
Recognition of the Centromeric Nucleosome By the 
Kinetochore in Budding Yeast

Citation
Migl, David. 2019. Recognition of the Centromeric Nucleosome By the Kinetochore in Budding 
Yeast. Doctoral dissertation, Harvard University, Graduate School of Arts & Sciences.

Permanent link
http://nrs.harvard.edu/urn-3:HUL.InstRepos:42013140

Terms of Use
This article was downloaded from Harvard University’s DASH repository, and is made available 
under the terms and conditions applicable to Other Posted Material, as set forth at http://
nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA

Share Your Story
The Harvard community has made this article openly available.
Please share how this access benefits you.  Submit a story .

Accessibility

http://nrs.harvard.edu/urn-3:HUL.InstRepos:42013140
http://nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA
http://nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA
http://osc.hul.harvard.edu/dash/open-access-feedback?handle=&title=Recognition%20of%20the%20Centromeric%20Nucleosome%20By%20the%20Kinetochore%20in%20Budding%20Yeast&community=1/1&collection=1/4927603&owningCollection1/4927603&harvardAuthors=d6200caea4f18b1f6d0ee7042d5b3a6f&departmentBiophysics
https://dash.harvard.edu/pages/accessibility


  

 

 

 

 

Recognition of the Centromeric Nucleosome By the Kinetochore in Budding Yeast 

 

A dissertation presented 

by 

David Matthew Migl 

to  

The Committee on Higher Degrees in Biophysics 

  

in partial fulfillment of the requirements  

for the degree of 

Doctor of Philosophy  

in the subject of  

Biophysics 

 

Harvard University  

Cambridge, Massachusetts  

August 2019 

 



  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© 2019 David Matthew Migl 

All rights reserved. 

 



 iii 

Dissertation Advisor: Professor Stephen C. Harrison  David Matthew Migl 

 

Recognition of the Centromeric Nucleosome by the Kinetochore in Budding Yeast 

 

Abstract 

 

Kinetochores mediate chromosome segregation during cell division. They assemble 

on centromeric nucleosomes and capture spindle microtubules. In budding yeast, a 

kinetochore links a single nucleosome, containing the histone variant Cse4 instead of H3, 

with a single microtubule. Conservation of most kinetochore components from yeast to 

metazoans suggests that the yeast kinetochore represents a module of the more complex 

metazoan arrangements, with multiple centromeric nucleosomes and multiple 

microtubules. 

I investigate here how the inner kinetochore attaches to the centromeric nucleosome. 

First, I describe an improved protocol for coexpression of soluble histone octamer that 

greatly facilitates sample preparation. My results establish bacterial coexpression as a 

convenient method to express large amounts of yeast centromeric histone octamer for 

structural studies. Next, I investigate the interaction of Mif2 with this Cse4-containing 

nucleosome using biochemistry and cryo-EM. I find that Mif2 binds the Cse4 

nucleosome with a 2:1 stoichiometry just as human CENP-C binds the CENP-A 

nucleosome. Finally, I report an exploration of cryo-grid preparation and high-resolution 

structure of the yeast centromeric nucleosome determined by cryo-EM. Fewer base pairs 

are in tight association with the histone octamer than there are in canonical nucleosomes. 
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Weak binding of the end sequences may contribute to specific recognition by other inner 

kinetochore components. The coexpression protocol for histone octamer, centromeric 

nucleosome structure and grid preparation strategies we describe will facilitate studies of 

many other aspects of kinetochore assembly and chromatin biochemistry. 
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1. Introduction 

Reproduction is a fundamental property of life. This dissertation addresses how 

eukaryotes separate their chromosomes during cell division, one of the many processes 

required for cells to reproduce. 

Cell division is the process by which one cell (the ‘mother’) divides into two daughter 

cells. The fundamental challenge of division is for the mother cell to duplicate its genome 

and ensure each daughter cell receives exactly one copy of the genome. Organisms have 

evolved a range of solutions to the latter problem: while the ParMRC plasmid segregation 

system in bacteria requires just two proteins and one 160-bp DNA sequence (Salje et al., 

2010), chromosome segregation in eukaryotes can involve hundreds of proteins and 

megabases of chromatin (Cheeseman, 2014). These processes share in common a 

requirement for an input of energy to drive physical separation of plasmids or 

chromosomes, as diffusion alone is not sufficient to ensure their orderly separation. 

Eukaryotic cells replicate their DNA and separate their chromosomes at different 

times, and alternation between these processes comprises the cell cycle. The cell cycle 

consists of four stages: G1, S, G2, and M. Unicellular eukaryotes can be viewed as 

continually cycling among these states. In multicellular organisms many cells, such as 

neurons and muscle cells, remain arrested in G1 as they carry out their non-replicative 

functions; while these cells are of profound medical importance, they do not concern us 

here. 

Chromosome segregation occurs during mitosis. Many other events must occur in 

mitosis to ensure accurate chromosome segregation, such as spindle formation, 
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chromosome condensation, regulation of chromosome pairing, and cytokinesis 

(McIntosh, 2016); here, we focus solely on the physical separation of chromosomes. 

Mitosis can be further subdivided into four phases (prophase, metaphase, anaphase, and 

telophase), and distinct chromosome movements happen during each phase (Figure 1.1). 

During prophase, replicated chromosomes condense and the mitotic spindle forms. In 

metaphase, each sister chromatid becomes attached to a microtubule from different a 

microtubule-orienting center by means of a kinetochore. During anaphase, sister 

chromatids separate to opposite poles. In telophase, the mother cell divides in two, and 

each daughter cell inherits a copy of the genome. Mistakes during chromosome 

segregation result in aneuploid cells that are often not viable, but overall this process is 

highly accurate: in S. cerevisiae, on average a mistake in chromosome segregation 

happens in one out of every 100,000 cell divisions (Brown et al., 1991). 

 

Overall chromosome movements during mitosis were first observed over a century 

ago (Flemming, 1882) and in essence, the goal of subsequent research, including this 

dissertation, has been to explain in greater molecular and atomic detail the phenomenon 

of mitosis as shown in Figure 1.1. Top-down approaches using increasingly advanced 

 

Figure 1.1. Drawings of chromosome movements during cell division, first observed 
by Walther Flemming (Flemming, 1882). From left to right: prophase, metaphase, 
anaphase, telophase.  
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light, fluorescence, and electron microscopy and cell biology have resulted in the 

identification of the major structures involved in chromosome segregation and their 

movements. Advances in the bottom-up approaches of recombinant protein expression, 

biochemistry, and structural biology have contributed to a molecular understanding of 

these structures. These two complementary approaches will soon converge and lead to 

what has been a century-long goal: a complete description of chromosome segregation in 

atomic detail. 

Three cellular structures contribute to chromosome segregation: microtubules, the 

centromere, and the kinetochore (Figure 1.2). During mitosis, sister chromatids move 

along microtubules to opposite sides of the mother cell. It is the organization of these 

microtubules that dictate the movements of chromosomes. The unique arrangement of 

microtubules, with centrioles at opposite ends of the nucleus (budding yeast) or mother 

cell and the plus end of microtubules projecting toward the center, is called a spindle. The 

centromere is the primary constriction visible by light microscopy on each chromosome. 

It is a chromatin region where the kinetochore connects centromeres and microtubules. It 

has both a structural role, to physically link the microtubules and chromosomes, and a 

signaling role, to ensure that this process takes place at the appropriate time. While this 

signaling is of profound importance, this thesis focuses on the structural aspects of the 

interface between the kinetochore and the centromere.  
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As chromosome segregation is a fundamental process in eukaryotic cells, basic 

research into it has broad applications, four examples of which I highlight here.  The 

discovery of the sequence of human centromeres led to the engineering of human 

artificial chromosomes with centromeres consisting of synthetic alphoid DNA arrays 

(Kouprina et al., 2018). Kinetochores are frequently relevant in cancer research since a 

primary outcome of defects in kinetochore function is aneuploidy, a hallmark of cancer 

(Sansregret and Swanton, 2017). Some microtubule-targeting natural products such as 

taxol and vinblastine are widely used in oncology, but as these drugs also target 

microtubules in healthy dividing cells, they contribute to the severe side effects 

associated with cytotoxic chemotherapy (Del Bufalo and Degrassi, 2015). Plant 

geneticists have engineered CENP-A for generating inducible haploid strains, which are 

useful tools for improving crop yield and pest resistance (Britt and Kuppu, 2016). Lastly, 

in the field of fertility, loss of cohesion and premature separation of sister chromatids 

explain a significant part of the age-dependent decline in human female fertility and 

 

Figure 1.2 The mitotic spindle. A) Micrograph showing microtubules (green), 
chromosomes (blue), and centromeres (red) during metaphase of mitosis. Source: public 
domain. B) Schematic identifying the major structures seen in panel A. 



 5 

chromosome missegregation is a common cause of birth defects (Chiang et al., 2012; 

Jessberger, 2012). While this dissertation’s focus on the yeast inner kinetochore will not 

directly address these applications, they highlight the utility of basic research into 

chromosome segregation. 

Centromeres are necessary for chromosome segregation and achieve this function by 

attaching to kinetochores. This embrace is of profound importance for eukaryotic life 

forms. It is for this reason that for my thesis I chose to investigate how kinetochores 

attach to centromeres. To lay out the details of the background and specific questions I 

address, I will introduce in turn the molecular aspects of centromeres and kinetochores, 

posit specific questions about their interface, and outline the methods for their study. 

1.1. Centromeres 
Centromeres are the regions on chromosomes that mediate attachment to kinetochores 

and hence their segregation to daughter cells. Centromeres were first identified by light 

microscopy as the primary constriction on each condensed chromosome during mitosis 

(Flemming, 1880). The defining molecular feature of a centromere is a nucleosome in 

which both copies of the canonical histone H3 have been replaced by the centromere-

specific histone variant CENP-A (Cse4 in budding yeast). CENP-A differs from H3 in 

two aspects: i) a divergent and longer N-terminal tail and ii) a histone-fold domain (HFD) 

with several residue substitutions (across species, the HFDs of H3 and CENP-A are 

generally ~60% identical).  

1.1.1. Centromere Organization 

The overall organization of centromere-microtubule connections varies by species, 

but the most common organization is monocentric chromosomes with point or regional 



 6 

centromeres (Figure 1.3). Monocentric chromosomes contain a single region, visible as 

the primary constriction on a chromosome, in which the centromere attaches to 

microtubules though a kinetochore. Holocentric chromosomes, on the other hand, contain 

CENP-A nucleosomes and kinetochore-microtubule attachments spread throughout the 

chromosome. They have been best studied in the nematode C. elegans but have also 

evolved independently in some arthropod and plant species (Melters et al., 2012).  

 

 

Figure 1.3. Differences in centromere organization among species. Left: Monocentric 
chromosomes of budding yeast with point centromeres (magenta), where a single copy of 
a Cse4 nucleosome and kinetochore attach to one microtubule (green). Middle: regional 
centromeres in metazoans contain multiple CENP-A nucleosomes and attach to multiple 
microtubules. Right: Holocentric chromosomes contain CENP-A nucleosomes and 
microtubule attachments dispersed throughout the chromosome. A central constriction is 
not visible. 
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Centromeres have been described as point centromeres and regional centromeres. 

The latter cover a relatively extended segment of DNA, with multiple CENP-A 

nucleosomes (interspersed with H3 nucleosomes) connecting to multiple microtubules 

through an assembled kinetochore. The nucleosomes form on regions of repetitive DNA 

that is neither necessary nor sufficient for centromere formation; instead they are 

specified epigenetically (Figure 1.4). Regional centromeres are found in most eukaryotes. 

Point centromeres are defined DNA sequences with a single CENP-A nucleosome that 

connects to a single microtubule and are found only in clade Saccharomycetaceae 

(budding yeast) (Meraldi et al., 2006). While the evolutionary origin of centromeres is 

still a topic of research, the ancestral centromere was likely a regional centromere that 

was replaced by point centromeres in budding yeast (Malik and Henikoff, 2009). Next, I 

take a more detailed look at the molecular details of the structure, establishment, and 

maintenance of point and regional centromeres. 
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1.1.2. Point centromeres 

Point centromeres recruit a single CENP-A nucleosome (Furuyama and Biggins, 

2007) and are specified by a specific DNA sequence: this sequence is sufficient for 

establishment and maintenance of point centromeres through binding of the CBF3 

complex and recruitment of the histone chaperone Scm3 (Figure 1.5). A short DNA 

sequence (CEN) genetically defines point centromeres; in S. cerevisiae it is 110 - 125 bp. 

CEN contains three short conserved motifs termed CDE (centromere determining 

elements) I, II, and III. The transcription factor Cbf1 and the CBF3 complex occupy 

CDEI and III, respectively, and the Cse4 nucleosome resides on CDE II. After DNA 

replication, new Cse4 is deposited on the daughter strand during S, G2, and early mitosis 

in a process mediated by the CBF3 complex (Wisniewski et al., 2014). After DNA 

replication, CBF3 binds CDEIII, and the dimeric CBF3 subunit Ndc10 recruits the Cse4 

 

Figure 1.4. Structure of point and regional centromeres. In budding yeast, a single 
Cse4-containing nucleosome occupies a centromere-specific DNA sequence (CEN). In 
metazoans, multiple CENP-A-containing nucleosomes occupy regions of repetitive alpha-
satellite DNA. 
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chaperone Scm3, which deposits Cse4–H4 tetramers onto CDEII (Camahort et al., 2007; 

Cho and Harrison, 2011a, b; Shivaraju et al., 2011) (Figure 1.5). H2A–H2B chaperones 

deposit H2A–H2B to complete the histone octamer and form a centromeric nucleosome. 

Psh1 ubiquitinates mislocalized Cse4 outside of the centromere and targets it for 

degradation, ensuring the Cse4 is found only at the centromere (Hewawasam et al., 2010; 

Ranjitkar et al., 2010). 

1.1.3. Regional centromeres 

Regional centromeres consist of multiple CENP-A nucleosomes assembled on 

repetitive DNA sequences that are neither necessary nor sufficient for centromere 

establishment and maintenance. Rather, metazoan cells propagate regional centromeres 

through a pathway, mediated by CENP-C, Mis18, and HJURP, in which existing CENP-

A nucleosomes recruit additional CENP-A nucleosomes  (Figure 1.5).  Regional 

centromeres form on long stretches of repetitive alpha satellite DNA (40-100 kb in S. 

pombe and up to five megabases in vertebrates) (McKinley and Cheeseman, 2016; 

Willard, 1990). Pericentromeric heterochromatin surrounds these regions of repetitive 

sequences (Janssen et al., 2018). The repetitive alpha-satellite sequences are not strictly 

necessary for centromere formation, as evidenced by the occasional formation of 

neocentromeres on non-centromeric regions of the human genome (Amor et al., 2004).  

Centromere propagation depends on a threshold level of CENP-A to template new 

CENP-A deposition. The stage of CENP-A deposition during the cell cycle differs among 

species: it occurs during S, G2, and M in S. pombe, G2 in plants, and G1 in metazoans 

(Malik and Henikoff, 2009; Smith and Maddox, 2017). When a metazoan cell duplicates 

its chromosomes, it redistributes parental CENP-A randomly to daughter strands, and the 
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cell goes through mitosis with half of the amount of CENP-A on each chromosome as in 

G1. CENP-A levels are subsequently replenished in the next G1 stage, and cell cycle 

kinases restrict deposition to G1 only (Westhorpe and Straight, 2014).  

 

CENP-A-bound CENP-C templates the formation of additional CENP-A 

nucleosomes through recruitment of the Mis18 complex and hence the CENP-A–H4 

chaperone HJURP (Figure 1.5). CENP-C, a structural kinetochore protein, binds CENP-

A constitutively. During G1, the kinase Plk1 phosphorylates the Mis18 complex, which 

promotes binding to CENP-C. In mouse and human cells, the Mis18 subunit M18BP1 

requires CENP-C for centromere localization (Dambacher et al., 2012; McKinley and 

Cheeseman, 2014). In chicken and Xenopus cells, M18BP1 can also localize to 

centromeres through direct binding to the CENP-A nucleosome, but both CENP-C and 

Mis18 are required to deposit new CENP-A (French et al., 2017; Hori et al., 2017). The 

Mis18 protein complex in turn recruits the CENP-A chaperone HJURP, which deposits 

new CENP-A–H4 tetramers onto adjacent DNA sites (Barnhart et al., 2011; Foltz et al., 

 

Figure 1.5. Illustration of pathways for the establishment and maintenance of yeast 
and human centromeres. 
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2009). Cdk1 prevents CENP-A deposition outside of G1 by inhibiting formation of the 

Mis18 complex (Silva et al., 2012; Spiller et al., 2017). Identification of factors that 

remove CENP-A from non-centromeric regions is still ongoing, and disruption of ectopic 

CENP-A through DNA replication is one proposed mechanism (Nechemia-Arbely et al., 

2019). Bare CENP-A nucleosomes exhibit turnover comparable to other nucleosomes, 

but binding of CENP-C and CENP-N results in a long-lived complex with much lower 

turnover than nucleosomes in other regions of the chromosome, which contributes to the 

stability of centromere identity (Guo et al., 2017).  

