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Abstract

The genomic DNA of the eukaryotic cell is packed into the cell nucleus by forming
chromatin, which consists of nucleosomes as the fundamental unit. The nucleosome
consists of DNA wrapped around the histone octamer, formed from 2 copies of histone
H2A, H2B, H3, and H4. The centromere chromatin is a special region of chromatin that
is epigenetically defined by CENP-A, a histone H3 variant, and is responsible for
chromosome segregation. In this study, | investigated 2 epigenetic features of the CENP-
A nucleosome: the flexible DNA ends and the mono-methylation of H4K20 (H4K20mel).

To investigate the effect of the flexible DNA ends of the CENP-A nucleosome on
higher-order chromatin structure, tri-nucleosomes with a center-positioned CENP-A
nucleosome or H3 nucleosome were reconstituted in vitro to mimic the centromeric
chromatin. Subsequently, cryo-EM analyses of the reconstituted tri-nucleosomes were
performed. From the cryo-EM structures, it can be seen that the tri-nucleosomes with a
center positioned CENP-A nucleosome are less twisted. This may enable the CENP-A
nucleosomes to be exposed from surrounding H3 nucleosomes in a poly-nucleosome fiber
and contribute to kinetochore assembly.

On the other hand, it has been shown that the H4K20 in the CENP-A nucleosome is
mono-methylated in cells, and that the structural characteristics of the CENP-A
nucleosome may lead to higher H4K20 mono-methylation rates compared to the
canonical H3 nucleosome. The H4K20 mono-methylation reaction is solely catalyzed by
the methyltransferase SET8 (also named PR-Set7/KMTS5A). However, how SET8
recognizes the nucleosomal H4K20 substrate, and why CENP-A nucleosome increases

the mono-methylation rates of the H4 tail remain elusive. To address these issues, the



SET8-CENP-A nucleosome complex and the SET8-H3 nucleosome complex were
reconstituted in vitro and cryo-EM analyses were performed.

The cryo-EM structures of the SET8-CENP-A nucleosome complex and the SET8-H3
nucleosome complex share a similar appearance. In both structures, SETS is located
above the nucleosome disc and interacts directly with the acidic patch of nucleosome,
which is formed by a cluster of negatively charged residues from H2A and H2B. Apart
from the acidic patch, SET8 can also be seen interacting with the histone H4 tail. The H4
tail extends from the nucleosome disc surface into the SET domain of SETS.

Importantly, I discovered that the H4 tail of the H3 nucleosome is repositioned upon
the binding of SETS. Interestingly, this new conformation of the H4 tail in the SETS-
bound nucleosome is the conformation that has been suggested to be preferred by the free
CENP-A nucleosome. Therefore, the H4 tail conformation in the free CENP-A
nucleosome may be preferred by SETS8, leading to a higher methylation rate.

This study provides the basis for understanding how the structural features of the
CENP-A nucleosome may affect the higher-order structure and histone modification of

centromeric chromatin.
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Chapter 1: General Introduction

1.1. The function and structure of chromatin

In eukaryotic cells, the genomic DNA is packed compactly into the cell nucleus by
forming chromatin (Fig. 1A) (1-3). Chromatin is a nucleoprotein complex, which
consists of nucleosomes as the fundamental unit (4). Nucleosomes are composed of DNA
wrapped around a histone octamer, formed by 2 of each core histones H2A, H2B, H3,
and H4 (Fig. 1A, lower panel) (5). From electron microscopy images, it can be seen that
the nucleosomes form a “beads-on-a-string” structure, in which the nucleosomes are the
beads (1,2,6). The nucleosomes are joined by linker DNAs.

Chromatin structure can be divided into loosely compacted euchromatic regions and
densely compacted heterochromatic regions (7). The aforementioned structural difference
can be regulated by several epigenetic factors, including the incorporation of histone
variants, and the post-translational of histones (Fig. 1B&C) (8).

Moreover, some chromatin regions have specific functions that are particularly
significant during mitosis. As a cell divides, DNA condenses into the distinctive structures
known as mitotic chromosomes. The ends of a chromosome are known as the telomeres,
whereas the place where the duplicated chromosomes is joined, is known as the
centromere (Fig. 1A). The centromere has an important role in chromosome segregation
because it is the place where the kinetochore, a complicated protein complex responsible
for attaching the duplicated chromosomes to the mitotic spindle, is formed (9,10).

In this study, I focused on several epigenetic features of the centromeric chromatin,
and investigated how these features may affect centromere structure, and how these

features are introduced to centromeric chromatin regions.
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Eukaryotic cell Incorporation of histone variants

-

] Canonical histone [@] Histone variant

Post-translational modification of histones

D
—> Telomere
::—> Centromere
Il DNA [ H2A W H2B
H3 [ H4 —> Telomere

Fig. 1 Regulation of chromatin structure

(A) Schematic model depicting the chromatin hierarchy in the cell nucleus. The
fundamental unit of chromatin is the nucleosome, which consists of DNA wrapped around
the histone octamer. Nucleosomes are joined by linker DNAs. (B) Schematic model
depicting the regulation of chromatin structure by the incorporation of histone variants.
(C) Schematic model depicting the regulation of chromatin structure by the post-
translational modification of histones. (D) Schematic model depicting the mitotic

chromosome. The telomeres and the centromere are shown.

12



1.2. The nucleosome

The histone core of the nucleosome consists of the 4 core histones, H2A, H2B, H3,
and H4. All core histones contain a histone fold domain, which are made up of 3 alpha
helices and 2 loops (Fig. 2A) (11). Apart from the histone fold domain, there is also a N-
terminal tail in each histone. The histone tail is subject to numerous kinds of post-
translational modifications, which can serve as epigenetic marks to recruit their specific
interacting partners to chromatin (8,12—15). However, the tails of the histones are often
not visible in crystal structures or cyro-EM structures, possibly due to their high
movability in regard to the rest of the elements in a nucleosome.

The histone folds enable histone H2A and H2B to form a dimer, through a handshake
interaction (Fig. 2B). Similarly, histone H3 and H4 can first form a dimer, and further
dimerize in to an (H3-H4); tetramer. Two histone H2A-H2B dimers and one (H3-H4)>
tetramer can then form the core of the nucleosome, or the histone octamer (11). Finally,
approximately 145~147 bp of DNA can wrap around the histone octamer, by the
positively charged lysine or arginine residues present within the histones, and the
negatively charged DNA backbone, to form the nucleosome (Fig. 2C) (16).

The surface charge of the nucleosome can be displayed based on its crystal structure
(Fig. 2D) (17). Apart from the obvious negatively charged DNA backbone, an “acidic
patch” can also be observed on the nucleosome face (18,19). This is formed by several
negatively charged amino acid residues in histone H2A (E56, E61, E64, D90, E91, E92)
and H2B (E105, E113). The acidic patch is a binding spot of many nucleosome-

interacting factors (20), including LANA (21), cGAS (22-27), and DOTIL (28-31).

13
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Fig. 2 Composition and surface charge of the nucleosome

(A) Histone H2A, H2B, H3, and H4 share a common motif known as the histone fold
domain. Additionally, they also have disordered N-terminal tails that often cannot be
observed in nucleosome structures. (B) Different components of the histone octamer
found in a nucleosome, including 2 H2A-H2B dimers and 1 (H3-H4), tetramer. The
histone components were taken from a nucleosome crystal structure (PDB:3LZ0) and
visualized by Chimera. (C) Crystal structure of the nucleosome (PDB: 3LZ0), visualized

by Chimera. (D) Surface charge of the nucleosome (PDB: 3LZ0), visualized by Chimera.
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1.3. Histone variants

Apart from the canonical core histones, there also exist histone variants that can
substitute for the canonical histones in a nucleosome (Fig. 1B) (32). Each canonical
histone (H2A, H2B, H3, and H4) has its corresponding histone variant or variants (32).
Canonical histones and histone variants share some similarities, such as both being
composed of a histone fold domain and a tail that can be post-translationally modified.
On the other hand, they also have several significant differences.

First, the expression and incorporation timing of canonical histones and histone
variants are different (32,33). Canonical histones are expressed in the S phase and their
incorporation into chromatin is replication coupled. The incorporation and expression of
histone variants, however, are not coupled to the cell cycle. Canonical histones and
histone variants may also have different chaperones responsible for their deposition on
the genome (32).

Second, the gene structure of canonical histones and histone variants are different
(32). The gene of canonical histones are intronless and exist as multiple copies in “histone
clusters”. The transcribed mRNAs of the canonical histones have a special stem-loop
structure at the end instead of the typical polyA tail (34). On the other hand, the genes of
histone variants are more like other typical genes, containing introns and polyA tails.
They could be spliced differently, resulting in isoforms (32). They usually only have one
or two genes and exist outside of the histone clusters.

The histone variants can alter nucleosome properties and therefore affect chromatin
structure, resulting in a change of gene expression (32,35). The variants may be cell type-
specific or occupy a particular genomic region (32). How histone variants contribute to

the fine tuning of chromatin structure remains an important issue to be understood.

16



1.4. Histone post-translational modifications (PTMs)

Another factor that affects chromatin structure and alter gene expression is the post-
translational modification (PTM) of the histones (Fig. 1C) (8,13,14). The PTMs are
established by enzymes that are termed “writers”, and recognized by other proteins that
are termed “readers” (8,15). The PTMs can also be removed by enzymes termed “erasers”
(8,15).

Some common modifications include the acetylation and methylation of histones.
For example, the acetylation of histones is often linked to the decompaction of the
chromatin, resulting in active transcription (8,15). On the other hand, the methylation
mark can be both a transcription active or repressive mark, depending on the modified
residue or the state of methylation (mono-methylation, di-methylation, or tri-methylation)
(8,15). Some active marks include the H3K4me3 mark and the H3K36me3 mark (8,15).
Conversely, some repressive marks include the H3K9me3 mark, responsible for the
formation of constitutive heterochromatin, and the H3K27me3 mark, responsible for the
formation of facultative heterochromatin (8,15,36-39).

Histone PTMs have also be known to be linked to recombination, DNA repair, DNA
replication, and genome topology (8). Furthermore, canonical histones and histone
variants can be modified differently, adding on to the complexity of the regulatory system
of chromatin (8). Consequently, it is crucial to investigate how the PTMs of histones are

established by specific enzymes.

17



1.5. The centromere and its epigenetic features

During cell division, the chromosomes are segregated equally into daughter cells. In
this process, the kinetochore can connect the chromosomes to the microtubules of the
mitotic or meiotic spindles for distributing the chromosomes. Eukaryotic chromosomes
fall into two main types: holocentric and monocentric, depending on where the
kinetochore can be assembled (Fig. 3A&B) (9,10).

In the case of a holocentric chromosome, the kinetochore can be assembled along the
entire length of the chromosome. On the other hand, in the case of a monocentric
chromosome, the kinetochore can only be assembled on a single specific position of the
chromosome, the centromere. Most eukaryotes have monocentric chromosomes, which
can be further categorized into point centromeres and regional centromeres (Fig. 3C) (40).
Budding yeasts, for example, have point centromeres. The centromere is assembled on a
single CENP-A®*** nucleosome that contains a specific DNA sequence of approximately
125 bp, composed of 3 conserved DNA elements CDEI, CDEII, and CDEIII (9,10,40).
The CDEs are necessary and sufficient for centromere formation (Fig. 3C, upper panel).
CDEI is bound by the CBF1 protein and CDEIII is bound by the CBF3 complex (41,42).
The CBF3 complex and CDEIII are essential for centromere function. On the other hand,
CDEII is AT rich and serve as the main contacting component of the CENP-ACs4
nucleosome.

Conversely, organisms with regional centromeres assemble their centromeres on
repetitive DNA sequences, which can be several kilobases to several megabases long.
Humans also have regional centromeres, that forms along a-satellite repeats (43). The o.-
satellite repeats are composed of monomers that are approximately 170 bp in length (44).

The adjacent monomers have low similarity, but they can form higher-order repeats (Fig.

18



3C, lower panel) (9,10).

