56 S(0.152)PS(0.848)KMNATAGSTSEVEQK 

YMR111C -1.40 1.53 
IKPEPGLS(1)DFENGEYDGNES(0.999)DENATT(0.0
01)R 

ECM21  -1.39 2.03 RIS(0.997)NT(0.003)LFSK 

YAT2  -1.36 1.34 NIS(1)KT(1)PS(1)MKNLQK 

DHH1 -1.32 1.44 
GSINNNFNT(0.994)NNNS(0.604)NT(0.402)DLDRD
WKTALNIPK 

ERG6 -1.29 1.40 KPENAET(1)PSQTSQEATQ 

PEP12  -1.29 1.42 S(1)EDEFFGGDNEAVWNGSR 

ADR1 -1.25 1.73 RKAS(1)PEANVK 

YAT2  -1.23 1.33 KTS(0.847)S(0.153)SS(1)QVNLNR 

YAT2  -1.22 3.23 S(0.417)S(0.583)GS(0.999)T(0.001)IVSSDKSER 

YAT2  -1.20 1.66 KTSS(1)S(0.004)S(0.996)QVNLNR 

REG1 -1.15 1.32 SDVKPQENGNDS(0.5)S(0.5) 

TYS1  -1.15 1.80 S(0.425)S(0.575)AATVDPNEAFGLITK 

SPC24  -1.14 2.09 S(1)QKDNLLDNPVEFLKEVR 

REC107  -1.13 1.71 TIIPWEELRPDT(1)LES(1)EL 

GIS4  -1.09 1.45 REDES(1)GQDEVEDHYSR 

CKB1 -1.08 1.33 RNKS(1)PVVNK 

NPR1 -1.07 1.88 LSATS(0.049)HT(0.952)S(0.999)GR 

REC107  -1.06 1.43 TIIPWEELRPDT(1)LES(1)EL 

 

 

 

 

 

 

 

 

 

 

http://www.yeastract.com/view.php?existing=locus&orfname=YDR074W
http://www.yeastract.com/view.php?existing=locus&orfname=YPL127C
http://www.yeastract.com/view.php?existing=locus&orfname=YKR097W
http://www.yeastract.com/view.php?existing=locus&orfname=YMR111C
http://www.yeastract.com/view.php?existing=locus&orfname=YBL101C
http://www.yeastract.com/view.php?existing=locus&orfname=YER024W
http://www.yeastract.com/view.php?existing=locus&orfname=YDL160C
http://www.yeastract.com/view.php?existing=locus&orfname=YML008C
http://www.yeastract.com/view.php?existing=locus&orfname=YOR036W
http://www.yeastract.com/view.php?existing=locus&orfname=YDR216W
http://www.yeastract.com/view.php?existing=locus&orfname=YER024W
http://www.yeastract.com/view.php?existing=locus&orfname=YER024W
http://www.yeastract.com/view.php?existing=locus&orfname=YER024W
http://www.yeastract.com/view.php?existing=locus&orfname=YDR028C
http://www.yeastract.com/view.php?existing=locus&orfname=YGR185C
http://www.yeastract.com/view.php?existing=locus&orfname=YMR117C
http://www.yeastract.com/view.php?existing=locus&orfname=YJR021C
http://www.yeastract.com/view.php?existing=locus&orfname=YML006C
http://www.yeastract.com/view.php?existing=locus&orfname=YGL019W
http://www.yeastract.com/view.php?existing=locus&orfname=YNL183C
http://www.yeastract.com/view.php?existing=locus&orfname=YJR021C
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Appendix 3 - S. cerevisiae strain list 

 

Table 7.3 S. cerevisiae strain list 
 

Strain  Genotype  Back-
ground 

808 MATa, sgo1Δ::KanMX6 SK1 

1827 MATa SK1 

1828 MATalpha SK1 

1835 MATa, MATalpha SK1 

1932 MATa, mam1∆::TRP1 SK1 

1947 MATalpha, mam1∆::TRP1 SK1 

2522 MATa, CFIII (CEN3.L.YPH983), HIS3, SUP11 W303 

2523 MATa, CFIII (CEN3.L.YPH983), HIS3, SUP11. W303 

3695 MATa, CFIII URA3 SUP11, sgo1Δ::KanMX6 W303 

8067 MATa, cdc20::pCLB2-CDC20::KanMX6/ MATalpha, 
cdc20::pCLB2-CDC20::KanMX6 

SK1 

8291 MATalpha, DSN1-6HIS-3FLAG::URA3, cdc20::pCLB2-3HA-
CDC20::KanMX6 /  
MATa, DSN1-6HIS-3FLAG::URA3, cdc20::pCLB2-3HA-
CDC20::KanMX6  

SK1 

12538 MATa, DSN1-6HIS-3FLAG::URA3, cdc20::pCLB2-
CDC20::KanMX6, mam1Δ::KANMX6 / MATalpha, DSN1-6HIS-
3FLAG::URA3, cdc20::pCLB2-CDC20::KanMX6, 
mam1Δ::KANMX6 

SK1 

13914 MATa, csm1Δ::KANMX6 SK1 

14942 MATalpha, GAL-NDT80::TRP1, ura3::pGPD1-
GAL4(848).ER::URA3, MAM1-yeGFP::KITRP1, MTW1-
tdTomato::NAT / MATa, GAL-NDT80::TRP1, ura3::pGPD1-
GAL4(848).ER::URA3, MAM1-yeGFP::KITRP1, MTW1-
tdTomato::NAT 

SK1 

15096 MATalpha, csm1::KANMX6, GAL-NDT80::TRP1, ura3::pGPD1-
GAL4(848).ER::URA3, MAM1-yeGFP::KITRP1, MTW1-
tdTomato::NAT / MATa, csm1::KANMX6, GAL-NDT80::TRP1, 
ura3::pGPD1-GAL4(848).ER::URA3, MAM1-yeGFP::KITRP1, 
MTW1-tdTomato::NAT 

SK1 

15740 MATa, cdc20::pCLB2-3HA-CDC20::KanMX6, DSN1-6HIS-
6HA:NAT/MATalpha, cdc20::pCLB2-3HA-CDC20::KanMX6, 
DSN1-6HIS-6HA:NAT 

SK1 
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Strain  Genotype  Back-
ground 

17123 MATalpha, dsn1::DSN1(L72D F74D)-6HIS-3FLAG::URA3, 
cdc20::pCLB2-3HA-CDC20::KanMX6, 
promURA3::TetR::GFP::LEU2 tetOx224-HIS3  

SK1 

17222 MATalpha, dsn1::DSN1(L72A F74A)-6HIS-3FLAG::URA SK1 

17223 MATa, dsn1::DSN1(L72A F74A)-6HIS-3FLAG::URA3 SK1 

17230 MATa, KANMX6-Δ110DSN1-6HIS-3FLAG::URA3 SK1 

17232 MATalpha, KANMX6-Δ78DSN1-6HIS-3FLAG::URA3 SK1 

17313 MATalpha, dsn1::DSN1(L72D F74D)-6HIS-3FLAG::URA3 SK1 

17373 MATa, dsn1::DSN1(L72D F74D)-6HIS-3FLAG::URA3 SK1 

17415 MATalpha, dsn1::DSN1(L72A F74A)-6HIS-3FLAG::URA3 
cdc20::pCLB2-3HA-CDC20::KanMX6, 
promURA3::TetR::GFP::LEU2, tetOx224-HIS3 / MATa 
dsn1::DSN1(L72A F74A)-6HIS-3FLAG::URA3 
cdc20::pCLB2-3HA-CDC20::KanMX6 

SK1 

17505 MATalpha, KANMX6-Δ110DSN1-6HIS-3FLAG::URA3 SK1 

17507 MATa, KANMX6-Δ110DSN1-6HIS-3FLAG::URA3 SK1 

17556 MATalpha, DSN1-6HIS-3FLAG::URA3 , GAL-NDT80::TRP1, 
ura3::pGPD1-GAL4(848).ER::URA3, MTW1-tdTomato::NAT, 
promURA3::TetR::GFP::LEU2, tetOx224-HIS3 / MATa, 
DSN1-6HIS-3FLAG::URA3, GAL-NDT80::TRP1, 
ura3::pGPD1-GAL4(848).ER::URA3, MTW1-tdTomato::NAT 

SK1 

19104 MATalpha, dsn1::KanMX6:proDSN1-MAM1-DSN1-6HIS-
3FLAG::URA3, GAL-NDT80::TRP1, ura3::pGPD1-
GAL4(848).ER::URA3 , MTW1-tdTomato::NAT, 
promURA3::TetR::GFP::LEU2, tetOx224-HIS3 / MATa, 
DSN1-6HIS-3FLAG::URA3, GAL-NDT80::TRP1, 
ura3::pGPD1-GAL4(848).ER::URA3 , MTW1-tdTomato::NAT 

SK1 

19216 MATalpha, csm1∆::KANMX6, GAL-NDT80::TRP1, 
ura3::pGPD1-GAL4(848).ER::URA3, MTW1-tdTomato::NAT 
/ MATa, csm1∆::KANMX6, GAL-NDT80::TRP1, 
ura3::pGPD1-GAL4(848).ER::URA3, MTW1-tdTomato::NAT, 
promURA3::TetR::GFP::LEU2, tetOx224-HIS3 , DSN1-
6HIS-3FLAG::URA3  

SK1 

19343 MATalpha, csm1∆::KANMX6, GAL-NDT80::TRP1, 
ura3::pGPD1-GAL4(848).ER::URA3, MTW1-tdTomato::NAT, 
promURA3::TetR::GFP::LEU2, tetOx224-HIS3 , DSN1-
6HIS-3FLAG::URA3 / MATa, csm1∆::KANMX6, 
dsn1::KanMX6:proDSN1-MAM1-DSN1-6HIS-3FLAG::URA3, 
GAL-NDT80::TRP1, ura3::pGPD1-GAL4(848).ER::URA3 , 
MTW1-tdTomato::NAT 

SK1 
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Strain  Genotype  Back-
ground 

19396 MATalpha, DSN1-6HIS-3FLAG::URA3, cdc20::pCLB2-3HA-
CDC20::KanMX6 / MATa, cdc20::pCLB2-3HA-
CDC20::KanMX6 

SK1 

19417 MATa, dsn1::KanMX6:proDSN1-MAM1-DSN1-6HIS-
3FLAG::URA3, mam1∆::TRP1, GAL-NDT80::TRP1, 
ura3::pGPD1-GAL4(848).ER::URA3, MTW1-tdTomato::NAT, 
promURA3::TetR::GFP::LEU2, tetOx224-HIS3 / MATalpha, 
GAL-NDT80::TRP1, ura3::pGPD1-GAL4(848).ER::URA3, 
MTW1-tdTomato::NAT, mam1∆::TRP1 

SK1 

19419 MATa, DSN1-6HIS-3FLAG::URA3 , mam1∆::TRP1, GAL-
NDT80::TRP1, ura3::pGPD1-GAL4(848).ER::URA3 , 
MTW1-tdTomato::NAT, promURA3::TetR::GFP::LEU2, 
tetOx224-HIS3 / MATalpha, GAL-NDT80::TRP1, 
ura3::pGPD1-GAL4(848).ER::URA3, MTW1-tdTomato::NAT, 
mam1∆::TRP1 

SK1 

19422 MATalpha, dsn1::KanMX6:proDSN1-MAM1-DSN1-6HIS-
3FLAG::URA3, cdc20::pCLB2-3HA-CDC20::KanMX6, 
mam1::TRP1 / MATa, cdc20::pCLB2-3HA-CDC20::KanMX6, 
mam1::TRP1 

SK1 

19710 MATalpha, KANMX6:pCUP-CSM1-DSN1-6HIS-
3FLAG::URA3, mam1∆::TRP1, GAL-NDT80::TRP1, 
ura3::pGPD1-GAL4(848).ER::URA3, MTW1-tdTomato::NAT, 
promURA3::TetR::GFP::LEU2, tetOx224-HIS3 / MATa, 
DSN1-6HIS-3FLAG::URA3 , mam1∆::TRP1, GAL-
NDT80::TRP1, ura3::pGPD1-GAL4(848).ER::URA3 , 
MTW1-tdTomato::NAT 

SK1 

20550 MATa, cdc20::pCLB2-3HA-CDC20::KanMX6 / MATalpha 
cdc20::pCLB2-3HA-CDC20::KanMX6, 
promURA3::TetR::GFP::LEU2, tetOx224-HIS3  

SK1 

20551 MATa, cdc20::pCLB2-3HA-CDC20::KanMX6 mam1∆::TRP1 
/ MATalpha cdc20::pCLB2-3HA-CDC20::KanMX6, 
promURA3::TetR::GFP::LEU2, tetOx224-HIS3 , 
mam1∆::TRP1 

SK1 

20717 MATalpha, HRR25-6HA::TRP1, cdc20::pCLB2-
CDC20::KanMX6 / MATa, HRR25-6HA::TRP1, 
cdc20::pCLB2-CDC20::KanMX6 

SK1 

20718 MATalpha, HRR25-6HA::TRP1, mam1::KANMX6, 
cdc20::pCLB2-CDC20::KanMX6 / MATa, HRR25-
6HA::TRP1, mam1::KANMX6, cdc20::pCLB2-
CDC20::KanMX6 

SK1 
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Strain  Genotype  Back-
ground 

21022 MATa, mam1∆::KANMX6, MTW1-tdTomato::NAT, PDS1-
tdTomato-KITRP1, GAL-NDT80::TRP1, ura3::pGPD1-
GAL4(848).ER::URA3, promURA3::TetR::GFP::LEU2, 
tetOx224-HIS3 / MATalpha, mam1∆::KANMX6, MTW1-
tdTomato::NAT, PDS1-tdTomato-KITRP1, GAL-
NDT80::TRP1, ura3::pGPD1-GAL4(848).ER::URA3, 
promURA3::TetR::GFP::LEU2, tetOx224-HIS3  

SK1 

21023 MATa, csm1∆::KANMX6, GAL-NDT80::TRP1, ura3::pGPD1-
GAL4(848).ER::URA3, PDS1-tdTomato-KITRP1, MTW1-
tdTomato::NAT, promURA3::TetR::GFP::LEU2, tetOx224-
HIS3 / MATalpha, csm1∆::KANMX6, GAL-NDT80::TRP1, 
ura3::pGPD1-GAL4(848).ER::URA3, PDS1-tdTomato-
KITRP1, MTW1-tdTomato::NAT, 
promURA3::TetR::GFP::LEU2, tetOx224-HIS3  

SK1 

21422 MATa, trp1::hisG, GAL-NDT80::TRP1, ura3::pGPD1, 
GAL4(848).ER::URA3 , PDS1-tdTomato-KITRP1,MTW1-
tdTomato::NAT, promURA3::TetR::GFP::LEU2, tetOx224-
HIS3 / MATalpha, GAL-NDT80::TRP1, ura3::pGPD1-
GAL4(848).ER::URA3, PDS1-tdTomato-KITRP1, MTW1-
tdTomato::NAT, promURA3::TetR::GFP::LEU2, tetOx224-
HIS3  

SK1 

21575 MATalpha, hrr25-zo (H25R E34K)::Leu2, cdc20::pCLB2-
3HA-CDC20::KanMX6 / MATa, hrr25-zo (H25R 
E34K)::Leu2, cdc20::pCLB2-3HA-CDC20::KanMX6, 
promURA3::TetR::GFP::LEU2, tetOx224-HIS3  

SK1 

21623 MATa, mam1∆::KANMX6, MTW1-tdTomato::NAT, PDS1-
tdTomato-KITRP1, GAL-NDT80::TRP1, ura3::pGPD1-
GAL4(848).ER::URA3 / MATalpha, mam1∆::KANMX6, 
MTW1-tdTomato::NAT, PDS1-tdTomato-KITRP1, GAL-
NDT80::TRP1, ura3::pGPD1-GAL4(848).ER::URA3, 
promURA3::TetR::GFP::LEU2, tetOx224-HIS3  

SK1 

21920 MATa, dsn1::DSN1(E90A N94A D97A)-6HIS-3FLAG::URA3 SK1 

21921 MATa, dsn1::DSN1(L88A L92A L95A)-6HIS-3FLAG::URA3 SK1 

22014 MATalpha, GAL-NDT80::TRP1, ura3::pGPD1-
GAL4(848).ER::URA3, MTW1-tdTomato::NAT, PDS1-
tdTomato-KITRP1 / MATa, GAL-NDT80::TRP1, 
ura3::pGPD1-GAL4(848).ER::URA3 , PDS1-tdTomato-
KITRP1, MTW1-tdTomato::NAT, 
promURA3::TetR::GFP::LEU2, tetOx224-HIS3  