1.1.4. Relevance of S. cerevisiae as a model system 

The decision to study point centromeres as a model for regional centromeres must be 

approached with some caution since regional centromeres are not direct evolutionary 

descendants of point centromeres – rather, the opposite is the case. While establishment 

and maintenance of centromeres differs significantly between yeast and humans, the 

structural result is the same: establishment of a Cse4/CENP-A nucleosome upon which a 

kinetochore forms. Therefore, budding yeast is a suitable model system from a structural 

perspective. 

1.2. Kinetochores 
Kinetochores are large molecular assemblies that bridge centromeres and 

microtubules and integrate regulatory signals to ensure the accuracy of chromosome 

segregation. In yeast, upwards of 70 kinetochore proteins have been identified, and the 

molecular mass is estimated to be around 5 megadaltons (De Wulf et al., 2003). The 

ambiguity in the prior sentence arises from the fact that, unlike defined macromolecular 

complexes such as ribosomes that can be isolated in whole, kinetochores consist of 
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distinct subcomplexes whose affinity for each other varies (Gascoigne and Cheeseman, 

2011; Nagpal et al., 2015).  

Early studies of kinetochores classified them into inner, middle, and outer layers 

based on their gross morphological appearance in electron micrographs (Rieder, 1982). 

While the advent of molecular biology has refined this view to an understanding of 

kinetochores as organized of several distinct protein subcomplexes (De Wulf et al., 2003; 

Jenni et al., 2017; Musacchio and Desai, 2017), it is still useful to classify these 

subcomplexes into three categories: i) microtubule – proximal (“outer”) ii) centromere-

proximal (“inner”) and iii) those that bridge the inner and outer kinetochore (“middle”). 

The principal components of kinetochores are conserved between humans and yeast, and 

there are presumably large-scale organizational parallels (Meraldi et al., 2006; 

Westermann and Schleiffer, 2013). While the primary sequences of these proteins are not 

strictly conserved, and some complexes are specific to point or regional centromeres, 

yeast homologues of every essential human component have been identified (Musacchio 

and Desai, 2017). Starting from the outer kinetochore, I give a brief overview of 

kinetochore architecture from the microtubule to the centromere before focusing in more 

detail on the inner kinetochore. 

1.2.1. Outer Kinetochore 

The Ndc80 complex (Ndc80c) is the key complex of the outer kinetochore that 

directly contacts microtubules (Alushin et al., 2010; Powers et al., 2009; Wang et al., 

2008). It is a four-protein, rod-shaped complex about 620 Å in length that has small 

globular domains at either end connected by long coiled coil. The N-terminal globular 

domains and unstructured tails contact microtubules, and the domains on the other end 
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connect to adapter proteins of the middle kinetochore. Ndc80 has a modest (2-3 µM) 

affinity for microtubules and a can diffuse on them, although on its own it will eventually 

detach from a depolymerizing microtubule (Cheeseman, 2014). Most organisms contain 

an additional complex to enhance the affinity for and processivity of Ndc80 on 

microtubules. In yeast, the DASH/Dam1 complex forms a ring around microtubules that 

tracks the ends of depolymerizing microtubules and binds Ndc80. The force generated by 

the curvature of depolymerizing microtubules is ultimately transmitted to the 

chromosome as it is whisked to one side of the cell (Jenni and Harrison, 2018; Miranda et 

al., 2005; Westermann et al., 2005). In humans, the Ska1/2 complex performs this 

function (Hanisch et al., 2006; Schmidt et al., 2012).  
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1.2.2. Middle Kinetochore 

Two adapter complexes of the middle kinetochore link the Ndc80 complex to the 

centromere-proximal complex: MIND/Mis12 and Cnn1–Wip1/CENP-T–W. The 

structure of MIND/Mis12 was a hard-won breakthrough from nearly a decade of work by 

expert crystallographers (Dimitrova et al., 2016; Petrovic et al., 2016). The structure is 

reminiscent of Ndc80c in that MIND/Mis12 too is a rod (albeit shorter at 210 Å). It 

connects Mif2/CENP-C on one end and Ndc80 on the other. The second adapter complex 

 

Figure 1.6. Schematic of the kinetochore in yeast showing major complexes and subunits.  
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is Cnn1 and Wip1 in yeast, and CENP-T and W in humans. Cnn1/CENP-T binds Ndc80 

at the N-terminus, and associates with the inner kinetochore at its C-terminus (Hori et al., 

2008; Malvezzi et al., 2013). In both humans and yeast, Cnn1/CENP-T requires 

components of the inner kinetochore in order to localize to centromeres (McKinley et al., 

2015). Ultimately, both pathways for recruitment of Ndc80 (namely, MIND and Cnn1) 

require Mif2/CENP-C. 

1.2.3. Inner Kinetochore 

Finally, a group of proteins resides next to the centromeric nucleosomes and connects 

the nucleosome with the middle or outer kinetochore. In humans, this is the 16-subunit 

CCAN (constitutively centromere associated network) (Westermann and Schleiffer, 

2013) and in yeast it is the 13-protein Ctf19 complex (Hinshaw and Harrison, 2018). In 

humans, two kinetochore proteins directly contact the CENP-A nucleosome: CENP-C 

and CENP-N, and their binding is cooperative (Carroll et al., 2010; Carroll et al., 2009; 

Weir et al., 2016). In yeast, Mif2CENP-C has been shown to directly contact Cse4CENP-A 

nucleosomes. CENP-C and CENP-A were identified in 1985 from a scleroderma patient 

with anti-centromere antibodies (Earnshaw and Rothfield, 1985). Mif2, Cse4, and Chl4 

were identified through genetic screens in yeast (Kouprina et al., 1988; Meeks-Wagner et 

al., 1986; Stoler et al., 1995). A decade after their independent discovery, Mif2 and 

CENP-C were identified as homologues (Brown, 1995).  

The COMA complex was recently shown to bind the N-terminal tail of Cse4 and 

connect to Ndc80 (Anedchenko et al., 2019; Fischbock-Halwachs et al., 2019). While the 

subunits Okp1 and Ame1 are essential in yeast, a related study using human proteins 

showed that CENP-OPQUR does not bind centromeric nucleosomes and is not required 
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for localization of other inner kinetochore proteins (Pesenti et al., 2018). Therefore, it 

seems likely that the specific organization of the COMA and Chl4/Iml3 complexes within 

the inner kinetochore vary slightly among species and that the Mif2/CENP-C interaction 

with the HFD of Cse4/CENP-A is the principle conserved axis required to establish the 

kinetochore on centromeres (Hinshaw and Harrison, 2018). 

 

1.2.4. Structure – Function of Mif2 and CENP-C  

In order to understand how yeast Mif2 and human CENP-C function and the 

motivations behind specific questions introduced later in this chapter, I will review the 

regions of Mif2/CENP-C, highlight the differences between budding yeast and metazoan 

Mif2/CENP-C, and explain their relation to the function of binding centromeric 

 

Figure 1.7. Schematic of the inner kinetochore and hypothetical mode of 

interaction with the nucleosome (for yeast), based on biochemical & genetic evidence 

and structures of human homologues. 
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nucleosomes, recruiting the MIND/Mis12 complex and hence Ndc80, and propagating 

Cse4/CENP-A. 

1.2.4.1. Regions 

Mif2/CENP-C is a long, mostly unstructured protein that links the inner and middle 

kinetochore (Figure 1.8). Yeast Mif2 comprises an N-terminal region, a PEST region, a 

nucleosome-binding sequence dubbed the ‘CENP-C motif’, an AT hook, and a C-

terminal dimerization domain (Cohen et al., 2008). Metazoan CENP-C has the same 

general organization, but with two nucleosome binding regions instead of one, and it does 

not contain an AT hook. The N-terminal region is a conserved motif that binds the 

MIND/Mis12 complex (Hornung et al., 2014; Screpanti et al., 2011). The PEST region is 

proline-, glutamate-, serine-, and threonine-rich and interacts with CENP-HIKM in 

humans (equivalent to the Ctf3 complex in yeast) (Klare et al., 2015; Rogers et al., 1986). 

The CENP-C motif is a 23-residue motif that binds centromeric nucleosomes and is 

conserved from yeast to humans; human CENP-C contains an additional related motif 

termed the ‘central region’ that is conserved in metazoans (Song et al., 2002; Sugimoto et 

al., 1997; Sugimoto et al., 1994; Trazzi et al., 2002; Yang et al., 1996). The AT hook is 

present only in yeast species and is a nine-residue positively charged region that binds 

preferentially to AT rich DNA (Aravind and Landsman, 1998). The C-terminal domain 

mediates dimerization through a dimeric β-jelly roll or ‘cupin’ fold (Cohen et al., 2008; 

Dunwell et al., 2001). Despite limited primary sequence homology, the overall 

organization of yeast Mif2 and metazoan CENP-C is similar.  
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1.2.4.2. Centromere localization 

In yeast, the CENP-C motif is essential for viability, while the AT hook and 

dimerization domain are non-essential but result in a temperature-sensitive phenotype 

(Cohen et al., 2008). While in vivo colocalization microscopy experiments have not been 

done with yeast Mif2, it is reasonable to infer that the CENP-C motif targets Mif2 to 

 

Figure 1.8. Sequence features of yeast Mif2 and human CENP-A. A) Diagram of the 
regions, motifs, and domains of Mif2 and CENP-C. For yeast, the deletion phenotype and 
biochemical binding activities are noted above the sequence diagram. For human CENP-
C, the interaction partners and cellular activities are noted below the diagram. B) 
Sequence alignment of the central region and CENP-C motif. The consensus sequence is 
shown only for residues proximal to the nucleosome as determine from the structures of 
these regions in complex with a nucleosome. Invariant residues between the two motifs 
are shown in bold blue with blue highlight. Conserved residues within one motif are 
shown in red highlight (central region) or green highlight (CENP-C motif). 
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centromeric nucleosomes, and that the AT hook and dimerization domain contribute 

additional affinity. A structure of this segment of Mif2 in complex with a centromeric 

nucleosome would provide a physical explanation of this biological phenotype. 

CENP-C can be divided into two fragments: an N-terminal fragment (containing the 

N-terminal Mis12 binding motif and a “central region” that binds nucleosomes) and C-

terminal fragment (containing the CENP-C motif and dimerization domain). In 

metazoans, CENP-C contains two nucleosome-binding domains – the ‘central region’ 

and ‘CENP-C motif’. In vitro, both the central region and the CENP-C motif bind CENP-

A nucleosomes (Carroll et al., 2010; Kato et al., 2013; Weir et al. 2016). In human cell 

lines, either fragment can localize to centromeres independently, though their recruitment 

is not as robust as full length CENP-C (Song et al., 2002; Trazzi et al., 2002). In other 

metazoan species and model systems, the specific contributions of each domain to 

centromere localization differ slightly but support an overall picture in which both the 

central region and CENP-C motif contribute to affinity for centromeric nucleosomes and 

centromere localization, the N-terminal fragment recruits Ndc80 and the remainder of the 

inner kinetochore, and the C-terminal fragment recruits the Mis18 complex to propagate 

CENP-A and increases the robustness of centromere localization through its dimerization 

domain (Carroll et al., 2010; Milks et al., 2009; Nagpal et al., 2015; Przewloka et al., 

2011; Song et al., 2002; Trazzi et al., 2002; Trazzi et al., 2009; Yang et al., 1996).  

1.2.4.3. Outer kinetochore recruitment 

In yeast and humans, the N-terminus of Mif2/CENP-C binds the MIND/Mis12 

complex, which recruits Ndc80 to centromeres (Gascoigne et al., 2011; Przewloka et al., 

2011; Screpanti et al., 2011). Aurora B kinase regulates this interaction by 
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phosphorylation of two serine residues of the MIND/Mis12 subunit Dsn1 (Akiyoshi et 

al., 2013; Dimitrova et al., 2016; Emanuele et al., 2008; Kim and Yu, 2015; Welburn et 

al., 2010; Yang et al., 2008). The structures of MIND and Mis12 are similar: they are Y-

shaped, and the disordered N-terminus of Mif2/CENP-C binds at a site consisting of 

Mtw1/MIS12 and Nsl1/NSL1 (Dimitrova et al., 2016; Petrovic et al., 2016). 

1.2.4.4. Cse4/CENP-A recruitment 

In yeast, a specific DNA sequence templates the assembly of new Cse4 nucleosomes 

on newly replicated DNA by way of the CBF3 complex and Scm3, and Mif2CENP-C is not 

directly involved in Cse4 recruitment. In metazoans, centromere-bound CENP-C 

templates the propagation of new CENP-A nucleosomes during G1. CENP-C is required 

for replenishment of CENP-A at existing centromeres and for deposition of CENP-A at 

new sites (Shono et al., 2015), an activity contained within the C-terminal fragment 

through recruitment of the Mis18 subunit M18BP1 (Dambacher et al., 2012; Moree et al., 

2011).  

1.2.4.5. Summary – comparison of Mif2 and CENP-C  

Human CENP-C binds directly to CENP-A nucleosomes. While the same had not 

been demonstrated of yeast Mif2 and Cse4 nucleosomes when I started this work, an 

interaction seemed likely given biochemical and genetic evidence. In yeast, CENP-C 

does not participate in CENP-A recruitment; in humans, CENP-A recruits the Mis18 

complex to recruit CENP-A. The specifics of which regions are required for centromere 

localization vary among metazoan species. Two structural aspects are conserved: linkage 

to centromeric nucleosomes through the CENP-C motif, and linkage to MIND through 

the N-terminus of CENP-C. For these reasons, yeast is a better model system for the 
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structural aspects of CENP-C than it is for the biochemical aspects of centromere 

targeting and CENP-A recruitment. The two most important structural aspects of 

Mif2/CENP-C are binding to CENP-A and binding to MIND. Since the structure of 

Mif2/CENP-C bound to MIND/Mis12 has been determined for both yeast and humans 

(Dimitrova et al., 2016; Petrovic et al., 2016), I turn my attention to the linkage between 

Mif2 and the centromeric nucleosome. 

1.3. Questions 
While the identities and biochemical activities of the inner kinetochore proteins are 

known, their structures are not. I seek a more detailed biochemical and structural 

understanding of how the yeast inner kinetochore recognizes the centromeric 

nucleosome. The specific questions I ask are the following: 

1: Does yeast Mif2 bind centromeric nucleosomes? Mif2/CENP-C is the key protein 

required for inner kinetochore assembly (Cohen et al., 2008). When I started this work, 

human CENP-C had been demonstrated to bind centromeric nucleosomes (Carroll et al., 

2010), but the same had not been reported of Mif2. Answering this question was my first 

objective. My experiments in Chapter 3 demonstrated that Mif2 does bind yeast 

centromeric nucleosomes. Xiao and colleagues published a similar finding (Xiao et al., 

2017).  

2: What are the contributions of the domains of Mif2 to affinity for Cse4 

nucleosomes? Specifically: 

2a: What is the contribution of the CENP-C motif of Mif2 to affinity for Cse4 

nucleosomes? While the CENP-C motif is shared between human CENP-C and yeast 

Mif2, CENP-C has two of these motifs, which associate differently with CENP-A 
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depending on cell cycle stage (Nagpal et al., 2015), while Mif2 has one. Additionally, 

certain factors of the reported crystal structure of a rat CENP-C motif bound to a 

nucleosome (explained in detail in section 4.1) indicate that the structure of Mif2 

bound to a Cse4 nucleosome may be different (Kato et al. 2011). It would be useful to 

determine the yeast structure independently by cryo-EM. 

2b: How does the AT hook contribute to Mif2 binding the centromere? It is 

reasonable to hypothesize that the CENP-C motif of Mif2 contributes specificity, 

while the AT hook contributes some affinity through non-sequence-specific 

interactions. CENP-C does not contain this AT hook.  

2c: How does the dimerization domain of Mif2 affect binding? Mif2 and CENP-C 

are dimers. In humans, this raises the possibility that CENP-C bridges adjacent 

CENP-A nucleosomes (Kato et al., 2013), but yeast contain only a single CENP-A 

nucleosome. It was recently demonstrated that a single copy of Cse4 in the 

centromeric nucleosome is sufficient to maintain viability in yeast (Ichikawa et al., 

2018); the function of a Mif2 dimer binding two copies is therefore unclear. 

3: What are the residues on Cse4 that govern its affinity for Mif2? It was recently 

reported that the L1 and a2 helices of Cse4 contribute to affinity for Mif2 (Xiao et al., 

2017), but no contacts between CENP-C and the L1 loop of CENP-A are observed in the 

crystal structure (Kato et al., 2013). 

4: Does yeast Chl4 bind centromeric nucleosomes? Its counterpart CENP-N makes 

direct contacts to CENP-A nucleosomes in humans (Carroll et al., 2009), but the same 

has not been shown of Chl4. In fact, one study suggests that it does not bind (Fischbock-

Halwachs et al., 2019). If this is in fact the case, it would make for an interesting 
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difference in kinetochore organization between humans and yeast, so this question merits 

further investigation. 