These DNA sequences alone are not sufficient for centromere function in organisms
with regional centromeres. Instead, regional centromeres are marked and defined by a
special histone H3 variant found at the centromere, CENP-A (Fig. 3C) (45-47). CENP-
A-containing nucleosomes (CENP-A nucleosomes) are spread among H3-containing
nucleosomes (H3 nucleosomes) (9,48-51). The ratio of H3 nucleosomes to CENP-A
nucleosomes vary upon species, and upon different chromosomes within the same species.
In human, the ratio is estimated to be approximately 1 CENP-A nucleosome per 4~5
nucleosomes, or approximately 1 CENP-A nucleosome per 25 nucleosomes, depending
on the method for measuring (9,52,53).

The CENP-A nucleosome that is found in centromeric chromatin has 2 epigenetic
features, which will be discussed in more detail in the following chapters. First, compared
to canonical H3 nucleosomes, the CENP-A nucleosome has more flexible DNA ends
(which will be introduced in more detail in Section 2.1.1) (54). Second, the H4 in the
CENP-A nucleosome of centromeric chromatin is mono-methylated at the 20" lysine
(H4K20) (55). This H4K20mel mark is essential for kinetochore assembly (which will
be introduced in more detail in Section 3.1). However, how the flexible DNA ends of the
CENP-A nucleosome affect centromeric chromatin structure remains elusive.
Additionally, how the H4K20me1 mark is installed to the CENP-A nucleosome remains
unclear. Therefore, in this study, I applied cryo-EM analysis to address these 2 epigenetic

features from a structural point of view.
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Fig. 3 Eukaryotic centromeres

(A) A monocentric chromosome. (B) A holocentric chromosome. (C) In monocentric
chromosomes, the centromere can be further divided into the point centromere and the
regional centromere. Point centromeres (the upper panel) can be found in budding yeast,
and they only contain a single CENP-A nucleosome. They also contain a specific DNA
sequence (CDEI~III) that is sufficient for centromere function. CBF1 can bind CDEI, and
the CBF3 complex can bind CDEIII. Regional centromeres (the lower panel), on the other
hand, contain numerous CENP-A nucleosomes and assemble on a large DNA region,
which is often repetitive. In human, the centromeres contain a-satellite monomers, which
are approximately 170 bp in length. Adjacent monomers are different to each other, but

they form higher-order repeats. CDE: centromere DNA element.
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Chapter 2: Structural Analysis of the Fundamental Unit of

Centromeric Higher-Order Chromatin

2.1. Introduction
2.1.1. Features of the histone H3 variant CENP-A

There are many H3 variants, among which CENP-A is the variant with the lowest
similarity. Only approximately 50% amino acid identity is conserved between CENP-A
and the canonical H3.1 (which will be referred to H3 in this study for simplicity) (Fig.
4A) (56). CENP-A contains a CENP-A targeting domain (CATD) that is important for
many of its functions, such as the centromere localization of CENP-A (57,58), and the
deposition of CENP-A by its chaperone HIURP (59—61). The CATD is located in the
histone fold domain of CENP-A, and to be specific, the L1 and the a2 helix (Fig. 4A)

(58).

2.1.2. Structural features of the CENP-A nucleosome

Our team previously reported the crystal structure of the CENP-A nucleosome (54).
Interestingly, we found that it closely resembles the typical H3 nucleosome structure (Fig.
4B&C). Both involve DNA wrapped around a histone octamer. In the case of the CENP-
A nucleosome, the H3 components are replaced by CENP-A molecules.

One intriguing distinction, however, lies in the length of the DNA wrapped around
the histone octamer in the CENP-A nucleosome. This segment is approximately 13 base
pairs shorter than in the H3 nucleosome. This difference occurs despite the preparation of
both nucleosomes with DNA of similar length. This suggests that the DNA ends of the

CENP-A nucleosome might be more flexible, which could explain why they are not
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visible in the crystal structure (Fig. 4C).

To confirm this hypothesis, further analysis was conducted using the exonuclease
assay. The result showed that the DNA ends of CENP-A nucleosomes are more
susceptible to exonuclease III digestion then those of the H3 nucleosomes (54). This
proved that the DNA ends of the CENP-A nucleosome are indeed less protected than
those of the H3 nucleosome (54). Based on these findings, we concluded that the CENP-

A nucleosome features more flexible DNA at the entry and exit sites.

2.1.3. Centromeric proteins that interact with the CENP-A nucleosome

The kinetochore can be divided into the outer kinetochore and the inner kinetochore
(Fig. 5). The outer kinetochore is responsible for binding to the microtubule ends. It is
composed of 10 proteins that form the KMN network, and can be divided into 3
subcomplexes, namely the Knll complex, the Mis12 complex, and the Ndc80 complex
(10,50).

On the other hand, the inner kinetochore directly interacts with the centromeric
chromatin. The main component of the inner kinetochore is the constitutive centromere
associated network (CCAN), which contains 16 protein subunits (10,50,62). CCAN has
several functions, including CENP-A binding, CENP-A recruitment, KMN recruitment,
and chromosome congression/oscillation (10). Two CCAN subunit proteins can interact
directly with the CENP-A nucleosome and exhibit specificity for CENP-A nucleosomes
over H3 nucleosomes, namely CENP-C and CENP-N (Fig. 5) (10,50). CENP-C interacts
with the acidic patch of the nucleosome and the C terminal of CENP-A and connects
CENP-A nucleosome with CCAN and KMN network. On the other hand, CENP-N binds

directly to the CATD of CENP-A (50).
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Fig. 4 Structural features of CENP-A and the CENP-A nucleosome

(A) Alignment of the canonical histone H3 and its variant CENP-A. A schematic
representation of the helices and loops of CENP-A is displayed above the amino acid
sequences. The CATD of CENP-A is colored in red and is located in L1 and a2 of CENP-
A. (B) Crystal structure of the H3 nucleosome (PDB:3LZ0). (C) Crystal structure of the

CENP-A nucleosome (PDB: 3AN2).
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Fig. 5 A simplified schematic model of the kinetochore and centromere

The kinetochore can be divided into the inner and outer kinetochore. The inner
kinetochore consists of the CCAN, while the outer kinetochore consists of the KMN
network. CCAN subunits CENP-N and CENP-C of the CCAN can bind CENP-A
nucleosomes directly. CCAN subunits that contribute to the recruitment of the
microtubule-binding interfaces, CENP-N and CENP-T/W/S/X, are highlighted. Other

CCAN subunits are excluded for clarity.
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2.2. Research Aims

The dynamic nature of CENP-A nucleosome structure, which is characterized by
flexible DNA ends, has been reported (54). However, the mechanism by which these
flexible DNA ends influence the higher-order chromatin structure within the centromere
remains largely unexplored. Additionally, the interspersed arrangement of CENP-A
nucleosomes amid an abundance of H3 nucleosomes raises further questions (9,48-51).
Specifically, the processes through which CENP-A nucleosomes are identified by
centromeric proteins such as CENP-C and CENP-N for subsequent kinetochore assembly
remains unclear. Accordingly, this study hypotheses that an examination of the
centromeric higher-order chromatin structure, with specific emphasis on its fundamental
component, the CENP-A nucleosome, may shed light on these critical biological
phenomena.

In pursuit of these objectives, I prepared a variety of tri-nucleosomes, which are the
fundamental components of the higher-order chromatin structure. This was followed by
a thorough analysis using cryo-EM. This investigation helped to uncover the influence of
the CENP-A nucleosome and the length of linker DNA on the structure of chromatin. In
summary, the obtained cryo-EM structures of the tri-nucleosomes, which contain CENP-

A nucleosomes, contributed to a structural model for the basis of centromeric chromatin.
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2.3. Methods
2.3.1. Purification of human histones

The individual preparation of Histones H2A, H2B, H3, H4, and CENP-A was carried
out as previously outlined (63). Briefly, histones featuring an N-terminal Hise-tag were
expressed in Escherichia coli cells via incubation at 37 °C overnight. The harvested cells
underwent lysis through sonication, after which the insoluble fractions were isolated.
These fractions were then mixed with the denaturing buffer and subjected to rotation at
4 °C overnight. Following centrifugation, the supernatants were combined with Ni-NTA
agarose beads, facilitated by rotation at 4 °C for an hour. These Ni-NTA agarose beads
were subsequently relocated to Econo-Columns (Bio-Rad), washed with 5 mM imidazole,
and eluted under denaturing conditions using a 5-500 mM imidazole gradient.

The eluted fractions were then dialyzed to clear away urea. Subsequently, the Hise-
tags were excised by thrombin protease, and the Hiss-tags and histones were separated
using Mono S chromatography (GE Healthcare). Lastly, the histones were subjected to
dialysis against water prior to freeze-drying. The resultant purified histones were stored

at4 °C.

2.3.2. Invitro reconstitution and purification of the histone octamers

The canonical histone octamer was reconstituted by using H2A, H2B, H3, and H4
histone proteins, while the CENP-A histone octamer was reconstituted with H2A, H2B,
CENP-A, and H4 histone proteins. The histone proteins were combined in an equimolar
ratio within the denaturing buffer (20 mM Tris-HCl (pH 7.5), 7 M guanidine
hydrochloride, and 2 mM or 20 mM 2-mercaptoethanol) and subjected to rotation at 4 °C

for a duration of 1.5 hours. Following this, the mixtures underwent dialysis against 500
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mL of the refolding buffer (10 mM Tris-HCI (pH 7.5), 2 M NaCl, 1 mM EDTA, and 5
mM 2-mercaptoethanol) for four separate times.

Lastly, using HiLoad 16/600 Superdex 200 pg (GE Healthcare) column
chromatography, the reconstituted histone octamers were purified. The purified histone

octamers were preserved at -80 °C.

2.3.3. Invitro reconstitution and purification of the tri-nucleosomes

In order to prepare the tri-nucleosome that contains a center positioned CENP-A
nucleosome (H3-CENP-A-H3 tri-nucleosome) or the H3-H3-H3 tri-nucleosome, the
ligation method was utilized (Fig. 6). This method allows for the independent
reconstitution of the three mono-nucleosomes prior to ligation, enabling the preparation
of tri-nucleosomes with different nucleosome compositions.

The DNAs utilized for the ligation of tri-nucleosomes, namely 601a DNA, 601b
DNA (linker DNA 22 bp or 30 bp), and 601c DNA, were first prepared (Fig. 6A, Table
1). Subsequently, the 60la, 601b, and 60lc mono-nucleosomes were initially
reconstituted using the salt dialysis method and then purified via non-denaturing
polyacrylamide gel electrophoresis (PAGE) (6%, 0.5 x TBE, gel height=5.5 cm), utilizing
a Prep Cell model 491 apparatus (BioRad) (Fig. 6B). The elute buffer used consists of 20
mM HEPES-KOH (pH 7.8).

Following this process, mono-nucleosomes containing sticky ends were ligated
utilizing T4 DNA ligase in a specific ratio (601a nucleosome: 601b nucleosome: 601c
nucleosome=1:0.9:1) (Fig. 6C). It is important to note that the DNA fragments were
precisely designed, ensuring that 601a could only be ligated to 601b, and 601c could only

be ligated to 601b (Fig. 6A). This specially designed sequence effectively prevents the
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ligation of 601a to 601c.

Upon completion of the ligation process, the tri-nucleosomes were subjected to
additional purification via non-denaturing polyacrylamide gel electrophoresis (PAGE)
(4%, 0.5 x TBE, gel height=5.5 cm) utilizing a Prep Cell model 491 apparatus (BioRad),
with an elution buffer composed of 20 mM HEPES-KOH (pH 7.8). This process ensures
the removal of any remaining mono-nucleosomes and di-nucleosomes. Finally, the
purified tri-nucleosomes were concentrated, stored at 4 °C, and ready for subsequent

analysis.

2.3.4. Cryo-EM sample preparation

For the cryo-EM analysis, C-flat 2/1 400-mesh grids (Protochips, USA) were utilized.
Prior to use, the grids were subjected to plasma cleaning via a Solarus Plasma Cleaner
(Gatan) for 10 seconds at 20 W, utilizing a gas mix comprising 23% H2 and 77% O2.
Grid preparation was performed with the assistance of a Vitrobot Mark I'V (Thermo Fisher
Scientific).