SK1 
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Strain  Genotype  Back-
ground 

22015 MATalpha, csm1∆::KANMX6, GAL-NDT80::TRP1, 
ura3::pGPD1-GAL4(848).ER::URA3, PDS1-tdTomato-
KITRP1, MTW1-tdTomato::NAT / MATa, csm1∆::KANMX6, 
GAL-NDT80::TRP1, ura3::pGPD1-GAL4(848).ER::URA3, 
PDS1-tdTomato-KITRP1, MTW1-tdTomato::NAT, 
promURA3::TetR::GFP::LEU2, tetOx224-HIS3  

SK1 

22255 MATa, hrr25-zo (H25R E34K)::Leu2, DSN1-6HIS-
3FLAG::URA3, cdc20::pCLB2-3HA-CDC20::KanMX6 / 
MATalpha, hrr25-zo (H25R E34K)::Leu2, DSN1-6HIS-
3FLAG::URA3, cdc20::pCLB2-3HA-CDC20::KanMX6 

SK1 

22719 MATalpha, dsn1::DSN1(L88A L92A L95A)-6HIS-
3FLAG::URA3 

SK1 

22794 MATa, dsn1::DSN1(L88A L92A L95A)-6HIS-3FLAG::URA3, 
cdc20::pCLB2-3HA-CDC20::KanMX6 / MATalpha 
dsn1::DSN1(L88A L92A L95A)-6HIS-3FLAG::URA3, 
cdc20::pCLB2-3HA-CDC20::KanMX6, 
promURA3::TetR::GFP::LEU2, tetOx224-HIS3  

SK1 

22928 MATalpha, dsn1::DSN1(E90A N94A D97A)-6HIS-
3FLAG::URA3, cdc20::pCLB2-3HA-CDC20::KanMX6 / 
MATa dsn1::DSN1(E90A N94A D97A)-6HIS-3FLAG::URA3, 
cdc20::pCLB2-3HA-CDC20::KanMX6, 
promURA3::TetR::GFP::LEU2, tetOx224-HIS3  

SK1 

23151 MATalpha, dsn1::DSN1(E90A N94A D97A)-6HIS-
3FLAG::URA3 

SK1 

23152 MATa, dsn1::DSN1(E90A N94A D97A)-6HIS-3FLAG::URA3 SK1 

23695 MATalpha, cdc20::pCLB2-3HA-CDC20::KanMX6, NDC10-
6HA::HIS3MX6, MAM1-9MYC::TRP1 / MATa,cdc20::pCLB2-
3HA-CDC20::KanMX6, NDC10-6HA::HIS3MX6, MAM1-
9MYC::TRP1 

SK1 

23735 MATalpha, hrr25-zo (H25R E34K)::Leu2, cdc20::pCLB2-
3HA-CDC20::KanMX6, NDC10-6HA::HIS3MX6, MAM1-
9MYC::TRP1 / MATa, hrr25-zo (H25R E34K)::Leu2, 
cdc20::pCLB2-3HA-CDC20::KanMX6, NDC10-
6HA::HIS3MX6, MAM1-9MYC::TRP1 

SK1 
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Strain  Genotype  Back-
ground 

24131 MATalpha, dsn1::KanMX6:proDSN1-MAM1-DSN1-6HIS-
3FLAG::URA3, cdc20::pCLB2-3HA-CDC20::KanMX6, 
mam1::TRP1 / MATa, dsn1::KanMX6:proDSN1-MAM1-
DSN1-6HIS-3FLAG::URA3, cdc20::pCLB2-3HA-
CDC20::KanMX6, mam1::TRP1 

SK1 

24250 MATa, dsn1::DSN1(S109R S110R)-6HIS-3FLAG::URA3 SK1 

24251 MATalpha, dsn1::DSN1(S109R S110R)-6HIS-3FLAG::URA3 SK1 

24624 MATa, dsn1::DSN1(V104A F107A)-6HIS-3FLAG::URA3 SK1 

24629 MATa, dsn1::DSN1(E90K N94K D97K)-6HIS-3FLAG::URA3 SK1 

24632 MATalpha, dsn1::DSN1(E90K N94K D97K)-6HIS-
3FLAG::URA3 

SK1 

24633 MATa, dsn1::DSN1(S109R S110R)-6HIS-3FLAG::URA3, 
MAM1-9MYC::TRP1, cdc20::pCLB2-3HA-CDC20::KanMX6 / 
MATalpha, dsn1::DSN1(S109R S110R)-6HIS-
3FLAG::URA3, MAM1-9MYC::TRP1, cdc20::pCLB2-3HA-
CDC20::KanMX6 

SK1 

24652 MATalpha, dsn1::DSN1(V104A F107A)-6HIS-3FLAG::URA3 SK1 

24669 MATa, dsn1::DSN1(V104A F107A)-6HIS-3FLAG::URA3, 
MAM1-9MYC::TRP1, cdc20::pCLB2-3HA-CDC20::KanMX6 / 
MATalpha, dsn1::DSN1(V104A F107A)-6HIS-
3FLAG::URA3, MAM1-9MYC::TRP1, cdc20::pCLB2-3HA-
CDC20::KanMX6 

SK1 

24687 MATa, dsn1::DSN1(V104A F107A)-6HIS-3FLAG::URA3, 
cdc20::pCLB2-3HA-CDC20::KanMX6 / MATalpha, 
dsn1::DSN1(V104A F107A)-6HIS-3FLAG::URA3, 
dc20::pCLB2-3HA-CDC20::KanMX6, 
promURA3::TetR::GFP::LEU2, tetOx224-HIS3  

SK1 

24688 MATa, dsn1::DSN1(S109D S110D)-6HIS-3FLAG::URA3 SK1 

24744 MATalpha, dsn1::DSN1(S109D S110D)-6HIS-3FLAG::URA3 SK1 

24755 MATa, dsn1::DSN1(V104D F107D)-6HIS-3FLAG::URA3 SK1 

   

24858 MATa, dsn1::DSN1(V104D F107D)-6HIS-3FLAG::URA3 SK1 

25110 MATalpha, dsn1::DSN1(V104D F107D)-6HIS-3FLAG::URA3 SK1 

25111 MATalpha, dsn1::DSN1(L72D F74D)-6HIS-3FLAG::URA3, 
MAM1-9MYC::TRP1, cdc20::pCLB2-3HA-CDC20::KanMX6 / 
MATa, dsn1::DSN1(L72D F74D)-6HIS-3FLAG::URA3, 
MAM1-9MYC::TRP1, cdc20::pCLB2-3HA-CDC20::KanMX6 

SK1 
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Strain  Genotype  Back-
ground 

25615 MATa, dsn1::DSN1(E90K N94K D97K)-6HIS-3FLAG::URA3, 
cdc20::pCLB2-3HA-CDC20::KanMX6 / MATalpha, 
dsn1::DSN1(E90K N94K D97K)-6HIS-3FLAG::URA3, 
cdc20::pCLB2-3HA-CDC20::KanMX6, 
promURA3::TetR::GFP::LEU2, tetOx224-HIS3  

SK1 

25617 MATalpha, MAM1-9MYC::TRP1, cdc20::pCLB2-3HA-
CDC20::KanMX6 / MATa, MAM1-9MYC::TRP1, 
cdc20::pCLB2-3HA-CDC20::KanMX 

SK1 

25618 MATalpha, dsn1::DSN1(L72A F74A)-6HIS-3FLAG::URA3, 
MAM1-9MYC::TRP1, cdc20::pCLB2-3HA-CDC20::KanMX6 
/ MATa, dsn1::DSN1(L72A F74A)-6HIS-3FLAG::URA3, 
MAM1-9MYC::TRP1, cdc20::pCLB2-3HA-CDC20::KanMX6 

SK1 

25750 MATalpha, dsn1::DSN1(E90A N94A D97A)-6HIS-
3FLAG::URA3, PDS1-tdTomato-KITRP1, MTW1-
tdTomato::NAT / MATa, dsn1::DSN1(E90A N94A D97A)-
6HIS-3FLAG::URA3, PDS1-tdTomato-KITRP1, MTW1-
tdTomato::NAT, promURA3::TetR::GFP::LEU2, tetOx224-
HIS3  

SK1 

25751 MATalpha, dsn1::DSN1(S109R S110R)-6HIS-
3FLAG::URA3, PDS1-tdTomato-KITRP1, MTW1-
tdTomato::NAT / MATa, dsn1::DSN1(S109R S110R)-6HIS-
3FLAG::URA3, MTW1-tdTomato::NAT, PDS1-tdTomato-
KITRP1, promURA3::TetR::GFP::LEU2 , tetOx224-HIS3  

SK1 

25762 MATalpha, dsn1::DSN1(V104A F107A)-6HIS-
3FLAG::URA3, PDS1-tdTomato-KITRP1, MTW1-
tdTomato::NAT / MATa, dsn1::DSN1(V104A F107A)-6HIS-
3FLAG::URA3, PDS1-tdTomato-KITRP1, MTW1-
tdTomato::NAT, promURA3::TetR::GFP::LEU2, tetOx224-
HIS3  

SK1 

25763 MATa, dsn1::DSN1(L88A L92A L95A)-6HIS-3FLAG::URA3, 
MTW1-tdTomato::NAT, PDS1-tdTomato-KITRP1 / 
MATalpha, dsn1::DSN1(L88A L92A L95A)-6HIS-
3FLAG::URA3, PDS1-tdTomato-KITRP1, MTW1-
tdTomato::NAT, promURA3::TetR::GFP::LEU2, tetOx224-
HIS3  

SK1 
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Strain  Genotype  Back-
ground 

25821 MATalpha, dsn1::DSN1(L72A F74A)-6HIS-3FLAG::URA3, 
MTW1-tdTomato::NAT, PDS1-tdTomato-KITRP1 / MATa, 
dsn1::DSN1(L72A F74A)-6HIS-3FLAG::URA3, PDS1-
tdTomato-KITRP1, MTW1-tdTomato::NAT, 
promURA3::TetR::GFP::LEU2, tetOx224-HIS3  

SK1 

25881 MATalpha, dsn1::DSN1(E90K N94K D97K)-6HIS-
3FLAG::URA3, PDS1-tdTomato-KITRP1, MTW1-
tdTomato::NAT / MATa, dsn1::DSN1(E90K N94K D97K)-
6HIS-3FLAG::URA3, PDS1-tdTomato-KITRP1, MTW1-
tdTomato::NAT, promURA3::TetR::GFP::LEU2, tetOx224-
HIS3  

SK1 

25883 MATa, dsn1::DSN1(L72A, F74A, S109A, S110A)-6HIS-
3FLAG::URA3 

SK1 

25932 MATalpha DSN1-6HIS-3FLAG::URA3, PDS1-tdTomato-
KITRP1, MTW1-tdTomato::NAT / MATa, DSN1-6HIS-
3FLAG::URA3, PDS1-tdTomato-KITRP1, MTW1-
tdTomato::NAT, promURA3::TetR::GFP::LEU2, tetOx224-
HIS3  

SK1 

26337 MATa, DSN1-6HIS-3FLAG::URA3, Ndc80-yEGFP::KanMX, 
MTW1-tdTomato::NAT / MATalpha, DSN1-6HIS-
3FLAG::URA3, Ndc80-yEGFP::KanMX, MTW1-
tdTomato::NAT 

SK1 

26426 MATa, dsn1::DSN1(S109A S110A)-6HIS-3FLAG::URA3 SK1 

26457 MATa, dsn1::DSN1(L72A F74A)-6HIS-3FLAG::URA3, 
Ndc80-yEGFP::KanMX, MTW1-tdTomato::NAT / MATalpha, 
dsn1::DSN1(L72A F74A)-6HIS-3FLAG::URA3, Ndc80-
yEGFP::KanMX, MTW1-tdTomato::NAT 

SK1 

26475 MATalpha, dsn1::DSN1(V104D F107D)-6HIS-
3FLAG::URA3, PDS1-tdTomato-KITRP1, MTW1-
tdTomato::NAT / MATa, dsn1::DSN1(V104D F107D)-6HIS-
3FLAG::URA3, PDS1-tdTomato-KITRP1, MTW1-
tdTomato::NAT, promURA3::TetR::GFP::LEU2, tetOx224-
HIS3  

SK1 

26476 MATa, dsn1::DSN1(S109D S110D)-6HIS-3FLAG::URA3, 
MAM1-9MYC::TRP1, cdc20::pCLB2-3HA-CDC20::KanMX6 / 
MATalpha, dsn1::DSN1(S109D S110D)-6HIS-
3FLAG::URA3, MAM1-9MYC::TRP1, cdc20::pCLB2-3HA-
CDC20::KanMX6 

SK1 
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Strain  Genotype  Back-
ground 

26543 MATalpha, dsn1::DSN1(L72D F74D)-6HIS-3FLAG::URA3, 
MTW1-tdTomato::NAT, PDS1-tdTomato-KITRP1 / MATa, 
dsn1::DSN1(L72D F74D)-6HIS-3FLAG::URA3, MTW1-
tdTomato::NAT, PDS1-tdTomato-KITRP1, 
promURA3::TetR::GFP::LEU2, tetOx224-HIS3  

SK1 

26546 MATalpha, mam1Δ::TRP1, PDS1-tdTomato-KITRP1, 
MTW1-tdTomato::NAT / MATa, mam1Δ::TRP1, PDS1-
tdTomato-KITRP1, MTW1-tdTomato::NAT, 
promURA3::TetR::GFP::LEU2 , tetOx224-HIS3  

SK1 

26547 MATa, dsn1::DSN1(V104A F107A)-6HIS-3FLAG::URA3, 
Ndc80-yEGFP::KanMX, MTW1-tdTomato::NAT / MATalpha, 
dsn1::DSN1(V104A F107A)-6HIS-3FLAG::URA3, Ndc80-
yEGFP::KanMX, MTW1-tdTomato::NAT 

SK1 

26727 MATa, dsn1::DSN1(L72A, F74A, V104A, F107A)-6HIS-
3FLAG::URA3 

SK1 

26728 MATa, dsn1::DSN1(L72A, F74A, V104A, F107A, S109A, 
S110A)-6HIS-3FLAG::URA3 

SK1 

26778 MATa, dsn1::DSN1(V104D F107D)-6HIS-3FLAG::URA3, 
cdc20::pCLB2-3HA-CDC20::KanMX6, MAM1-9MYC::TRP1 / 
MATalpha, dsn1::DSN1(V104D F107D)-6HIS-
3FLAG::URA3, cdc20::pCLB2-3HA-CDC20::KanMX6, 
MAM1-9MYC::TRP1 

SK1 

26800 MATa, dsn1::DSN1(S109A S110A)-6HIS-3FLAG::URA3, 
MAM1-9MYC::TRP1, cdc20::pCLB2-3HA-CDC20::KanMX6 / 
MATalpha, dsn1::DSN1(S109A S110A)-6HIS-
3FLAG::URA3, MAM1-9MYC::TRP1, cdc20::pCLB2-3HA-
CDC20::KanMX6 

SK1 

26803 MATalpha, dsn1::DSN1(S109A S110A)-6HIS-3FLAG::URA3 SK1 

26828 MATa, dsn1::DSN1(S109A S110A)-6HIS-3FLAG::URA3, 
MTW1-tdTomato::NAT, PDS1-tdTomato-KITRP1 / 
MATalpha, dsn1::DSN1(S109A S110A)-6HIS-
3FLAG::URA3, MTW1-tdTomato::NAT, PDS1-tdTomato-
KITRP1, promURA3::TetR::GFP::LEU2, tetOx224-HIS3  

SK1 

26848 MATa, dsn1::DSN1(S109A S110A)-6HIS-3FLAG::URA3, 
Ndc80-yEGFP::KanMX, MTW1-tdTomato::NAT / MATalpha, 
dsn1::DSN1(S109A S110A)-6HIS-3FLAG::URA3, Ndc80-
yEGFP::KanMX, MTW1-tdTomato::NAT 

SK1 

 

 

 



160 
 

Strain  Genotype  Back-
ground 

26947 MATa, dsn1::DSN1(S109D S110D)-6HIS-3FLAG::URA3, 
GAL-NDT80::TRP1, ura3::pGPD1-GAL4(848).ER::URA3, 
MAM1-yeGFP::KITRP1, MTW1-tdTomato::NAT / MATalpha, 
dsn1::DSN1(S109D S110D)-6HIS-3FLAG::URA3,  
GAL-NDT80::TRP1, ura3::pGPD1-GAL4(848).ER::URA3, 
MAM1-yeGFP::KITRP1, MTW1-tdTomato::NAT 