1.4. Methods 
I set out to answer these questions with biochemistry and by determining a structure 

by cryo-EM. The methods to produce centromeric nucleosomes, assemble protein 

complexes, and image them by cryo-EM were complex and so a large part of my thesis 

will focus on methods development and troubleshooting. Here I introduce methods for 

biochemical purification of recombinant nucleosomes and imaging them with cryo-EM.  

First, the conventional way to make histone octamer is bacterial expression of the 

component histones as inclusion bodies, then refolding the products into soluble octamer, 

which is a time-consuming and labor-intensive process. Some histones have been 

coexpressed, so we found it reasonable to try coexpressing the four components of the 

yeast histone octamer. It was also known that chimeric nucleosomes containing histones 

from different species could be assembled (Anderson et al., 2010). Yeast histones do not 

express and purify as well as their Xenopus counterparts for unknown reasons, but we 

reasoned that given the conservation of histones, we could try to mix and match histones 

from different species. 
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Cryo-EM has revolutionized structural biology due to recent advances in 

computational reconstruction algorithms and the introduction of much improved image 

detectors (Bai et al., 2015). It has the advantage over crystallography that any sample can 

be used without the need to first form crystals, but in practice a great deal of optimization 

of the grid freezing conditions is still required. Cryo-EM is of particular importance to 

the nucleosome field. When I started this project, less than a handful of nucleosome 

structures had been determined, mostly of small peptides bound to the nucleosome. 

Anecdotally, protein-nucleosome complexes are extremely difficult to crystallize. The 

advent of direct electron detectors for cryo-EM allowed atomic-resolution structure 

determination without having to form crystals (Bai et al., 2015). This had not yet been 

applied to nucleosome complexes when I started, so trying it on the Mif2-Cse4 

nucleosome complex was a clear experimental direction. 

1.5. Summary 
The goal of this dissertation is to determine how the inner kinetochore of yeast 

recognizes the centromere. The point centromeres of budding yeast are reasonable model 

systems for regional centromeres of humans. To address these questions, I had to 

 

Figure 1.9. Overview of the experimental workflow for this project. 



 25 

overcome technical challenges with protein purification and cryo-EM, and so a 

significant focus is on the methods. Chapter 2 discusses improved methods of producing 

soluble histone octamer by coexpression. In chapter 3 I use biochemistry to investigate 

how Mif2 and Chl4 recognize Cse4 nucleosomes. Chapter 4 outlines efforts to study 

these complexes by cryo-EM and while I did not determine the structure of a Mif2-

nucleosome complex, I made progress in optimizing grid freezing conditions. Chapter 5 

reports a cryo-EM structure of the Cse4 nucleosome alone and its biological implications. 

I conclude and outline future directions in chapter 6.  
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2. Coexpression of Soluble Histone Octamer1 

2.1. Introduction 
Improvements in nucleosome sample preparation have led to advances in structural 

studies of chromatin. Early studies of chromatin used endogenous sources such as 

chicken erythrocytes, rat liver, or beef kidney (Finch et al., 1977; Peterson and Hansen, 

2008). This led to a 7Å resolution structure that revealed the essential properties of 

nucleosomes (Richmond et al., 1984). Methods to produce nucleosomes with 

recombinant protein expression led to the determination of its crystal structure at 2.8Å 

resolution (Dyer et al., 2004; Luger et al., 1997a; Luger et al., 1997b). The standard 

protocol for recombinant preparation of nucleosomes uses expression of individual X. 

laevis (Xl) histones as inclusion bodies, denaturing purification, and refolding of histone 

octamer. To expedite sample preparation, several groups have recently made advances in 

coexpression of Xl or H. sapiens (Hs) H2A/H2B dimers, H3/H4 tetramers, or histone 

octamers (Anderson et al., 2010; Black et al., 2004; Fang et al., 2016; Guse et al., 2012; 

Klinker et al., 2014; Lee et al., 2015; Shim et al., 2012; Tian et al., 2018). Similar 

coexpression plasmids for S. cerevisiae (Sc) would facilitate the study of chromatin 

biology with yeast-specific histones or histone variants such as the Cse4-containing 

centromeric nucleosome. 

                                                
1 Portions of this chapter have been submitted for publication as Cryo-EM Structure 

at 2.7 Å resolution of a Yeast Centromeric Nucleosome,  David Migl*, Marc Kschonsak*, 
Chris Arthur, Yadana Khin, Stephen C. Harrison, Claudio Ciferri, and Yoana N. 
Dimitrova. *These authors contributed equally.  
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The term ‘nucleosome core particle’ (NCP) refers to a particle composed of a histone 

octamer of two copies each H2A, H2B, H3, and H4 wrapped with ~147 bp of DNA. 

‘NCP’ originally referred to nucleosome particles that were prepared by MNAse 

digestion of chromatin, to emphasize the fact that they lack linker DNA and histone H1 

(Kornberg, 1977; Noll and Kornberg, 1977). NCPs are now more commonly prepared by 

recombinant expression of histones and DNA (Dyner PN, 2004). 

The standard protocol for preparing NCPs is three steps: i) denaturing purification 

of individual histones, ii) refolding of the four histones to form histone octamer, and iii) 

wrapping of histone octamer with 147 bp of DNA to form nucleosome core particles 

(Luger et al., 1999). Individual histones express well but are insoluble and form inclusion 

bodies, so the denaturing preparation and refolding are additional steps required for 

histones beyond the steps in a typical soluble protein purification. The first two steps 

(denaturing prep and refolding) require the most effort, and so optimizing this process to 

make histone octamer is the focus of this chapter.  

The goal of the denaturing purification is to purify the individual histones to a 

sufficient degree of purity so that they can be refolded (Dyer et al., 2004; Lilie et al., 

1998; Luger et al., 1997b; Singh and Panda, 2005). Compared with a typical soluble 

protein preparation, an inclusion body wash step is added, then some combination of ion 

exchange or size exclusion chromatography is performed with 6M urea. In practice, it is 

convenient to have a separate set of equipment from that used to run non-denaturing 

preps due to the 6M urea in the buffers. After the individual histones are sufficiently 

pure, they can be lyophilized and stored at -80°C. 
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Refolding is the key step in histone octamer purification. This step involves gradual 

removal of guanidine through dialysis to a final state of a non-denaturing buffer. In 

isolation, each individual histone would undergo reversible aggregation during this 

process. When all four histones are mixed at an equimolar ratio, they refold into soluble 

histone octamer (Dyer et al., 2004; Luger et al., 1997b). If any of the four histones is left 

out, or added in a largely wrong proportion, all the histones aggregate and are insoluble. 

Soluble histone octamer can be stored at -80°C for further use (Luger et al., 1999). 

Recently, groups have developed coexpression protocols for H2A/H2B dimers or 

(H3/H4)2 tetramers. Since the coexpressed histones are soluble, these protocols allow the 

first two steps of the standard protocol (denaturing purification and refolding) to be 

replaced with a native purification of soluble histone octamer. The results vary across 

species. Specifically, human (CENP-A/H4)2 tetramers can be coexpressed (Black et al., 

2004). Yeast H2A/H2B dimers coexpress and can be purified as well; under the same 

conditions yeast H3/H4 expressed well but was not soluble after metal affinity 

chromatography (Anderson et al., 2010). Drosophila H3/H4 are soluble, however 

(Levenstein and Kadonaga, 2002). Because of these scattered results, I carried out 

independent coexpression experiments in yeast to test these published results. 

In this chapter I report my efforts to repeat and optimize existing protocols for histone 

octamer production and design new methods for histone coexpression. I report first my 

efforts to produce histone octamer by conventional refolding methods, second, 

coexpression of histone dimer/tetramers, and third, coexpression of histone octamer. 

Although the details of these protocols are largely technical, overcoming these hurdles 

was key to enabling the more biologically relevant experiments in later chapters. 
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2.2. Results 
I prepared histone octamer by two methods: refolding and coexpression, and found 

that coexpression was most efficient for preparing large quantities (10-20 mg at a time) of 

histone octamer for structural work. The coexpression vectors substituted Kl H4 for Sc 

H4.  

 

Figure 2.1. Denaturing purification and refolding of histones. A)  Schematics of two 
purification protocols. B) Representative SDS-PAGE gels for individual histone 
purifications. C) Representative SEC trace showing results for histone octamer refolding. 
Aggregates elute first, followed by histone octamer, followed by H2A/H2B dimer. 
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2.2.1. Denaturing purification and refolding of histone octamer 

I tested two protocols for the canonical denaturing histone octamer preparation: small 

scale (Johnson et al., 2009), and large scale (Luger et al., 1999), and found that the large 

scale protocol generally gave higher yields of histone octamer for a similar amount of 

hands-on time required. Figure 2.1A shows a schematic of the purification protocols. The 

difference between the two is in the denaturing purification step: the small-scale protocol 

uses a single ion exchange step with a 5 mL gravity column, while the large-scale 

protocol uses two steps (ion exchange and size exclusion) with larger columns (500 mL 

and 1.5 L, respectively) run on an FPLC. The other steps (inclusion body wash and 

lyophilization) are the same. I determined yields by measuring A280 on a Nanodrop 

spectrophotometer using the calculated extinction coefficient for each histone. The ratio 

of A260/A280 for all samples was 0.45 - 0.55, indicating the samples were not 

contaminated with DNA. All samples were sufficiently pure of other proteins as judged 

by the presence of a single dominant band on an SDS-PAGE gel. 
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The small-scale purification gave yields of 6.7 – 98.0 mg per 6L of culture. Histone H4 

had the lowest yield, which was the limiting factor for downstream uses. Figure 2.1B and 

C show the qualitative results from this purification, and Table 2.1 shows the yields. 

These histones refolded successfully, but the efficiency of the Sc histones was low, with 

10% of the input material being refolded into histone octamer, compared with 50% for 

Xl. In practice, this was a limiting factor. I did this small-scale purification for S. 

cerevisiae only. 

Table 2.1. Yields (mg) from denaturing purification and refolding of histones. “Yield 
from individual histone purification” is the amount (in mg) of insoluble histone 
purified from inclusion bodies for each histone. Yields from individual histones are 
from 6L of cell culture. “Yield from refolding” is the amount of soluble histone 
octamer recovered from refolding divided by the amount of the four input histones. – 
= not done. 

   
Species Small 

Scale Yield 
Large 

Scale Yield 
Individual histone purification 

Xl H2A – 78 
Xl H2B – 86 
Xl H3 – 123 
Xl H4 – 186 
Sc H2A 39 23 
Sc H2B 12 76 
Sc H3 98 240 
Sc Cse4 ∆130 64 – 
Sc Cse4 FL – 36 
Sc H4 7 20 

   
Refolding   

Xl – 48%, 52% 
Canonical 10%, 

15% 
Failed 
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Next, I tried using the large-scale protocol with Sc and Xl histones and found this 

gave higher yields. This protocol is the original one written by Luger and Richmond and 

uses a 500 mL ion exchange column attached to an FPLC, followed by 1.5 L S200 size 

exclusion column (Luger et al., 1999). Table 2.1 shows two trends: 1) the large scale 

usually, but not always increases yield. 2) The Sc histones generally express less well 

than Xl. The Xl histones produced in the large-scale batch refolded with 50% efficiency, 

but the Sc histones did not refold, as judged by absence of a peak in the size exclusion 

trace (Figure 2.2). Given these difficulties, I tried refolding chimeric histone octamers in 

order to troubleshoot the batch of Sc histones and generate a histone octamer I could used 

to study the Sc centromere. 

2.2.2. Chimeric Histone Octamer Refolding 

Of the combinations tried, I found that a chimeric histone octamer of Xl H2A, H2B, 

H4, and Sc Cse4 refolds. Given the high conservation of histones among species, I 

reasoned that it might be possible to substitute individual histones from X. laevis in place 

of ones from S. cerevisiae in an attempt to rescue refolding from the faulty batch of S. 

cerevisiae histones. Using the histones generated using the large scale purification 

protocol, I set up a refolding experiment with four combinations of histone octamers 

containing a mix of Sc and Xl histones, shown in Figure 2.2. 
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Figure 2.2. Size exclusion traces from chimeric histone octamer refolding 
experiments. 
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Chimeric histone octamers composed of Xl H2A, H2B, H4, and Sc Cse4 gave a good 

yield of refolded histone octamer. Two other reactions did not refold. Because the S. 

cerevisiae histone octamer did not refold (reaction 4 in Figure 2.2), I cannot draw 

conclusions about whether this failure is due to a faulty individual histone or an intrinsic 

incompatibility among those particular combinations of histone proteins. Reaction 2 

demonstrates that S. cerevisiae Cse4 is compatible with Xl core histones, and inspired the 

A      B 

 

Figure 2.3. Purification results for coexpression plasmids of histone dimers and tetramers. 
A) Small-scale test purification (from 3L of E. coli culture) of four coexpression plasmids. 
S: soluble I: insoluble. E: eluate from metal affinity column. B) Further purification of 
H2A:H2B coexpression product showing SDS-PAGE gel (left) and chromatograms (right) 
from IEX and SEC. 
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next round of experiments further investigating refolding octamers with histones from 

different species as a general strategy that can be used to optimize histone octamer 

coexpression.  

2.2.3. Coexpression of H2A:H2B Dimers and (H3:H4)2 Tetramers 

In parallel with the previous experiments, I investigated coexpressing histones and 

found that yeast H2A and H2B could be coexpressed and gave a soluble product, while 

coexpression vectors of H3:H4 and Cse4:H4 expressed well but gave insoluble products.  

 

 

To test bacterial coexpression of yeast H2A:H2B dimers and (H3:H4)2 tetramers, I 

cloned four plasmids: i) H4/Cse4, ii) H2A/H2B, iii) H3/H4, and iii) H3/H4 (no his tag on 

H3) (Table 2.2). Initial screening was done by performing a small-scale purification using 

3L of E coli to express for each plasmid and observing the presence or absence of product 

after the metal affinity step as determined by an SDS-PAGE gel. Bands in the ‘expressed’ 

lane would be evidence of expression, and bands after metal affinity would indicate both 

expression and solubility. Of these plasmids, only H2A:H2B gave a soluble product. 

H3:H4 gave product that expressed, but was insoluble (Figure 2.3). 

Table 2.2 Summary of coexpression results for histone dimer/tetramer coexpression 
plasmids. 

Gene 1 Gene 2 Expression? Soluble product? 
Sc Cse4 Sc H4 Yes No 
Sc H2A Sc H2B Yes Yes 
Sc H3 Sc H4 Yes No 
Sc H3 Sc H4 Yes No 
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Afterwards, I continued with the purification through ion exchange and size exclusion 

chromatography for the coexpressed H2A:H2B dimers and obtained a yield of 8.1 mg 

from a 12L prep of E. coli. Results are shown in Figure 2.3. Although I did not set up a 

refolding reaction with this material, it could be included in a standard octamer refolding 

reaction. These coexpression results are consistent with previous work on yeast histone 

dimer and tetramer coexpression (Anderson et al., 2010). 

2.2.4. Coexpression of Centromeric Histone Octamer from K lactis 

Next, I tried coexpressing centromeric histone octamer and found that while a 

centromeric histone octamer from S. cerevisiae did not give a high yield, one from K. 

lactis did. My rationale was two-fold: i) histone octamer coexpression had been reported 

from H. sapiens (Shim et al., 2012) and ii) prior work with other kinetochore proteins 

from Kluyveromyces lactis (Kl) showed that they sometimes express and stay soluble 

better than their Sc counterparts (Cho and Harrison, 2011; Dimitrova et al., 2016; 

Schmitzberger and Harrison, 2012). 

I cloned the constructs shown in Table 2.4 into the same vector as the dimers and 

observed expression for the last construct. I used a codon-optimized H4 since 

observations with the individually expressed histones suggested that H4 might be a 

Table 2.3 Summary of histone octamer coexpression experiments. Changes from the 
previous plasmid are in bold italic. 

H2A Gene H2B Gene H3 Gene H4 Gene Soluble 
product? 

Sc H2A Sc H2B Sc H3 Sc H4 No 
Sc H2A Sc H2B Sc Cse4 Sc H4 No 
Kl H2A Kl H2B Kl H3 Kl H4 No 
Kl H2A Kl H2B Kl Cse4 Kl H4 Yes 
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limiting factor for coexpression. Results are shown in Table 2.4. I expressed histone 

octamer containing K. lactis H2A, H2B, and H4 and S. cerevisiae Cse4 with a 

polycistronic coexpression system containing a single T7 promoter and ribosome binding 

site (RBS) for each histone. I did not observe coexpression for Sc or Kl canonical histone 

octamer, or for Sc centromeric octamer (data not shown). However, I observed robust 

coexpression from a construct encoding K. lactis centromeric histone octamer. The 

protein stayed soluble after metal affinity chromatography but tended to precipitate when 

we lowered the ionic strength for ion exchange chromatography or tried to concentrate it 

for size exclusion chromatography. Nevertheless, I considered this a promising starting 

point. 
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Table 2.4. Summary of plasmids cloned. 