In the case of tri-nucleosomes that lacked Mg?*, a 2.5 uL volume of the tri-
nucleosomes (1 mg/mL) was applied once to the grids.

Conversely, in order to prepare tri-nucleosomes containing Mg?*, equal volumes of
tri-nucleosomes (0.06 mg/mL) absent of MgCl> and a 20 mM HEPES-KOH (pH 7.8)
buffer supplemented with 2 mM MgCl, were mixed together. This resulted in a final
sample of tri-nucleosomes (0.03 mg/mL) in a buffer containing 20 mM HEPES-KOH
(pH 7.8) and 1 mM MgCl. The sample solution was applied to the grids twice. Initially,
a 2.5 puL volume of the sample was applied to the grid and then withdrawn using the

pipette that was utilized for the application. Following this, an additional 2.5 pL. volume
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of the sample was reapplied to the grids.
For both the Mg?"-containing and Mg?*-free tri-nucleosomes, the blotting time was
set at 3 seconds, maintaining both the temperature and humidity at 16 °C and 100%,

respectively. Following blotting, the grids were promptly plunged into liquid ethane.

2.3.5. Cryo-EM analysis and data collection

By utilizing in-focus phase plate imaging, vitrified samples of the tri-nucleosomes
(H3-H3-H3 22 bp, H3-CENP-A-H3 22 bp, and CENP-A-H3-CENP-A with 30 bp), in the
absence or presence of 1 mM MgCl, were analyzed. To be specific, the analyses were
performed at liquid nitrogen temperature using a Titan Krios cryo-EM (Thermo Fisher
Scientific), which was operated at 300 kV. The Titan Krios cryo-EM was also equipped
with a Quantum GIF imaging filter (Gatan), utilizing the energy-filtered transmission
electron microscopy (EFTEM) mode with a slit width of 20 eV. The calibrated
magnification was set at 35,971x. Digital micrographs of the samples were captured using
a K2 Summit direct electron detector in the counting mode, yielding a pixel size of 1.39
A/pixel at the specimen level.

For the H3-H3-H3 22 bp and H3-CENP-A-H3 22 bp tri-nucleosomes, the images
were manually collected with a Volta phase plate (VPP) in-focus, following the
methodology described (64). For the CENP-A-H3-CENP-A 30 bp, the images were
automatically collected using EPU software (Thermo Fisher Scientific). The microscope
setup included a 50 mm C2 condenser aperture, with the illumination established in the
nanoprobe mode within the parallel beam range.

On the other hand, defocused data collection of H3-H3-H3 22 bp, the H3-H3-H3 30

bp, the H3-CENP-A-H3 22 bp, and the H3-CENP-A-H3 30 bp tri-nucleosome (all in the
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presence of 1 mM MgCl,), was conducted without the phase plate. by a Talos Arctica
cryo-EM (Thermo Fisher Scientific) operating at 200 kV. A Falcon 2 direct electron
detector was applied for the H3-CENP-A-H3 22 bp sample, while the Falcon 3 detector
in the linear mode was applied for the other samples. Data collection was conducted
automatically using the EPU software (Thermo Fisher Scientific). Details can be found

in Table 2.

2.3.6. Image processing

After data collection, the frames were first aligned by MOTIONCOR?2 with dose
weighting (65). Subsequently, CTFFIND4 was utilized to estimate the defocus value and
objective lens astigmatism by fitting the contrast transfer function (CTF) from
micrographs without dose weighting (66).

The following procedures were conducted by using the software RELION 2.1 (67).
Several rounds of 2D classification were employed to discard junk particles, followed by
several rounds of 3D classification. The best classes were selected and subjected to 3D
refinement. The final maps were normalized by MAPMAN (68) and visualized by UCSF

Chimera (69). Details for processing are summarized in Table 2.

2.3.7. Model building

The process of model fitting and refinement for the nucleosome samples, H3-CENP-
A-H3 (22 bp) and H3-H3-H3(22 bp), shared common methods. CENP-A nucleosomes
(PDB: 3AN2) and/or H3 nucleosomes (3LZ0) were manually fitted into each cryo-EM
maps using UCSF Chimera (69), positionally refined with rigid-body docking with colors,

by the aid of the SITUS program package. Distinctively, the H3-CENP-A-H3 sample
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involved the fitting of two copies of the H3 nucleosome (PDB: 3LZ0) and a single copy
of the CENP-A nucleosome (PDB: 3AN2) into the 20.8 A resolution cryo-EM map.
Conversely, for the H3-H3-H3 sample, three copies of the nucleosome (PDB: 3LZ0) were
fitted into the 12.4 A resolution cryo-EM map.

Additionally, linker DNA regions missing in the partial models were modeled as
double-stranded DNA, with gaps manually modeled by COOT through real-space
refinement and regularization. Human histones were used to replace the amino acid
sequence and coordinates of the crystal structure of the Xenopus laevis nucleosome

(PDB:3LZ0) (17).
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Fig. 6 Preparation of tri-nucleosomes by the ligation method

(A) Preparation of the DNA sequences for ligation. The DNA ends were processed by
Bgll, which can recognize the 5’-GCCNNNNNGGC-3’ sequence. The cohesive ends
were designed differently so that 601a can only be ligated to 601b, and 601c can only be
ligated to 601b. Note that 601a cannot be ligated to 601c. There are 2 kinds of 601b
sequences [601b (22 bp) and 601b (30 bp)], for preparing the tri-nucleosomes with linker
DNA 22 bp and 30 bp. (B) H3 or CENP-A mono-nucleosomes can be reconstituted by
using different histone octamers. (C) After ligation of different kinds of mono-

nucleosomes, different tri-nucleosomes can be obtained.
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Table 1 DNA sequences for preparing tri-nucleosomes by the ligation method

DNA

Sequence

601la DNA

AGGCACGTGTCAGATATATACATCGAT TGGATAGGCCC

601b DNA

(22 bp)

GGACGGCCTGGATAATCAGAATCCCGGTGCCGAGGCCGC
TCAATTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCA
CGTACGCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGAT
TACTCCCTAGTCTCCAGGCACGTGTCAGATATATACATCG
ATTGGATAGGCCCCAA

601b DNA

(30 bp)

GGACGGCCATCTATATTGGATAATCAGAATCCCGGTGCCG
TACATCGATTGGATATATATCTAGGCCCCAA

601c DNA

CGGCCTGGATAATCAGAATCCCGGTGCCGAGGCCGCTCA

Bgll recognition: GCC-GGC
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Table 2 Details of data collection and image processing of tri-nucleosomes prepared

by the ligation method

Tri-nucleosome H3-H3-H3 | H3-CA-H3 | H3-H3-H3 | H3-CA-H3 | CA-H3-CA

sample 22 bp 22 bp 30 bp 30 bp 30 bp
Cryo-EM Talos Arctica | Talos Arctica | Talos Arctica | Talos Arctica | Titan Krios
Camera Falcon3 Falcon2 Falcon3 Falcon3 Falcon3
Pixel size (A/pix) 1.40 1.40 1.40 1.40 1.39
Exposure time (sec) 2 1 2 2 2
Total dose (e/A?) 80 25 80 80 68
Micrographs (no.) 4,512 4,515 8,035 10,351 808

Particles for

118,395 92,674 109,525 63,365 39,060
2D class (no.)
Particles for
100,725 43,008 20,953 22,515
3D class (no.)
Particles in the
7,312 4,999 4,534 4,574
final map (no.)
Symmetry C2 C2 C2 Cl
Final resolution 123A 18.7 A 15.7A 19.6 A

H3-H3-H3: H3-H3-H3 tri-nucleosomes

H3-CA-H3: H3-CENP-A-H3 tri-nucleosomes
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2.4. Results
2.4.1. In vitro reconstitution and purification of mono-nucleosomes (22 bp)

In order to prepare tri-nucleosomes by the ligation method, mono-nucleosomes were
first prepared. Specifically, different combinations of 601a, 601b, or 601c DNAs with
either H3 or CENP-A histone octamers were used to create the 60la H3 mono-
nucleosome, the 601b H3 mono-nucleosome, the 601b CENP-A mono-nucleosome, and
the 60lc H3 mono-nucleosome (Fig. 7A). The qualities of the purified mono-
nucleosomes were confirmed by SDS-PAGE and non-denaturing PAGE (Fig. 7B&C).

The SDS-PAGE results displayed 4 distinct histone bands for each nucleosome type:
H2A-H2B-H3-H4 for H3 nucleosomes and H2A-H2B-CENP-A-H4 for CENP-A
nucleosomes (Fig. 7B). Crucially, these bands exhibited equal intensities, indicating a
balanced representation of each histone component in their respective nucleosome types.

The non-denaturing PAGE showed only 1 band for each nucleosome sample,
indicating they have been highly purified (Fig. 7C). Collectively, these results show that

the mono-nucleosomes have been prepared successfully.

2.4.2. Preparation of the H3-CENP-A-H3 and H3-H3-H3 tri-nucleosomes (22 bp)
After preparing the mono-nucleosomes successfully, they were ligated and purified
to form the H3-H3-H3 or H3-CENP-A-H3 tri-nucleosomes with 22 bp of linker DNAs
(Fig. 7D). The qualities of the purified tri-nucleosomes were confirmed by SDS-PAGE
and non-denaturing PAGE (Fig. 7TE&F).
In the SDS-PAGE analysis, the H3-H3-H3 22 bp tri-nucleosome displayed bands of
H2A, H2B, H3, and H4, each with equivalent intensities, which was the anticipated

outcome (Fig. 7E). Meanwhile, for the H3-CENP-A-H3 22 bp tri-nucleosome, five
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distinct bands were observed, corresponding to H2A, H2B, H3, CENP-A, and H4 (Fig.
7E). Notably, the intensity of the CENP-A band was slightly less than that of the H3 band,
indicating a lower quantity of CENP-A compared to H3 in the sample, consistent with the
expected ratio in the H3-CENP-A-H3 trinucleosome.

The non-denaturing PAGE analysis revealed a single band for each nucleosome
sample, indicating high purity and the absence of mono- or di-nucleosomes (Fig. 7F).
Collectively, these results confirm the successful preparation of the H3-CENP-A-H3 bp

tri-nucleosome and H3-H3-H3 22 bp tri-nucleosome.

2.4.3. Cryo-EM analysis of the H3-CENP-A-H3 and H3-H3-H3 tri-nucleosomes (22
bp)

The purified H3-CENP-A-H3 tri-nucleosomes and H3-H3-H3 with 22 bp linker
DNAs were then observed with a Titan Krios cryo-EM equipped with a Volta phase plate.
Through the obtained micrographs, a noticeable stacking of side-positioned nucleosomes
in the tri-nucleosome was observed upon the addition of 1 mM Mg?* (Fig. 8, compare B
to C and E to F). This stacking stabilized the overall structure of the tri-nucleosomes,
leading to the decision to conduct structural analysis in the presence of 1 mM Mg?*. Data
collections of the two tri-nucleosome types, H3-CENP-A-H3 22 bp and H3-H3-H3 22 bp
were conducted using a Talos Arctica cryo-EM.

After data collection, single particle analyses of the 2 kinds of tri-nucleosomes were
conducted by using RELION. Surprisingly, the 2D classification results led to the
discovery of two distinct linker DNA path conformations in the tri-nucleosomes (Fig. 9).
The first conformation, or the "outward-path" conformation, is characterized by linker

DNAs joining to the outer side of the stacked nucleosomes (Fig. 9A, B, and D). On the
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other hand, the second conformation, termed the "inward-path" conformation, displayed
linker DNASs joining to the inner side of the stacked nucleosomes (Fig. 9E).

In the 2D classification result of the H3-CENP-A-H3 22 bp tri-nucleosome, only the
outward-path can be observed (Fig. 9C). However, in the outward-path conformation, 2
subtypes exist, which can be distinguished by the orientation of the center-positioned
CENP-A nucleosome (Fig. 9A&B). On the other hand, in the 2D classification result of
the H3-H3-H3 22 bp tri-nucleosome, both the outer-path and inner-path conformations
are present (Fig. 9F). A closer inspection in Fig. 9F shows that 2 subtypes of the outward-
path conformation may exist, similar to the case of the H3-CENP-A-H3 22 bp tri-

nucleosome.