SK1 

26963 MATalpha, dsn1::DSN1(S109A S110A)-6HIS-
3FLAG::URA3, GAL-NDT80::TRP1, ura3::pGPD1-
GAL4(848).ER::URA3, MAM1-yeGFP::KITRP1, MTW1-
tdTomato::NAT / MATa, dsn1::DSN1(S109A S110A)-6HIS-
3FLAG::URA3, GAL-NDT80::TRP1, ura3::pGPD1-
GAL4(848).ER::URA3, MAM1-yeGFP::KITRP1, MTW1-
tdTomato::NAT 

SK1 

27009 MATa, dsn1::DSN1(S109D S110D)-6HIS-3FLAG::URA3, 
PDS1-tdTomato-KITRP1, MTW1-tdTomato::NAT / 
MATalpha, dsn1::DSN1(S109D S110D)-6HIS-
3FLAG::URA3, PDS1-tdTomato-KITRP1, MTW1-
tdTomato::NAT, promURA3::TetR::GFP::LEU2, tetOx224-
HIS3  

SK1 

27432 MATa, dsn1::DSN1(S109A S110A)-6HIS-3FLAG::URA3 
cdc20::pCLB2-3HA-CDC20::KanMX6 / MATalpha 
dsn1::DSN1(S109A S110A)-6HIS-3FLAG::URA3, 
cdc20::pCLB2-3HA-CDC20::KanMX6, 
promURA3::TetR::GFP::LEU2, tetOx224-HIS3  

SK1 

27647 MATa, dsn1::DSN1(S109D S110D)-6HIS-3FLAG::URA3, 
cdc20::pCLB2-3HA-CDC20::KanMX6, 
promURA3::TetR::GFP::LEU2, tetOx224-HIS3 / MATalpha, 
dsn1::DSN1(S109D S110D)-6HIS-3FLAG::URA3, 
cdc20::pCLB2-3HA-CDC20::KanMX6 

SK1 

27648 MATa, dsn1::DSN1(V104D F107D)-6HIS-3FLAG::URA3, 
cdc20::pCLB2-3HA-CDC20::KanMX6, 
promURA3::TetR::GFP::LEU2, tetOx224-HIS3 / MATalpha, 
dsn1::DSN1(V104D F107D)-6HIS-3FLAG::URA3, 
cdc20::pCLB2-3HA-CDC20::KanMX6 

SK1 

27773 MATa, dsn1::DSN1(L72A F74A)-6HIS-3FLAG::URA3, CFIII 
(CEN3.L.YPH983), HIS3, SUP11 

W303 

27774 MATa, dsn1::DSN1(V104A F107A)-6HIS-3FLAG::URA3 
CFIII (CEN3.L.YPH983), HIS3, SUP11 

W303 
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Strain  Genotype  Back-
ground 

27775 MATa, csm1::URA3 , CFIII (CEN3.L.YPH983), HIS3, SUP11 W303 

27776 MATa, csm1::URA3 , CFIII (CEN3.L.YPH983), HIS3, SUP11 W303 

27777 MATa, csm1::URA3 , CFIII (CEN3.L.YPH983), HIS3, SUP11 W303 

28396 MATa,SPC105-TT355 356AA::LEU2, MTW1-
tdTomato::NAT, promURA3::TetR::GFP::LEU2 , tetOx224-
HIS3 / MATalpha, SPC105-TT355 356AA::LEU2, MTW1-
tdTomato::NAT 

SK1 

28398 MATalpha, dsn1::DSN1(T12A)-6HIS-3FLAG::URA3, PDS1-
tdTomato-KITRP1, MTW1-tdTomato::NAT / MATa, 
dsn1::DSN1(T12A)-6HIS-3FLAG::URA3, PDS1-tdTomato-
KITRP1, MTW1-tdTomato::NAT, 
promURA3::TetR::GFP::LEU2, tetOx224-HIS3  

SK1 

28399 MATa, hrr25-zo (H25R E34K)::Leu2, dsn1::DSN1(S109D 
S110D)-6HIS-3FLAG::URA3, PDS1-tdTomato-KITRP1, 
MTW1-tdTomato::NAT / MATalpha, hrr25-zo (H25R 
E34K)::Leu2, dsn1::DSN1(S109D S110D)-6HIS-
3FLAG::URA3, PDS1-tdTomato-KITRP1, MTW1-
tdTomato::NAT, promURA3::TetR::GFP::LEU2, tetOx224-
HIS3  

SK1 
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Appendix 4 – Plasmid list 

Table 7.4 Plasmid list 
 

Plasmid  Description Origin 

AMp449 pUG73 Gueldener et al. 2002 

AMp470 pYM3-6HA Knop et al 1999 

AMp770 pSB1590, Dsn1-6HIS-3FLAG Sue Biggins Labs  

AMp922 SPC105 in YIPlac128  Cloned within the lab by 
the additon of SPC105 
into YIPlac128 by A. 
Marston  

AMp1134 Dsn1(L72A F74A)-6HIS-3FLAG This study site directed 
mutagenesis of AMp770 

AMp1331 hrr25-zo (H25R E34K) This study hrr25-zo gene 
inserted into AMp449  

AMp1345 pFA6a-yEGFP Cloned within the Lab 
from pYM12 (Knop et al 
1999) by S. Galander 

AMp1373 Dsn1 (L88A L92A L95A)-6HIS-3FLAG This study site directed 
mutagenesis of AMp770 

AMp1374 Dsn1 (E90A N94A D97A)-6HIS-3FLAG This study site directed 
mutagenesis of AMp770 

AMp1403 Dsn1 (L88D L92D L95D)-6HIS-3FLAG This study site directed 
mutagenesis of AMp770 

AMp1404 Dsn1 (E90K N94K D97K)-6HIS-3FLAG This study site directed 
mutagenesis of AMp770 

AMp1405 Dsn1 (V104D F107D)-6HIS-3FLAG This study site directed 
mutagenesis of AMp770 

AMp1406 Dsn1 (S109D S110D)-6HIS-3FLAG This study site directed 
mutagenesis of AMp770 

AMp1480 Spc24 This study Spc24 
inserted into AMp1345 

AMp1483 Spc24 (S2A), URA This study site directed 
mutagenesis of 
AMp1480 

AMp1484 Dsn1 (V104A F107A)-6HIS-3FLAG This study site directed 
mutagenesis of AMp770 

AMp1485 Dsn1(T12A) This study site directed 
mutagenesis of AMp770 

AMp1558 Spc105(T355A T356A) This study site directed 
mutagenesis of AMp922 

AMp1591 Dsn1(L72A F74A V104A F107A)-6HIS-
3FLAG 

This study site directed 
mutagenesis of AMp770 

AMp1592 Dsn1(L72A F74A S109A S110A)-6HIS-
3FLAG 

This study site directed 
mutagenesis of AMp770 

AMp1640 Dsn1 (S109R S110R)-6HIS-3FLAG This study site directed 
mutagenesis of AMp770 

AMp1643 Dsn1 (L72A F74A V104A F107A S109A 
S110A)-6HIS-3FLAG 

This study site directed 
mutagenesis of AMp770 
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Abstract
The monopolin complex is a multifunctional molecular crosslinker, which in S. pombe binds and organises mitotic kinetochores
to prevent aberrant kinetochore-microtubule interactions. In the budding yeast S. cerevisiae, whose kinetochores bind a single
microtubule, the monopolin complex crosslinks and mono-orients sister kinetochores in meiosis I, enabling the biorientation and
segregation of homologs. Here, we show that both the monopolin complex subunit Csm1 and its binding site on the kinetochore
protein Dsn1 are broadly distributed throughout eukaryotes, suggesting a conserved role in kinetochore organisation and func-
tion.We find that budding yeast Csm1 binds two conservedmotifs in Dsn1, one (termed Box 1) representing the ancestral, widely
conserved monopolin binding motif and a second (termed Box 2-3) with a likely role in enforcing specificity of sister kinetochore
crosslinking. We find that Box 1 and Box 2-3 bind the same conserved hydrophobic cavity on Csm1, suggesting competition or
handoff between these motifs. Using structure-based mutants, we also find that both Box 1 and Box 2-3 are critical for monopolin
function inmeiosis.We identify two conserved serine residues in Box 2-3 that are phosphorylated in meiosis and whose mutation
to aspartate stabilises Csm1-Dsn1 binding, suggesting that regulated phosphorylation of these residues may play a role in sister
kinetochore crosslinking specificity. Overall, our results reveal the monopolin complex as a broadly conserved kinetochore
organiser in eukaryotes, which budding yeast have co-opted to mediate sister kinetochore crosslinking through the addition of
a second, regulatable monopolin binding interface.
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Introduction

Meiosis generates haploid gametes from a diploid progenitor
cell through two consecutive rounds of chromosome segrega-
tion that follow a single round of DNA replication (reviewed
in (Duro and Marston 2015)). The first meiotic division (mei-
osis I) requires that the canonical chromosome segregation
machinery be modified to direct the segregation of homolo-
gous chromosomes, rather than sister chromatids as in mitosis
or meiosis II. Central to this process is the monoorientation of
sister kinetochores, meaning that at metaphase I attachments
are made to microtubules extending from the same spindle
pole, rather than opposite poles, thereby ensuring the co-
segregation of sister chromatids during anaphase I.

The mechanism of meiosis I sister kinetochore
monoorientation is best understood in the budding yeast
Saccharomyces cerevisiae. S. cerevisiae and its close relatives
possess so-called Bpoint centromeres,^ compact sequence-
defined centromeres that bind a single centromeric nucleo-
some and assemble a minimal kinetochore (Meraldi et al.
2006; Westermann et al. 2007; Gordon et al. 2011). In
S. cerevisiae meiosis I, sister kinetochores are fused through
the action of the kinetochore-binding monopolin complex,
and together bind a single microtubule (Winey et al. 2005;
Corbett et al. 2010; Corbett and Harrison 2012; Sarangapani
et al. 2014). The conserved core of the monopolin complex
comprises two nucleolar proteins, Csm1 and Lrs4 (Rabitsch
et al. 2003). These proteins form a distinctive V-shaped com-
plex, with two Csm1 homodimers bridged at their coiled-coil
N-termini by a pair of Lrs4 subunits, thereby positioning two
pairs of Csm1 globular-domain Bheads^ ~ 10 nm apart at the
apices of the V (Corbett et al. 2010). Each Csm1 globular
domain has a conserved hydrophobic cavity implicated in
binding the kinetochore protein Dsn1, leading to the proposal
that monopolin could bridge Dsn1 molecules from sister ki-
netochores to physically fuse the kinetochores (Corbett et al.
2010). Supporting this idea, kinetochore particles purified
from cells in meiosis I bind microtubules more strongly than
those from cells in mitosis or meiosis II, and this increased
strength depends on the monopolin complex (Sarangapani
et al. 2014). Further, addition of recombinant monopolin com-
plex to kinetochores purified from mitotic cells increases their
microtubule-attachment strength to match that of meiosis I
kinetochores (Sarangapani et al. 2014).

A key unresolved question in monopolin function is how
the complex specifically recognises and crosslinks sister ki-
netochores. This specificity is likely mediated by two addi-
tional monopolin complex subunits, the meiosis-specific pro-
teinMam1 and a CK1δ family kinase, Hrr25 (Toth et al. 2000;
Rabitsch et al. 2003; Petronczki et al. 2006). Mam1, which is
found only in point-centromere fungi, binds Csm1 and Hrr25
independently, through two flexibly linked domains, thereby
acting as a molecular tether to recruit Hrr25 to the monopolin

complex (Corbett and Harrison 2012; Ye et al. 2016). While
CK1δ family kinases are near-universal in eukaryotes, Hrr25
orthologs in point-centromere fungi possess a central domain
that binds Mam1 and may uniquely regulate the protein’s ki-
nase activity when it is associated with the monopolin com-
plex (Ye et al. 2016). While the relevant substrates of
monopolin-associated Hrr25 have not been identified, the
flexibility and length (~ 120 Å) of the Mam1 tether would
allow the kinase to access potential substrates within both
monopolin and the kinetochore (Corbett and Harrison 2012;
Ye et al. 2016). One candidate target is the kinetochore recep-
tor for monopolin, Dsn1, which we previously showed is
phosphorylated in vitro by Hrr25 (Ye et al. 2016). Hrr25’s
kinase activity is dispensable for kinetochore localisation of
the monopolin complex in vivo (Petronczki et al. 2006) and
for fusion of purified kinetochore particles in vitro
(Sarangapani et al. 2014), but is required for sister kinetochore
monoorientation in meiosis I (Petronczki et al. 2006).
Together, these data suggest that kinetochore binding is func-
tionally distinct from sister kinetochore crosslinking, and that
Hrr25’s kinase activity is specifically important for the latter.

Apart from its critical role at meiosis I kinetochores, the
Csm1-Lrs4 monopolin subcomplex acts as a molecular
crosslinker in at least three other functional contexts in
S. cerevisiae, some of which are likely conserved throughout
fungi. Csm1 and Lrs4 reside in the nucleolus for the majority
of the cell cycle, and a subset of Csm1-Lrs4 is released from
the nucleolus after meiotic prophase to function at meiotic
kinetochores (Rabitsch et al. 2003; Clyne et al. 2003). The
complex is also released from the nucleolus in mitotic ana-
phase, when it localises to kinetochores independently of
Mam1 and Hrr25, and appears to suppress chromosome loss
through an unknown mechanism (Brito et al. 2010). Within
the nucleolus, Csm1 and Lrs4 are important for suppressing
aberrant recombination within the highly repetitive ribosomal
DNA (rDNA) repeats, and are also required for Sir2-mediated
transcriptional silencing of rDNA (Huang et al. 2006; Mekhail
et al. 2008). Csm1 binds the nucleolar protein Tof2 through
the same conserved hydrophobic cavity implicated in Dsn1
binding, and also binds a SUMO peptidase, Ulp2, in a struc-
turally equivalent manner to Mam1 (Liang et al. 2017).
Finally, we have recently identified another Csm1-binding
protein, Dse3, which binds Csm1 equivalently to Mam1 and
Ulp2 (Singh and Corbett 2018).The biological role of the
Dse3-Csm1 interaction is not known.

Outside point-centromere fungi, Csm1 and Lrs4 are also
important in chromosome and kinetochore organisation and
their molecular function is likely to be conserved. S. pombe
Csm1 and Lrs4 (also called Pcs1 and Mde4) prevent aberrant
chromosome-microtubule attachments in mitosis (Gregan
et al. 2007; Choi et al. 2009) and have been proposed to do
so through either physical crosslinking of microtubule binding
sites within a single kinetochore, or alternatively through
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recruitment of chromosome-organising condensin complexes
to centromeric chromatin (Tada et al. 2011). Condensin-
dependent organisation of centromeres and rDNA is also
thought to underlie the importance of Csm1-Lrs4 in the fungal
pathogen Candida albicans (Burrack et al. 2013). While the
monopolin complex is found throughout fungi, orthologs of
Csm1 and Lrs4 have so far not been identified in other eu-
karyotes, questioning whether monopolin’s kinetochore-
organising activities are broadly conserved.

While the architecture of the budding yeast monopolin
complex and the structural basis for its interactions with nu-
merous partners are known, direct molecular information
about the monopolin-kinetochore interface is still lacking. A
~ 40-residue region within the disordered N-terminus of the
core kinetochore protein, Dsn1, has been identified as the
kinetochore receptor for the monopolin subunit Csm1
(Sarkar et al. 2013). This region, comprising residues 72–
110 of S. cerevisiaeDsn1, is dispensable for vegetative growth
but essential for sister kinetochore monoorientation in meiosis
I (Sarkar et al. 2013). Sarkar et al. (2013) defined three con-
served motifs in the Dsn1 72–110 region as Box 1, Box 2, and
Box 3, and demonstrated their collective importance for Csm1
binding and monopolin function (Sarkar et al. 2013). Here, we
combine comparative genomics of the kinetochore in eukary-
otes and structural analysis of reconstituted Csm1-Dsn1 com-
plexes with targeted mutagenesis, genetics, and imaging to
dissect the molecular basis for monopolin recruitment and
sister kinetochore monoorientation. We find that the Dsn1
Box 1 and Box 2–3 regions can each bind the conserved
hydrophobic cavity on Csm1, and that these two interaction
modes are mutually exclusive in a given Csm1-Dsn1 com-
plex. We demonstrate that both interfaces are required for
robust monopolin recruitment to kinetochores and for sister
kinetochore monoorientation, and that simultaneous disrup-
tion of both interfaces leads to additive effects on meiosis.
We show that both Csm1 and Dsn1 Box 1 are widely con-
served in eukaryotes and provide evidence, using S. pombe
proteins, that Box 1 is the ancestral kinetochore receptor for
monopolin. The Dsn1 Box 2-3 region, meanwhile, is con-
served only in point-centromere fungi and likely represents
an adaptation to the complex’s meiotic functions. Further,
Dsn1 Box 3 contains two conserved serine residues that are
phosphorylated to modulate Dsn1-Csm1 binding, providing a
potential molecular mechanism for sister kinetochore
crosslinking specificity in meiosis I.