Plasmid 
name 

Kl 1 ScKl 2 ScKl 3 ScKl 4 

Description Kl centromeric octamer Sc/Kl centromeric 
octamer 

Sc/Kl centromeric 
octamer 

Sc/Kl canonical octamer 

 Tag Species Name Tag Species Name Tag Species Name Tag Species Name 
Gene 1 His6 Kl H2A His6 Kl H2A His6 Sc H2A His6 Sc H2A 
Gene 2 His6 Kl H2B His6 Kl H2B – Sc H2B – Sc H2B 
Gene 3 – Kl Cse4 – Sc Cse4 – Sc Cse4 – Sc H3 
Gene 4 His6 Kl H4 His6 Kl H4 His6 Kl H4 His6 Kl H4 
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Figure 2.4. Purification results for the four soluble histone octamer plasmids generated. 
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The E. coli expression hosts with these coexpression plasmids are slow growing and 

require several small changes to the standard transformation protocol. These changes are 

described in the methods section. The doubling time is 45m-1h instead of the usual 30m 

for this strain. These properties are likely due to the disruption of the host from histone 

octamer binding DNA. 

Obtaining soluble histone octamer required optimizing the purification protocol from 

that used for a standard his-tagged protein to a two-step purification protocol of metal-

affinity and size exclusion chromatography (SEC). Purification required three 

modifications from a ‘standard’ protein purification protocol (metal affinity – ion 

exchange – size exclusion). These changes were i) add 50 mM EDTA to the metal 

affinity elution buffer ii) omit the ion exchange step and iii) add 10% glycerol to buffers 

after metal affinity. The reasons for the changes were as follows: the yeast histone 

octamers remained bound to the metal affinity beads under 400 mM imidazole, likely due 

to the 6x-His tags. We solved this problem by eluting with 50 mM EDTA, which strips 

the metal from the column and elutes the protein. This has the disadvantage of stripping 

the resin, but is an acceptable trade-off for recovering histone octamer. Second, we 

omitted an ion exchange step, since the bare histone octamer requires 2M NaCl for 

stability (Dyer et al., 2004). Instead, we concentrated the eluate and ran it directly onto a 

size exclusion column. Third, this concentration step required 10% glycerol in the buffer 

to prevent aggregation during the concentration step. Purification could be accomplished 

in one day, a substantial improvement over the time required to produce histone octamer 

by refolding starting from scratch. Histone octamer was purified to homogeneity as 

judged by an SDS-PAGE gel and frozen directly at -80°C; typical yields were 1 mg per 
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liter of culture, which was in practice sufficient for several months of use of making EM 

grids of nucleosome complexes. The 6x-His tags were cleaved by TEV protease; we 

could perform this step after the histone octamers had been reconstituted into 

nucleosomes and therefore stable at lower salt concentrations or even later if the 

nucleosomes were to be used for assembling larger complexes. 

2.2.5. Coexpression of Chimeric Yeast Histone Octamer Containing S. cerevisiae 

Cse4 

With the goal of generating a coexpression construct containing Sc Cse4, I 

investigated mixing histones from S. cerevisiae and K. lactis and found that in these 

constructs Kl H4 enabled high-yield coexpression with histone octamers containing S. 

cerevisiae histones. I wanted a centromeric nucleosome that was as representative as 

possible of the Sc centromeric nucleosome. Given the sequence conservation of histones, 

that the Kl histone octamer coexpresses, and that chimeric histone octamers from Sc and 

Xl can be refolded, I reasoned it might be possible to extend this approach to 

combinations of S. cerevisiae and K. lactis histones. To start, we substituted S. cerevisiae 

Cse4 into a background of K. lactis core histones H2A, H2B and H4 and observed 

soluble product from this construct using the modified histone octamer purification 

protocol (Figure 2.4). 

We generated two additional chimeric histone octamer plasmids (Sc/Sc/Sc/Kl 

Sc/Sc/ScH3/KlH4) and found that we needed to retain only the K. lactis H4 to obtain 

soluble, centromeric octamer (Table 2.4 and Figure 2.4). Because these were cloned at 

different times and with different vector backgrounds and optimized sequences of K. 

lactis H4, I cannot exclude the possibility that the S cerevisiae histone octamer did not 
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coexpress due to a difference in the gene sequence, as opposed to showing that Kl H4 is 

an absolute requirement. Instead I wish to report these plasmids as useful reagents.  

2.2.6. Validation 

I concluded the nucleosome core particles 

(NCPs) made with coexpressed histone octamer 

were identical with NCPs made with conventional 

histone octamer by three methods: EMSA, Mif2 

binding, and a structure. I assembled NCPs from 

the coexpressed histone octamer using 147bp 601 

DNA and salt dialysis; the NCPs gave the 

expected EMSA band shift (Figure 2.5). Mif2 

binding and the structure are described in later 

chapters.  

2.3. Discussion 
Developing a coexpression and purification 

protocol for histone octamer was a significant advance that greatly facilitated sample 

preparation. In this chapter I investigated purifying histones by three methods: i) 

individual expression and denaturing purification ii) coexpression of H2A/H2B dimers 

and (H3:H4)2 tetramers and iii) coexpression of histone octamers and found that 

coexpression of histone octamers was uniquely suited to my use case of purifying large 

quantities of a single type of histone octamer for structural work. 

 

Figure 2.5. EMSA of 
nucleosomes made using 
coexpressed histone octamer 
and wrapped with Widom 601 
DNA. 
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From the results from denaturing purification and refolding, three trends are apparent: 

1) the histones from X. laevis generally, but not always, express better than their 

counterparts from S. cerevisiae, 2) the ‘large scale’ prep gives better yields and 3) 

histones from X. laevis tend refold into histone octamer with a higher efficiency than S. 

cerevisiae. The refolding yields from S. cerevisiae histones are not unreasonable when 

compared with the yield of other proteins that have to be refolded, e.g. a yield of 13-15% 

for MHC-peptide complexes (Garboczi et al., 1992). The reasons remain unknown why 

the S. cerevisiae histones exhibit both lower yields in individual expression and 

purification and lower refolding efficiencies. The spectrum of possibilities is that either 

1) the purification and refolding protocols are optimized for X. laevis histones and could 

be optimized for S. cerevisiae histones, or 2) that S. cerevisiae histones inherently give 

lower yields and efficiencies and the protocols cannot be optimized further. 

Differentiating between these two possibilities will require further exploration of 

experimental parameters. 

The optimizations that had to be done for the soluble histone octamer purification 

protocol are within the range of parameters that one would normally optimize in 

purification. The requirement for EDTA likely comes from the 6xHis tags, and this might 

be circumvented if fewer tags were used. A reasonable next plasmid to try would be one 

with a single histone tagged, instead of H2A, H2B, and H4. Tagging H4 would be a 

reasonable approach, since it gives the lowest yields in individual histone purification 

preps and might be the limiting reagent for assembly of soluble histone octamer in E. 

coli. 
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Our experiments show that coexpression of histones between various species is 

possible. We have not been exhaustive in screening conditions and more combinations 

might been discovered. 

Coexpression in bacteria of histone octamer has been reported previously (Fischbock-

Halwachs et al., 2019; Kingston et al., 2011; Shim et al., 2012; Turco et al., 2015). We 

generated vectors that use this strategy for high-yield coexpression of budding yeast 

centromeric histone octamer. These constructs all substitute a codon-optimized K. lactis 

H4 for its S. cerevisiae ortholog, but also differ in gene order and the particular optimized 

sequence used for K. lactis H4. We cannot exclude the possibility that one of these two 

factors is responsible for the improved expression over our initial plasmid containing 

only S. cerevisiae histones. This possibility seems more likely as there are just three 

amino acid differences between K. lactis and S. cerevisiae H4, none of which would have 

a clear effect on the on expression or the structure. Sc and Kl H4 differ by three residues: 

A57, S61, and S70 in Sc H4 correspond to N57, T61, and A70 in Kl H4. These residues 

are not significantly different in charge or bulk. These residues are in the a2 helix and 

none are at a protein:protein interface. Therefore it seems unlikely that protein factors 

account for expression differences. The vectors are different: first, genes were cloned in a 

different order. Second, different versions of codon-optimized H4 were used. These 

discrepancies are because the work presented in this chapter was an iterative process over 

several years carried out in parallel with the work in other chapters. Because of the 

difference in gene order and the different codon optimized sequences, it is possible that 

the differences in the vector are most significant. Nevertheless, our coexpression vectors 

as-is are useful for further studies of yeast chromatin.  
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The advantage of coexpression over refolding lies in eliminating the initial time 

investment required to purify each individual histone under denaturing condition. Doing 

denaturing preps at a large scale also requires dedicated columns and FPLC, but 

coexpression can use standard columns used for nondenaturing purification. It is overall 

much faster, does not require specialized equipment, and produces good yields. For 

structural work, the advantages are significant. Coexpression has replaced refolding in 

our group, and we expect this to be the method of choice for structural studies in the 

future. 

2.4. Methods 
Protein & DNA Purification 

Genes encoding S. cerevisiae and K. lactis histones were cloned into single 

expression vectors with a ligation-independent cloning method (LIC). For coexpression, 

genes were assembled into a polycistronic insert with a PCR-based method and cloned 

into a LIC vector. Plasmids were verified by sequencing. 

For transformation, 1 µg DNA was used to transform, recovered in SOC for 2-3h, and 

the plate was grown for 16h. Proteins were expressed in Rosetta 2 E. coli cells 

(Novagen). Culture growth was done at 37°C with shaking at 220 rpm unless otherwise 

stated. ~5 colonies were streaked from a transformation plate and incubated in 5ml each 

LB medium with appropriate antibiotics and grown for 3-4h. The starter cultures were 

then transferred to 150 mL LB and grown overnight. The next morning, 12L of media 

were seeded 1:100 and grown to an OD600 of 0.6 – 1.0. The colonies typically required 8 

– 12 h to reach this point. They were then induced with 0.5 mM IPTG and grown 

overnight at 18°C. Cells were harvested by centrifugation, resuspended in high salt buffer 
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(HSB) (2M NaCl, 50 mM HEPES pH 7.5, 10% glycerol, 1 mM TCEP) containing 

protease inhibitors (aprotonin, pepstatin, leupeptin, and PSMF) and frozen directly at –

80°C for storage.  

Cells were resuspended in 10 mL high salt buffer per L of culture (120 mL for a 12L 

prep) and lysed by sonication. The lysate was clarified by centrifugation at 40,000xg in a 

Beckman centrifuge with a JA-20 rotor at 4°C for 1h. The supernatant was incubated 

with 4 mL TALON metal affinity resin (Clontech) and incubated at 4°C for 1h with 

agitation, then transferred to a gravity column. After discarding the flow-through and 

washing, the protein was eluted with HSB containing 50 mM EDTA and 400 mM 

Imidazole. The eluate was concentrated in an Amicon centrifugal filter (10,000 MWCO) 

by centrifuging at 3000xg and 4°C at 15 minute intervals until the volume was less than 

2mL. This typically required 2-3h total time. The concentrated eluate was run on a 120 

mL Superdex 200 size exclusion column (GE). Aliquots were frozen at -80°C. 

SDS-PAGE was done on Bio-Rad 4-20% polyacrylamide gels, with staining by 

coomassie blue. The 147 bp Widom 601 DNA sequence was produced by PCR and 

purified on a HiTrap Q column. 

 

Nucleosome Reconstitution 

DNA and histone octamer were mixed in a 1.1:1.0 molar ratio. Nucleosomes were 

reconstituted by the salt gradient dialysis method using a Rabbit peristaltic pump and a 

gradient over 60h at 4°C. Excess DNA was removed by further purifying the 

nucleosomes over a 24 mL S200 size exclusion column. The SEC buffer was 30 mM 

HEPES pH 7.4, 150 mM NaCl, and 1 mM TCEP. 
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3. Interactions of Mif2 with the Centromeric 
Nucleosome 

3.1. Introduction 
Along with the centromeric nucleosomes prepared as described in Chapter 2, the 

kinetochore proteins Mif2 and Chl4 are needed for an inner kinetochore complex. In 

humans, two proteins directly bind the centromeric nucleosome: CENP-C and CENP-N 

(Carroll et al., 2010; Carroll et al., 2009). When I started this work, the same had not 

been demonstrated for the corresponding proteins in yeast (Figure 3.1). Since kinetochore 

architecture is largely conserved across eukaryotes (Westermann and Schleiffer, 2013) 

(Table 3.1), I set out to test the hypothesis that Mif2 and Chl4 bind the centromeric 

nucleosome containing Cse4. Because 1) MIF2 is essential and CHL4 is not and 2) a 

clear pathway had been identified from Mif2 to the outer kinetochore, but not one for 

Chl4, I focused my efforts primarily on Mif2; results from my work with Chl4 are 

reported in the appendix. 

  

 

Table 3.1 Orthologs between yeast and human kinetochore proteins. 

Yeast Human Citation 

Cse4 CENP-A Keith et al., 1999 

Mif2 CENP-C Meluh and Koshland, 1995 

Chl4 CENP-N Mythereye and Bloom, 2003 
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Figure 3.1. Schematic of Mif2 and Chl4 and hypothetical mode of interaction with 
the nucleosome, based on biochemical and genetic evidence and structures of human 
homologues.  

 

Figure 3.2. Diagram of Mif2 from A) S. cerevisiae and B) K. lactis showing the 
constructs I used in this chapter. 
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Prior work with S. cerevisiae (Sc) Mif2 established an expression and purification 

protocol for Mif2. Cohen et al. demonstrated that while full-length Sc Mif2 does not 

express well in either E. coli or insect cells, truncating the first 255 residues enables 

expression in E. coli (Cohen et al., 2008). Since the region in the construct (256 – end) is 

the one hypothesized to interact with the inner kinetochore, I considered this construct a 

reasonable substitute for the full-length protein (Figure 3.2). 

This chapter reports biochemical work and progress towards generating complexes 

with Mif2, and the centromeric nucleosome. To maximize the probability of generating a 

complex suitable for structure determination, I tested constructs from S. cerevisiae and K. 

lactis for each protein.  

3.2. Results 

3.2.1. Expression of Mif2 

Truncated Mif2 from both S. cerevisiae (Sc) and K. lactis (Kl) expressed and gave a 

reasonable yield from a standard purification. Using this expression vector of Sc Mif2 

256 – end with an N-terminal hexahistidine tag, I achieved typical yields of 1-3 mg per 

preparation of 12L of E. coli culture. I purified Mif2 as described previously with a three-

step protocol of metal affinity, ion exchange, and size exclusion chromatography (Figure 

3.3) (Cohen et al., 2008). For the ion exchange step, I observed that the protein slowly 

aggregates when loaded in buffer with 100 mM NaCl but is stable indefinitely in buffer 

with 150 mM NaCl or higher. Mif2 from K. lactis with the corresponding truncation also 

expresses well. I found that adding a C-terminal MBP tag to Sc or Kl Mif2 ∆255 further 

improves expression to 10-20 mg per 12L of culture. The tag was cleaved by TEV before 

structural work. Table 3.2 shows a summary of plasmids. 
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3.2.2. Mif2 binds the centromeric nucleosome 

Mif2 binds centromeric nucleosomes in vitro as assayed by an EMSA, size exclusion 

chromatography, and multi-angle light scattering (MALS). 

EMSAs using both K lactis and S cerevisiae nucleosomes showed binding of Mif2 to 

centromeric nucleosomes as judged by the formation of more slowly migrating bands as 

 

Figure 3.3. Mif2 ∆255 expression and purification. Left: trace from size exclusion 
chromatography and SDS-PAGE gel of the pooled peak fraction. Right: as in the left 
panel, but for K. lactis. 

 

Table 3.2. Table of Mif2 constructs. 

Species Tag Truncation Typical yield (mg 
protein per 12L 
culture)* 

S. cerevisiae N-terminal 6x His Full-length Does not express 
S. cerevisiae N-terminal 6x His ∆255 1.2 - 2.5 mg 
K. lactis C-terminal His-

MBP 
∆255 23 mg 

S. cerevisiae C-terminal His-
MBP 

∆255 10 mg 

S. cerevisiae  C-terminal His-
GST 

∆255 0.72 mg 

*Note: data are from one or two purifications for each construct and are not 
statistically significant. 
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more Mif2 is added (Figure 3.4). Nucleosomes and Mif2 were mixed at Mif2 monomer 

concentrations ranging from 0.2 – 2.0 µM (S. cerevisiae) or 0.1 – 10.0 µM (K. lactis), 

incubated on ice for 15’, run on a native 5% polyacrylamide gel in 0.2X TBE buffer, and 

the DNA stained with SYBR gold dye. Upon addition of Mif2, the nucleosome band 

shifts to a higher-molecular weight band corresponding to the Mif2-nucleosome complex. 

These ranges were chosen to determine a rough value for the KD (0.1 – 1.0 µM), and a 

more precise determination of the KD for the S. cerevisiae complex was done in Section 

3.2.3. For both species, a more slowly migrating band is visible, followed by the complex 

collecting in the wells at the highest concentrations of Mif2 tested. In all lanes there is 

free DNA; I was unable to remove this free DNA by purifying the nucleosomes on a size 

exclusion column and found that free DNA was always present in the EMSAs that I ran. 

These results show that Mif2 binds the centromeric nucleosome in vitro.  