2.44. Cryo-EM structures of the H3-CENP-A-H3 and H3-H3-H3 tri-nucleosomes
(22 bp)

To further characterize the two different conformations, the 3D cryo-EM maps of the
tri-nucleosomes were reconstructed (Fig. 10). More details of the cryo-EM maps can be
found in Fig. 14. In the case of the H3-CENP-A-H3 22 bp tri-nucleosome, although 2
subtypes of the outward-path were observed in the result of 2D classification (Fig. 9A&B),
only the cryo-EM map corresponding to the class seen in Fig. 9A was obtained (Fig. 10A).
In this structure, the orientation of the center positioned CENP-A nucleosome is
perpendicular to the orientation of the stacked H3 nucleosomes at the bottom.

On the other hand, in the case of the H3-H3-H3 22 bp tri-nucleosome, although both
the outward-path and inward-path conformation were observed in the result of 2D
classification (Fig. 9D&E), only the cryo-EM map corresponding to the outward

conformation (Fig. 9D) was obtained (Fig. 10B) for comparison with the H3-CENP-A-

40



H3 22 bp tri-nucleosome structure. In this structure, the orientation of the center
positioned H3 nucleosome is parallel to the orientation of the stacked H3 nucleosomes at
the bottom.

Upon comparing the cryo-EM structures of the H3-CENP-A-H3 and H3-H3-H3 tri-
nucleosomes with 22 base-pair linker DNAs, differences in the orientation of the center-
positioned nucleosomes were noted (Fig. 10). The H3-CENP-A-H3 22 bp tri-nucleosome
structure was found to be less twisted than the H3-H3-H3 22 bp tri-nucleosome. This led
to the suggestion that the flexible DNA ends of the CENP-A nucleosome could potentially
restrict its capability to twist adjacent nucleosomes within the tri-nucleosome structure.

To further investigate this hypothesis, I next decided to obtain the cryo-EM structure

of tri-nucleosomes with extended linker DNA lengths (30 bp on each side).
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Fig. 7 Preparation of the tri-nucleosomes with 22 bp linker DNAs

(A) Schematic representation of the mono-nucleosomes. (B) The purified mono-
nucleosomes were analyzed by SDS-PAGE and stained by CBB, visualizing protein
bands. (C) The purified mono-nucleosomes were analyzed by non-denaturing PAGE and
stained by EtBr, visualizing DNA bands. (D) Schematic representation of the tri-
nucleosomes. (E) The purified tri-nucleosomes with 22 bp linker DNAs were analyzed
by SDS-PAGE and stained by CBB, visualizing protein bands. (F) The purified tri-
nucleosomes with 22 bp linker DNAs were analyzed by non-denaturing PAGE and

stained by EtBr, visualizing DNA bands.

43



H3-H3-H3

ID

H3-CENP-A-H3

w

+2

B nww o

L

PN W |

44



Fig. 8 Observation of the tri-nucleosomes with 22 bp linker DNAs in the absence and
presence of Mg?*

Smaller boxes of on the bottom of each micrograph show magnified particles in the
micrograph. The side-positioned nucleosomes are indicated by red arrowheads. (A&D)
Schematic representation of the H3-CENP-A-H3 22 bp tri-nucleosome (A) and H3-H3-
H3 22 bp tri-nucleosome (D). (B&E) Micrographs of samples observed in the absence of

Mg?*. (C&F) Micrographs of samples observed in the presence of ImM Mg?".
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Fig. 9 2D classification results of tri-nucleosomes with 22 bp linker DNAs

Two different linker DNA conformations can be observed. The ‘“outward-path”
conformation, featuring linker DNAs that are joined to the outer side of the stacked
nucleosomes at the bottom, is shown in yellow. On the other hand, the “inward-path”
conformation, featuring linker DNAs that are joined to the inner side of the stacked
nucleosomes at the bottom, is shown in purple. (A-C) 2D classification result of the H3-
CENP-A-H3 22 bp tri-nucleosome. Squared boxes in (C) indicate the classes that are
cropped out and shown in (A) and (B). (D-F) 2D classification result of the H3-H3-H3
22 bp tri-nucleosomes. Squared boxes in (F) indicate the classes that are cropped out and

shown in (D) and (E).
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Fig. 10 Cryo-EM structures of tri-nucleosomes with 22 bp linker DNAs

The corresponding models are fitted into the cryo-EM map. The scale bar is 50 A. (A)
The cryo-EM map of the H3-CENP-A-H3 22 bp tri-nucleosome, with a final resolution
of 18.7 A. (B) The cryo-EM map of the H3-H3-H3 22 bp tri-nucleosome, with a final

resolution of 12.3A.
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2.4.5. Preparation of the H3-CENP-A-H3 and H3-H3-H3 tri-nucleosomes (30 bp)

The ligation method has been proved to work from the previous analysis on tri-
nucleosomes with 22 bp linker DNAs. We therefore extended the DNA fragment of 601b,
so that after ligation the tri-nucleosomes will have linker DNAs of 30 bp (Table 1). The
mono-nucleosomes and tri-nucleosomes were subsequently prepared similarly (Fig. 11A).
The qualities of the purified tri-nucleosomes were confirmed by SDS-PAGE and non-
denaturing PAGE (Fig. 11E&F).

The SDS-PAGE analysis affirmed the successful preparation of both the H3-H3-H3
and H3-CENP-A-H3 tri-nucleosomes with 30 bp linker DNAs. While the former
exhibited even intensities across bands for H2A, H2B, H3, and H4 (Fig. 11E), the latter
showed an additional CENP-A band with a slightly weaker intensity than the H3 band,
suggesting a lesser amount of CENP-A in line with theoretical expectations (Fig. 11E).
Furthermore, the absence of mono- or di-nucleosomes was confirmed through non-
denaturing PAGE analysis, which demonstrated a single band for each sample, indicating
high sample purity (Fig. 11F). Collectively, these results indicate that the H3-H3-H3 and
H3-CENP-A-H3 tri-nucleosomes with 30 bp linker DNAs have been prepared

successfully.

2.4.6. Cryo-EM analysis of the H3-CENP-A-H3 and H3-H3-H3 tri-nucleosomes (30
bp)

Data collections and single particle analyses of the H3-CENP-A-H3 30 bp tri-

nucleosome and H3-H3-H3 30 bp tri-nucleosome were conducted similarly to the tri-

nucleosomes with 22 bp linker DNAs. From the result of 2D classification, both the

outward-path conformation and the inward-path conformation can be observed in the H3-
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CENP-A-H3 30 bp tri-nucleosome (Fig. 12A-C), while only the inward-path
conformation is observed in the H3-H3-H3 30 bp tri-nucleosome (Fig. 12D&E).

This is different from the 2D classification results of the tri-nucleosomes with 22 bp
linker DNAs. In the case of H3-CENP-A-H3 tri-nucleosome, only the outward-path
conformation is present when linker DNA is short (Fig. 9A&B), but the inward-path
conformation emerged upon the extension of the linker DNA (Fig. 12A&B). On the other
hand, in the case of H3-H3-H3 tri-nucleosome, both conformations are present when the
linker DNA is short (Fig. 9D&E), but only the inward-path conformation remained when

the linker DNA is extended (Fig. 12D).

2.4.7. Cryo-EM structures of the H3-CENP-A-H3 and H3-H3-H3 tri-nucleosomes
(30 bp)

Next, the cryo-EM structures for the H3-CENP-A-H3 and H3-H3-H3 tri-
nucleosomes with 30 bp were obtained (Fig. 13). More details of the cryo-EM maps can
be found in Fig. 14. Only the outward-path conformation structure was obtained for the
H3-CENP-A-H3 30 bp tri-nucleosome (Fig. 13A), although both conformations are
present in the 2D classification result (Fig. 12A&B). This structure is essentially similar
to the structure of the H3-CENP-A-H3 22 bp tri-nucleosome in Fig. 10A, only with the
linker DNA extended.

For comparison, the inward-path conformation structure of the H3-H3-H3 30 bp tri-
nucleosome was obtained (Fig. 13B), making it the only 3D cryo-EM map of the inward-
path conformation obtained in this study. The cryo-EM map showed that the orientation
of the center-positioned H3 nucleosome is perpendicular to the stacked H3 nucleosomes

at the bottom.

51



[s2] (s2]
z z
H3-H3-H3 < <
™ 0 SeRNa
30 bp 30 bp % 2 Tz
N / T O o
QD o [s2INp)
I T I I
- | tri-
H3-CENP-A-H3 nucleosomes
30 bp 30 bp r cﬁng-A
\ / —— { HZ%\
— e — H4

Fig. 11 Preparation of the tri-nucleosomes with 30 bp linker DNAs

(A) Schematic representation of the tri-nucleosomes with 30 bp linker DNAs. (B) The
purified tri-nucleosomes with 30 bp linker DNAs were analyzed by SDS-PAGE and
stained by CBB, visualizing protein bands. (C) The purified tri-nucleosomes with 30 bp
linker DNAs were analyzed by non-denaturing PAGE and stained by EtBr, visualizing

DNA bands.
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Fig. 12 2D classification results of H3-H3-H3 and H3-CENP-A-H3 tri-nucleosome
(30 bp)

Two different linker DNA conformations can be observed. The “outward-path”
conformation is shown in yellow, while the “inward-path” conformation is shown in
purple. (A-C) 2D classification result of the H3-CENP-A-H3 30 bp tri-nucleosome.
Squared boxes in (C) indicate the classes that are cropped out and shown in (A) and (B).
(D&E) 2D classification result of the H3-H3-H3 30 bp tri-nucleosomes. Squared boxes

in (E) indicate the classes that are cropped out and shown in (D).
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Fig. 13 Cryo-EM structures of the tri-nucleosomes with 30 bp linker DNAs

Crystal structures of the H3 nucleosome (PDB:3LZ0) and the CENP-A nucleosome
(3AN2) were placed into the corresponding positions. (A) The cryo-EM map of the H3-
CENP-A-H3 30 bp tri-nucleosome. (B) The cryo-EM map of the H3-H3-H3 30 bp tri-

nucleosome.

56



H3-CENP-A-H3 H3-H3-H3 H3-CENP-A-H3 H3-H3-H3
30 bp 30 bp 30 bp 30 bp

H3-CA-H3 22 bp —
H3-H3-H3 22 bp —
08 H3-CA-H330bp — |
H3-H3-H3 30 bp —
0.6 +
O
o 0.5 +
0.4
0.2 +
0.143
0t
0 0.05 0.1 0.15

Resolution (1/A)

57



Fig. 14 Euler angle distribution maps, local resolutions, and Fourier Shell
Correlation (FSC) curves of the tri-nucleosomes

(A-D) Euler angle distribution maps of the H3-CENP-A-H3 22 bp tri-nucleosomes (A),
H3-H3-H3 22 bp tri-nucleosomes (B), H3-CENP-A-H3 30 bp tri-nucleosomes (C), and
H3-H3-H3 30 bp tri-nucleosomes (D). (E-H) Local resolutions of the H3-CENP-A-H3
22 bp tri-nucleosomes (E), H3-H3-H3 22 bp tri-nucleosomes (F), H3-CENP-A-H3 30 bp
tri-nucleosomes (G), and H3-H3-H3 30 bp tri-nucleosomes (H). (I) FSC curves of the tri-

nucleosomes. H3-CA-H3: H3-CENP-A-H3.
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2.4.8. Preparation of the CENP-A-H3-CENP-A tri-nucleosome (30 bp)

The previous results of the H3-CENP-A-H3 and H3-H3-H3 tri-nucleosomes with 22
bp and 30 bp linker DNAs suggest that the center-positioned CENP-A nucleosome might
influence the overall structure of the tri-nucleosome. I next decided to investigate if the
position of the CENP-A nucleosome is important for the determination of the tri-
nucleosome structure. To do so, I prepared the CENP-A-H3-CENP-A tri-nucleosome
with 30 bp linker DNAs and performed cryo-EM analysis. If the center-positioned
nucleosome type, and not the side-positioned nucleosome, is critical for determining the
linker DNA conformation of the tri-nucleosome, then the CENP-A-H3-CENP-A 30 bp
tri-nucleosome should have a similar linker DNA conformation as the H3-H3-H3 30 bp
tri-nucleosome, or the inward-path conformation.