Materials and methods

Proteome database

We compiled a database of 109 proteomes based on sets that
our labs used in previous studies. For the versions and sources

of the selected proteomes, we therefore refer to two studies of
van Hooff et al. (van Hooff et al. 2017a, b). Notable excep-
tions are the proteomes of Bombyx mori, Nasonia virtripennis
and Agaricus bisporus, which we have downloaded on
January 12, 2018, from the Ensembl genomes database
(http://ensemblgenomes.org/). In addition, we received the
proteome of the amoebozoa Physarum polycephalum from
the lab of Pauline Schaap (see for contigs http://www.
physarum-blast.ovgu.de/).

Orthologs

To create our set of orthologs we searched the 109 proteomes
using our in-house established kinetochore HMM profiles of
CCAN/Ctf19 complex and KMN network proteins (van
Hooff et al. 2017a). In cases where HMM profile searches
were incomplete or inconclusive we manually searched for
orthologs using previously established procedures and criteria
(van Hooff et al. 2017a). In addition, we performed phyloge-
netic profiling of 5 lineage-specific kinetochore proteins that
were not included in our previous analyses (Csm1, Lrs4,
Mam1, Nkp1 and Nkp2). We excluded Hrr25, since the reso-
lution of kinase evolution and the accurate calling of Hrr25
orthologs requires further in-depth analysis. In addition, since
most eukaryotes likely have an Hrr25 ortholog, we assumed
that its phylogenetic profiles would not be informative in our
analysis. See Table S1 and Supplementary Sequences for
presence-absence profiles and sequence information of all
orthologs reported in this study.

Gene search and gene prediction

To systematically search for genes that were absent in our
previous analyses, we adopted 3 strategies: (1) we used our
custom made HMM models of either orthologous groups or
specific features such as domains and motifs, to search for a
gene of interest in six-frame translated genome contigs, (2) we
used an orthologous sequence of a closely related species to
query whole genome shotgun sequences using tblastn, (3) we
used an orthologous sequence of a closely related species to
query six-frame translated genome contigs using phmmer. To
assess sequence quality issues, we manually flagged incom-
plete proteins based on multiple sequence alignments of
orthologous protein families. Proteins were deemed incom-
plete in cases where at least stretches of 15 amino acids were
found missing. Common mistakes include incorrect gene fis-
sions and fusions and wrongly omitted exons. Predicted or
incomplete gene regions were extended with < 50,000 bp
and used to predict a gene by GENESCAN (Burge and
Karlin 1997) and AUGUSTUS (Stanke et al. 2006), using
various species-specific models.
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Conserved feature extraction pipeline
and co-evolutionary analysis

The pipeline we used to uncover the Dsn1-N (Box 1) motif in
a wide distribution of eukaryotes is based on a previously
established workflow termed ConFeaX (Tromer et al. 2016).
Orthologous sequences were masked using IUpred
(Dosztányi et al. 2005) (disorder/order threshold = 0.4) and
MARCOIL (Delorenzi and Speed 2002) (coiled-coil thresh-
old = 90). ConFeaX starts with a probabilistic search for short
conserved regions (6–100 aa) in masked orthologs using the
MEME algorithm (option: any number of repeats) (Bailey
et al. 2009). Significant motif hits are extended on both sides
by five residues to compensate for the strict treatment of align-
ment information by the MEME algorithm and aligned using
MAFFT-LINSI (Katoh and Standley 2013) to introduce gaps.
The alignments were modelled using the HMMER packing
(Eddy 2011) and sensitive profile HMM searches (using
jackhmmer) were iterated (E-value =1) until convergence. In
some cases, we manually optimised the HMM profile
searches using permissive bit scores and removed obvious
false hits. Subsequently, for each of the conserved features, a
phylogenetic profile was derived (present is ‘1’ and absent is
‘0’). For all possible pairs, we determined the correlation/
similarity using Pearson correlation coefficient (Wu et al.
2003). Pearson distances (D = 1 − r) were used to map the
phylogenetic profile similarity of kinetochore proteins in 2D
using Barnes-Hut t-SNE (Maaten and Hinton 2008) (R-pack-
age ‘Rtsne’ [perplexity = 5, dimensions = 2 and theta = 0], see
Fig. 1). Sequence logos depicted throughout this study were
obtained using weblogo2 (Crooks et al. 2004).

Cloning and protein purification

All protein coding sequences were amplified from genomic
DNA and cloned into pET-based vectors, either without tags
or encoding N-terminal TEV protease-cleavable His6 or His6-
SUMO tags. Coexpression cassettes were generated by PCR
and re-inserted into the same vectors. Point-mutations were
generated by PCR. For expression, vectors were transformed
into E. coli Rosetta2 (DE3) pLysS cells (EMDMillipore), and
cultures were grown at 37 °C to an absorbance at 600 nm of ~
0.8. The cultures were shifted to 20 °C and protein expression
was induced by the addition of 0.25 mM IPTG, and cells were
grown ~ 16 h before harvesting by centrifugation.

For protein purification, cells were resuspended in protein
buffer (20 mM Tris-HCl pH 7.5, 5% glycerol, 2 mM β-
mercaptoethanol) plus 300 mM NaCl and 10 mM imidazole,
lysed by sonication, and centrifuged 30 min at 17,000 rpm to
remove cell debris. The supernatant was loaded onto a 5-mL
Histrap HP column (GE Life Sciences), washed with protein
buffer plus 300 mM NaCl/20 mM imidazole, then with pro-
tein buffer plus 100 mMNaCl/20 mM Imidazole. Protein was

eluted with protein buffer plus 100 mM NaCl/250 mM imid-
azole. Protein was then loaded onto a 5 mL Hitrap Q HP
column (GE Life Sciences), washed with protein buffer plus
100 mM NaCl, then eluted with a gradient to 600 mM NaCl.
Peak fractions were pooled, and TEV protease (Tropea et al.
2009) was added to cleave His6 or His6-SUMO tags, and the
mixture was incubated 16 h at 4 °C (for CgCsm169–181:Sc
His6-Dsn1

71–110 and Cg His6-Csm169–181:ScDsn171–110, tag
cleavage was not performed; eluted fractions were instead
concentrated and passed directly over a Superdex 200 col-
umn). After tag cleavage, the mixture was passed over
Histrap HP and the flow-through collected, concentrated by
ultrafiltration (Amicon Ultra, EMD Millipore), then passed
over a HiLoad Superdex 200 size exclusion column (GE
Life Sciences) in protein buffer plus 300 mM NaCl (with
1 mM dithiothreitol substituting for β-mercaptoethanol) for
final purification. Protein was exchanged into buffer contain-
ing 20 mM Tris-HCl pH 7.5, 100 mM NaCl, and 1 mM DTT,
concentrated to ~ 10 mg/mL, and stored at 4 °C for
crystallisation.

Crystallisation and structure determination

CgCsm169–181:CgMam1162–216 For crystallisation of the
CgCsm169–181:CgMam1162–216 complex, purified protein at
10 mg/mL was mixed 1:1 with well solution containing
0.1 M MES pH 6.5, 0.6 M NaCl, and 20% PEG 4000.
Crystals were cryoprotected with the addition of 20% PEG
400 and flash-frozen in liquid nitrogen. Diffraction data were
collected to 3.03 Å resolution at the Advanced Photon Source,
NE-CAT beamline 24ID-E (support statement below) and

�Fig. 1 Identification of Csm1 and a conservedN-terminal Dsn1motif in a
wide range of eukaryotes. a Speculative model for intra-kinetochore
crosslinking by monopolin in mitosis, based on prior observations that
the budding yeast monopolin complex subunit Csm1 interacts with the
kinetochore through a disordered region in the Mis12 complex subunit
Dsn1. Using our previously established workflow ConFeaX (Tromer
et al. 2016), we uncovered a short motif (Dsn1-N) that is conserved in a
wide range of eukaryotic Dsn1 orthologs (Fig. S1). b Presence-absence
profiles of the KMN network (including Knl1/Zwint-1, Mis12 complex,
and the Ndc80 complex), CCAN/Ctf19 complex, plus Csm1 and Dsn1-N
in 109 eukaryotic proteomes. White squares indicate absence and
coloured squares presence of the proteins in a particular species (colours
correspond to complexes in panel A). The tree to the right depicts the
various eukaryotic supergroups. Encephalitozoon and Oomycetes are
highlighted to indicate that these species’Dsn1 proteins appear to possess
two Dsn1-N motifs (Fig. S1b, c). c t-SNE projection and 2 dimensional
representation of phylogenetic profile similarity (Pearson distance [D =
1- − r]) of kinetochore proteins depicted in panel b. The table in the lower
left corner summarises the frequencies of Csm1, Dsn1 andDsn1-N in 109
eukaryotic species (panel b). While the presence-absence profiles of Dsn1
and Csm1 are not similar (Pearson correlation coefficient, r = 0.339), the
presence-absence profiles of Csm1 and Dsn1-N are highly similar (r =
0.799). In species with both Csm1 and Dsn1, only 6 do not have a Dsn1-
N motif (6 of 55), while in species with Dsn1 that lack Csm1, none have
the Dsn1-N motif (0 of 30)
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indexed/reduced with the RAPD automated data-processing
pipeline (https://github.com/RAPD/RAPD), which uses XDS
(Kabsch 2010) for indexing and integration, and the CCP4

programmes AIMLESS (Evans and Murshudov 2013) and
TRUNCATE (Winn et al. 2011) for scaling and structure-
factor calculation. The structure was determined by molecular
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replacement in PHASER (McCoy et al. 2007) using the struc-
ture of S. cerevisiae Csm1 (PDB ID 3N4R) (Corbett et al.
2010) as a search model. The model, including all CgMam1
residues, was manually built in COOT (Emsley et al. 2010)
and refined in phenix.refine (Afonine et al. 2012) using posi-
tional, individual B-factor, and TLS refinement (Table S5).

CgCsm169–181:CgDsn114–72 For crystallisation of the
CgCsm169–181:CgDsn114–72 complex, purified protein at
10 mg/mL was mixed 1:1 with well solution containing
0.45 M Ammonium sulphate, 5% PEG 3350, and 0.1 M
Bis-Tris, pH 5.5 in hanging-drop format at 20 °C. Crystals
were cryoprotected with the addition of 25% glycerol and
flash-frozen in liquid nitrogen. Diffraction data were collected
to 2.27 Å resolution at the Advanced Photon Source, NE-CAT
beamline 24ID-E and indexed/reduced with the RAPD auto-
mated data-processing pipeline. The structure was determined
by molecular replacement, manually rebuilt and refined as
above.

Cg His6-Csm169–181:ScDsn171–110 For crystallisation of the Cg
His6-Csm169–181:ScDsn171–110 complex, purified protein at
10 mg/mL was mixed 1:1 with well solution containing 0.2 M
MgCl2, 0.1 M Tris-HCl pH 8.5, and 25% PEG 3350. Crystals
were cryoprotected with the addition of 20% PEG 400 and flash-
frozen in liquid nitrogen. Diffraction data were collected to 2.5 Å
resolution at the Stanford Synchrotron Radiation Laboratory,
beamline 14–1 (support statement below). Data were indexed,
reduced, and scaled with HKL2000 (Otwinowski and Minor
1997) and converted to structure factors using TRUNCATE
(Winn et al. 2011). The structure was determined by molecular
replacement, manually rebuilt and refined as above.

CgCsm169–181:CgDsn143-67DD For crystallisation of the
CgCsm169–181:CgDsn143-67DD complex (serines 66 and 67
mutated to aspartate), purified protein at 10mg/mLwas mixed
1:1 with well solution containing 0.1 M Sodium acetate
pH 4.5 and 3 M NaCl. Crystals were cryoprotected with the
addition of 2.5 M Sodium Malonate pH 4.5 and flash-frozen
in liquid nitrogen. Diffraction data were collected at the
Advanced Photon Source, NE-CAT beamline 24ID-E and
indexed/reduced with the RAPD automated data-processing
pipeline. The structure was determined by molecular replace-
ment, manually rebuilt and refined as above.

All macromolecular structure figures were generated with
PyMOL version 2.2 (Schrödinger, LLC), and surface charge
for Fig. 4f was calculated using the APBS (Jurrus et al. 2018)
plugin for PyMOL.

Synchrotron support statements

Advanced photon source This work is based upon research
conducted at the Northeastern Collaborative Access Team

beamlines, which are funded by the National Institute of
General Medical Sciences from the National Institutes of
Health (P30 GM124165). The Eiger 16 M detector on 24-
ID-E beam line is funded by a NIH-ORIP HEI grant
(S10OD021527). This research used resources of the
Advanced Photon Source, a U.S. Department of Energy
(DOE) Office of Science User Facility operated for the DOE
Office of Science by Argonne National Laboratory under
Contract No. DE-AC02-06CH11357.

Stanford synchrotron radiation Lightsource Use of the
Stanford Synchrotron Radiation Lightsource, SLAC
National Accelerator Laboratory, is supported by the U.S.
Department of Energy, Office of Science, Office of Basic
Energy Sciences under Contract No. DE-AC02-76SF00515.
The SSRL Structural Molecular Biology Program is support-
ed by the DOE Office of Biological and Environmental
Research, and by the National Institutes of Health, National
Insti tute of General Medical Sciences (including
P41GM103393). The contents of this publication are solely
the responsibility of the authors and do not necessarily repre-
sent the official views of NIGMS or NIH.

Protein-protein interaction assays

For in vitro translation and Ni2+ pulldown assays, S. pombe
Mis13 (Dsn1) residues 1–100 and S. cerevisiae Dsn1 residues
71–110 (and point mutants thereof) were cloned with an N-
terminal maltose binding protein tag (no His6-tag) into a pET-
based vector with a Kozak sequence immediately upstream of
the coding sequence. These vectors were used as a template for
in vitro transcription/translation using a TNT T7 coupled
transcription/translation kit (Promega) in the presence of 35S-
labelled methionine to generate prey proteins for pulldowns.
Ten microliters of transcribed protein mix was incubated with
10 μg His6-tagged bait protein (S. pombe Csm1125–261 or
S. cerevisiae Csm169–190) in 50 μl buffer (20 mM HEPES,
pH 7.5, 150 mM NaCl, 20 mM imidazole, 5% glycerol, 1 mM
dithiothreitol (DTT), 0.1%NP-40) for 90min at 4 °C, then 15 μl
Ni-NTA beads were added, and the mixture was incubated a
further 45 min. Beads were washed three times with 0.5 mL
buffer, then eluted with 25 μL elution buffer (2× SDS-PAGE
loading dye plus 400 mM imidazole) and boiled. Samples were
run on SDS-PAGE, dried, and scanned with a phosphorimager.

For fluorescence polarisation peptide-binding assays, puri-
fied S. pombeCsm1125–261 (wild type or I241Dmutant, equiv-
alent to Sc Csm1 L161D) at 20 nM-250 μM was incubated
with 20 nM Sp Mis13 5–17 peptide (f luorescein
isothiocyanate-labelled at its N-terminus) in a buffer contain-
ing 20 mMTris 7.5, 300 mMNaCl, 10% glycerol, 0.01% NP-
40, and 1 mM DTT (50 μL reactions, measured in triplicate).
Binding data were fit to a single-site binding model with
Prism version 7 (Graphpad Software).
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Isothermal titration calorimetry

Isothermal titration calorimetry was performed on a Microcal
ITC 200 (Malvern Panalytical) in protein buffer plus 300 mM
NaCl and 1 mM dithiothreitol. His6-MBP-fused Dsn1 frag-
ments at 1–1.5 mMwere injected into a sample cell containing
untagged Csm1 at 100–200 μM.