 

 

Figure 3.4. EMSA of Mif2-nucleosome complexes. 
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Size exclusion chromatography supported this conclusion. K. lactis or S. cerevisiae 

nucleosomes were mixed at 3 µM with K lactis Mif2 (256 – end) at 12 µM. The 

absorbance trace in Figure 3.5 shows that Mif2 and the nucleosomes form a higher 

molecular weight complex than either of the components in isolation. SDS-PAGE 

confirms all five expected proteins are in the shifted peak.  

 

  

Figure 3.5. SEC of Mif2-nucleosome complexes. Left: K. lactis proteins run on a size 
exclusion column and assayed with SDS-PAGE and coomassie blue staining. Right: S 
cerevisiae complex. Due to sample limitations, that peak fractions were assayed with 
a Western blot using an anti-6xHis antibody. 

 

 



 65 

Lastly, MALS on the K lactis complex suggests that the complex formed contains 

two copies of Mif2 per nucleosome (Figure 3.6). K. lactis Mif2 and centromeric 

nucleosomes were mixed at the same concentrations as for SEC. The complex elutes in a 

single peak whose measured MW is 369 ±20 kDa; the predicted molecular weight for a 

dimer of this Mif2 construct with the nucleosome is 390 kDa. We conclude from SEC, 

EMSA, and MALS that Mif2 binds the centromeric nucleosome, and from MALS that 

the complex has a stoichiometry of one Mif2 dimer per nucleosome. 

 

 

Figure 3.6. MALS of K. lactis Mif2. 
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3.2.3. Mif2 has modest affinity for Cse4/601 nucleosomes over H3 NCPs or DNA 

Using an EMSA, I found that Sc Mif2 bound centromeric nucleosomes with 250 nM 

affinity, two-fold selectivity over H3 nucleosomes, and seven-fold selectivity over 601 

DNA. The EMSAs in Figure 3.7 used a more extended range (0.01 – 10 µM, three orders 

of magnitude) than those in Figure 3.4. These experiments were done with S. cerevisiae 

Mif2 ∆255 and nucleosomes containing Sc H2A, H2B, and Cse4, and Kl H4 wrapped 

with 147 bp 601 DNA. Nucleosome concentration was 15 nM, about 15-fold less than the 

measured KD of 250 nM. In a separate calibration experiment (not shown), this 

concentration was the upper limit of the linear range for the SYBR Gold dye in this 

experimental setup. The fraction bound was estimated from the disappearance of the 

nucleosome band. I used GraphPad Prism 8 to perform a least squares fit to a specific 

binding model with a Hill coefficient of 2. I considered this a valid assumption for three 

reasons: 1) the human homologue CENP-C binds CENP-A nucleosomes with a 2:1 

stoichiometry 2) Mif2 also contains a dimerization domain 3) the MALS results in this 

work showed that the Mif2-nucleosome complex contains two copies of Mif2 per 

nucleosome. 

With this approach I measured a KD of 0.25 µM for Cse4 nucleosomes, 0.46 µM for 

H3 nucleosomes, and 1.8 µM for 601 DNA alone. The gels for both Cse4 and H3 

nucleosomes show first the formation of a first slowly migrating complex, then a second 

larger complex that does not enter the gel as more Mif2 is added.  
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Figure 3.7. EMSA determining the degree of specificity of S. cerevisiae Mif2 (256 – end) 
for Cse4 nucleosomes. A) Native TBE-PAGE gel stained with SYBR gold showing binding 
of Mif2 to centromeric nucleosomes at different concentrations. B) Quantification of the gels 
in A. Fraction bound was determined by quantifying the disappearance of the free DNA or 
nucleosome band. 
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3.3. Discussion 

3.3.1. Mif2 expression 

The finding that adding an MBP tag to Mif2 improves yields was a modest technical 

advance. Although 1-2 mg from the plasmid I started with was an amount sufficient for a 

handful of binding experiments per preparation, improving the yield to 10-20 mg sufficed 

for ten times as many binding experiments to be performed per batch purified. Such an 

advance will be useful for future studies of Mif2 that do not require the use of the N-

terminal segment. I did not investigate whether the MBP tagged Mif2 was stable in 

isolation after the MBP tag was cleaved, as I only cleaved the tag after I made Mif2-

nucleosome complexes. It is possible that this construct will only be useful with an intact 

MBP tag. 

3.3.2. Mif2 Affinity and Specificity for Centromeric Nucleosomes 

The motivation of this work was to prepare a sample for cryo-EM, and in 2017 Xiao 

et al. also investigated the biochemistry of yeast Mif2 binding to centromeric 

nucleosomes (Xiao et al., 2017). For nucleosomes wrapped with 601 DNA, our results 

were comparable: I found that the KD for a Cse4/601NCP was 220 nM, and Xiao and 

colleagues determined a KD of ~200 nM. Xiao et al. found a higher affinity of Mif2 for 

nucleosomes wrapped with yeast CEN DNA (Cse4/CENNCP) than for those with 601 

DNA (Cse4/601NCP) and estimated a 2500-fold selectivity of Mif2 for Cse4/CENNCP over 

H3/CENNCP.  

The modest two-fold selectivity I observed is not surprising given that a structure of 

the rat CENP-C motif in complex with a CENP-A nucleosome shows that the selectivity 

over H3 nucleosomes would come from only two additional hydrophobic interactions 
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that CENP-C can make with the C-terminal tail of CENP-A versus H3 (Kato et al., 2013). 

The interaction of budding yeast Mif2 with a centromeric nucleosome was also 

investigated in this paper. Kato and colleagues used Drosophila histones, 601 DNA, and 

the CENP-C motif of Mif2 (285 – 309) and binding to H3-QFI, Cse4, or H3 nucleosomes 

and found KDs of 0.3, 0.5, and 3.5 µM respectively by ITC (in other words, a seven-fold 

selectivity). Even the 2500-fold selectivity for Cse4/CEN over H3/periCEN nucleosomes 

observed by Xiao and colleagues would not be sufficient in and of itself to ensure Mif2 is 

targeted specifically in vivo to centromeres, since an S. cerevisiae cell contains 16 

centromeric nucleosomes in a sea of 400,000 non-centromeric nucleosomes (Engel et al., 

2014; Jansen and Verstrepen, 2011). The presence of other centromere-targeting factors 

or additional interactions of Mif2 with components of the inner kinetochore likely 

account for the remaining selectivity required to ensure Mif2 binds centromeres only and 

nowhere else in the genome (Hornung et al., 2014; Weir et al., 2016). 

 

3.4. Methods 

3.4.1. Protein expression and purification 

Sequences encoding Mif2 and Chl4 were cloned into LIC vectors obtained from QB3 

Macrolab, Berkeley, CA. Plasmids were verified by sequencing. The constructs were 

transformed into Rosetta 2 E. coli cells and plated on LB agar plates with the appropriate 

antibiotics. ~5 colonies were picked from each plate and seeded into a 150 mL overnight 

LB culture. The next day, the starter cultures were seeded 1:100 into 2x YT, grown at 

37°C to an OD of 0.8, induced with 0.5 mM IPTG, incubated for 16h at 18°C, harvested 

by centrifugation at 4500 rpm for 30m, and stored at -80°C. 
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For purification, cells were resuspended in 10 mL high salt buffer (30 mM HEPES 

pH 7.5, 800 mM NaCl, 1 mM TCEP) per L of culture (120 mL for a 12L prep) and lysed 

by sonication. The lysate was clarified by centrifugation at 40,000xg in a Beckman 

centrifuge with a JA-20 rotor at 4°C for 1h. Unless otherwise stated (such as the 

modifications stated for Chl4 N-terminal constructs), proteins were purified with a three-

step protocol consisting of metal affinity, ion exchange, and size exclusion 

chromatography. The supernatant was incubated with 4 mL TALON metal affinity resin 

(Clontech) and incubated at 4°C for 1h with agitation, then transferred to a gravity 

column. After discarding the flow through and washing, the protein was eluted with 

buffer containing 30 mM HEPES pH 7.5, 150 mM NaCl, 400 mM Imidazole, and 1 mM 

TCEP.  Protein was run on a 5mL HiTrap Q column (GE Healthcare) on an Akta FPLC. 

Peak fractions were pooled and concentrated in an Amicon centrifugal filter (10,000 

MWCO) by centrifuging at 3000xg and 4°C at 15 minute intervals until the volume was 

less than 2mL. This was run on a 120 mL Superdex 200 size exclusion column (GE). 

Aliquots were frozen at -80°C. 

SDS-PAGE was done on Bio-Rad 4-20% polyacrylamide gels, with staining by 

coomassie blue. For expression testing, 0.1 OD unit of culture was boiled and run on a 

gel. 

3.4.2. Binding assays 

For EMSA, complexes were mixed at the indicated concentrations, incubated on ice 

for 15’, then loaded on the gel. A trace of NEB purple loading dye (0.1X) was included in 

the buffer to facilitate loading. Gels were hand-poured 1.5 mm thick 6% acrylamide TBE 

gel. 0.5 mm commercially pre-made gels are also an option but much more fragile when 
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handling. Gels were pre-run for 1h at 4°C, the buffers in the inner and outer chamber 

mixed, wells washed, then run at 150V for 1h. Gels were stained with SYBR gold and 

imaged on a GelDoc imager (BioRad).  

Analytical size exclusion runs were done on a 24 mL S200 column. The buffer was 

10 mM HEPES pH 7.5, 150 mM NaCl, and 1 mM TCEP. 

 

3.5. Contributions 
Yoana Dimitrova and Yadana Khin cloned the MBP-tagged constructs of K. lactis 

Mif2. Thank you to Phong Lee and Stephen Hinshaw for many helpful discussions 

regarding reconstitution of the Cse4/CEN nucleosome, and on the kinetochore in general. 
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4. EM of Mif2–Nucleosome Complexes 

4.1. Introduction 
Mif2 links distant kinetochore complexes by making contacts with proteins in each of 

the inner, middle, and outer regions of the kinetochore. Structural information on how 

Mif2 interacts with each of these partners will lead to a greater understanding of overall 

kinetochore organization, and information on nucleosome-proximal contacts will help 

reveal the mechanism of how the kinetochore specifically recognizes centromeres. 

A crystal structure of a small fragment of the human orthologue CENP-C with a 

nucleosome shows what we might expect the corresponding part of a Mif2-nucleosome 

structure to look like (Figure 4.1). The CENP-C–nucleosome structure is of a 22-residue 

‘CENP-C motif’ peptide bound to a canonical nucleosome in which the terminal residues 

of H3 have been replaced with those of CENP-A (Kato et al., 2013). The CENP-C 

peptide binds the nucleosome through two modes of interaction. An arginine anchor 

projects into the acidic patch created at the interface of H2A and H2B, and non-polar 

residues make hydrophobic interactions with the C-terminal residues of CENP-A (Figure 

4.1C). Since the acidic patch is common to all nucleosomes, the hydrophobic interaction 

with the C-terminal residues of CENP-A most likely accounts for the specificity of 

CENP-C for centromeric over canonical nucleosomes. As the CENP-C motif is 

conserved between CENP-C and Mif2, one may expect a similar mode of interaction 

between Mif2 and the Cse4 nucleosome. 
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Three factors imply that larger features of a Mif2:nucleosome structure may differ 

from parts of the CENP-C structure. First, Mif2 contains an AT hook motif 

(‘PRGRPKK’) that human CENP-C does not. This motif in other proteins inserts into the 

minor groove of AT-rich DNA; in Mif2, it may therefore do so with nucleosomal DNA 

(CDEII) or flanking sequences. Second, some aspects of the crystal structure, such as the 

 

Figure 4.1. Overview of a related structure of H. sapiens CENP-C (Kato et al., 2013). 
A) Diagram of the primary structure of S. cerevisiae Mif2 and H. sapiens CENP-C 
showing conserved regions. B) Structure of the rat CENP-C motif bound to a 
nucleosome in which the H3 C-terminus has been replaced with the corresponding 
residues from CENP-A (PDB: 4X23) (Kato et al., 2013). C) Schematic of the major 
features of the structure, illustrating CENP-C (orange) binding to the acidic patch 
formed by H2A and H2B (red) and the hydrophobic C-terminus of CENP-C (blue). 
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high B factors (70 – 170 Å2, PDB 4X23, chains V and X), and crystal packing that limits 

the observed CENP-C peptide to one face of the nucleosome, suggest there might be 

additional contributions to the interaction and specificity that were not observed. Third, I 

seek to determine the structure of a larger portion of Mif2 than solely the CENP-C motif, 

in particular to determine the orientation of the dimerization domain with respect to the 

nucleosome. 

The size of the complex, required resolution, and stability of nucleosomes during grid 

freezing add challenges to the project, but these are now routinely overcome in current 

practice. First, the Mif2-nucleosome complex is small (~300 kDa) and has lower contrast 

than a megadalton-sized complex, but advances in sample preparation and image 

processing algorithms have made structure determination of complexes >~150 kDa more 

routine in recent years. Second, a high resolution (3-4Å) will be required to visualize 

detailed interaction of the CENP-C motif with the nucleosome, but even a lower 

resolution structure would still be biologically informative and give information on the 

orientation of the dimerization domain with respect to the nucleosome. Third, 

nucleosomes are inherently challenging subjects for cryo-EM due to their instability upon 

grid freezing (tending to dissociate into octamer and free DNA upon touching the air-

water interface) (Cao et al., 2018) and tendency to adopt a preferred orientation 

(Biolkapic et al., 2018), but sample preparation improvements reported in chapter 5 have 

ameliorated this problem.  

This chapter reports progress on EM imaging on the Mif2-nucleosome complex, but 

not a structure. First, I report how finding an appropriate ice thickness was key in 

imaging any intact molecules at all. Next, I report my efforts to screen complexes from 
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different species, ice thicknesses, crosslinkers, detergents, and supports. None gave 

results that were suitable for high-resolution imaging. I have not been exhaustive in 

screening grid conditions, and some conditions identified in Chapter 6 may be useful for 

future structure determination efforts on this complex. 

4.2. Results 

4.2.1. Sample preparation 

I prepared a pure Mif2-nucleosome complex with cleaved tags from both K. lactis 

and S. cerevisiae (Figure 4.2). The biochemistry shown in past chapters used tagged Mif2 

(either MBP or His) and his-tagged histones in the octamer. For EM, I cleaved the tags 

with TEV and purified this complex by SEC as follows: nucleosomes were reconstituted, 

the resulting nucleosomes and free DNA mixed with Mif2, and the complex was 

incubated for 30’. TEV was then added and incubated overnight at 4°C. The reaction was 

run on an S200 column to separate TEV, MBP, and free DNA from the complex. This 

method of preparation gave a peak in the same position on a sizing column and same 

bands on SDS-PAGE gel as in the experiments in Chapter 4. With an input of 50 µg 

DNA, equimolar histones, and 5-fold excess Mif2, the resulting complex eluted from the 

column at 0.3 µM and was used as-is for negative stain EM, or concentrated to 1.5 – 2.0 

µM for cryo-EM. 
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4.2.2. Crosslinking 

Since the KD of the complex (0.2 µM) is within a 10-fold range of the concentrations 

that I used for EM (0.3 – 2.0 µM), I tested crosslinkers to use in case complex 

dissociation were to be an issue and found several that worked. Panels C and D of Figure 

4.2 show that sulfhydryl reactive crosslinkers do not cross-link the complex well but 

 

Figure 4.2. Preparation of Mif2-nucleosome complexes from S. cerevisiae and K. 
lactis for cryo-EM. A-B) SDS-PAGE gel of size exclusion chromatography fractions 
(non-crosslinked complex). C-D) SDS-PAGE gel of crosslinking reactions. 
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several amine-reactive crosslinkers show a single band on an SDS-PAGE gel that 

migrates around 250 kDa. I chose to use BS2G for further use in EM since it has the 

shortest linker distance (7.8Å), but in the future it would be possible to use any of the 

crosslinkers. 

4.2.3. Negative Stain EM 

Samples of K. lactis NCPs and Mif2-nucleosome complex were imaged by negative 

stain EM on a T12 microscope. The images show homogeneous, well-dispersed samples. 

However, no additional density is visible in the class averages for the Mif2 sample. The 

complex could have dissociated when diluting the sample before grid preparation.  
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Figure 4.3. Negative stain EM of K. lactis NCPs and Mif2 + NCP complex. Class 
averages are from 1000 particles. 
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4.2.4. Cryo EM Sample 1: K. lactis Mif2 + NCPs. 

Figure 4.4B shows a representative micrograph from a sample of K. lactis Mif2 and 

centromeric nucleosomes imaged on a Tecnai F20 microscope. Regions of thick ice 

(upper left hand corner) favored side views of the nucleosomes, while regions of thinner 

ice (lower right hand corner) favored face views. In this particular image, the particle 

density was higher than optimal and I lowered the concentration in subsequent 

preparations. The dataset shown is from 50 micrographs that yielded ~4,700 particles.  