The CENP-A-H3-CENP-A 30 bp tri-nucleosome was prepared by reconstituting
side-positioned mono-nucleosomes with the CENP-A histone octamer, and center-
positioned H3 nucleosome with the H3 histone octamer (Fig. 15A). These were then

ligated to from the CENP-A-H3-CENP-A 30 bp tri-nucleosome.

2.4.9. Cryo-EM analysis of the CENP-A-H3-CENP-A tri-nucleosome (30 bp)
Difterent from the previous cryo-EM analyses on H3-CENP-A-H3 or H3-H3-H3 tri-
nucleosomes, the cryo-EM analysis of the CENP-A-H3-CENP-A was conducted by Titan
Krios. The stacking of the side-positioned CENP-A nucleosomes can be observed in the
presence of Mg?* (Fig. 16B). This suggests that both H3 and CENP-A nucleosomes have
the capacity to stack, which is a plausible observation given that nucleosome stacking is
prompted by the interaction between the H4 tail of one nucleosome and the acidic patch

of another. This interaction should remain unaffected by a change from H3 to CENP-A.
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Subsequent data collection was conducted in the presence of Mg?*.

From the result of 2D classification, only classes with the inward-path conformation
were observed (Fig. 16C&D). This result is similar to that of the H3-H3-H3 tri-
nucleosome with 30 bp of linker DNAs (Fig. 12D&E), indicating that the type of
nucleosome positioned at the center plays a crucial role in determining the DNA path of
the tri-nucleosome. If the center-positioned nucleosome is an H3 nucleosome, then the
tri-nucleosome may favor the inward-path conformation. Alternatively, if the center-
positioned nucleosome is an H3 nucleosome, then the tri-nucleosome may favor the

outward-path conformation.
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Fig. 15 Preparation of the CENP-A-H3-CENP-A tri-nucleosome (30 bp)

(A) Schematic representation of the mono-nucleosomes. (B) Schematic representation of
the tri-nucleosome after ligation. (C) The purified mono-nucleosomes and tri-nucleosome
were analyzed by SDS-PAGE and stained by CBB, visualizing protein bands. (D) The
purified mono-nucleosomes and tri-nucleosome were analyzed by non-denaturing PAGE

and stained by EtBr, visualizing DNA bands.
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Fig. 16 Cryo-EM Analysis of CENP-A-H3-CENP-A 30 bp

(A) Schematic representation of the CENP-A-H3-CENP-A tri-nucleosome with 30 bp of
linker DNAs. (B) Micrographs of samples observed in the presence of 1mM Mg?*,
Smaller boxes of on the right of the micrograph show magnified particles in the
micrograph. The side-positioned nucleosomes are indicated by red arrowheads. (C)
Representative classes of the CENP-A-H3-CENP-A tri-nucleosome with 30 bp of linker
DNAs. (D) 2D classification results of the CENP-A-H3-CENP-A tri-nucleosome with 30

bp of linker DNAs. Squared boxes indicate the classes that are cropped out and shown in

(©).
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2.4.10. Poly-nucleosome models for centromeric and non-centromeric chromatin

Based on the obtained tri-nucleosome structures, poly-nucleosome models of the
centromeric chromatin and non-centromeric chromatin were created (Fig. 17). This was
accomplished by aligning the side-positioned nucleosomes, or the side and center-
positioned nucleosomes, in the tri-nucleosome cryo-EM maps to form nucleosome arrays
with 16 nucleosomes. For the non-centromeric chromatin model, only H3-H3-H3 tri-
nucleosomes were used for generating the model, which consists of 16 H3 nucleosomes
(Fig. 17A). On the other hand, in the centromeric chromatin model, one H3-H3-H3 tri-
nucleosome was substituted for one H3-CENP-A-H3 tri-nucleosome, resulting in 1
CENP-A nucleosome and 15 H3 nucleosomes (Fig. 17B).

In the non-centromeric chromatin model, it could be seen that the chromatin fiber is
properly aligned and condensed. In this model, the H3 nucleosomes are close to each
other, making the nucleosome disc surface seemingly inaccessible to other factors (Fig.
17A).

On the other hand, in the centromeric chromatin model, it could be seen that the
incorporation of the H3-CENP-H3 tri-nucleosome disrupts the alignment of the poly-
nucleosome array (Fig. 17B). Notably, the CENP-A nucleosome is exposed from the
surrounding H3 nucleosomes. In this form, the nucleosomal disc surface of the CENP-A
nucleosome may be accessible to and be recognized by other proteins, such as CENP-C
and CENP-N. In conclusion, this model provides an explanation on how the flexible DNA
ends of the CENP-A nucleosome may influence centromeric chromatin, leading to the
increased accessibility of the CENP-A nucleosome and ultimately contributing to

kinetochore formation.
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H3-CENP-A-H3

Fig. 17 Poly-nucleosome models of non-centromeric and centromeric chromatin

The assembly orders of the nucleosomes are indicated by numbers in the top view. (A)
Poly-nucleosome model composed of 16 H3 nucleosomes with 22 bp linker DNAs. The
model was generated by the H3-H3-H3 22 bp structure in Fig. 10B. (B) Poly-nucleosome
model composed of 15 H3 nucleosomes and 1 CENP-A nucleosome with 22 bp linker
DNAs. The CENP-A nucleosome is colored in red. The model was generated by the H3-

H3-H3 22 bp and H3-CENP-A-H3 22 bp structures in Fig. 10.
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2.5. Discussion

Here, I summarize the previous findings on the structures of the tri-nucleosome with
22 bp or 30 bp of linker DNAs. Two kinds of linker DNA conformations were observed,
namely the outward-path conformation and the inward-path conformation. The two
conformations can be distinguished by which side of the stacked nucleosome the linker
DNAs are connected to.

When the linker DNA is 22 bp, which correspond to the linker DNA length found in
human, the tri-nucleosome with a center-positioned CENP-A nucleosome (H3-CENP-A-
H3 22 bp) only formed the outward-path conformation. This result was different form the
H3-H3-H3 22 bp tri-nucleosome, which formed both inward-path and outward-path
conformation. Furthermore, the obtained cryo-EM map of the H3-CENP-A-H3 22 bp tri-
nucleosome showed that the orientation of the center-positioned CENP-A nucleosome is
perpendicular to the stacked H3 nucleosome located at the side, which was different from
the H3-H3-H3 22 bp tri-nucleosome. This may have an essential meaning for centromeric
higher-order chromatin structure, which will be discussed in detail in the next section
(section 2.5.2). When the linker DNA is extended from 22 bp to 30 bp, the tri-
nucleosome with a center-positioned CENP-A (H3-CENP-A-H3 30 bp) changed from
only exhibiting the inward-path conformation to both the inward-path and outward-path
conformation.

Taken together, these results suggest that the inward-path conformation may be
favorable by the stacked tri-nucleosome when the linker DNA is long (>=30 bp).
Alternatively, the outward-path conformation may be favorable when the linker DNA
length is short (<=22 bp). Additionally, tri-nucleosomes with a center positioned CENP-

A nucleosome seem to favor the outward-path conformation, because the outward-path

67



conformation remained even after extending the linker DNA to 30 bp. This suggests that
the CENP-A nucleosome may alter the chromatin higher-order structures in centromeres.
This also suggests that the linker DNA length is also an important factor for determining
the higher-order chromatin structure. Resultingly, the length of the repetitive DNA found
in the centromere may also play a key role in shaping the functional structure of
centromeric chromatin, which may be meaningful to kinetochore formation.
Intriguingly, the tri-nucleosome with 30 bp linker DNA and side-positioned CENP-
A nucleosomes (CENP-A-H3-CENP-A 30 bp) displayed only the inward-path
conformation, which was different from the result form H3-CENP-A-H3 tri-nucleosome
with the same linker DNA length. This suggests that the proper positioning and spacing
of the CENP-A nucleosome in the centromeric chromatin may also be critical for
determining the centromeric chromatin structure. Therefore, in further studies, it is
important to elucidate how the CENP-A nucleosomes are distributed in the centromeric

chromatin to ensure the proper formation of chromatin structure.
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Chapter 3: Structural Analysis of the Mono-Methyltransferase

SETS in Complex with the Nucleosome

3.1. Introduction
3.1.1. The H4K20mel mark and the mono-methyltransferase SET8 (Pr-
SET7/KMT5A)

The H4K20 residue has 3 methylation states (mono-, di-, tri-), of which the mono-
methylation mark (H4K20mel) is introduced by the mono-methyltransferase SET8 (also
named Pr-SET7/KMT5A) (Fig. 18A) (70-74). The H4K20me2/3 marks are introduced
by the methyltransferases SUV420H1/2, using H4K20mel as a substrate (75,76).
Therefore, if the H4K20mel mark is abolished, it may also lead to the disruption of the
H4K20me2/3 marks. Indeed, the SET8 knockout in mice results in embryonic lethality
(77). Further investigation showed that in embryonic cells, lack of catalytic active SETS
caused a growth arrest due to increased amounts of DNA damage and problems in cell
cycle progression (77). Other reported effects of SET8 loss include the decondensation
of large-scale chromatin and defects in DNA replication (Fig. 18B) (70,77). Additionally,
it has also been reported that SET8 can methylate p53 (70,72,78).

The amount of SET8 and H4K20me1 fluctuates during the cell cycle (Fig. 18C) (70—
72). The protein level of SETS is highest during G2/M and early G1, while being absent
in S phase. As a result, H4K20mel levels show a similar oscillation. This proper levels
of SET8 and H4K20mel are important for the proper progression of the cell cycle.

SETS is protein that contains a SET domain near the C terminal (Fig. 18D). The
crystal structural of the SET domain of SET8 bound to the histone H4 peptide has been

reported (Fig. 18E) (79,80). It has been reported that SET8 can mono-methylate the
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nucleosomal H4 more efficiently than H4 alone (74). Therefore, it is possible that SET8
may also interact with sites other than the H4K20 residue in the nucleosome, such as the
nucleosomal DNA and/or the acidic patch. However, the structural basis of nucleosomal
H4K20 mono-methylation by SETS8 has not been reported. As a result, the nucleosome

sites interacting with SETS8 remains unknown.

3.1.2. The H4K20mel mark in centromeric chromatin

H4K20mel of the CENP-A nucleosome in centromeric chromatin is essential for
kinetochore assembly (55). From the results of ChIP-seq analysis and
immunofluorescence analysis, it was shown that the H4K20mel mark can be found in
centromeric chromatin of chicken DT40 cells and human HeLa cells. Depletion of the
H4K20mel mark in centromeric chromatin led to a defect in kinetochore assembly.
Additionally, further investigation showed that the mark was primarily installed in the H4
of CENP-A nucleosomes rather than the H4 of H3 nucleosomes.

Interestingly, it has been reported that the SET8 can mono-methylate the H4K20
residue in CENP-A nucleosomes with higher efficiency than the H4K20 residue in H3
nucleosomes in vitro (81). This has been accounted for the different orientations of the
H4 tails found in the CENP-A nucleosome and the H3 nucleosome. Because the structural
basis of the H4K20 mono-methylation by SET8 has not been reported, how the difference

in H4 tail orientations affect the efficiency of H4H20me1 installation remains unclear.
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Fig. 18 The methyltransferase SETS8

(A) H4K20 has three methylation states. (B) SETS8 is involved in several biological events.
(C) The amount of SETS8 fluctuates throughout the cell cycle. Pro: prophase. Meta:
metaphase. Ana: anaphase. Telo: telophase. (D) The domain structure of SET8. (E) The

crystal structure of the SET domain of SET8 and the H4 peptide (PDB: 1ZKK).
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3.2. Research Aims

The mono-methylation of H4K20 (H4K20mel), a modification primarily observed
in CENP-A nucleosomes within centromeric chromatin, is involved in the functionality
of the centromere. This investigation aims to elucidate why CENP-A nucleosomes are
subjected to mono-methylation more efficiently than H3 nucleosomes, evaluated from a
structural point of view. A comprehensive understanding of this phenomenon could
provide a direct link between the structural properties of the CENP-A nucleosome and its
biological function within centromeric chromatin.