Yeast strains and plasmids

Yeast strains used in this study were derivatives of SK1 with
the exception of those for chromosome loss assays. All strains
are given in Table S2. The CEN5-GFP marker consists of two
components: (1) an array of tet operator sequences inserted at
the chromosome V centromere, and (2) a Tet repressor protein
fused to GFP, which binds to and specifically marks these
operator sites and were previously described in (Toth et al.
2000). MAM1-9MYC was also described in (Toth et al.
2000) and MAM1-yeGFP was described in (Matos et al.
2008). PDS1-tdTomato and pCLB2-CDC20 were described
in (Lee and Amon 2003) and (Matos et al. 2008), respectively.
MTW1-tdTomato was generated in SK1 as described in
(Fernius et al. 2013). pCLB2-CDC20 were described in (Lee
and Amon 2003) and (Matos et al. 2008), respectively. pGAL-
NDT80 pGPD1-GAL4(848)-ER for prophase I block release
was described in (Benjamin et al. 2003). Chromosome III
fragment (CFIII) for chromosome loss assays carrying HIS3
and Sup11 was described in (Hieter et al. 1985). Point muta-
tions in DSN1-6His-3FLAG were generated in plasmid
pSB1590 (Akiyoshi et al. 2009) using the Quick Change II-
XL kit (Agilent Technologies) and integrated into the DSN1
endogenous locus by PCR-mediated transformation. Plasmids
generated in this study are given in Table S3.

Yeast growth conditions

Sporulation was induced as described by (Vincenten et al.
2015). Briefly, diploid yeast were grown overnight on YPG
agar (1% yeast extract, 2% Bacto peptone, 2.5% glycerol, and
2% agar), transferred to YPD4% agar (1% yeast extract, 2%
Bacto peptone, 4% glucose, and 2% agar) and incubated for
24 h before inoculating into YEPD liquid medium (1% yeast
extract, 2% Bacto peptone, and 2% glucose) and incubating
with shaking for 24 h. Cells were transferred to BYTA (1%
yeast extract, 2% Bacto tryptone, 1% potassium acetate,
50 mM potassium phthalate) at an OD600 = 0.2–0.3 or YPA
(1% yeast extract, 2% tryptone peptone, 1% potassium ace-
tate) and incubated for a further ~ 16 h. Cells were washed
once with sterile distilled water and re-suspended in SPO me-
dium (0.3% potassium acetate, pH 7) at an OD600 = 1.8–1.9;
t = 0. Cells were incubated at 30 °C for the duration.

Benomyl sensitivity assay

Haploid cells were grown at room temperature for ~ 16 h in
YEPD with shaking. Cultures were then diluted to an
OD600 = 0.1 in water before making serial 1 in 10 dilutions.
Dilutions were plated on either YPD agar or YPD containing
12% benomyl and incubated at 25 °C for 3 days.

Chromosome loss assay

Assay measures the loss of chromosome III fragment (CFIII)
carrying HIS3 and Sup11 described in (Hieter et al. 1985).
Loss of Sup11, via loss of CFIII, stops suppression of ade2-
1 mutation causing a colony colour change from white to red
(Koshland and Hieter 1987). Cells were grown in minimal
media lacking histidine for ~ 16 h at room temperature. Cells
were washed in YEPD liquid media without the addition of
adenine. Cells were diluted to estimated 120 cells per plate
and plated on YPD agar without the addition of adenine. After
incubation at 25 °C for 5 days, the fraction of half-sectored
colonies was scored. The number of half red colonies was
divided by the total number of colonies to calculate the
CFIII loss rate per cell division. Any completely red colonies
were excluded as CFIII must have been lost prior to plating.

Chromatin immunoprecipitation qPCR

Cells carrying pCLB2-CDC20 (Lee and Amon 2003) were
induced to sporulate. After 6 h in SPO, cells were fixed in
1% formaldehyde for 1 h, washed twice with TBS (20 mM
Tris-HCl pH 7.5, 150 mM NaCl) and once with 1× FA lysis
buffer (50 mMHEPES-KOH at pH 7.5, 150 mMNaCl, 1 mM
EDTA, 1% v /v Tri ton X-100, 0 .1% w /v Sodium
Deoxycholate) containing 0.1%w/v SDS before resuspending
in 1× FA lysis buffer/0.1% SDS. Cells were lysed in a
Fastprep Bio-pulveriser FP120 with silica beads (Biospec
Products). Samples were sonicated to fragment chromosomal
DNA using a BioRupter (Diagenode). Aliquots of the resul-
tant chromatin solution were incubated with either anti-Myc
(9E10, Biolegend) or anti-FLAG (M2, Sigma) antibodies and
Protein G Dynabeads (Life Technologies) overnight at 4 °C.
Following sequential washes with CWB1 (FA lysis buffer/
0.1% SDS/ 275 mM NaCl), CWB2 (FA lysis buffer/0.1%
SDS/ 500 mM NaCl), CWB3 (10 mM Tris-HCl, pH 8,
0.25 M LiCl, 1 mM EDTA, 0.5% NP-40, 0.5% Na
Deoxycholate) and CWB4 (TE: 10 mM Tris-HCl, pH 8,
1 mMEDTA), immunoprecipitates and 1/100 input chromatin
were recovered by boiling (10 min) with a 10% slurry of
Chelex-100 resin before adding proteinase K (0.125 mg) and
incubating at 55 °C for 30 min, then boiled for a further
10 min. Samples were centrifuged and supernatant taken for
qPCR. qPCRwas performed on a on a Roche Lightcycler with
LUNA universal qPCR Master Mix (New England Biolabs).
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Primers used for qPCR are given in Table S4. To calculate
ChIP enrichment/input, ΔCT was calculated according to:
ΔCT = (CT(ChIP) − [CT(Input) − logE (input dilution factor)])
where E represents the specific primer efficiency value.
Enrichment/input value was obtained from the following for-
mula: E^−ΔCT. qPCRwas performed in triplicate from three or
more independent cultures. Error bars represent standard error.
Figures show the mean values for each strain, averaged over
all individual experiments and biological replicates. Wild type
and no tag controls were included for reference in all individ-
ual experiments and replicates. The number of replicates for
each strain is indicated in the figure legends.

Western blotting

Samples for immunoblot analysis were fixed in 5% TCA and
cell pellets were washed once with acetone. Cells were lysed in
50 mM Tris (pH 7.5), 1 mM EDTA, and 50 mM DTT contain-
ing protease inhibitors with glass beads, boiled in 1× sample
buffer and visualised by detection of chemiluminesence on au-
toradiograms. Mouse Anti-FLAG M2 antibodies (Sigma) and
mouse Anti-cMYC (9E10, Biolegend) were used at 1:1000
dilution, and rabbit anti-PGK1 (Marston lab stock) was used
at 1:10,000 dilution.

Spore viability

Haploid yeast strains with the relevant genotypes were mated
and single diploid colonies were incubated on SPO agar. A
minimum of two diploid isolates were chosen for spore dis-
section. The total number of tetrads dissected for each strain is
indicated in the figure legend. Spores were allowed to grow
for 2 days on YPDA at 30 °C before scoring the number of
viable colonies per tetrad.

Fixed cell imaging

Cells carrying pCLB2-CDC20 (Lee and Amon 2003) were
induced to sporulate. After 6 h in SPO, cells were fixed in
3.7% formaldehyde for 10 min, washed in 80% ethanol and
suspended in DAPI 1 μg/mL. Cells were counted as contain-
ing 1 or 2 GFP foci. Each strain was analysed in at least three
independent biological repeats and the average is shown with
standard error bars.

Live cell imaging

Cells were induced to sporulate as above. Cells were incubat-
ed 2 h in SPO medium in flasks for analysis of chromosome
segregation. Alternatively, for Mam1 localisation, cells were
incubated for 6 h in SPO before addition of 1 μM β-estradiol
and incubated for a further 15 min to release cells from pro-
phase I arrest. Cells were immobilised on Concanavalin A-

coated cover slips in ibidi 4-well or 8-well dishes, fresh spor-
ulation media was added to the dish and imaging commenced.
Imaging was performed on a Zeiss Axio Observer Z1 (Zeiss
UK, Cambridge) equipped with a Hamamatsu Flash 4
sCMOS camera, Prior motorised stage and Zen 2.3 acquisition
software. Images were processed in Image J and 8 Z-stacks
were projected to maximum intensity. Representative movies
were generated using imaris, cells were projected to 2D using
max intensities over the projection line (MIP) and contrast
was adjusted to highlight florescent markers.

Mass spectrometry

Cells carrying pCLB2-CDC20 (Lee and Amon 2003) were in-
duced to sporulate. After 6 h in SPO, cells were frozen.
Kinetochores were isolated as described in (Akiyoshi et al.
2009) with some modifications. Extract was prepared by break-
ing yeast cells with a Retsch ball mill (5 × 3 min at 30 Hz for
meiotic cells, with 5 min in liquid nitrogen in between) followed
by ultracentrifugation (24,000 rpm for 90 min at 4 °C). Beads
conjugated with anti-Flag antibodies were incubated with extract
for 2.5 h with constant rotation, followed by three washes with
buffer BH/0.15 (25mMHEPES, 2 mMMgCl2, 0.1 mMEDTA,
0.5 mM EGTA pH 8.0, 0.1% NP-40, 150 mM KCl, 15% glyc-
erol) containing protease inhibitors (at 10 μg/mL final concen-
tration for each of chymostatin, leupeptin, antipain, pepstatin A,
E-64, aprotinin; 2 mM final AEBSF–Pefablock, 1 mM NEM,
0.2μMmicrocystin and cOmplete EDTA-free Protease Inhibitor
Cocktail (Sigma-Aldrich)) phosphatase inhibitors (0.4 mM Na
orthovanadate, 0.2 μMmicrocystin, 4 mM β-glycerophosphate,
2 mM Na pyrophosphate,10 mM NaF) and 2 mM dithiothreitol
(DTT). Beads were further washed twice with BH/0.15 with
protease inhibitors. Beads were heated to 70 °C for 10 min in
50 mM Tris pH 8 with 5% SDS, to elute the proteins.

Protein samples were run on SDS-PAGE (NuPAGENovex
4–12% Bis-Tris gel, Life Technologies, UK), in NuPAGE
buffer (MES) and visualised using InstantBlue™ stain
(Sigma-Aldrich, UK). The stained gel bands were excised
and de-stained with 50 mM ammonium bicarbonate (Sigma-
Aldrich, UK) and 100% (v/v) acetonitrile (Sigma-Aldrich,
UK) and in gel digestion was modified from (Shevchenko
et al. 1996) to use AspN. In brief, proteins were reduced in
10 mM dithiothreitol (Sigma-Aldrich, UK) for 30 min at
37 °C and alkylated in 55 mM iodoacetamide (Sigma-
Aldrich, UK) for 20 min at ambient temperature in the dark.
They were then digested overnight at 37 °C with 13 ng/μL
AspN (Promega, UK).

Phosphopeptides were enriched using a titanium dioxide
(TiO2) spin tips kit (High-Select™ TiO2 Phosphopeptide
Enrichment Kit, ThermoFisher Scientific). The sample was
dried in vacuum centrifuge for storage. The flow through
sample was loaded onto StageTip as described by
Rappsilber et al. (2003), peptides were eluted in 40 μL of
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80% acetonitrile in 0.1% TFA and concentrated down to 1 μL
using a vacuum centrifuge (Concentrator 5301, Eppendorf,
UK). Samples were prepared for LC-MS/MS analysis by di-
luting them to 6 μL with 0.1% TFA. LC-MS-analyses were
performed on an Orbitrap Fusion™ Lumos™ Tribrid™Mass
Spectrometer (Thermo Fisher Scientific, UK) coupled on-line
to an Ultimate 3000 RSLCnano System (Dionex, Thermo
Fisher Scientific, UK). Peptides were separated on a 75 ×
50 cm EASY-Spray column (2 μm particle size, 100 Å,
Thermo Fisher Scientific) assembled in an EASY-Spray
source (Thermo Fisher Scientific, UK), operated at a constant
temperature of 50 °C. Peptides from the phospho-enriched
samples were resuspended in 40 μL of 0.1% TFA, vortexed
and sonicated for 5 min and then concentrated down to 6 μL
with vacuum centrifugation, before they were injected on the
mass spectrometer. For both sets of samples the same gradient
and method were applied. Briefly, mobile phase A consisted
of 0.1% formic acid in deionised water while mobile phase B
consisted of 80% acetonitrile and 0.1% formic acid. Peptides
were loaded onto the column at a flow rate of 0.3 μL/min and
eluted at a flow rate of 0.25μL/min according to the following
gradient: 2 to 40% buffer B in 120 min, then to 95% in 11 min
(total run time of 160 min). Survey scans were performed at
120,000 resolution (scan range 350–1500 m/z) with an ion
target of 4.0e5. MS2 was performed in the ion trap at rapid
scan mode with ion target of 2.0E4 and HCD fragmentation
with normalised collision energy of 27 (Olsen et al. 2007).
The isolation window in the quadrupole was set at 1.4
Thomson. Only ions with charge between 2 and 7 were se-
lected for MS2.

The MaxQuant software platform (Cox and Mann 2008)
version 1.6.1.0 was used to process raw files and search was
conducted against the Saccharomyces cerevisiae (strain SK1)
complete/reference proteome set of Saccharomyces Genome
Database (released in December, 2016), using the Andromeda
search engine (Cox et al. 2011). The first search peptide tol-
erance was set to 20 ppm while the main search peptide tol-
erance was set to 4.5 pm. Isotope mass tolerance was 2 ppm
and maximum charge to 7. AspN was chosen as a protease,
allowing two missed cleavages. Carbamidomethylation of
cysteine was set as fixed modification. Oxidation of methio-
nine and acetylation of the N-terminal as well as phosphory-
lation of serine, threonine and tyrosine were set as variable
modifications.

Results

The monopolin complex subunit Csm1 is an ancient
kinetochore component

We previously reported extensive phylogenetic and evolution-
ary analysis of eukaryotic kinetochore subunits, but

monopolin complex subunits were not included (van Hooff
et al. 2017a). Reasoning that a role for monopolin in
preventing merotelic kinetochore-microtubule attachments,
as reported in S. pombe (Gregan et al. 2007; Rumpf et al.
2010; Tada et al. 2011), may be a more widely conserved
function of the complex, we performed phylogenetic analysis
of the Csm1 and Lrs4 monopolin subunits. We identified
Csm1 orthologs in a wide variety of eukaryotic lineages out-
side fungi, including Archeaplastida (e.g. Arabidopsis
thaliana Titan-9 and in Chlamydomonas reinhardtii) and
Amoebozoa (e.g. Dictyostelium discoideum Cenp-68) (Fig.
1a, b). Based on this distribution, we conclude that Csm1
was likely a kinetochore subunit in the Last Eukaryotic
Common Ancestor (LECA), and has since been lost from
various eukaryotic lineages including in most metazoans. In
contrast to Csm1, we could not detect orthologs of the Csm1
binding partner Lrs4 outside fungi. Since Lrs4 is predicted to
be mostly unstructured (Corbett et al. 2010), its sequence like-
ly diverges more quickly than Csm1, making any Lrs4
orthologs difficult to identify.

We next reasoned that species with Csm1 orthologs should
also possess a conserved binding site on another kinetochore
subunit, with the most likely candidate being the Mis12 com-
plex subunit Dsn1, which is implicated in Csm1 recruitment in
S. cerevisiae (Corbett et al. 2010; Sarkar et al. 2013). Using
our ConFeaX pipeline (Tromer et al. 2016), we identified a
highly conserved motif in the N-terminus of Dsn1 (Dsn1-N)
that is characterised by a stretch of negatively charged resi-
dues, two conserved phenylalanine residues, and a stretch of
positively charged residues (Fig. 1a, S1a). Strikingly, Dsn1
proteins in the Oomycetes appear to possess two Dsn1-N mo-
tifs, one with a canonical (negative-FF-positive) directionality
and the other with an inverted (positive-FF-negative) direc-
tionality (Fig. S1b). We also identify two Dsn1-N motifs in
Dsn1 orthologs of Encephalitozoon species (Fig. S1b). As
budding yeast Csm1 forms a homodimer, this pattern suggests
that in both Oomycetes and Encephalitozoon, a single copy of
Dsn1 may simultaneously bind both protomers of a Csm1
dimer (Fig. S1c). Overall, the phylogenetic profile of Dsn1-
N throughout eukaryotes is strikingly similar to that of Csm1
(r = 0.799) (Fig. 1b, c), indicative of co-evolution and
supporting the idea that Dsn1-N is the kinetochore-targeting
motif of Csm1 in many eukaryotic lineages. We also found
that Csm1 proteins throughout eukaryotes show high conser-
vation in the conserved hydrophobic cavity previously impli-
cated in Dsn1 binding (Corbett et al. 2010) (Fig. S1d).