The 2D class averages are consistent with those from other published structures of 

nucleosomes. They show a variety of side, face, and tilted views. Out of 50 classes, the 

best 10 were selected and particles extracted for 3D refinement. A 3D refinement from 

the selected 3,744 particles was done in RELION with no symmetry, and a starting model 

was a 60Å map of the nucleosome generated from PDB 1AOI (Luger et al., 1997). The 

resulting map is shown, with a model of the nucleosome (PDB: 1AOI) fitted to the map. 

The ends of the DNA do not fit into the density map but appear unraveled, which is 

consistent with previous reports (Tachiwana et al., 2011). The best candidate for density 

attributable to Mif2 is along the nucleosome dyad, but more particles and a higher 

resolution is needed to make definitive conclusions about the structure of Mif2 bound to 

the nucleosome. 
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Figure 4.4. Imaging of K. lactis Mif2 C-terminal domain (256 – end) bound to K. lactis 
centromeric nucleosomes. Representative micrographs and 2D classes of Mif2 – 
nucleosome complexes. 
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4.2.5. Optimizing ice conditions 

To image more particles and increase the resolution of the reconstruction, I screened 

other grids from the same batch and repeated the prep, but was not able to repeat data of 

the same quality. Subsequent grids yielded images that appear only as strings (Figure 

4.4A). After trial and error, and specifically after trying a different blotting machine, I 

discovered that the integrity of this complex is correlated with ice thickness, presumably 

due to an interaction with the air-water interface.  

In my hands, switching from using the CP3 cryoplunger to the Vitrobot allowed me 

to consistently achieve thinner ice. I did not directly measure the ice thickness but 

estimated it indirectly by observing the following three parameters: 1) the thickness of 

the grid square contour, 2) brightness of the ice, and 3) time it takes for the focus beam to 

burn through the ice. The Vitrobot also produces a gradient of ice thicknesses on one 

grid, which allowed me to screen ice conditions more quickly. Regions of ice of the 

appropriate thickness have a wide perimeter of the grid square, have a light or no outline 

of the hole, and do not have dark areas within the hole (Figure 4.5). Learning what these 

areas look like and reliably reproducing these grids were key to allowing further progress 

on the project.  
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Figure 4.5. Comparison of representative grid squares, holes, and micrographs from 
grids frozen with the CP3 and Vitrobot cryoplungers. 
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4.2.6. Cryo EM Sample 2: K. lactis Centromeric Nucleosomes 

Since I used K. lactis centromeric nucleosomes as the sample for screening ice 

conditions, and a nucleosome-only map would be useful for interpreting maps of 

nucleosome complexes, I set out to determine a low-resolution structure of a nucleosome. 

Using the improved ice conditions, I collected 100 micrographs from the nucleosome-

only grids, from which I picked 5,000 particles. The micrographs showed both free DNA 

and intact nucleosomes, but picking only the intact nucleosomes led to a suitable 

reconstruction. The 2D class averages showed density consistent with that of a 

nucleosome, with clear separation between the DNA and histone core. In the 3D 

reconstruction, the superhelical turns of the DNA and helices of the histones were 

discernible. The ends of the DNA are discernible, but are displaced outwards ~10Å from 

their position in a canonical nucleosome (Figure 4.6A). Based on these results, I 

continued to prepare and image a sample with Mif2 added to the nucleosomes.  
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Figure 4.6. Representative micrographs, 2D class averages, and 3D reconstructions for 
three samples. 
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4.2.7. Cryo EM sample 1, continued 

I prepared the K. lactis Mif2-nucleosome complex as described previously. I 

collected 1000 micrographs over three sessions on the HMS F20. I used dosefgpu 

driftcorr for motion correction and cisTEM for particle picking and all further refinement 

steps. From 1000 micrographs, 210,000 particles were autopicked, and after selecting the 

best 2D class averages, 38,000 particles contributed to the final 3D reconstruction. 

Another 48,000 particles sorted into classes that appeared to be two nucleosomes stacked 

together (not shown); these were not used. 

The map refined to a lower nominal resolution than the map of the nucleosomes 

alone. The density of the map for the complex is more bulbous than the map for the 

nucleosomes only, and the density attributable to the DNA is not as continuous as the 

density in the nucleosome-only map (Figure 4.6B). I have overlaid the maps and 

compared them at different contour levels but cannot find any extra density clearly 

attributable to Mif2.  

4.2.8. Cryo-EM sample 3: S. cerevisiae Mif2 + S. cerevisiae centromeric NCPs, 

crosslinked with BS2G. 

To rule out the possibility that Mif2 dissociates from the nucleosome during grid 

freezing, I prepared a sample crosslinked with BS2G. Figure C shows data collected from 

a grid of S. cerevisiae Mif2 and S. cerevisiae NCPs, crosslinked with BS2G. The images 

show face and side views of nucleosomes, but also some free DNA. The particles appear 

more clustered than the uncrosslinked sample (Figure 4.6C). ~7000 particles from 200 

images were picked and used for 2D classification. 
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The 2D class averages show a strong density on top of the nucleosome, but the core 

of the nucleosome is blurred compared with the non-crosslinked sample. Because the 

detail in the images extends to ~5Å, the problem is likely one of the quality of the sample 

itself being heterogeneous, causing problems with alignment (N. Grigorieff, personal 

communication, May 2018). 
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4.2.9. Cryo-EM samples 4 and 5: detergent and graphene oxide 

I also tried sample with 0.01% b-octyl glucoside, and graphene oxide. These did not 

give any appreciable increase in image quality (Figure 4.7). 

 

 

Figure 4.7. Representative images, micrographs, and 3D reconstructions for additional 
samples of Mif2 and the centromeric nucleosome. 
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4.3. Discussion 
The K. lactis nucleosome-only reconstruction (Figure 4.6A) shows that the ends of 

the DNA are visible, displaced ~10Å outward from their position in a canonical 

nucleosome, and do not contact the histone core. In a crystal structure of a human CENP-

A nucleosome, the DNA ends are not visible (Tachiwana et al., 2011). The unwrapped 

DNA ends are consistent with experiments showing that the Cse4 nucleosome protects 

~125 bp of DNA from MNAse direction, compared with ~150 bp for the H3 nucleosome 

(Kingston et al., 2011). This shows that the Cse4 nucleosome has the same overall 

dimensions as the H3 nucleosome, and that the shorter fragment protected from MNAse 

digestion is due to dissociation of the ends of the DNA from the histone octamer. A 

higher-resolution nucleosome-only structure and more information on the DNA ends are 

reported in chapter 5. 

In the remainder of this chapter, I did not achieve the aim of producing a high-

resolution structure of Mif2 bound to a centromeric nucleosome and did not observe extra 

density in the maps attributable to Mif2. One explanation is that Mif2 dissociates from 

the nucleosomes during grid freezing. To eliminate this possibility, I tried crosslinking, 

which generated a separate problem with sample heterogeneity. A second possibility is 

that Mif2 is bound to the nucleosomes on the Mif2-nucleosome grid, but the linker 

between the nucleosome binding domain and the dimerization domain is flexible, and so 

no density can be observed from the dimerization domain. 

The two possible future directions are to troubleshoot the current complex or to work 

on a modified complex. It would be possible to troubleshoot this complex further by 

trying different crosslinkers or constructs. Two approaches are apparent for working on a 

modified complex: 1) add an additional kinetochore protein, Chl4, to the Mif2 and 
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nucleosomes or 2) determine the structure in the context of the larger Ctf19 (inner 

kinetochore) complex (Hinshaw and Harrison, 2019).  

When I began this project, it seemed unlikely one would be able to determine an 

atomic (< ~3.5Å) resolution structure of a small (<250 kDa) complex, although at the 

present time this is becoming increasingly common. The current sample faces problems 

with particle stability and heterogeneity and while additional screening would likely 

reveal a suitable condition, no general method exists to find one. A promising 

development in this area is more automated and reproducible methods of producing cryo-

EM grids such as Spotiton (Razinkov et al.,, 2016) and cryoWriter (Arnold et al., 2017). 

4.4. Methods 

4.4.1. Negative stain EM 

The complex was applied to carbon-coated grids glow discharged at 30 mA for 30s 

and stained with uranyl acetate, imaged on a T12 electron microscope. Class averages 

were calculated in EMAN. 

4.4.2. Cryo EM 

The fractions indicated in Figure 4.2 were concentrated to 1.5 – 2.0 µM and used for 

cryo-EM. C-flat grids (Protochips #CF-1.2/1.3-4C-50) were glow discharged on a Pelco 

easiGlow discharger at 30 mA for 30s. Using a Gatan CP3 cryoplunger, 3.5 µL of sample 

was applied to the grid, blotted for 4.5s with Whatman No. 1 filter paper, and flash-

frozen in liquid ethane at –174°C. Grids were stored in liquid nitrogen until use and 

imaged on a Tecnai F20 microscope with a K2 Summit camera at HMS. 10s movies were 

taken with USCF Image4, motion corrected with dosefgpu driftcorr, and processed with 

RELION or cisTEM. 
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5. Structure of a yeast centromeric nucleosome 
containing Cse4 2 

5.1.  Introduction 
Centromeres are the specialized chromosomal regions that connect with mitotic 

spindle microtubules. They recruit specialized nucleosomes, in which a centromeric 

histone variant (CENP-A in metazoans; Cse4 in yeast) replaces the canonical histone H3 

(Westhorpe and Straight, 2014). Human centromeres comprise long stretches of 

repetitive-sequence DNA, several megabases in length, with multiple CENP-A 

containing nucleosomes. In yeast, however, a single Cse4-containing nucleosome 

assembles on a sequence-specific centromere of about 125 bp (Furuyama and Biggins, 

2007). Despite these differences, kinetochore components on metazoan centromeres are 

homologs of yeast counterparts (Hinshaw and Harrison, 2018). Because of its simplicity, 

the yeast centromere is a suitable model for its more complex metazoan counterparts; 

reconstitution and atomic structure determination of a Cse4-continaing nucleosome are 

thus starting points for mechanistic and structural studies of kinetochore - nucleosome 

complexes.  

Straightforward expression of centromeric histone octamers, which readily bind a 147 

bp DNA fragment with the "Widom 601" sequence (Lowary and Widom, 1998), selected 

for high octamer affinity, has allowed us to explore systematically the conditions for 
                                                
2This chapter has been submitted for publication essentially as it appears here as 

Cryo-EM Structure at 2.7 Å resolution of a Yeast Centromeric Nucleosome, David Migl*, 
Marc Kschonsak*, Chris Arthur, Yadana Khin, Stephen C. Harrison, Claudio Ciferri, and 
Yoana N. Dimitrova. *These authors contributed equally.  

 
	



 93 

obtaining homogenous fields of particles for high resolution cryo-EM structure 

determination.  We have in particular succeeded in overcoming the strong tendency for 

the DNA of nucleosomes to unwrap from the histone core during cryo-EM sample 

preparation.  We found that the extent to which DNA unwrapped or dissociated varied 

with ice thickness and that addition of certain non-ionic detergents both stabilized the 

particles and decreased the degree of preferential orientation. We have thus circumvented 

having to add stabilizing ligands to achieve sub-3 Å resolution, such as the single-chain 

variable-domain antibody fragment (scFv) used recently to stabilize a human CENP-A 

nucleosome wrapped with a native, α-satellite DNA (Zhou et al., 2019). While the 

binding of this scFv overcomes several described limitations, the epitope is a conserved 

acidic patch, important for recruiting many nucleosome-binding proteins and thus 

limiting its use for larger protein complexes.  

In this chapter, I describe the systematic trials needed to avoid loss of DNA from the 

nucleosome and to determine of the atomic structure at 2.7Å resolution of a nucleosome 

containing S. cerevisiae Cse4 with Widom 601 DNA. The results will facilitate high-

resolution cryo-EM structure determination of both canonical and centromeric 

nucleosomes bound with protein complexes. 

5.2. Results 

5.2.1. Cryo-EM analysis of Nucleosome Core Particles 

Nucleosome DNA unwrapping and particle distribution have been described 

previously as a major bottleneck in obtaining high-resolution structures of the 

nucleosome by cryo-EM, even with the high affinity, Widom 601 DNA sequence (Cao et 

al., 2018; Lowary and Widom, 1998). Consistent with these findings, our centromeric 
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nucleosome particles show DNA unwrapping and preferred orientation (top views) under 

standard vitrification conditions (Figure 5.1A). 

  

 

 

Figure 5.1. Cryo-EM grid preparation of centromeric NCP. A. Micrograph of 
centromeric NCP vitrified without prior addition of detergents showing predominantly 
nucleosome top (donut-like) views. Arrows indicate unwrapped DNA strands.  B. 
Micrograph of centromeric NCP vitrified after addition of 0.006% (v/v) TWEEN 20 
(Polysorbate 20) showing a mixture of top and side views. C. Tomogram cross-section 
of a hole on a grid with centromeric NCP vitrified after addition of 0.005% TWEEN 
20. Dotted lines indicate ice thickness of ~33 nm. 
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To overcome these limitations, we subjected centromeric NCP to a matrix of anionic, 

nonionic and zwitterionic detergents during sample vitrification (see Methods). With 

concentrations close to the critical micelle concentration (CMC) of octyl glucoside (OG), 

n-dodecyl-β-D-maltoside (DDM), laurydimethylamine oxide (LDAO), and fluorinated 

Fos-choline, we observed the same degree of DNA unwrapping as with untreated 

samples (Figure 5.2), but addition of cetyl trimethyl ammonion bromide (CTAB) or to an 

even greater extent polysorbate 20 (Tween 20) prevented nucleosome unwrapping and 

improved the particle orientation distribution for both canonical and centromeric NCPs 

(Figure 5.1, Figure 5.2, Figure 5.3). The sample we used to collect high-resolution data of 

the centromeric NCP contained 0.005% Tween 20. This treatment allowed us to obtain a 

consistent ice thickness of ~25-35nm, measured by collecting tomograms, about 2-3 

times the largest particle dimension, and essential for high resolution structure 

determination (Figure 5.1C). 
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Figure 5.2. Detergent matrix to optimize cryo-EM grid preparation of centromeric 
NCP. A. Micrograph of untreated centromeric NCP. White arrows indicate unwrapped 
DNA segments. B. Table listing anionic, nonionic and zwittergent detergents 
supplemented in indicated concentrations prior sample vitrification. C-H. Micrographs 
of detergent applied prior vitrification as listed in B. 
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All data processing was carried out using the cisTEM software package (Grant et al., 

2018). Multiple rounds of reference free 2D classification were used to select a total of 

~500,000 particles (Figure 5.4). This particle stack was subclassified using 3D multi 

model refinement to obtain a total of 266,607 particles, which were used to determine the 

structure of the centromeric NCP at a resolution of 2.7Å (FSC = 0.143 criterion) (Figure 

5.4 and Figure 5.5A). 

 

Figure 5.3. Micrographs showing the effect of TWEEN 20 on DNA unwrapping and 
particle orientation during H3-NCP cryo-EM grid preparation. A. Micrograph of H3-
NCP vitrified without prior addition of detergents. Arrows indicate free DNA strands. 
B: Micrograph of H3-NCP vitrified after addition of 0.006% (v/v) TWEEN 20 
(Polysorbate 20). 
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Figure 5.4. Cryo-EM data processing of CEN-NCP. A. Processing flow-chart. B. 
Example micrograph of centromeric NCP dataset. C. Example 2D class averages after 
the second round of 2D classification. D. Angular distribution blot from final 
refinement. E. Fourier-shell correlation (FSC) curve from final refinement. 
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Figure 5.5 Cryo-EM structure of yeast centromeric NCP. A. Local resolution map 
of centromeric NCP based on non-sharpened map. B. Top, cryo-EM density map of 
centromeric NCP at 2.7Å resolution (unsharpened). Bottom, cartoon representation of 
centromeric NCP model. C. Domain representation of histones and 601 Widom DNA 
where light grey represents regions that have not been built in the model.  
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Table 5.1. Model building and refinement statistics. 
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5.2.2. Structure of centromeric nucleosome core particles 

The 3D reconstruction and the model of a yeast centromeric nucleosome built into 

that map were consistent with other nucleosome structures (Figure 5.5B) (Luger et al., 

1997; Tachiwana et al., 2011; White et al., 2001). A (Cse4:H4)2 tetramer associates with 

two H2A:H2B dimers to form the octameric core. The histone N-terminal tails are 

disordered and not resolved in the map, and the histone polypeptide chains become 

visible around helix 1 of each (Figure 5.5B and C). We built models into density for 

residues 17–115 of H2A, 33–128 of H2B, 133–229(end) of Cse4, 25–103(end) of H4, 

and 119 bps of DNA. The map showed clear features for side chains and resolved 

individual DNA bases. Figure 5.6B shows representative segments of the map for the 

DNA and Cse4 (Figure 5.6A and B). 
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Figure 5.6. Structural details of centromeric histone Cse4 and DNA ends. A. Cartoon 
representation of centromeric NCP and schematic representation of Cse4 histone. B. 
Density map of centromeric histone Cse4 and a representative DNA region. Dashed 
line indicates unmodeled N-terminus of Cse4 (residues 1-132). C. Left two, surface 
representation of 601 DNA from centromeric (CEN)-NCP structure in blue (this 
paper) and density map of the CEN-NCP in grey. Right two, surface representation of 
601 DNA from crystal structure of canonical NCP (PDB ID: 1ID3) and of native 
alpha-satellite DNA from cryo-EM structure of CEN-NCP+scFv (PDB ID: 6E0P) 
(White et al., 2001; Zhou et al., 2019). 
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 K. lactis and S. cerevisiae histones H2A, H2B, and H4 differ by 3-7 residues each 

(H2A: 5 H2B: 7 H4: 3). Six of these substitutions are visible in the structure (H2A: 1 

H2B: 2 H4: 3) (Figure 5.7). The backbone at each of these positions has the same 

conformation as it does in the crystal structure of a canonical S. cerevisiae histone 

octamer. The RMSD of all atoms (backbone, side chain, DNA) between this structure and 

the yeast canonical nucleosome (PDB ID: 1ID3) is 1.1 Å (White et al., 2001). We 

conclude that the co-expressed octamers can be used to make nucleosome core particles 

that are identical to ones made by refolding and that using K. lactis H2A, H2B, and H4 in 

place of their equivalents from S. cerevisiae does not generate any detectable 

perturbations.  
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Figure 5.7. Sequence comparison of S. cerevisiae and K. lactis histones. A. Sequence 
alignment of S. cerevisiae (Sc) and K. lactis (Kl) H2A, H2B and H4 histones. 
Schematic above the sequence correlates to the residues in the final Cryo-EM model. 
Dashed line represents residues that have not been modeled. Red dots denote 
differences in the sequence between S. cerevisiae and K. lactis. B. Sequence alignment 
of Cse4/CENP-A histone from yeast to metazoans. Schematic above the sequence 
correlates to the residues in the final Cryo-EM model and residues that have not been 
modeled are marked with dashed line. 
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The yeast centromeric histone octamer binds strongly to fewer base pairs of DNA 

than does a canonical octamer: strong density was present in our map for only 119 bp of 

DNA, compared with 146 bp in the yeast canonical nucleosome crystal structure (Figure 

5.6C) (White et al., 2001). A similar difference has also been reported for the crystal 

structure of the human centromeric nucleosome, whereas extended DNA ends have been 

observed in recent single particle cryo-EM structures of centromeric nucleosomes in the 

presence of a binding partner or a chaperone, CENP-N and scFv, respectively (Figure 

5.6C) (Chittori et al., 2018; Pentakota et al., 2017; Tachiwana et al., 2011; Tian et al., 

2018; Zhou et al., 2019). 