Moreover, this research aims to identify potential interaction sites between SET8 and
the nucleosome, extending beyond the established interaction with H4K20. To this end,
the present study determined the cryo-EM structures of the SET8-CENP-A nucleosome
complex and the SET8-H3 nucleosome complex. The derived cryo-EM structures yield

critical insights into the previously outlined questions.
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3.3. Methods
3.3.1. Purification of full length human SETS8 and SET8 R188A R192A

In this study, human SET8 (KMTS5A Isoform 2; Uniprot ID: Q9NQR1-2) was used.
For the expression of the protein, the coding region of SET8 was inserted into a modified
pET15b vector. This modified pET15 vector contained a Hiss-tag and a PreScission
Protease recognition sequence instead of the original thrombin recognition sequence.

The purification process was conducted similarly to a previously described method
(81). E. coli BL21(DE3) was induced with isopropyl B-D-1-thiogalactopyranoside
(IPTG) to overexpress human SET8. After sonication of the cells, they were centrifuged,
and the supernatant containing Hiss-tagged SETS8 was collected. Subsequently, Ni-NTA
affinity chromatography was employed to purify the Hise-tagged SETS. The
concentration of the purified Hiss-tagged SET8 was determined using the Bradford
method. PreScission protease (4 U/mg) was added to the sample, which was subsequently
dialyzed against Mono S wash buffer comprising 50 mM Tris-HCI (pH 7.5), 100 mM
NaCl, 10% glycerol, and 2 mM 2-mercaptoethanol. Centrifugation was performed to
remove precipitates. Hisg-tag removal was confirmed by SDS-PAGE analysis, before
further purification using Mono S cation exchange chromatography with Mono S elution
buffer consisting of 50 mM Tris-HCI (pH 7.5), 600 mM NacCl, 10% glycerol, and 2 mM
2-mercaptoethanol. Finally, HiLoad 16/600 Superdex 200 pg (GE Healthcare) gel
filtration chromatography was employed for the final purification step of SETS. The gel
filtration chromatography was performed in a buffer containing 20 mM Tris-HCI (pH
7.5), 100 mM KCl, 0.2 mM EDTA, 10% glycerol, and 1 mM DTT. The purified SET8
was stored at -80°C before use.

Additionally, SET8 R188A R192A plasmid was generated using PCR site-directed
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mutagenesis, and the expression and purification process for SET8 R188A R192A was

conducted following a similar procedure.

3.3.2. Purification of human histones and histone mutants

In accordance with previous methods (63), human core histones H2A, H2B, H3, H4,
H2A E56T/E61T/E64T/D90S/E91T/E92T (H2A acidic patch mutant, H2AAP™), and H2B
E105T/E113T (H2B acid path mutant, H2BAP™) were prepared. First, N-terminally Hise-
tagged H2A, H2B, H3, H4, H2AAPM_ and H2BAPM were expressed in Escherichia coli
cells and lysed. Then, the insoluble fraction was collected and denatured using a buffer
which contained 50 mM Tris-HCI (pH 8.0), 7 M guanidine-HCI, 500 mM NaCl, and 5%
glycerol. Next, under denaturing conditions, the Hiss-tagged histones were purified by
Ni-NTA agarose chromatography (QIAGEN). Thrombin protease was applied to remove
the Hise-tags. After removal of the Hise-tags, the histones were further purified using
Mono S column chromatography (GE Healthcare). At last, the histones were dialyzed

against water, before being freeze-dried. Histone powders were stored at 4°C before use.

3.3.3. [Invitro reconstitution and purification of the histone octamers

In this project, 3 kinds of histone octamers were used, namely the H2A-H2B-H3-H4
octamer (H3 octamer), the H2AAPM-H2BAPM-H3-H4 octamer (APM octamer), and the
H2A-H2B-CENP-A-H4 (CENP-A octamer).

The H3 octamer and the APM octamer were prepared similarly, by the following
procedure. First, the 4 kinds of required freeze-dried histones (H2A, H2B, H3, and H4
for the H3 octamer; H2AAPM, H2BAPM H3, and H4 for the APM octamer) were mixed at

a 1:1:1:1 stoichiometry. The mixed powders were then denatured in a buffer containing
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20 mM Tris-HCI buffer (pH 7.5), 7 M guanidine-HCl, and 2 mM 2-mercaptoethanol.
Following denaturation, the mixture was dialyzed against a buffer consisting of 10 mM
Tris-HCI (pH 7.5), 2 M NaCl, 1 mM EDTA, and 5 mM 2-mercaptoethanol, for refolding.
Lastly, HiLoad 16/600 Superdex 200 pg (GE Healthcare) column chromatography was
applied for the purification of the histone octamer. The purified histone octamers were
stored at -80°C before use.

The CENP-A octamer was also prepared by a similar procedure, by using the freeze-
dried H2A, H2B, CENP-A, and H4. However, the composition of the denaturation buffer
was different, and consisted of 20 mM Tris-HCI buffer (pH 7.5), containing 7 M

guanidine-HCl and 20 mM 2-mercaptoethanol.

3.3.4. Invitro reconstitution and purification of the nucleosomes

The salt dialysis method was utilized to reconstitute the H3 nucleosome, the CENP-
A nucleosome, and the acidic patch mutant nucleosome (nucA™). This process involved
the use of the 145-base pair Widom 601 DNA and the H3 octamer, the CENP-A octamer,
or the APM octamer (82).

Following the dialysis, a Prep Cell Model 491 apparatus (Bio-Rad) was employed to
purify the nucleosomes, using a native polyacrylamide gel. An elution buffer that contains

20 mM Tris-HC1 with a pH of 7.5 and 1 mM dithiothreitol was used in the process.

3.3.5. EMSA of wild-type SETS8 and nucleosomes
The purified H3 nucleosome (0.52 uM) or the purified CENP-A nucleosome (0.52
pM) was mixed with SET8 (0.26, 0.52, 0.78, 1.0, 1.3 uM) in 10 pl of reaction solution.

The reaction solution was composed of 10 mM HEPES-KOH (pH 7.8), 18 mM Tris-HCl
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(pH 7.5), 50 mM NaCl, 50 mM KCI, 0.10 mM EDTA, 5% glycerol, 0.5 mM DTT, and
0.10 mM S-adenosyl-Lhomocysteine. The mixed sample was incubated at 25°C for 30

minutes and analyzed by 6% native polyacrylamide gel (0.2 TBE).

3.3.6. Purification of the SET8-nucleosome complexes by the GraFix method

To prepare the SET8-H3 nucleosome sample, SET8 (1.0 uM) and the H3 nucleosome
(0.52 uM) was mixed in 1 ml of reaction solution, which contained 10 mM HEPES-KOH
(pH 7.8), 18 mM Tris-HCI (pH 7.5), 50 mM NacCl, 50 mM KCI, 0.10 mM EDTA, 5%
glycerol, 0.5 mM DTT, and 0.10 mM S-adenosyl-Lhomocysteine. To be precise, reaction
solution that contained the nucleosome received four separate additions of SETS. After
each SETS8 addition, the sample mixture was incubated in a water bath at 25°C for 5
minutes. Following the completion of the SET8 addition, the sample mixture was
incubated at 25 °C in a water bath for 15 min.

The SET8-CENP-A nucleosome sample was also prepared similarly, except that the
concentrations of SET8 was different. SET8 (0.94 uM) was mixed with CENP-A
nucleosome (0.52 uM) in this case.

Gradient Master (SKB) was used to prepare the gradient for the GraFix method. The
top buffer (light buffer) consists of 10 mM HEPES-NaOH (pH 7.5), 100 mM NaCl, 1
mM DTT, and 5% sucrose, while the bottom buffer (heavy buffer) consists of 10 mM
HEPES-NaOH (pH 7.5), 100 mM NaCl, 1 mM DTT, 20% sucrose, and 4%
paraformaldehyde. The two buffers were added to Ultra-Clear Centrifuge Tubes (344058;
Beckman Coulter) and the short cap was applied to close the tube. The SHORT Sucrose
5-20% (SW28) program was used to prepare the gradient, which was subsequently chilled

at 4°C for one hour.

77



1 ml of the gradient solution was taken from the top of the centrifuge tube, followed
by the application of the samples. Subsequently, the centrifuge tubes were put into a
SW32Ti swinging bucket rotor (Beckman Coulter) and centrifuged at 27,000 rpm at 4°C
for 16 hours. The sample fractions (1 ml each) were then taken from the surface of the
gradient solution after the centrifugation.

The fractions were run on a 6% native polyacrylamide gel (0.2 TBE) to decide the
fractions to be collected for following procedure. After collection of the required fractions,
the buffer was exchanged using chromatography on PD-10 columns (GE Healthcare).
The elution buffer was composed of 10 mM HEPES-NaOH (pH 7.5) and 2 mM TCEP

(pH 7.5). The samples were concentrated and kept at 4°C.

3.3.7. Cryo-EM sample preparation

Quantifoil R1.2/1.3 200-mesh Cu grids were first glow-discharged. Then, 2.5 pl of
the SET8-H3 nucleosome complex or the SET8-CENP-A nucleosome complex was
applied to the Quantifoil grid. Using a Vitrobot Mark IV (Thermo Fisher Scientific), the
grids were blotted for 5 or 6 seconds without waiting, with the bolt force set to 0, at 100%
humidity and 4°C. The grids were immediately plunged into liquid ethane to prevent the

formation of crystalline ice.

3.3.8. Cryo-EM data collection

Krios G3i cryo-TEM (Transmission Electron Microscope) (Thermo Fisher
Scientific) , running at 300 kV, was used to capture images of the SET8-H3 nucleosome
and SET8-CENP-A nucleosome complexes. 2,355 movies for the SET8-nucleosome

complex were captured using the EPU (Thermo Fisher Scientific) auto acquisition
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program with a 1.05 A pixel size. On a Falcon 3EC direct electron detector (Thermo
Fisher Scientific), digital micrographs were captured with 63 s exposure periods in the
electron counting mode, keeping a total of 51 frames with a total dosage of ~52
electron/A2,

On the other hand, for the SET8-CENP-A nucleosome, the SerialEM (83) auto
acquisition program was used to record 6,075 movies at a pixel size of 1.05 A. Digital
micrographs were captured with exposure times of 7 s on a K3 BioQuantum (Gatan)
direct electron detector in the electron counting mode, with a slit width of 25 eV, and the

retention of 40 frames with a total dose of ~60 electron/A2.

3.3.9. Image processing

For both the SET8-H3 nucleosome and the SET8-CENP-A nucleosome complexes,
all movies frames were adjusted using MOTIONCOR?2 (65) with dose weighting. The
contrast transfer function (CTF) estimation was conducted through CTFFIND4 (66),
which utilized micrographs with dose weighting. For subsequent image processing of
both complexes, RELION3.0 and RELION3.1 (84) were employed.

Particles with a box size of 180 x 180 pixels were picked semi-automatically. Junk
particles were then removed using 2D classification, followed by 3D classification. For
the initial model of the 3D classification of the SET8-H3 nucleosome complex, the crystal
structure of the NCP (3LZ0) with a lowpass-filter of 60 A, was used. As for the 3D
classification of the SET8-CENP-A nucleosome complex, the ab initio model generated
in RELION3.1 served as the initial model.

Following 3D classification for both complexes, particle polishing and several

rounds of CTF refinement were carried out. The refined 3D maps of the SET8-H3
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nucleosome and SET8-CENP-A nucleosome complexes had resolutions of 3.15 and 3.00
A, respectively, as estimated by the gold standard Fourier Shell Correlation (FSC) at an
FSC=10.143 (67).

To calculate the local resolutions of both complexes, RELION3.1 was used. The final
maps of both complexes were normalized with MAPMAN (68) and visualized using
UCSF Chimera (69) and UCSF ChimeraX (85). Further details regarding the processing

statistics for the two complexes can be found in Table 3.