Narrowing our analysis to fungi, we identified two major
groups of species with differing conservation patterns in the
Dsn1 N-terminus. Most fungi, including S. pombe, contain a
short conserved motif matching the widely conserved Dsn1-N
motif identified above (Fig. S2a, b). In contrast, in
S. cerevisiae and other species with identified point-
centromeres and containing a Mam1 ortholog—suggesting a
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likely role for monopolin in meiotic sister kinetochore
monoorientation—Dsn1 contains the extended Box 1-2-3 re-
gion identified previously (Sarkar et al. 2013) (Fig. S2c–e).
Strikingly, budding yeast Dsn1 Box 1 bears a strong resem-
blance to the Dsn1-N motif conserved in a wide range of
eukaryotes (Fig. 2a, S2). Thus, while Dsn1-N/Box 1 appears
to be an ancestral, widely conserved Csm1-targeting motif,
Dsn1 Box 2-3 likely evolved as an adaptation to monopolin’s
role in sister kinetochore monoorientation in point-centromere
fungi.

Reconstitution and structure of a budding yeast
Csm1-Dsn1 complex

To better understand the interactions between the budding
yeast monopolin complex and the kinetochore, and the roles
of the Dsn1 Box 1, 2, and 3 regions in Csm1 binding, we
sought to reconstitute a complex between Csm1 and the
Dsn1 N-terminus. We first separately purified the
S. cerevisiae Csm1 globular domain (residues 69–190 of
190) and the Dsn1 Box 1-2-3 region (residues 71–110 of
576) and measured a binding affinity (Kd) of 12 μM by iso-
thermal titration calorimetry (ITC) (Fig. S3a). We next co-
expressed and purified a stable S. cerevisiae (Sc) Csm169–
181:Dsn171–110 complex (with the C-terminal 9 disordered res-
idues of Csm1 removed), but were unable to identify
crystallisation conditions for this complex. We therefore
screened paralogs from several related budding yeast, and
successfully purified a complex between the Candida
glabrata (Cg) Csm1 globular domain (residues 69–181) and
the Dsn1 Box 1-2-3 region (residues 14–72) (Fig. S3b, c). We
identified crystallisation conditions for this complex and de-
termined the structure to 2.3 Å resolution (Table S5). The Cg
Dsn1 Box 1-2-3 region shows high homology with the equiv-
alent region of Sc Dsn1 (56% identity and 82% similarity
between Sc Dsn1 residues 72–110 and Cg Dsn1 residues
32–67) (Fig. 2b), and we were also able to reconstitute a com-
plex of Cg Csm169–181 (56% identical to Sc Csm1 in this
region) with Sc Dsn171–110 (Fig. S3d). We crystallised and
determined the structure of this chimeric complex to 2.5 Å
resolution. We also determined a 3.0 Å-resolution structure
of Cg Csm169–181 in complex with the Csm1-binding region
of Cg Mam1 (residues 162–216) (Fig. S3e, Fig. S4). While
our attempts to purify a ternary complex of Csm1, Dsn1, and
Mam1 were unsuccessful, these crystal structures provide a
comprehensive picture of how budding yeast Csm1 interacts
through its C-terminal globular domain with Dsn1 andMam1.

Our prior biochemical data showed that Sc Dsn1 interacts
with a highly conserved hydrophobic cavity on the Csm1
globular domain (Corbett et al. 2010). Later work implicated
the Dsn1 Box 1-2-3 region as necessary for binding Csm1,
and mutagenesis revealed a particular requirement for the
Box 2-3 region (Sarkar et al. 2013). Our structures of the Cg

Csm169–181:Dsn114–72 (Fig. 2c) and Cg Csm169–181:Sc
Dsn171–110 (Fig. 2d) complexes reveal a consistent interface
between Dsn1 Box 2-3 and Csm1 (Fig. S5), while the Cg
Csm169–181:Dsn114–72 structure reveals a second interface be-
tween Csm1 and Dsn1 Box 1 (Fig. 2e, S6a). Therefore, all
three conserved segments in the Dsn1 N terminus contact
Csm1. Intriguingly, the conserved hydrophobic cavity on
Csm1 is involved in binding both Dsn1 Box 3 (in both the
Cg Csm169–181:Dsn114–72 and Cg Csm169–181:Sc Dsn171–110

structures) and Box 1 (in the Cg Csm169–181:Dsn114–72 struc-
ture), which form strikingly similar interfaces with Csm1 (Fig.
2c–e). We next sought to understand which of these interfaces
are important for sister kinetochore monoorientation during
meiosis.

Dsn1 Box 2 contributes to successful meiosis

In the crystal structures of both Cg Csm169–181:Dsn114–72 and
the chimericCgCsm169–181:ScDsn171–110 complex, the Dsn1
Box 2–3 region wraps around the Csm1 globular domain,
with Box 2 forming an α-helix that packs against the Bside^
of the Csm1 dimer, and Box 3 binding the Csm1 hydrophobic
cavity (Fig. 2c, d; Fig. S5). Box 2 is highly conserved in yeast
with point centromeres, with an alternating pattern of hydro-
phobic (Sc Dsn1 L88/L92/L95) and polar (Sc Dsn1 E90/N94/
D97) residues (Fig. 3a). In both structures, this region forms
an α-helix oriented with the hydrophobic residues facing out-
ward into solution, and the polar residues packed tightly
against Csm1 (Fig. 3a). This binding mode is unexpected, as
hydrophobic residues are most often buried in protein-protein
interfaces, rather than solvent-exposed. To determine the im-
portance of Dsn1 Box 2 for Csm1 binding and successful
meiosis, we mutated either the polar or hydrophobic residues
in Box 2 and tested their function in vivo and in vitro. First, we
produced the Dsn1 Box 1-2-3 region (71–110) by in vitro
translation, and performed pulldown assays with purified
Csm1 (Fig. 2f). This assay showed that mutation of the polar
residues contacting Csm1 (Dsn1 E90, N94, and D97) to lysine
did not detectably reduce Csm1 binding, while mutation to
alanine appeared to increase binding (Fig. 2f). In contrast,
mutation of the solvent-exposed hydrophobic residues of
Dsn1 Box 2 (L88, L92, and L95) impaired binding to Csm1,
with lysine substitutions having the greatest effect and alanine
or aspartate substitutions causing a modest reduction in bind-
ing (Fig. 2f). This suggests that, at least when Dsn1 Box 1 and
3 are present, mutations in the Csm1-contacting surface of
Box 2 do not compromise binding, while the solvent-
exposed hydrophobic residues play an unexpectedly impor-
tant role in Csm1 binding.

To determine the role of Dsn1 Box 2 in meiosis, we gener-
ated S. cerevisiae strains with mutations in either the Csm1-
contacting polar residues (Dsn1 E90A/N94A/D97A and Dsn1
E90K/N94K/D97K) or the solvent-exposed hydrophobic
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residues (Dsn1 L88A/L92A/L95A). Impaired monopolin func-
tion causes mis-segregation of chromosomes during meiosis,
producing aneuploid gametes which are frequently inviable.

Therefore, we first analysed the ability of S. cerevisiae strains
with homozygous mutations in Dsn1 to produce viable meiotic
progeny, or spores. We observed that mutation of the Dsn1
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Box 2 polar residues to alanine (Dsn1-E90A/N94A/D97A) had
no detectable effect on spore viability, while lysine substitu-
tions (Dsn1-E90K/N94K/D97K) resulted in reduced spore vi-
ability (Fig. 3b), despite being proficient in Csm1 binding

in vitro (Fig. 2f). Mutation of the solvent-exposed hydrophobic
residues (Dsn1-L88A/L92A/L95A), which strongly affected
Csm1 binding in vitro, also reduced spore viability (Fig. 3b).
We next asked whether the ability to establish sister
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kinetochore monoorientation during meiosis I could underlie
these effects on spore viability. We imaged live DSN1-L88A/
L92A/L95A, DSN1-E90A/N94A/D97A, and DSN1-E90K/
N94K/D97K cells carrying a heterozygous CEN5-GFP marker
(which tracks the segregation of a single sister chromatid pair in
meiosis I; see BMaterials and Methods^), a kinetochore marker
(Mtw1-tdTomato), and a marker for anaphase I onset (Pds1-
tdTomato). Using these strains, we detected monoorientation
defects consistent with each mutation’s effect on spore viabili-
ty: While virtually all wild type and DSN1-E90A/N94A/D97A
cells segregate CEN5-GFP foci to the same pole during ana-
phase I, segregation of CEN5-GFP foci to opposite poles was
observed for ~ 20% of DSN1-L88A/L92A/L95A and E90K/
N94K/D97K cells during anaphase I (Fig. 3c, d; Movies S1–
S3). We observed frequent splitting and re-association of
CEN5-GFP prior to final separation of Mtw1-tdTomato into
two foci which then divided into four foci (Movies S1–S3).
This is characteristic of monopolin mutants where the persis-
tence of centromere cohesion at anaphase I prevents efficient
segregation of bioriented sister chromatids to opposite poles
until anaphase II (Toth et al. 2000; Rabitsch et al. 2003;
Petronczki et al. 2006). To confirm that the observed behaviour
is due to biorientation of sister chromatids in meiosis I, we
analysed metaphase I-arrested cells where spindle forces cause
bioriented sister kinetochores to separate prior to anaphase I
onset (Lee and Amon 2003). Consistent with our live cell

imaging, heterozygous CEN5-GFP foci split with increased
frequency in metaphase I in DSN1-E90K/N94K/D97K cells,
though we also observed a low frequency of CEN5-GFP split-
ting in DSN1-E90A/N94A/D97A metaphase I cells (Fig. S7).
While these effects are less severe than observed in a mam1Δ
mutant (Fig. 3d, S7), the data nonetheless indicate that Dsn1
Box 2 is important for co-segregation of sister chromatids dur-
ing anaphase I.

Although it remains possible that amino acid changes cause
structural perturbations of the Dsn1 Box 2 α-helix, Box 2
mutants DSN1-L88A/L92A/L95A, DSN1-E90A/N94A/D97A
or DSN1-E90K/N94K/D97K do not cause sensitivity to
microtubule-depolymerising drugs (Fig. S8a), indicating that
mitotic chromosome segregation is largely unperturbed.
These findings suggest, unexpectedly, that the hydrophobic
outer surface is critical for sister chromatid co-segregation
during meiosis I. Interestingly, the polar residues on the
Csm1-binding inner surface of the Dsn1 Box 2 α-helix can
be mutated to alanine without affecting spore viability or co-
segregation of sister kinetochores, at least in the presence of
functional Box 1 and 3, while mutation of these residues to
lysine reduces spore viability and sister chromatid co-
segregation without affecting Csm1 binding in vitro.
Potentially, the Dsn1 Box 2 α-helix is required to make addi-
tional interactions that are important for monopolin function
in vivo, though we cannot rule out minor structural changes
caused by these mutations.

Dsn1 Box 3 is critical for meiosis

While Dsn1 Box 2 forms an α-helix and associates with
the Bside^ of the Csm1 dimer, Box 3 forms an extended
conformation that packs tightly against the Csm1 con-
served hydrophobic cavity (Fig. 4a; Fig. S5a–c, g, h).
This binding is equivalent to the nucleolar protein Tof2,
which we previously showed shares limited sequence
homology with Dsn1 Box 3 (Liang et al. 2017) (Fig.
S9). The core of the interaction comprises two con-
served hydrophobic residues (Sc Dsn1 V104 and F107)
inserted into the conserved hydrophobic cavity on
Csm1. These residues are bracketed by positively
charged amino acids (Sc Dsn1 K102 and R103) on the
N-terminal side, and highly conserved serine residues
(Sc Dsn1 S109 and S110) on the C-terminal side (Fig.
4a; Fig. S5 g, h). Mutations in the hydrophobic residues
either to alanine (DSN1-V104A/F107A) or aspartate
(DSN1-V104D/F107D) abolished Csm1 binding in vitro
(Fig. 2f). Consistently, Dsn1 Box 3 mutations V104A/
F107A and V104D/F107D led to a marked decrease in
spore viabili ty, whether present in single copy
(heterozygous) or both copies (homozygous) (Fig. 4b).
We also observed increased separation of CENV-GFP
labelled sister chromatids to opposite poles in anaphase

�Fig. 3 Dsn1 Box 2 contributes to successful meiosis. a Close-up view of
the CgDsn1 Box 2 region (orange) interacting with the Bside^ of a Csm1
protomer (blue with white surface) in the Cg Csm169–181:Cg Dsn114–72

complex. Residue numbers shown are for Cg Dsn1, with Sc Dsn1
equivalents shown in orange text. See Fig. S5d–f for equivalent views
of the Cg Csm169–181:Sc Dsn171–110 and Cg Csm169–181:Cg Dsn143–
67DD complexes; b Point mutations in Dsn1 affect spore survival.
Diploid cells carrying the indicated homozygous mutations inDSN1were
sporulated, dissected, and the number of spores that formed colonies from
each tetrad was scored. Between 38 and 56 tetrads were dissected for each
condition, from a minimum of two independent diploid strains. Diploid
strains used were generated from matings between AMy1827 and
AMy1828 or AMy1835 (wild type), AMy1932 and AMy1947
(mam1Δ), AMy21921 and AMy22719 (DSN1-L88A L92A L95A),
AMy23151 and AMy23152 (DSN1-E90A N94A D97A), and
AMy24629 and AMy24632 (DSN1-E90K N94K D97K); c, d Live cell
imaging of heterozygous CEN5-GFP foci during meiosis reveals
defective monoorientation in the presence of Dsn1 Box 2 mutations.
Cells also carry Mtw1-tdTomato to label kinetochores and Pds1-
tdTomato, the destruction of which marks anaphase I onset; c
Representative images of strains producing either wild type Dsn1 or
Dsn1-L88A L92A L95A. While wild type cells segregate a single
CEN5-GFP focus to one pole, some DSN1-L88A L92A L95A cells split
GFP foci and exhibit delayed meiosis II. Arrowheads indicate position of
CEN5-GFP foci during anaphase I, revealing whether they segregate to
the same pole (monooriented, as in the wild type example) or opposite
poles (bioriented as in DSN1-L88A L92A L95A cells). Images are from
frames taken at 15 min intervals; d Scoring of GFP foci position at
anaphase I onset, defined as the first occasion on which Mtw1-
tdTomato segregate. Strains used were AMy25832 (wild type; n = 78),
AMy25881 (DSN1-L88A L92A L95A; n = 26), AMy25763 (DSN1-E90A
N94A D97A; n = 39) and AMy25881 (DSN1-E90K N94K D97K; n = 93)
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I (Fig. 4c; Movie S4 and S5) and splitting of sister
CEN5-GFP foci in metaphase I with these mutants
(Fig. S7). Finally, we measured monopolin complex re-
cruitment to kinetochores in vivo by analysing Mam1
association with a representative kinetochore by chroma-
tin immunoprecipitation (ChIP). This assay revealed that

homozygous Dsn1 Box 3 mutations (either DSN1-
V104A/F107A or DSN1-V104D/F107D) caused a signif-
icant reduction in Mam1 association with kinetochores
compared to wild type cells (Fig. 4d). Importantly, these
effects were not due to defective kinetochore assembly,
as Dsn1 Box 3 mutations did not affect overall Dsn1
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levels (Fig. S10a), and kinetochore association of both
Dsn1 itself and the KMN-network protein Ndc80 was
unaffected (Fig. S10b, c). Furthermore, Box 3 mutations
did not result in benomyl sensitivity or cause increased
chromosome loss, indicating that they did not affect
mitotic chromosome segregation (Fig. S8), consistent
with previous observations using Dsn1 truncated at res-
idue 110 (Sarkar et al. 2013). Collectively, these find-
ings establish that the interface between Dsn1 Box 3
and Csm1 is crit ical for sister kinetochore co-
segregation during meiosis I.