Features of the Cse4 N-terminal tail and αN helix appear to account for the weaker 

association of DNA ends than with canonical H3. The core-proximal segment of the 

much longer N-terminal tail of Cse4 is less ordered than that of H3 (Figure 5.8B). While 

this part of the H3 N-terminal tail interacts at several points with the phosphate backbone 

of DNA on a canonical yeast nucleosome (White et al., 2001), there appear to be no such 

contacts with Cse4, as we detected no clear density for the tail, even when we contoured 

the map at low stringency. In the αN helix, a substitution of Y141 in Cse4 for R50 at the 

corresponding position in H3 may also reduce the strength of interaction at the DNA ends 

(Figure 5.8B). 
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Figure 5.8. Structural details of Cse4 L1 loop and C-terminus. A. Model of 
centromeric nucleosome indicating zoomed in regions represented in B-D. B. Overlay 
of αN helix of S. cerevisiae Cse4 (blue) and H3 (orange, PDB: 1ID3). C. Overlay of 
L1 loop from S.cerevisiae Cse4 (blue) and human CENP-A (purple, PDB: 3AN2). 
Sequence alignment of this region is shown below. D. Overlay of S.cerevisiae Cse4 
(blue) and human CENP-A (purple) C-terminus with sequence alignment of the region 
shown below. 
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5.2.3. Cse4 L1 Loop and C-terminus 

The histone fold domains of Cse4 and H3 (defined as residues 130-end and 40-end, 

respectively) are only 59% identical (83% similar) at corresponding positions in their 

amino-acid sequences (Figure 5.7B). Although residue differences between the two are 

distributed throughout the histone fold domain, two areas visible in the structure are 

known binding sites for partners of Cse4: (i) the CATD (CENP-A Targeting Domain 

consisting of the L1 loop and the α2 helix) and (ii) the C-terminal segment. (A third 

region within the N-terminal tail interacts with COMA (Anedchenko et al., 2018) but is 

not visible in our structure.) Within the Cse4 CATD (L1 loop + α2 helix), the structure 

shows that the α2 helix has essentially the same structure as its counterpart in H3, but that 

the L1 loop, with three extra residues, has a distinct, well-defined conformation (Figure 

5.8A and C). Relevant primary structure differences between Cse4 and H3 around the L1 

loop are (i) substitution of T170 in Cse4 for the corresponding residue of K79 in H3 and 

(ii) a three-residue insertion of KDQ (residues 172-4) in the loop itself (Figure 5.8C). The 

change K79T170 does not alter the position of the Cα. The Cα atoms of the longer L1 

loop protrude 6-7Å further outward from the nucleosome surface than they do on H3. 

The density for the backbone is clear. The side chains of K172 and D173 are not resolved 

(Figure 5.6C), so we modeled their most likely rotamers. The solvent-accessible, L1 loop 

is probably an interaction site for Chl4: its counterpart in the human centromeric 

nucleosome contacts CENP-N, the Chl4 ortholog (Fang et al., 2015). 

 The three C-terminal residues of Cse4, QFI (replacing H3 counterparts ERS), 

create a hydrophobic patch, important for Mif2 binding (Kato et al., 2013). Their 

structure is consistent with the conformation seen in a previous crystal structure of a K. 
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lactis Cse4/H4 tetramer (Figure 5.9) (Cho and Harrison, 2011b). Because of some 

ambiguity in density for F228 and I229 (Figure 5.6B), we modeled these residues as in 

that crystal structure, with F228 buried in the octamer core and I229 projecting outward 

at the nucleosome surface. Other residue changes are scattered throughout the histone 

fold domain of Cse4, but we could find no Cα positional shifts from positions of the 

corresponding atoms in H3. 

 

  

 

Figure 5.9. Comparison of S. cerevisiae Cse4 C-terminus from the structure in this 
work (blue) with that of the crystal structure of the K. lactis Cse4/H4 tetramer (PDB: 
2YFW) (Cho and Harrison, 2011b). Sequence alignment of the region shown below. 
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5.3. Discussion 
A detailed structural characterization of the nucleosome and understanding its 

interaction with nucleosome binding protein complexes are essential starting points for 

investigating the structural and functional properties of chromatin associated molecular 

machines. The strategy we used, in which a codon-optimized K. lactis H4 was co-

expressed with the other three histones of the S. cerevisiae centromeric octamer, was 

critical for the high-level expression suitable for structure determination. The 

comparatively higher resolution of the reconstruction shows that our preparation and 

vitrification procedures have overcome many of the technical problems encountered in 

previous efforts to study nucleosomes by cryo-EM (Bilokapic et al., 2018; Chua et al., 

2016). We cannot rule out the possibility that some factor beyond the K. lactis H4, such 

as gene order in the expression vector, optimized sequence, or mRNA structure also 

contributed to the expression difference.  

Centromeric nucleosomes are prone to dissociation during cryo-EM grid preparation, 

yielding images cluttered with free DNA, possibly due to the disruption of nucleosome 

particles at the air water interface (Cao et al., 2018). We paid particular attention to 

optimizing the ice thickness to increase image contrast by varying sample volume, grid 

manufacture and blot time, and tested various detergents to preserve nucleosome 

structure integrity and for relief from preferential orientation. Both parameters influence 

the behavior of a nucleosome at the air-water interface. We measured ice thickness by 

collecting tomograms of individual grid regions and used only the areas with a thickness 

of approximately 25-35nm to determine the final reconstruction. 

 A recent study showed that it is possible to use a single-chain antibody fragment 

(scFv) to stabilize a human centromeric nucleosome containing CENP-A and a native α-
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satellite DNA and to determine its structure at 2.6 Å resolution (Zhou et al., 2019). The 

use of this scFv fragment led to a high resolution structure, perhaps because its binding 

stabilized the particle and mitigated effects of the air-water interface. A similar 

investigation in the absence of the scFv fragment could only deliver a structure of the 

nucleosome at 3.4 Å resolution. Because the scFv covers an acidic patch region of the 

nucleosome important to recruit the majority of nucleosome binding proteins, it cannot be 

used for high resolution structures of these nucleosome bound targets. The technical 

developments reported here have led to a comparable resolution in the absence of a 

stabilizing scFv fragment, and we therefore expect that they will be valuable for high 

resolution structural investigation of nucleosomes bound with chromatin remodeling 

complexes and nucleosome modifying enzymes (Figure 5.10).  
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Figure 5.10. Cse4 density map comparison. A: Sharpened map of 601 DNA section 
and indicated segments of yeast Cse4 from centromeric NCP cryo-EM reconstruction, 
as also shown in Figure 4B. B. Density map of a DNA section and indicated segments 
of human CENP-A of centromeric scFv-NCP (601 DNA sequence) cryo-EM structure 
(PDB: 6e0c and EMDB-8945). 
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Structures of the human centromeric nucleosome show that this nucleosome has 

fewer well-ordered DNA base pairs than do canonical nucleosomes containing histone 

H3 (Arimura et al., 2014; Pentakota et al., 2017; Tachiwana et al., 2011). Our structure 

shows that the same is also true for yeast. Two features of the centromeric histone 

contribute to unwrapping at the ends of the DNA: fewer interactions of DNA with the N-

terminal tail and amino acid differences between H3 and Cse4CENP-A in the αN helix. 

Swapping the human CENP-A N-terminal tail and αN helix into H3 is sufficient to cause 

partial unwrapping of the DNA (Roulland et al., 2016); our structure suggests that the 

same would be true for the yeast proteins. A recent structure of the S. cerevisiae Ctf19 

complex suggests that the unwrapping of DNA ends is probably crucial for allowing 

other nucleosome-proximal factors of the kinetochore to bind. Specifically, the Ctf19 

component Iml3 would clash with a fully wrapped nucleosome, but partial unwrapping of 

the ends of the DNA would resolve this steric interference (Hinshaw and Harrison, 2019). 

Thus, the characteristics of the centromeric histone octamer that lead to release of the 

DNA ends contribute to specific recognition of a Cse4 nucleosome for kinetochore 

assembly. 

The C-terminal residues of CENP-A Cse4 are important for its interaction with CENP-

CMif2 (Kato et al., 2013). Moreover, a segment related to the conserved "CENP-C box" 

binds a nucleosome containing a chimeric H3 with C-terminal residues from CENP-A 

through a tyrosine-tryptophan pair in hydrophobic contact with I133 and L137 of CENP-

ACse4 (Kato et al., 2013). In the conformation of the C-terminal residues of Cse4 in our 

structure, which is the same as its conformation in a free K. lactis Cse4:H4 tetramer, 

F228 and I229 are poised to make hydrophobic contacts with yeast Mif2, whose CENP-C 
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motif is conserved with its human ortholog (Figure 5.8D) (Cho and Harrison, 2011b; 

Cohen et al., 2008). 

A second component of human kinetochores known to interact directly with CENP-

ACse4 is CENP-NChl4. In structures of the N-terminal domain of human CENP-N with a 

human centromeric nucleosome, the most extensive CENP-N interactions are with DNA, 

but a well-defined interaction of N-terminal residues of CENP-N with the L1 loop of 

CENP-ACse4 appears to determine the specific point of contact (Chittori et al., 2018; 

Pentakota et al., 2017; Tian et al., 2018). As expected from alignment of sequences, 

including those of other point-centromere yeasts, the N-terminal domain of S. cerevisiae 

Chl4 has essentially the same structure as that of CENP-N (Hinshaw and Harrison, 2013). 

We infer that all these proteins are likely to bind similarly to the centromeric nucleosome 

and that the L1 loop of Cse4 probably interacts with residues near the Chl4 N-terminus. 

The loop is three residues longer than the corresponding loop in H3, far enough from the 

octamer surface to facilitate interaction with Chl4 and to differentiate Cse4 from its non-

centromeric counterpart, H3. 

Interaction with Chl4 need not exclude other interactions, either at the same time or at 

different stages of kinetochore assembly. One study in yeast indicates that the L1 loop 

contributes to Mif2 binding affinity (Xiao et al., 2017); the published structure referenced 

above, which used a chimeric H3 with only the C-terminal residues of CENP-A, does not 

firmly rule out a contact. Our own experiments (unpublished) do not, however, indicate 

any cooperativity between Chl4 and Mif2. Other proteins that must recognize Cse4 or the 

centromeric nucleosome selectively include Psh1, which ubiquitinates Cse4 to regulate 

its localization (Hewawasam et al., 2010; Ranjitkar et al., 2010). Scm3, the chaperone 
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that associates with Ndc10 and recruits Cse4-H4 heterodimers, depends on specific 

contacts with helix H2 of Cse4, but does not contact the L1 loop (Cho and Harrison, 

2011b). 

The centromeric nucleosome structure described here extends to substantially higher 

resolution than those from other organisms reported previously and has been achieved 

without the addition of chaperones or specialized binding partners. Our finding, that use 

of K. lactis H4 with the three other histones from S. cerevisiae gives high yield of native 

octamer, also greatly facilitated the structure determination. This strategy will benefit the 

investigation of many other aspects of yeast chromatin biochemistry, kinetochore 

assembly and regulation. 

5.4. Methods 

5.4.1. Nucleosome wrapping and CryoEM sample preparation  

DNA and histone octamer were mixed in a 1.1:1.0 molar ratio. Nucleosomes were 

reconstituted by the salt gradient dialysis method using a Rabbit peristaltic pump and a 

gradient over 60h at 4°C. Excess DNA was removed by further purifying the 

nucleosomes over a 24 mL Superdex200 or 2.4 mL Superose6 size exclusion columns. 

The SEC buffer was 30 mM HEPES pH 7.4, 150 mM NaCl, and 1 mM TCEP. 

After SEC, nucleosome-containing fractions were brought to a concentration of 0.5-

1.2 mg/ml determined by measuring the DNA concentration on a NanoDrop 

spectrophotometer (Fisher), based on a predicted mass of 240 kDa for the Sc/Kl 

centromeric nucleosome. 

The purified samples were applied on 20s glow discharged (Solarus) Quantifoil 

R1.2/1.3 or R2/2 gold grids (200 mesh) and flash frozen in liquid ethane on an FEI 



 115 

Vitrobot, using a 2.5 - 5 s blot time and blotting force of 8 at 4°C and 100% humidity.  

Samples were vitrified under the following detergent conditions at their CMC: Octyl 

Glucoside (OG), n-Dodecyl-β-D-Maltoside (DDM), Laurydimethylamine oxide (LDAO), 

Fluorinate-Fos-Choline, Cetyl Trimethyl Ammonion Bromide (CTAB) and Polysorbate 

20 (Tween 20)  

5.4.2. Data collection 

CryoEM data were collected using a Titan Krios G2 (Thermo Fisher Scientific) 

operated at 300keV, with a BioQuantum energy filter equipped with a K2 Summit direct 

detector (Gatan, Inc. Pleasanton, CA). Movies were acquired in energy filtered mode 

with an energy slit of 20eV, magnification of ~165kx (pixel size of 0.849 

angstroms/pixel). The electron beam had a flux rate of 4.9 electrons/(angstrom)2/s, and 

movies were acquired at 4 frames/s for duration of 10 seconds, for a total electron 

interaction of 49 electrons/(angstrom)2. A 70µm condenser aperture and a 100µm 

objective aperture were used while imaging. Data were collected using SerialEM 

automated acquisition software (Mastronarde, 2005). Micrographs for the direct 

comparison between CEN-NCP and H3-NCP in the presence or absence of Tween20 

were collected on a Talos F200C (Thermo Fisher Scientific) operated at 200keV with a 

Ceta 16M camera (Thermo Fisher Scientific). 

5.4.3. Ice thickness determination on cryo-EM grids 

The tomogram was acquired on a Titan Krios at 300keV using a Bioquantum energy 

filter with a K2 Summit direct electron detector (Gatan), at a pixel size of 4.39Å. Data 

were collected using serialEM (Mastronarde, 2005). 
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Tilt series was collected from -45 to +45 degrees at 3 degree increments with a 

defocus of -5 µM. A total dose of 100 e/A2 was used for data acquisition. The 

tomographic reconstruction was done using IMOD (Mastronarde and Held, 2017). The 

reconstruction showed an ice thickness of approximately 33 nm in the areas of single 

particle data acquisition. 