3.3.10. Model building and refinement

Using rigid-body fitting in UCSF Chimera (69), the crystal structures of the H3
nucleosome (PDB: 3LZ0), SET8 (PDB: 1ZKK) without ligands, and the atomic model of
CENP-A from the CENP-A nucleosome (PDB: 6COW) were incorporated into the cryo-
EM maps of the SET8-H3 nucleosome and the SET8-CENP-A nucleosome complexes.
Using COOT (86), the models for both the SET8-H3 nucleosome and the SET8-CENP-
A nucleosome complexes were manually constructed. Using Phenix (87), the models
were subsequently subjected to real-space refinement. Further details regarding the

processing statistics for the two complexes can be found in Table 4.

3.3.11. Binding analysis of the mutant SET8 and the mutant H3 nucleosome

The purified H3 nucleosome or acidic patch mutant nucleosome (nuc*™) (0.52 pM)
was mixed with either SETS or its mutant SET8 DM (1.0 and 2.1 uM) in a 5.0 pl reaction
mixture. The reaction mixture contained 10 mM HEPES-KOH (pH 7.8), 16 mM Tris-HCI
(pH 7.5), 50 mM NacCl, 50 mM KClI, 0.12 mM EDTA, 5% glycerol, 0.5 mM DTT, 0.10

mM S-adenosyl-L-homocysteine, and 1.5 uM double-stranded DNA 50-mer, which
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served as competitor DNA. As a control, mixtures without nucleosomes were also
prepared. In these mixtures, the double-stranded 50-mer DNA (1.5 pM) were mixed with
SETS8 (2.1 and 4.2 uM) in a similar condition.

After incubating the samples at 25°C in a water bath for 30 minutes, they were
separated using 6% nondenaturing polyacrylamide gel electrophoresis with a running
buffer composed of 0.2x TBE. Finally, gels were stained with EtBr to visualize DNA.

Photos of the gels were imaged with an Amersham Imager 680 (GE Healthcare).

3.3.12. Methylation assay of the mutant SET8 and the mutant H3 nucleosome

The purified H3 nucleosome or acidic patch mutant nucleosome (nuc*™) (0.52 pM)
was mixed with SET8 or its mutant SET8 DM (0.15 uM) in a 5.0 pl reaction mixture.
This mixture contained 10 mM HEPES-KOH (pH 7.8), 10 mM Tris-HCI (pH 7.5), 50
mM NaCl, 20 mM KCI, 60 uM EDTA, 2% glycerol, 0.50 mM DTT, 80 uM S-
adenosylmethionine, and 1.5 uM of double-stranded DNA 50mer (acting as a competitor).
Following this process, the reaction solutions were incubated for either 1 or 3 minutes at
25°C. For the termination of the reaction, 5 pul of 4% SDS solution(0.10 mM Tris-HCI
(pH 6.8), 20% glycerol, and 0.2% bromophenol blue) was added. Subsequently, the
samples were heated at 95°C for 15 minutes before being fractionated by a 18% SDS-
PAGE.

Using a Trans-Blot SD Semi-Dry Transfer Cell (Bio-Rad), the proteins were then
transferred to an Amersham Hybond 0.2 pm polyvinylidene difluoride (PVDF)
membrane (GE Healthcare). For blocking the membrane, 5% skim milk powder dissolved
in phosphate-buffered saline with 0.05% Tween 20 (PBS-T) was applied (1 hour at room

temperature). After washing the membrane with PBS-T, it was incubated with primary
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antibodies (4°C overnight). The primary antibodies that were used were as following: the
mouse monoclonal antibody against monomethylated H4K20 (CMA421;
HayashiTakanaka et al, 2015) and the anti-H2B monoclonal antibody (53H3: Cell
Signaling). The anti-monomethylated H4K20 antibody was diluted using Can Get Signal
solution 1 (TOYOBO) to a final concentration of 1 pg/ml. The anti-H2B antibody was
diluted using Can Get Signal solution 1 (TOYOBO) 10,000-fold.

Following another PBS-T wash, the membrane was incubated with the secondary
antibody: mouse IgG HRP-linked F(ab’), fragment from sheep (NA9310: GE Healthcare),
at 4°C for 2 hours. The secondary antibody was diluted 10,000-fold with Can Get Signal
solution 2 (TOYOBO). After a final wash with PBS-T, Amersham ECL Prime Western
Blotting Detection Reagent (GE Healthcare) was applied to the membrane. Using an
Amersham Imager 680 (GE Healthcare), the blot's image was captured through

chemiluminescent detection.
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and the SET8-H3 nucleosome complex

Table 3 Data collection and reconstruction details of the SET8-CENP-A nucleosome

SETS8-CENP-A nucleosome

(EMD-30552)

SETS8-H3 nucleosome

(EMD-30551)

Data Collection

Electron microscope Krios G3i Krios G3i
Camera K3 Falcon3
Pixel size (A/pix) 1.05 1.05
Defocus range (um) 1.0-2.5 1.5-3.0
Exposure time (second) 7 63
Total dose (e/A2) 60 52
Movie frames (no.) 40 51
Total micrographs (no.) 6,075 2,355
Reconstruction
Software Relion 3.0 & 3.1 Relion 3.0 & 3.1
Particles for 2D classification 3,505,509 981,019
Particles for 3D classification 3,181,015 841,758
Particles in the final map (no.) 380,269 225,437
Symmetry Cl Cl
Final resolution (A) 3 3.15
FSC threshold 0.143 0.143
Map sharpening B factor (A2) -78.86 -25.87
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Table 4 Model building,

Ramachandran plot details of the SET8-CENP-A nucleosome and the SET8-H3

nucleosome complex

refinement, model composition, validation,

SETS8-CENP-A nucleosome

(EMD-30552)

SETS8-H3 nucleosome

(EMD-30551)

Model building
Software Coot Coot
Refinement
Software Phenix Phenix
Model composition
Protein 917 934
Nucleotide 272 290
Validation
MolProbity score 1.78 1.79
Clash score 9.82 8.78
R.m.s deviations
Bond lengths (A) 0.005 0.007
Bond angles (°) 0.68 0.717
Ramachandran plot
Favored (%) 96.11 95.41
Allowed (%) 3.89 4.59
Outluers (%) 0 0
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3.4. Results
3.4.1. Purification of the recombinant human SETS8

Full length human SET8 was expressed in E. coli and cells and purified as a
recombinant protein, as described in Section 3-3-1. Briefly, the cells were sonicated, and
SET8 was purified by combining Ni-NTA affinity chromatography, Mono S cation
exchange chromatography, and HilLoad 16/600 Superdex 200 pg gel filtration

chromatography. The quality of the purified SETS is confirmed by SDS-PAGE (Fig. 19A).

3.4.2. Purification of the CENP-A nucleosome and the H3 nucleosome

The CENP-A nucleosome and the H3 nucleosome were reconstituted in vitro by
mixing the 145 bp 601 DNA with the CENP-A histone octamer or the H3 histone octamer,
respectively, as described in Sections 3-3-2~3-3-4. The qualities of the purified products
were confirmed by SDS-PAGE and native PAGE (Fig. 19B-E). From the results of SDS-
PAGE, 4 bands with equal intensities can be observed, showing that the nucleosomes
contain equimolar ratios of H2A, H2B, CENP-A/H3, and H4 (Fig. 19B&D). From the
native PAGE, only a single band can be observed, showing that the purities of the
nucleosomes are high (Fig. 19C&E). Together, these results show that the nucleosomes

were prepared successfully.
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Fig. 19 Purification of SET8 and nucleosomes

(A) Purified full-length human SETS8 was analyzed by 16% SDS-PAGE and stained by
CBB, visualizing protein bands. (B) The purified H3 nucleosome was analyzed by 18%
SDS-PAGE and stained by CBB, visualizing protein bands. (C) The purified H3
nucleosome was analyzed by 6% non-denaturing PAGE and stained by EtBr, visualizing
DNA bands. (D) The purified CENP-A nucleosome was analyzed by 18% SDS-PAGE
and stained by CBB, visualizing protein bands. (E) The purified CENP-A nucleosome

was analyzed by 6% non-denaturing PAGE and stained by EtBr, visualizing DNA bands.
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3.4.3. EMSA of SETS8 and the nucleosomes

To confirm if SET8 could bind nucleosomes, EMSA of SET8 and the CENP-A
nucleosome/H3 nucleosome was performed. The amount of SET8 was titrated against
each kind of nucleosome, and the SET8-nucleosome mixtures were analyzed by non-
denaturing PAGE. If SET8 binds the nucleosomal DNA non-specifically, then it is
expected that a smear out of the nucleosome band would be observed instead of specific
bands.

From the results, two specific bands above the free nucleosome bands can be
observed (Fig. 20). This result has two significant meanings. First, it showed that SETS
can bind both the CENP-A nucleosome and the H3 nucleosome. Second, the two discrete
bands suggested that SET8 can bind two specific positions of the nucleosome, which are
shared between the CENP-A nucleosome and the H3 nucleosome. A possible candidate
could be the acidic patch of the nucleosome, which is formed by histones H2A and H2B,
and is present in both the CENP-A nucleosome and the H3 nucleosome.

After confirming that SET8 can bind the nucleosome, I proceeded to the preparation
of the SET8-CENP-A nucleosome complex and the SET8-H3 nucleosome complex for

cryo-EM analysis.

3.4.4. Sample preparation for cryo-EM analysis

The SET8-CENP-A nucleosome complex and the SET8-H3 nucleosome complex
was prepared by the GraFix method, as described in Section 3-3-6 (Fig. 21A). Each
sample was applied to 2 tubes for ultracentrifugation. The indicated fractions were
collected after ultracentrifugation (Fig. 21B-E), buffer exchanged by the PD-10 column,

concentrated, and analyzed by 6% non-denaturing PAGE (Fig. 22).
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Fig. 20 EMSA of SETS8 and the nucleosomes

Samples were analyzed by 6% non-denaturing PAGE and stained by EtBr, staining DNA.

(A) Result of the CENP-A nucleosome. (B) Result of the H3 nucleosome.
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Fig. 21 Collected fractions after GraFix

Fractions were analyzed by non-denaturing PAGE following GraFix. Collected fractions
are indicated by the dashed box. (A) Schematic representation of the GraFix method.
(B&C) GraFix result of the SET8-CENP-A nucleosome. (D&E) GraFix result of the

SET8-H3 nucleosome.
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Fig. 22 Purified SET8-nucleosome complexes
Free nucleosomes and complexes were analyzed together. (A) The SET8-CENP-A

nucleosome complex. (B) The SET8-H3 nucleosome complex.
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3.4.5. Cryo-EM analysis of the SET8-nucleosome complexes
The purified SET8-CENP-A nucleosome complex and the purified SET8-H3
nucleosome complex were observed by the Krios G4 cryo-Transmission Electron
Microscope (cryo-TEM) (Thermo Fisher Scientific) (Fig. 23A&C). The particles had
good distribution, so I proceeded to data collection and single particle analysis (SPA).
From the results of 2D classification, density other than the nucleosome core particle
can be observed in several classes (Fig. 23B&D). This density is thought to correspond

to SETS, and seems to be located above and below the nucleosome disc.
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m CENP-A nucleosome

@ H3 nucleosome

Fig. 23 Micrographs and 2D Classification of SET8-nucleosome complexes

(A) Micrograph of the SET8-CENP-A nucleosome complex. (B) 2D classification result
of the SET8-CENP-A nucleosome complex. Note that this is from a different data set
(grid) from (A). (C) Micrograph of the SET8-H3 nucleosome complex. (D) 2D

classification result of the SET8-H3 nucleosome complex.
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3.4.6. Cryo-EM structures of the SET8-nucleosome complexes

Considering that a maximum of two SET8 molecules could bind one nucleosome,
and that the purified sample may contain a mixture of one SET8-bound and two SETS-
bound particles, a mask was applied to the nucleosome itself and one SET8 on one side
of the nucleosome to improve resolution of the final structure. Therefore, in the final
structure, only one SET8 molecule is present on one side of the nucleosome, but in
solution, two SET8 molecules can bind to both sides of the nucleosome.