Phosphorylation of Dsn1 Box 3 residues may stabilise
Csm1 binding

Dsn1 Box 3 contains two serine residues (Sc Dsn1 S109 and
S110) that are highly conserved throughout budding yeast
(Fig. S2c, e). These serine residues are disordered in both
crystal structures but are positioned close to conserved lysine
residues in Csm1 (Cg Csm1 K172, K175, and K179) (Fig. 4a;
Fig. S5a–c, g, h). The high conservation and physical proxim-
ity of these serine residues to positively charged residues on
Csm1 suggests that these residues may become phosphorylat-
ed, and that phosphorylation could reinforce the observed
bindingmode between Dsn1 Box 2-3 and Csm1. Indeed, mass
spectrometry of Dsn1 purified frommetaphase I-arrested cells
showed that S109 and S110 are phosphorylated in vivo (Fig.
S11). Further supporting this idea, we could reconstitute a
complex of Cg Csm169–181 and a minimised Cg Dsn1
Box 2-3 construct (residues 43–67) with both S66 and S67
(equivalent to ScDsn1 S109 and S110) mutated to aspartate to
mimic phosphorylation (referred to asCgCsm169–181:Dsn143-
67DD) (Fig. S3f). We determined a 1.8 Å-resolution structure
of this complex (Table S5), which closely agrees with both
structures described above with the addition of a specific in-
teraction between Dsn1 residue D66 and Csm1K172 (Fig. 4e;
S5b, e, h; S6c).

Consistent with the idea that phosphorylation of Dsn1
Box 3 promotes Csm1 binding, we found that Sc Dsn171–
110 with the phosphomimetic S109D/S110D mutation
showed increased binding to Sc Csm169–190 in vitro (Fig.
2f). Furthermore, sister CEN5-GFP foci segregated normally
to the same pole in Dsn1 S109D/S110D cells and spore via-
bility was comparable to that of wild type cells whether one
or both copies of Dsn1 carried the mutations (Fig. 4b, c;
Movie S6). Consistently, ChIP and live cell imaging showed
that Mam1 was localised to centromeres in cells carrying the
Dsn1 S109D/S110D phosphomimetic mutations (Fig. 4d, f).
We also analysed a non-phosphorylatable S109A/S110A mu-
tant and found that, although ChIP showed that kinetochore-
associated Mam1 levels in a metaphase I arrest were reduced
to a level comparable to that caused by the V104A/F107A
and V104D/F104D mutations (Fig. 4d), the effect on spore
viability and sister chromatid co-segregation was less pro-
nounced (Fig. 4b, c: Movie S7) and CEN5-GFP separation
at metaphase was not greatly increased (Fig. S7).
Interestingly, live cell imaging of Mam1-GFP revealed a
new localisation pattern in S109A/S110A cells where a single
bright focus in the vicinity of kinetochores was observed
(Fig. 4f). The identity of this Mam1-GFP focus remains un-
clear, but it could explain the ability of the S109A/S110A
mutant to support sister kinetochore monoorientation.
Therefore, phosphorylation of S109/S110 may be dispensable
for the initial recruitment of monopolin to kinetochores, but is
important for its maintenance into metaphase I.

�Fig. 4 Dsn1 Box 3 residues are critical for meiosis. a Close-up view of
the Cg Dsn1 Box 3 region (orange) interacting with the Csm1 conserved
hydrophobic cavity (blue with white surface) in the Cg Csm169–181:Cg
Dsn114–72 complex. Residue numbers shown are for Cg Dsn1, with Sc
Dsn1 equivalents shown in orange text. See Fig. S5 g–i for equivalent
views of the Cg Csm169–181:Sc Dsn171–110 and Cg Csm169–181:Cg
Dsn143-67DD complexes; b Diploid cells with heterozygous or homozy-
gous mutations in DSN1 were sporulated, dissected and the number of
spores which grew up from each tetrad scored. Between 38 and 78 tetrads
were dissected for each condition, from a minimum of two independent
diploids. Data for wild type and mam1Δ is reproduced from Fig. 3b.
Heterozygous diploids were generated from crosses between AMy1827
and AMy24652 (DSN1-V104A F107A), AMy1827 and AMy25110
(DSN1-V104D F107D), AMy1827 and AMy26803 (DSN1-S109A
S110A), AMy1827 and AMy24744 (DSN1-S109D S110D) .
Homozygous diploids were generated from crosses between
AMy24624 and AMy24652 (DSN1-V104A F107A), AMy24858 and
AMy25110 (DSN1-V104D F107D), AMy26426 and AMy26803
(DSN1-S109A S110A), AMy24744 and AMy24688 (DSN1-S109D
S110D); c Live cell imaging was used to score sister chromatid co-
segregation during anaphase I in cells carrying heterozygous
CEN5-GFP foci and Dsn1 Box 3 mutations as described in Fig. 3 c, d.
Data for wild type and mam1Δ is reproduced from Fig. 3 d, other strains
analysed and number of cells counted were AMy25762 (DSN1-V104A
F107A) n = 51, AMy26475 (DSN1-V104D F107D) n = 61 and
AMy26828 (DSN1-S109A S110A) n = 50, AMy27009 (DSN1-S109D
S110D) n = 64; d Analysis of Mam1-9Myc association with a
representative centromere (CEN4) by anti-Myc chromatin
immunoprecipitation followed by quantitative PCR (ChIP-qPCR). Wild
type (AM25617), DSN1-V104A F107A (AM24669), DSN1-V104D
F107D (AMy26778), DSN1-S109A S110A (AMy26800) and DSN1-
S109D S110D (AMy26476) cells carrying MAM1-9MYC were arrested
in metaphase I of meiosis by depletion of Cdc20. Strain AMy8067 was
used as a no tag control. Shown is the average from 8 biological replicates
for wild type and no tag. The average from 3 experiments is shown for all
DSN1 mutants with the exception of DSN1-S109D S110D where the
average from 5 biological replicates is shown. Error bars indicate standard
error; eClose-up view of theCgDsn1 Box 3 regionwith conserved serine
residues mutated to aspartate (from the structure of Cg Csm169–181:Cg
Dsn143–67DD). Residue D66 is visible forming hydrogen-bond
interactions with Csm1 K172. The side-chain for residue D67 is
disordered, and is modelled as alanine. Csm1 is shown in white with
surface coloured by charge. f Live cell imaging of Mam1-GFP. Cells
carrying Mtw1-tdTomato were released from a prophase block by β-
oestradiol-dependent inducible expression of Ndt80 (Carlile and Amon
2008). Representative images are shown for the indicated genotypes.
Graph displays the fraction of cells with the localisation pattern depicted
in the schematic. Strains used were wild type (AMy14942; n = 40),
csm1Δ (AMy15096; n = 37), DSN1-S109A S110A (AMy26963, n = 50),
and DSN1-S109D S110D (AMy26947, n = 39)
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Dsn1 Box 1 is critical for meiosis

Sequence alignments of the Dsn1 N-terminal region revealed
that a conserved Dsn1 Box 2-3 region is found only in those
fungi with point centromeres (Meraldi et al. 2006; Westermann
et al. 2007; Gordon et al. 2011) and aMAM1 gene (indicating the
use of monopolin to co-orient sister chromatids during meiosis)
(Ye et al. 2016) (Fig. S2c). In contrast, Dsn1 Box 1 is highly
conserved throughout fungi, suggesting a possible ancestral
function (Fig. 1, S2). A recent study has shown that Dsn1
Box 1 is dispensable for binding to Csm1 as measured by yeast
two-hybrid assay (Sarkar et al. 2013), and our own biochemical
reconstitutions reveal that the Box 2-3 region alone binds stably
to Csm1, at least when the conserved Box 3 serine residues are
mutated to aspartate (Fig. S3f). These findings have suggested
that Dsn1 Box 1 may not be important for monopolin complex
function in point-centromere fungi including S. cerevisiae.

Our structure of the Cg Csm169–181:Cg Dsn114–72 complex
shows how Dsn1 Box 2-3 binds Csm1, but also reveals a
plausible Csm1 binding mode for Box 1. In the structure,
Dsn1 Box 1 extends outward from the Csm1-Dsn1 Box 2-3
complex described above, and interacts with a crystallograph-
ic symmetry-related Csm1monomer. This interface is remark-
ably similar to the Box 3 interface: Box 1 inserts two con-
served hydrophobic residues (Cg Dsn1 F32 and F34, equiva-
lent to Sc Dsn1 L72 and F74) into the conserved hydrophobic
cavity on Csm1, and these residues are bracketed by positively
and negatively charged residues that make specific interac-
tions with Csm1 as in the Box 3 interface (Fig. 5a).
Interestingly, Box 1 is oriented in the opposite direction across
the Csm1 hydrophobic cavity than Box 3, with positively
charged residues (Cg Dsn1 R35 and R36, equivalent to Sc
Dsn1 K75 and R76) C-terminal to the hydrophobic residues,
and negatively charged residues (Cg Dsn1 D29 and E30,
equivalent to Sc Dsn1 S29 and P30) N-terminal (Fig. 5a;
Fig. S6). Thus, both Dsn1 Box 1 and Box 3 bind the same
surface of Csm1, through similar but distinct interaction
modes. This structural plasticity provides a model for how
Dsn1 proteins with two Dsn1-N motifs interact with Csm1:
the first motif (Dsn1-N) could bind one Csm1 protomer equiv-
alently to Box 3, with the second (Dsn1-N2) binding a dimer-
related Csm1 protomer equivalently to Box 1. All identified
Dsn1 proteins with two Dsn1-N motifs possess at least nine
residues between the central hydrophobic residues in the two
motifs, enough to bridge the ~ 30 Å distance between the two
sites. The location of positively charged residues N-terminal
to Dsn1-N1 and C-terminal to Dsn1-N2 in these proteins (Fig.
S1b) further supports this model. Importantly for monopolin’s
meiotic functions and unlike oomycete and Encphalitozoon
Dsn1 proteins, budding yeast Dsn1 Box 1 and Box 2-3 inter-
faces with Csm1 are incompatible with one another, in the
sense that a single Dsn1 monomer could not form both inter-
actions with a single Csm1 dimer (Fig. S6a).

To test the importance of Dsn1 Box 1 for Csm1 bind-
ing and sister kinetochore monoorientation, we mutated
Sc Dsn1 L72 and F74 to either alanine or aspartate.
Both mutations reduced binding of Dsn1 to Csm1 in our
in vitro pulldowns, with the L72D/F74D mutation having
the greatest effect (Fig. 2f). Interestingly, these mutations
also had a profound effect on spore viability, Mam1 asso-
ciation with centromeres during metaphase I, and segre-
gation of sister chromatids during anaphase I (Fig. 5b–d;
Movies S8 and S9), though not on benomyl sensitivity or
mitotic chromosome loss (Fig. S8). Interestingly, Dsn1
Box 1 mutations caused a reduction in spore viability
even when only one copy of Dsn1 carried these mutations
(Fig. 5b). The presence of only a single copy of MAM1, in
contrast, has no detectable effect on spore viability (Fig.
5b). Truncation of the first 110 amino acids of one copy
of Dsn1 was previously found to have a dominant-
negative effect on meiosis (Sarkar et al. 2013). Our find-
ings are consistent with this observation and further indi-
cate that successful meiosis relies on the integrity of
Box 1 in all copies of Dsn1. These findings strongly sug-
gest that the interaction between Dsn1 Box 1 and the
conserved hydrophobic cavity on Csm1, as captured in
the crystal structure of Cg Csm169–181:Cg Dsn114–72

(Fig. 5a), is important for kinetochore monoorientation
in vivo.

Regional-centromere fungi utilise Dsn1 Box 1
for Csm1 binding

Dsn1-N/Box 1 is widely conserved among eukaryotes (Fig. 1),
including in S. pombewhere the monopolin subunits Csm1 and
Mde4 are important for mitotic chromosome segregation, but
dispensable for sister monoorientation in meiosis I (Gregan
et al. 2007; Choi et al. 2009) (Fig. 6a; S2a, b). The wide con-
servation of Dsn1-N/Box 1 suggests that it may be an ancestral
monopolin-binding motif that recruits the complex to the kinet-
ochore, potentially through an interface like that in our structure
ofCg Csm169–181:CgDsn114–72 (Fig. 6b). Supporting this idea,
we have previously shown that S. pombe Csm1 (also called
Pcs1) interacts with Dsn1 (Mis13) through its C-terminal glob-
ular domain, and that mutations to the conserved hydrophobic
cavity of S. pombe Csm1 disrupt this interaction (Corbett et al.
2010).We used a fluorescence polarisation binding assay to test
whether a peptide encoding Sp Dsn1-N/Box 1 (residues 5–17)
is sufficient for Csm1 binding, and measured robust binding
with a Kd of 22 μM (Fig. 6c). This binding was eliminated
when we mutated Sp Csm1 isoleucine 241, located in the hy-
drophobic cavity, to aspartate (Fig. 6b). Sp Csm1 I241 is equiv-
alent to Sc Csm1 L161, mutation of which we previously
showed disrupts binding to Csm1 (Corbett et al. 2010). To
further characterise this interaction, we used an in vitro
pulldown assay to systematically test the importance of
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conserved residues in Sp Dsn1-N/Box 1 (Fig. 6d). We found
that Csm1 binding was disrupted upon mutation of the central
hydrophobic residues (F11 and F13), upstream negatively
charged residues (E6 and E9), and downstream positively
charged residues (R15 and K18). These data agree closely with
our structure of the Cg Csm1:Dsn1-N/Box 1 interface, and
strongly suggest that in S. pombe, Dsn1N/Box 1 is primarily
responsible for interactions with the Csm1:Lrs4 (Pcs1:Mde4)
complex. Given the high conservation of Dsn1-N/Box 1 in all
eukaryotes that possess Csm1 orthologs (Fig. 1), we propose
that Dsn1-N/Box 1 comprises the ancestral, universal receptor
for Csm1, while Dsn1 Box 2-3 evolved with monopolin’s mei-
otic roles in budding yeast.

Dsn1 Box 1 and Box 3 perform independent roles
in meiosis

We found that key residues in both Box 1 and Box 3 are
important for sister kinetochore monoorientation and success-
ful meiosis (Figs. 4, 5). While the full Dsn1 Box 1-2-3 region
(residues 71–110) binds robustly to Csm1 in vitro, neither
Dsn1 Box 1 (residues 71–80) or Dsn1 Box 2-3 (residues
80–110) alone bound strongly in this assay (Fig. 7a). These
findings suggest that robust Csm1 binding relies on the integ-
rity of both Box 1 and Box 3. Consistently, point mutations in
either Box 1 (residues L72 and F74) or Box 3 (V104
and F107) strongly reduced Csm1 binding in vitro (Fig. 2f).
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Fig. 5 The Csm1-Dsn1 Box 1 interface a Close-up view of the Cg Dsn1
Box 1 region (orange) interacting with the Csm1 conserved hydrophobic
cavity (blue with white surface) in the Cg Csm169–181:Cg Dsn114–72

complex. Residue numbers shown are for Cg Dsn1, with Sc Dsn1
equivalents shown in orange text; b Dsn1 Box 1 is critical for meiosis.
Spore viability of diploid strains with the indicated genotypes were
analysed as described in Fig. 3b. Between 38 and 68 tetrads were
dissected for each condition, from a minimum of two independent
diploids. Data for wild type and mam1Δ is reproduced from Fig. 3b.
Other diploids were generated from matings between AMy1827 and
AMy11417 (heterozygous mam1Δ), AMy1827 and AMy17222
(heterozygous DSN1-L72A F74A), AMy1827 and AMy17123 or
AMy17313 (heterozygous DSN1-L72D L74D), AMy17222 and

AMy17223 (homozygous DSN1-L72A F74A) or AMy17313 and
AMy17373 (homozygous DSN1-L72D F72D). c Live cell imaging was
used to score sister chromatid co-segregation during anaphase I in cells
carrying heterozygous CEN5-GFP foci and Dsn1 Box 1 mutations as
described in Fig. 3 c, d. Data for wild type and mam1Δ is reproduced
from Fig. 3 d, other strains analysed were AMy25821 (DSN1-L72A
F74A; n = 78) and AMy26543 (DSN1-L72D F72D; n = 59); d Mam1
association with a representative centromere in a metaphase I arrest was
analysed by ChIP-qPCR as described in Fig. 4d. Data for wild type and
no tag is reproduced from Fig. 4d. Other strains used were AMy25618
(DSN1-L72A F74A) and AMy26543 (DSN1-L72D F72D) and the
average of 3 or 5 biological replicates, respectively, is shown with
standard error bars
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However, neither set of mutations affected spore viability as
severely as deletion of MAM1 or heterozygous truncation of
the first 78 (removing Box 1) or 110 (removing Box 1-2-3)
residues of Dsn1 (Fig. 7b). These data raise the possibility that
Dsn1 Box 1 and Box 3 could act at least partially redundantly
in vivo. To determine whether this is the case, we combined
Dsn1 mutations with alanine substitutions in the hydrophobic
residues of Box 1 or Box 3 and the putative phosphorylation
sites S109/S110 to generate Dsn1-L72A/L74A/V104A/
F107A, Dsn1-L72A/L74A/S109A/S110A, and Dsn1
L72A/L74A/V104A/F107A/S109A/S110A. Interestingly,
spore viability after meiosis where one copy of Dsn1 carries
mutations in both Box 1 and Box 3 was comparable to that of
strains with Dsn1 N-terminal truncations (Δ78 and Δ110),
whether the N terminus of Dsn1 from the other allele was
intact or not (Fig. 7b). These results show that while the in-
tegrity of both Dsn1 Box 1 and Box 3 is required for robust
Csm1 binding in vitro and functional monoorientation in vivo,
they also have at least partially independent roles in meiosis.