5.4.4. CryoEM Data processing  

Cryo-EM data (unbinned) were processed with cisTEM without applied symmetry 

(C1) (Grant et al., 2018). 4926 movies were corrected for frame motion using the Unblur 

algorithm and the contrast transfer function (CTF) was estimated with CTFfind (Grant 

and Grigorieff, 2015; Mindell and Grigorieff, 2003; Rohou and Grigorieff, 2015). Images 

were filtered based on the detected fit resolution better than 3.75 Å.  Particles were 

automatically picked using the ‘ab-initio’ algorithm and a circular blob as a template with 

a radius of 25 Å and an exclusion radius of 55 Å (Sigworth, 2004). 862,840 particles 

were extracted using a box size of 192 px and subjected to two rounds of reference free 

2D classification (each using a target of 500 classes) based on the maximum likelihood 

algorithm (Scheres et al., 2004; Sigworth, 1998) The classes obtained were visually 

inspected and curated to remove ice contamination, aggregation and other false positives, 

yielding to a final dataset comprising 491,261 particles. Seven of these particle classes, 

each representing a distinct view of the nucleosome, were utilized to calculate an ab-

initio 3D reconstruction using Frealign (Grigorieff, 2016). The resulting volume was used 

as a starting reference for a multi model refinement using the Auto Refine algorithm 

(Frealign), using an initial resolution limit of 20 Å. Particles sorted into the most 

represented 3D class (54.3% of all particles) were extracted and further refined in 
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iterative rounds of manual and global refinement including masking and CTF refinement 

until convergence of the FSC curve. The resulting map was sharpened with the following 

parameters: flattening from a resolution of 8 Å, applying a pre-cut-off B-factor of -90 Å2 

from the origin of reciprocal space, applying a post-cut-off B-factor of -10 Å2 and 

applying a figure-of-merit filter (Rosenthal and Henderson, 2003). 

5.4.5. Model Building 

We built the nucleosome model into the map using iterative rounds of model building 

and local refinement in Coot (Emsley et al., 2010) and global real space refinement in 

Phenix (Adams et al., 2010). We took the DNA from a crystal structure of a 601 NCP 

(PDB 3LZ0) (Vasudevan et al., 2010) and performed a rigid body in UCSF 

Chimera (Pettersen et al., 2004). The resolution of the structure allowed an unambiguous 

fit of this asymmetric sequence. For the core histones, we used a crystal structure of the 

yeast canonical nucleosome (PDB 1ID3) (White et al., 2001), altered individual residues 

to correspond to the sequences of K. lactis H2A, H2B, and H4 and S. cerevisiae  Cse4, 

and performed a rigid body fit. Further rounds of manual building in Coot and real space 

refinement in Phenix led to the final model. Graphics were generated in PyMol, Chimera, 

and ChimeraX (Goddard et al., 2018; Pettersen et al., 2004; Schrodinger, 2015). Local 

resolution was plotted with Resmap (Kucukelbir et al., 2014). 
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6. Conclusion 

Kinetochores are essential for cell division in eukaryotes. Cryo-EM is undergoing a 

period of rapid technical advance triggered by the advent of direct electron detectors. In 

this chapter I summarize the technical advances and biological conclusions from this 

work.  

Our results in Chapter 2 establish bacterial coexpression as a convenient method to 

express large amounts of yeast centromeric histone octamer for structural studies. 

Although coexpression had been reported before for either human octamer (Shim et al., 

2012), or small-scale in yeast (Kingston et al., 2011), the results here for large-scale yeast 

coexpression go beyond previous reports. This strategy could certainly be extended to 

Xenopus or human centromeric octamer. One other group independently extended this 

approach to the human centromeric nucleosome (Tian et al., 2018). 

When I began this project, less than a handful of nucleosome co-crystal structures had 

been determined, all by crystallography and mostly of small peptide fragments bound to 

the nucleosome.  Since then, cryo-EM has greatly accelerated the pace of discovery in 

structural biology of nucleosomes and nucleosome complexes. A search of the PDB 

shows that more nucleosome structures have been determined by cryo-EM in the first 

half of 2019 alone (39) than in all years past (20 structures published in 2018, five in 

2017, and one in 2016) (Zhou et al., 2019). Nucleosome structures determined by x-ray 

crystallography tend to be of histone variants and complexes with small peptides, while 

cryo-EM has allowed determination of nucleosome structures in complex with larger 

proteins such as nucleosome remodelers and RNA polymerase (Anderson et al., 2019; 
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Farnung et al.,, 2018; Kujirai et al., 2018; Worden et al., 2019). This has also led to 

increased competition, with two or three groups commonly reporting similar structures at 

a time now. 

Within the sub-field of centromeric nucleosome cryo-EM, nucleosome stability can 

hinder successful structure determination. Although this problem was not known when 

we started this work, from screening grids in 2017-18 and related work published in 

2018, it has become clear that centromeric nucleosomes tend to dissociate into octamer 

and free DNA when frozen on an EM grid (Cao et al., 2018). The large number of 

potential experimental variables make it unclear which ones to vary first. Our 

experiments in Chapter 5 show that three parameters are most relevant: ice thickness, 

detergent, and grid type. 

Our work also shows how nucleosome cryo-EM can be extended to higher 

resolutions. Most nucleosome cryo EM structures of complexes have been at modest 

resolution (4 – 7 Å), generally sufficient to trace chains and determine the overall 

organization of the structures. A 2018 review states “Crystallography will remain the 

method of choice for high-resolution (<3Å resolution) studies of smaller components or 

of structures with small-molecule compounds” (Zhou et al., 2019). Our work shows that 

resolutions well beyond 3 Å can achieved in cryo-EM of nucleosomes by screening of 

grid conditions and optimization of ice thickness. It will be interesting to see if these 

results can be extended to other nucleosome complexes. To this end, the technical ability 

to rapidly screen grid conditions will be crucial. 

The biochemistry in chapter 4 and structure in chapter 5 yield the following 

biological conclusions. First, perhaps not surprising but still useful to formally 
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demonstrate is that yeast Mif2 binds the Cse4 nucleosome, just like human CENP-C 

binds the CENP-A nucleosome. The (unpublished) experiments in Chapter 4, from 2015, 

showed that Mif2 binds the yeast centromeric nucleosome with a KD of 0.2 µM;  Xiao 

and colleagues published a more detailed analysis in 2017 (Xiao et al., 2017). Second, 

our structure shows the conformation of the important L1 loop of Cse4, useful for 

interpreting the structures of proteins that interact with the centromeric nucleosome. A 

full understanding of its importance awaits the determination of structures of the 

nucleosome in complex with kinetochore proteins.  Third, our structure confirms other 

data showing that the ends of the DNA wrapped onto the histone core are less tightly 

bound than in a canonical, H3 nucleosome.  

The kinetochore has signaling and physical functions, and the physical function of the 

inner kinetochore is to generate a stable linkage to the centromere that can withstand the 

pulling force of a depolymerizing microtubule, estimated to be around 65 pN 

(Cheeseman, 2014). The mid-nanomolar affinity of Mif2 for Cse4 nucleosomes in vitro 

would not alone be sufficient, but in vivo, Mif2 is part of an inner kinetochore complex 

(Hinshaw and Harrison, 2019). Ame1/Okp1 binds the tail of Cse4, and additional 

interactions likely come from Chl4 and non-sequence-specific interactions of the Ctf19 

complex with the partially unwrapped ends of the DNA of the centromeric nucleosome 

(Fischbock-Halwachs et al., 2019; Hinshaw and Harrison, 2019). Further study of Mif2 in 

the context of the entire inner kinetochore complex would be most biologically relevant. 

The EM work I did on Mif2 (Chapter 4) did not reach its goal of a determining a 

high-resolution structure. Two future directions are apparent: 1) optimize conditions for 

imaging the current Mif2-nucleosome complex and 2) build a different or larger complex. 
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I have not applied the improved grid conditions described in chapter 5 to the complex in 

chapter 4, so the clear starting points for future work would be to screen conditions 

involving gold grids or Tween 20 detergent. Alternatively, one could try to determine the 

Mif2-nucleosome structure in the context of a larger complex. Two candidates are with 

yeast Chl4 or with the entire Ctf19/CCAN complex. It is impossible to predict which is 

the better approach. Both will face the challenges of sample preparation, and the need to 

achieve a sub-4Å resolution to resolve the details of the Mif2 peptide in complex with the 

nucleosome. 

I am sure these difficulties will eventually be solved and the structure of the complete 

inner kinetochore resolved. With coexpression and a high-resolution nucleosome 

structure, this dissertation contributed to the current revolution in nucleosome cryo-EM.  
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Appendix A Interactions of Chl4 with the Centromeric Nucleosome 

Introduction 
The kinetochore proteins Mif2 and Chl4 are needed for an inner kinetochore complex 

(Figure A1). In chapter 3 I reported work on the interaction of Mif2 with the centromeric 

nucleosome. In this appendix, I report my work on Chl4 and generating a complex with 

Mif2, Chl4, and the centromeric nucleosome. While the experiments are inconclusive and 

I was unable to generate a suitable complex for cryo-EM, they are reported here for 

completeness. 

 

 

Chl4 

CHL4 is a non-essential gene that encodes Chl4p, a 458-residue protein consisting of 

an N-terminal domain (residues 1-291) and C-terminal heterodimerization domain 

(residues 361-458). The structure of the C-terminus bound to its partner Iml3 has been 

determined (Hinshaw and Harrison, 2013), as has the N terminus of the human 

 

Figure A1. Domain diagram of Chl4 and hypothetical mode of interaction with the 

nucleosome, based on biochemical & genetic evidence and structures of human 
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orthologue CENP-N, which binds the centromeric nucleosome (Chittori et al., 2018; 

Pentakota et al., 2017; Tian et al., 2018). CENP-N has been reported to stabilize CENP-A 

nucleosomes during cryo-EM grid freezing (Cao et al., 2018). For these reasons, I 

hypothesized that adding the yeast orthologue of human CENP-N (Chl4) would improve 

the stability of the yeast centromeric nucleosomes and allow structure determination of 

Mif2 bound to the centromeric nucleosome along with Chl4. Unlike CENP-A, budding 

yeast Chl4 has not been demonstrated to bind directly to the centromeric nucleosome and 

so it is possible that centromere recognition may have a slightly different architecture in 

yeast. 

6.2. Results 

Chl4:Iml3 binding to centromeric nucleosomes 

I next tested Chl4 binding to nucleosomes and found that full length Chl4:Iml3 

generated a shift on SEC. Chl4 N-terminal constructs aggregated during purification and 

did not bind centromeric nucleosomes as tested by size exclusion chromatography.  

Chl4:Iml3 Full length 

I first tested binding by EMSA and found that full-length Chl4 with its binding 

partner Iml3 binds yeast centromeric nucleosomes, albeit with little selectivity over 601 

DNA (Figure A2). Full length Chl4 was coexpressed with its binding partner Iml3 since 

it cannot be expressed in isolation (Hinshaw and Harrison 2013).  The gel is unusual in 

that the slower migrating species are not a consistent molecular weight but rather migrate 

slower as more Chl4:Iml3 is added. This could indicate nonspecific binding driven by 

affinity for DNA. 
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Figure A2. EMSA showing binding between full length Chl4-Iml3 and 601 
DNA or centromeric nucleosomes. 
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With size exclusion chromatography, I tested binding to a pre-formed Mif2-NCP 

complex and found that Chl4 binds this complex. NCPs and Mif2 (five-fold molar 

excess) were mixed and incubated on ice for 30 minutes. Chl4/Iml3 was added in five-

fold molar excess, incubated on ice for 30’ and the reaction run on an S200 size exclusion 

column. Figure A3-A shows the peak of Chl4/Mif2/NCP (blue trace) is shifted earlier by 

about 0.25 mL compared with Mif2/NCP only (red trace), and a Chl4 band is visible in 

the corresponding lanes of the SDS-PAGE gel in A3-B. A caveat is that Chl4 could be 

binding to Mif2, not the nucleosomes. To address this point, further control experiments 

are required (Chl4 binding to NCP only, and Chl4 binding to Mif2), and these are 

proposed in Table A1. 
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Figure A3. Chl4 binding experiment to preformed Mif2-NCP complex showing A) 
size exclusion trace B) SDS-PAGE fractions of Chl4-Mif2-NCP complex (Chl4 band 
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Chl4 N-terminal truncations - expression testing 

I also investigated truncations that contain only the N-terminal domain, but these 

aggregated during purification and were of limited use. Since the structure of the N 

terminus of the human orthologue CENP-N has been determined (Chittori et al., 2018; 

Pentakota et al., 2017; Tian et al., 2018), I considered that the corresponding truncation in 

Chl4 would be a reasonable one to make. In these structures, the N-terminus of CENP-N 

is proximal to the nucleosome, while the C-terminus is further away, so I opted to tag the 

C-terminus. I cloned the N-terminal domain of S. cerevisiae Chl4 (1 – 274) in versions 

for both a C-terminal 6xHis tag and C-terminal 6xHis-MBP tag. A Uniprot search gave 

#Q6CR53 as the K. lactis orthologue of CENP-N; this is a predicted protein with no 

evidence on the experimental level, but has a Chl4 signature match in Interpro, so I 

cloned this sequence as well. Of the constructs, the two S. cerevisiae Chl4 constructs 

show a band of the predicted size, while the two K. lactis constructs did not (Figure A4). 

The S. cerevisiae constructs were used for further work.  

 

  

Figure A4. Chl4N expression testing. 
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Chl4N Protein purification & binding experiments 

These N-terminal truncations did not bind Cse4 nucleosomes and produced no shift 

on a size exclusion column. I was not able to purify them with additional steps beyond 

metal affinity chromatography. 

I first optimized the purification protocol for these N-terminal constructs (Figure A5-

A). I started with a generic four-step purification protocol that has worked well for 

several other proteins in the lab: IMAC (immobilized metal affinity chromatography 

using Talon resin), IEX (ion exchange using a HiTrap S column), TEV cleavage and 

IMAC to remove the protease and cleaved tag, and  SEC (size exclusion chromatography 

on an S200 column). The baseline buffer is 50 mM HEPES pH 7.5, 100 mM NaCl, and 1 

mM TCEP.  

Through iterations of purification, I have made the following observations and 

modifications to the protocol: 1) Both S. cerevisiae constructs bind the Talon resin even 

with the elution buffer (400 mM imidazole). Adding 150 mM EDTA to the elution buffer 

stripped the cobalt resin and elutes the protein. 2) The complex is well behaved through 

the ion exchange step, but the majority precipitates after cleaving the tags with TEV and 

running the reaction through a nickel column. 3) When I omitted the IEX step, the protein 

became viscous, brown, and cloudy during concentration. After centrifuging and running 

the supernatant on a size exclusion column, the peak is unusually broad, as shown in 

Figure A5-B. Because of these results I decided to try the binding experiments with 

Chl4N material directly from the metal exchange step, instead of optimizing the 

downstream steps further. 
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Figure A5. Chl4 N-terminus purification. A) Summary of purification protocols used 
and results. B) SDS-PAGE fractions throughout the purification. 
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In lieu of being able to purify these with an additional step, I tested these for binding 

by mixing the Chl4 construct in five-fold molar excess with nucleosomes and running 

this reaction on a size exclusion column. For the His-tagged construct, Figure A6-A 

shows this supernatant does not produce a shift on a size exclusion column.  The MBP-

tagged construct stays in solution after the metal affinity column and ion exchange 

column but aggregates after cleavage of the C-terminal tag by TEV.  For these reasons I 

used Chl4N-MBP directly after the metal affinity column for a binding experiment. This 

construct also produces no shift in the nucleosome peak after SEC (Figure A6-B). 
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Figure A6. Binding experiments with Chl4 N-terminal fragments and centromeric 
nucleosomes. A) Chl4 (1-274) (His tag at C-terminus). B) Chl4 (1-274) (MBP-His tag 
at C-terminus). 
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Discussion 
The Chl4 N-terminal truncations did not result in a complex suitable for structure 

determination. The purification protocol or constructs themselves will require more 

optimization to become suitable reagents for biochemistry or cryo-EM. 

To further investigate Chl4 binding to nucleosomes in vitro, the control experiments 

listed in Table A1 should be performed. If Chl4 does not bind centromeric nucleosomes 

wrapped with 601 DNA, a recent structure of the Ctf19 complex suggests that Chl4/Iml3 

would be more amenable to binding a partially unwrapped nucleosome (Hinshaw and 

Harrison, 2019) in this case, experimenting with a nucleosome wrapped with native CEN 

DNA or hybrid (for example, CDEI – 100bp 601 – CDEIII) would be a promising follow 

up experiment. If Chl4 does not in fact bind the centromeric nucleosome in vivo, this 

would imply a deviation from otherwise conserved kinetochore architecture, in which 

both Mif2/CENP-C and Chl4/CENP-N bind centromeric nucleosomes (Carroll et al., 

2010). This arrangement would resemble that of Drosophila or C. elegans, where only 

CENP-C recognizes centromeric nucleosomes and CENP-N has been lost (Heeger et al., 

2005; Oegema et al., 2001). 

 

Table A1. Summary of completed and proposed experiments. 

 Completed Proposed 
Mif2 +   +  + 
Chl4N  +     
Chl4N-MBP   +    
Chl4FL Iml3    + + + 
NCP + + + + +  
Result Binding No 

binding 
No 
binding 

Figure 
A3 
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Methods 
The methods were identical to those in Chapter 3. 

 

Contributions 
Stephen Hinshaw purified Chl4:Iml3 full length and generously gifted aliquots of 

purified protein for this construct. Thank you to Phong Lee and Stephen Hinshaw for 

many helpful discussions regarding how to purify Chl4:Iml3 
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