Discussion

The V-shaped monopolin complex performs multiple
roles in kinetochore and chromosome biology, which

are likely to be achieved through its ability to act as a
molecular crosslinker. This activity is mediated by bind-
ing of the two Csm1 homodimer heads, one at each apex
of the V, to short peptide motifs on target molecules to
be linked together. Our previous work had identified a
conserved hydrophobic cavity on the Csm1 homodimer
that is important to target monopolin both to the nucle-
olus and to kinetochores (Corbett et al. 2010), and a
second surface important for binding additional partner
proteins in both contexts (Corbett and Harrison 2012;
Liang et al. 2017). Here, we defined the molecular inter-
actions between Csm1 and its kinetochore receptor,
Dsn1. We unexpectedly identify two mutually exclusive
modes for Dsn1-Csm1 binding, in which the same hy-
drophobic cavity in Csm1 can interact with distinct con-
served motifs in the Dsn1 N-terminal region (Box 1 and
Box 2-3, respectively). Through cell biological and bio-
chemical studies using specific mutations (see Table 1
for summary of mutant characterisation), we demonstrate
that both binding modes are important for sister kineto-
chore monoorientation during meiosis I in vivo. While
Box 1 is the ancestral monopolin receptor at kineto-
chores, Box 2-3 is conserved only in yeast with point
centromeres that use monopolin to direct sister kineto-
chore monoorientation during meiosis I.
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Fluorescence polarisation peptide-binding assay showing interaction of
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domain (residues 125–261). The Csm1 I241D mutant mimics the
S. cerevisiae L161D mutant, known to disrupt binding of Dsn1 in vitro
(Corbett et al. 2010) by disrupting the conserved hydrophobic cavity
(L159 in Cg Csm1; see panel B); d Ni2+-pulldown of in vitro translated
S. pombe Mis13 N-terminal region (wild type and mutants) by
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Dsn1-N/Box 1—the ancestral monopolin recruiter

Although Mam1 orthologs appear to be present only in bud-
ding yeast with point centromeres, we identify Csm1
orthologs in a wide range of eukaryotes where they are likely
to function at the kinetochore. In the fission yeast S. pombe,
Csm1 and Mde4 (Lrs4) associate with kinetochores during
mitosis where they prevent merotelic kinetochore-
microtubule attachments (Gregan et al. 2007). In budding
yeast mitosis, Csm1 and Lrs4 associate with kinetochores in
anaphase, independently of Mam1 (Brito et al. 2010).
Knockout of the Arabidopsis thaliana ortholog of Csm1
(Titan-9) results in the classic titan phenotype leading to prob-
lems in endosperm development and thus suggesting a role in
meiosis (Tzafrir et al. 2002; Tzafrir et al. 2004). Lastly, the
highly divergent Csm1 ortholog in Dictyostelium discoideum,
named Cenp-68, was found to be involved in associating clus-
tered kinetochores to the spindle pole body-like structure dur-
ing interphase (Schulz et al. 2009). Altogether, these studies
indicate that Csm1 is in some way involved in bridging kinet-
ochores during mitosis or meiosis. Strikingly however, Csm1
has been lost in most metazoans, except for the early-
branching lineages Nematostella vectensis and Amphimedon
queenslandica.

Our identification of Csm1 orthologs outside fungi suggest
that these organisms share a conserved monopolin interaction
motif in the kinetochore. Consistent with this idea, our se-
quence alignments revealed that Dsn1-N/Box 1 is broadly
conserved in eukaryotes and co-evolves with Csm1 (Fig. 1,
S1, S2). In our structure of Cg Csm169–181:Cg Dsn114–72, we
found that Dsn1 Box 1 forms an interaction motif that associ-
ates with the Csm1 hydrophobic cavity (Fig. 5a). Mutation of
two conserved hydrophobic residues that extend into the con-
served Csm1 hydrophobic cavity (L72 and F74 in
S. cerevisiae) resulted in loss of Mam1 from kinetochores
during meiosis I, a failure to properly monoorient kineto-
chores, and a resultant loss of spore viability (Fig. 5). This
demonstrates that Dsn1Box 1 interaction with Csm1 is critical
for sister kinetochore monoorientation during meiosis I.
Supporting the idea that S. pombe monopolin uses a similar
interaction mechanism for its recruitment to kinetochores, we
find that the isolated Dsn1-N/Box 1 region from Sp Dsn1
(called Mis13) binds Csm1 via its conserved hydrophobic
cavity (Fig. 6c), and that the mutation of conserved residues
in SpDsn1-N/Box 1 disrupt binding to Csm1 (Fig. 6d). Taken
together, these data provide a strong argument that the Dsn1-
N/Box 1 represents an ancestral docking site for monopolin at
kinetochores. Curiously, however, we observed no strong ef-
fects on mitotic chromosome segregation upon mutation of
residues in Dsn1 Box 1 (Fig. S8b), consistent with a previous
analysis of DSN1-Δ110 (Sarkar et al. 2013). Nevertheless, in
S. cerevisiae, both Csm1 and Lrs4 are found at kinetochores
during mitotic anaphase (Brito et al. 2010) and testing the

requirement for Dsn1 Box 1 in this recruitment will be an
important future priority.

Dsn1 Box 2-3—an adaptation to meiotic function

The Dsn1-N/Box 1-Csm1 interaction likely represents a gen-
eral mechanism whereby monopolin can be recruited to kinet-
ochores, but our data show that this motif on its own is insuf-
ficient for sister kinetochore monoorientation during meiosis
I. Instead, both the Dsn1 Box 2-3 region and the presence of
Mam1 (and by extension Hrr25) are additionally required for
sister monoorientation. Structurally, Dsn1 Box 3 binds the
same hydrophobic cavity on Csm1 to Dsn1 Box 1, only in
the opposite orientation, with the Box 2 α-helix packing onto
the side of the Csm1 homodimer. The structure of the
Csm1:Dsn1 Box 3 region is also strikingly similar to that of
Csm1:Tof2 (Fig. S9), which recruits Csm1 to the nucleolus to
regulate ribosomal DNA silencing and recombination (Liang
et al. 2017). Both Dsn1 Box 2-3 and Tof2 insert a pair of
hydrophobic residues into the Csm1 hydrophobic cavity, and
both possess a pair of positively charged residues immediately
N-terminal to the hydrophobic residues. Instead of two highly
conserved serine residues as inDsn1, however, Tof2 possesses
a pair of conserved negatively charged residues that interact
with the conserved lysine residues on Csm1 (Fig. S9). Thus,
Csm1 interacts with diverse partners in the nucleolus and at
kinetochores using similar mechanisms.

While a Csm1 homodimer possesses two identical con-
served hydrophobic cavities capable of binding either Dsn1
Box 1 or Box 3, the orientation of the two binding modes and
the proximity of Dsn1 Box 1 and Box 2-3 mean that it is
impossible for a single Dsn1 protomer to simultaneously inter-
act with Csm1 through both binding modes (Fig. S6a). Since
the conserved Dsn1 Box 2-3 region is specifically found in
budding yeast with point centromeres and Mam1 homologs,
it is likely that Csm1 binding by Dsn1 Box 2-3 is specifically
important for sister kinetochore monoorientation. Indeed, our
mutational analysis of Dsn1Box 3 provides evidence that this is
the case (Fig. 4). These observations predict the existence of
meiosis I-specific mechanisms that enable Csm1-Lrs4 to en-
gage with Dsn1 Box 2-3 and thereby fuse kinetochores. How
might this be controlled? An attractive possibility is that this is
the function of the Mam1-Hrr25 module of monopolin.

We previously showed that Mam1 associates with the
Csm1 globular domain, and links Hrr25 to monopolin through
a flexible tether (Corbett and Harrison 2012; Ye et al. 2016). In
the crystal structure of Sc Csm1:Mam1, Mam1 forms an ex-
tended interface with Csm1 that includes anα-helix binding to
the Bside^ of Csm1 and a phenylalanine residue (Sc Mam1
F262) inserted into the conserved hydrophobic cavity of
Csm1 (Corbett and Harrison 2012). As these data are difficult
to reconcile with our finding that Dsn1 Box 2-3 interacts with
the same surfaces on Csm1, we determined a new crystal
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structure of a Cg Csm169–181:Mam1162–216 complex (Fig. S4).
This structure closely resembles our earlier structure of the
S. cerevisiae complex, but does not include an ordered α-
helix or any interaction with the Csm1 hydrophobic cavity.
Closer inspection of sequence conservation in Mam1
orthologs reveals very poor conservation beyond the Bcore^
region ofMam1 that interacts with Csm1 in our new structure,
suggesting that the additional interactions observed in our
earlier structure of the S. cerevisiae complex represented

non-specific crystal packing interactions rather than a biolog-
ically relevant interface. Thus, our new structural data support
the idea that Mam1 and Dsn1 Box 2-3 can bind simultaneous-
ly to a Csm1 protomer, rather than competing for Csm1 bind-
ing (Fig. S4d). Interestingly, our structural modelling suggests
that Mam1 is positioned close to the solvent-exposed residues
on the Dsn1 Box 2 α-helix (Fig. S4d), suggesting a potential
further interaction that could stabilise the ternary complex and
explain the role of these residues in Dsn1 Box 2 (Fig. 3).
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Taken together, our structural and functional data sug-
gest the following general model for monopolin function at
meiosis I kinetochores (Fig. 7c): The monopolin complex
may first be recruited to kinetochores through an unstable
interaction between Csm1 and the ancestral Box 1 motif on
the Dsn1 N-terminus. Initial binding may be non-specific,
with the two Csm1 homodimer Bheads^ interacting with
Dsn1 protomers either within a single kinetochore, between
sister kinetochores, or between non-sister kinetochores. We
hypothesise that sister kinetochore binding by the two
Csm1 heads could trigger a switch in interaction mode
between Box 1 and Box 2-3, with further stabilisation of
the Box 2-3 interaction coming through phosphorylation of
the two conserved serine residues in Box 3 (Sc Dsn1 S109
and S110). Although the relevant kinase has yet to be iden-
tified, we note that Mam1 ideally positions Hrr25 to access
Dsn1, and we have previously shown that Hrr25 phosphor-
ylates Dsn1 in vitro, most likely in its disordered N-
terminal region (Ye et al. 2016). While we did not identify
specific phosphorylation sites within Dsn1, we speculate
that Hrr25 may phosphorylate Dsn1 S109/S110 to stabilise
monopolin-kinetochore binding. Testing the role of Hrr25,
and identifying how sister kinetochore binding by the
monopolin complex might be sensed, are important ques-
tions for future work.

An interesting feature of mutations in the Dsn1 Box 1-2-3
region is that they impair sister kinetochore monoorientation
in a dominant fashion when heterozygous, despite the pres-
ence of an estimated 6–7 copies of Dsn1 at each kinetochore
(Joglekar et al. 2006; Dimitrova et al. 2016). One explanation
for this finding is that robust sister monoorientation relies on
every copy of Dsn1 being able to associate with Csm1
through both identified binding modes, perhaps because each
individual Csm1-Dsn1 interaction is relatively weak. A sec-
ond possibility is that the level of Hrr25 activity at kineto-
chores is important, and reduced binding of monopolin in
heterozygous DSN1 mutant strains leads to a reduction in
Hrr25 activity, and a consequent reduction in the efficiency
of sister kinetochore monoorientation and successful meiosis.

Monopolin—a general-purpose molecular crosslinker

While the detailed molecular mechanisms underlying specific
sister kinetochore crosslinking by monopolin remain un-
known, the data we present here essentially complete the
structural picture of how the monopolin complex is assembled
and how it interacts with kinetochores in meiosis I. When
considered alongside our extensive prior structural analysis
of the monopolin complex and its interactions with various
binding partners, a picture emerges of a complex that is strik-
ingly flexible in its ability to scaffold important architectural
and signalling complexes in S. cerevisiae. The V-shaped
Csm1-Lrs4 complex has two Csm1 homodimer heads posi-
tioned ~ 10 nm apart, and each Csm1 homodimer head pos-
sesses four protein-protein interaction surfaces: two conserved
hydrophobic cavities, and two binding sites for Mam1/Ulp2-
like molecules. In the nucleolus, Csm1 binds Tof2 via the
conserved hydrophobic cavity, in the process likely
crosslinking multiple copies of the repetitive rDNA to sup-
press illegitimate recombination, and aiding Sir2-dependent
transcriptional silencing (Huang et al. 2006; Mekhail et al.
2008; Corbett et al. 2010; Liang et al. 2017). At the same time,
Csm1 binds Ulp2 which deSUMOylates and stabilises other
key rDNA-silencing proteins (Liang et al. 2017). At the kinet-
ochore, Csm1 binds both Dsn1 Box 1 and Box 3 via the
hydrophobic cavity to directly crosslink sister kinetochores,
and also binds Mam1 to indirectly recruit Hrr25. Finally, we
have recently identified another Csm1 binding partner, Dse3,
whose biological functions are not known but that binds Csm1
in a Ulp2/Mam1-like manner (Singh and Corbett 2018). This
constellation ofmonopolin-interacting proteinsmay not yet be
complete, with the Saccharomyces Genome Database (http://
yeastgenome.org) listing 70 proteins as identified physical
interactors of Csm1 alone (Singh and Corbett 2018). Thus,
the monopolin complex represents a remarkably versatile mo-
lecular crosslinker that has been recruited into at least three,
and potentially more, functional roles in budding yeast.

�Fig. 7 Dsn1 Box 1 and Box 3 perform independent roles in meiosis. a
Ni2+-pulldown of in vitro translated S. cerevisiaeDsn1 N-terminal region
constructs (fused to an N-terminal maltose binding protein tag) by Sc
His6-Csm1

69–190; b Combination of Box 1 and Box 3 mutations lead to
an additive effect on meiosis. Spore viability of diploid strains with the
given heterozygous mutations in DSN1 were analysed as described in
Fig. 3b. Between 38 and 68 tetrads were dissected for each Dsn1 point
mutant diploid, from aminimumof two independent diploids, while more
than 300 tetrads were scored for the truncations. Data for wild type and
mam1Δ is reproduced from Fig. 3b. Other diploids were generated from
matings between AMy17232 and AMy1827 (heterozygousΔ78-DSN1),
AMy17230 and AMy1827 (Δ110-DSN1), AMy17505 and AMy17507
(homozygous Δ110-DSN1), AMy1828 and AMy26727 (wild type and
DSN1-L72A F74AV104A F107A), AMy1828 and AMy25883 (wild type
and DSN1-L72A F74A S109A S110A), AMy1828 and AMy26728 (wild
type and L72A F74A V104A F107A S109A S110A); AMy17505 and
AMy26727 (Δ110-DSN1 and DSN1-L72A F74A V104A F107A),
AMy17505 and AMy25883 (Δ110-DSN1 and DSN1-L72A F74A
S109A S110A), AMy17505 and AMy26728 (Δ110-DSN1 and L72A
F74A V104A F107A S109A S110A). Data for DSN1-L72A F74A,
DSN1-V104A F107A, and DSN1-S109A S110A is reproduced from
Fig. 3b and 4b; c Model for sister kinetochore monoorientation by the
monopolin complex. Initial unstable kinetochore association of the
monopolin complex (1) occurs via Dsn1 Box 1 (yellow). While initial
binding is non-specific, association of a single complex with sister
kinetochores triggers a switch to a more stable binding mode (2)
involving Dsn1 Box 2-3 (orange). The association is further stabilised
by phosphorylation of Dsn1 S109/S110 by Hrr25 or another kinase,
resulting in stable sister kinetochore monoorientation (3). While we draw
a single Dsn1 interacting with each globular head of the monopolin
complex, each head possesses two conserved hydrophobic cavities and
therefore could bind two copies of Dsn1
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