Finally, we obtained the cryo-EM structures of the SET8-CENP-A nucleosome
complex with 3.00 A resolution and the SET8-H3 nucleosome complex with 3.15 A
resolution (Fig. 24). Additional information about the cryo-EM structures can be found
in Fig. 25 and Fig. 26. Both structures have a similar overall appearance. In the structures,
SETS is located above the nucleosome disc, and the H4 tail can be seen extending from
the nucleosome disc into the catalytic pocket of the SET domain in SETS.

Importantly, we noticed that SETS8 interacts with the nucleosome acidic patch by
several amino acid residues extending from the N-terminus of the SET domain. We were
able to build models using the acquired cryo-EM map (Fig. 27A&C). The residues in
SETS interacting with the nucleosome acidic patch were identified as R188 and R192
(Fig. 27B&D). SET8 R188 interacts with the acidic patch residues: H2A E56 and H2B

E113, while SET8 R192 interacts with the acidic patch residues: H2ZAE61 and E92.
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Fig. 24 Cryo-EM structures of the SETS8- nucleosome complexes
(A&B) The cryo-EM structures of the SET8-CENP-A nucleosome complex (EMD-

30552). The overall resolution of the complex is 3.00 A. (A) Top view of the complex.
(B) Side view of the complex. (C&D) The cryo-EM structures of the SET8-H3
nucleosome complex (EMD-30551). The overall resolution of the complex is 3.15 A. (A)

Top view of the complex. (B) Side view of the complex. nuc.: nucleosome.
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Fig. 25 Local resolutions of the SET8-nucleosome complexes
(A&B) The SET8-CENP-A nucleosome complex. (A) Top view. (B) Side view. (C&D)

The SET8-H3 nucleosome complex. (C) Top view. (D) Side view. nuc.: nucleosome.
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Fig. 26 Fourier Shell Correlation (FSC) curves and Euler angle distribution maps of
the SET8-nucleosome complexes

(A&C) FSC curves of the SET8-CENP-A nucleosome (A) and the SET8-H3 nucleosome
(C). (B&D) Euler angle distribution maps of the SET8-CENP-A nucleosome (B) and the

SET8-H3 nucleosome (D).
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Fig. 27 Interaction between SETS8 and the acidic patch of the nucleosome
(A&C) Model of the SET8-CENP-A nucleosome complex (A) (PDB:7D20) and the
SET8-H3 nucleosome (C) (PDB: 7D1Z). (B&D) Close up of the residues in SET8 that

are interacting with the acidic patch of the CENP-A nucleosome (B) and the H3

nucleosome (C). nuc.:nucleosome.
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3.4.7. Preparation of the SETS8 and nucleosome mutants

To investigate the importance of the SETS8-acidic patch interaction on SETS
nucleosome binding ability and SETS8 nucleosomal H4 mono-methylation, I proceeded to
mutant analysis. In order to do so, I prepared the SET8 R188A R192A double mutant
(SET8PM) and the nucleosome acidic patch mutant with histone H3 (H3 nuc.A"™), which
contains the H2A ES6T/E61T/E64T/D90S/E91T/E92T and H2B EI05T/E113T
mutations (Fig. 28). Because the structure of the SET8-CENP-A nucleosome complex
has a similar overall appearance as the structure of the SET8-H3 nucleosome complex, I

chose to prepare the nucleosome mutant with the H3 nucleosome.

3.4.8. Binding analysis of the SET8 and nucleosome mutants

First, I tested the nucleosome binding ability of SET8 by comparing the wild-type
SET8 or nucleosome to the mutants (Fig. 29). As expected, in the case of wild-type SETS8
and H3 nuc.A™, a large amount of free nucleosome band remained upon the titration of
SETS concentration (lanes 1-3 in Fig. 29A-C). This suggests that wild-type SET8 binding
decreased significantly in H3 nuc.A™ (lanes 4-6 in Fig. 29A-C). In the case of SET8M
and wild-type nucleosome, the discrete bands above the free nucleosome band were
replaced by a smear, suggesting that the specific binding of SET8 to nucleosome is
disrupted (lanes 7-9 in Fig. 29A-C). In the case of SET8PM and H3 nuc.A™, a combined
effect of the previous 2 cases was observed (lanes 9-12 in Fig. 29A-C).

To sum up, these results indicate that the SET8-acidic patch interaction is indeed
necessary for the specific nucleosome binding of SETS. The results also suggest that the
SET&8-H4 tail interaction alone may not be sufficient for stable SET8-nucleosome binding,

or SET8 cannot bind the H4 tail efficiently without the SET8-acidic patch interaction.
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3.4.9. Methylation assay of the SET8 and nucleosome mutants

Next, I tested the mono-methylation activity in the mutants. A time course was taken
for 0, 1, or 3 minutes of reaction time, followed by western blotting (Fig. 30). The
H4K20mel band and the H2B band (as a control) were detected. From the result, it can
be observed that the H4K20mel gradually increased over the time in the case of wild-
types (lanes 1-3 in Fig. 30). However, in the case of SET8 DM or nuc™, the H4K20mel
band was not observed (lanes 4- in Fig. 30). This shows that the SET8-acidic patch

interaction is important for the efficient H4K20 mono-methylation reaction.
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Fig. 28 Preparation of SET8 and H3 nucleosome acidic patch mutants

(A) The SETS8 double mutant (R188A R192A) was prepared as a recombinant protein and
analyzed by SDS-PAGE. (B&C) The H3 nucleosome acidic patch mutant was
reconstituted in vitro and purified. The qualities of the nucleosomes are confirmed by
SDS-PAGE (B) and non-denaturing PAGE (C). The SDS-PAGE was stained by CBB,
visualizing protein bands; the non-denaturing PAGE was stained by EtBr, visualizing

DNA bands. DM: double mutant, APM: acidic patch mutant.
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Fig. 29 Binding assay of SETS8 and the H3 nucleosome (wild-types and mutants)

(A-C) Binding assays by non-denaturing PAGE. A short DNA fragment (50-mer) was
added to prevent non-specific binding of SET8. The DNA-only lanes in (A) were cropped.
(D) Quantification of the results from (A)-(C). The quantification was done by measuring
the intensity of the free-nucleosome band. The percentage of SET8 bound to nucleosome

was calculated by the amount of free-nucleosome that decreased upon SETS addition.
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Fig. 30 Methylation assay of SETS8 and the H3 nucleosome (wild-types and mutants)

The assay was repeated 3 times in (A), (B), and (C).
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3.5. Discussion
3.5.1. Comparison of H4 tail conformations in free and SET8-bound nucleosomes

The objective of this study is to investigate why CENP-A nucleosomes are mono-
methylated more efficiently than H3 nucleosome from a structural point of view. This
could reveal the connection between the structural characteristics of the CENP-A
nucleosome and its biological role in centromeric chromatin. However, the overall
structure of the SET8-H3 nucleosome complex and the SET8-CENP-A nucleosome
complex is similar. This alone cannot explain the difference in methylation efficiency
between H3 nucleosomes and CENP-A nucleosomes. Therefore, I decided to compare
the histone H4 tail conformation in free and SET8-bound nucleosomes.

First, I focused on the H3 nucleosome. In the crystal structure of the free H3
nucleosome, where SETS is not bound, the observed H4 tail is pointed upwards (Fig.
31A). Interestingly, I found that the H4 tail of the SET8-H3 nucleosome, which was
elucidated in this study, is pointed in a downward direction (Fig. 31A). From this, |
presume that the upward conformation of the H4 tail is likely difficult for SETS8 to grasp,
and SET8 might grasp it after bending it downwards.

Having determined that the upward conformation of the H4 tail is hard to grasp, I
next planned to investigate the H4 tail of the free CENP-A nucleosome. Unfortunately, in
the previously reported crystal structure of the free CENP-A nucleosome, the H4 tail was
not visible (Fig. 31B). Nevertheless, in our group's previous research, a chimera H3 was
created, where a part of histone H3 was replaced with the characteristic domain of CENP-
A (CATD) (Fig. 4A). In the crystal structure of the nucleosome containing this chimera
H3, which was named H3%ATP, the H4 tail can be observed (Fig. 31C). In the H3¢ATP

nucleosome, the H4 tail is bended downwards. This is because two critical amino acid
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residues in H3 that interacts with the H4 tail, namely H3 Q76 and D77, are not present in
CENP-A. This causes the H4 tail in the H3“ATP nucleosome to be able to form a different
conformation from the H3 nucleosome.

Upon comparing the direction of the H4 tail in the H3“A™P nucleosome with that in
the SET8-CENP-A nucleosome obtained in this study, I found that they are both oriented
in the downward conformation. From this, it can be assumed that the H4 tail in the free
CENP-A nucleosome is naturally facing downwards, which makes it more prone to

methylation by SET8, compared to the H3 nucleosome.

3.5.2. Comparison of nucleosome binding mechanisms of H4K20
methyltransferases

SETS is responsible for the mono-methylation of H4K20, while SUV420H1/2 are
responsible for the di- and tri-methylation of H4K20me. Recently, the cryo-EM structures
of SUV420H1-H2A /H2A.Z nucleosome complexes have been reported (88). In the
structures, the catalytic domain, which consists of an N-domain, SET domain, and post-
SET domain, can be seen bound to the nucleosome H4 tail. Interestingly, a C terminal
sequence extending beyond the catalytic domain of SUV420HI1 is seen bound to the
nucleosome acidic patch.

In this study, I have shown that SETS8 binds the nucleosome acidic patch. Therefore,
it may be possible that the interaction with the acidic patch of the nucleosome is a
conserved mechanism among H4K20 methyltransferases. This may have several reasons.
First, unlike the tail of histone H3, which protrudes between the 2 strands of DNA, the
tail of histone H4 extends from the nucleosome disc (Fig. 32A). This makes binding of

H4K20 methyltransferases to the acidic patch of the nucleosome a seemingly reasonable
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choice for interacting with the H4 tail. Second, the H4 tail in a nucleosome can interact
with the acidic patch of another nucleosome, promoting the stacking between
nucleosomes. By interacting with the acidic patch, the H4K20 methyltransferases can
mask the acidic patch to free the H4 tail of adjacent nucleosomes, further promoting

H4K20me of adjacent nucleosomes (Fig. 32B).
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Fig. 31 Comparison of H4 tail conformations in free and SET8-bound nucleosomes
(A) Comparison of the H4 tail conformation in the free H3 nucleosome (PDB: 3L.Z0)
(blue) and the SET8-H3 nucleosome complex (PDB:7D1Z) (green). In the zoom up
picture around the H4 tail, other histones are hidden for clarity. The red arrow indicates
the change in the H4 tail conformation in free and SET8-bound nucleosomes. (B) Zoom
up of H4 in the free CENP-A nucleosome (3AN2). Histones other than 1 H4 are hidden
for clarity. The H4 tail is not visible, and the tip of histone H4 in the model is indicated
by a red arrow. (C) Zoom up of H4 in the free H3“A™P nucleosome (5Z23), in which the
characteristic domain of CENP-A (CATD) is integrated into H3. Histones other than 1
H4 are hidden for clarity. The H4 tail is visible in this H3 chimera nucleosome. (D)
Comparison of the H4 tail conformation in the free H3“A™® nucleosome (PDB: 5Z23)
(crimson) and the SET8-CENP-A nucleosome complex (PDB:7D20) (green). Histones
other than 1 H4 in each nucleosome are hidden for clarity. (E) H4 tail residues visible in

each structure are shown.
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Fig. 32 Nucleosome H4 tail and the acidic patch recognition by SET8

(A) Crystal structure of the nucleosome (PDB: 3LZ0), highlighting the positions where
the H3 and H4 tails stem from. H2A and H2B are colored in dark gray for simplicity. (B)
Binding of SETS to one nucleosome may promote the release of the H4 tail from the other

nucleosome, leading to the subsequent methylation of the released H4 tail.
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Chapter 4: General Discussion

In this study, I focused on elucidating the role of the CENP-A nucleosome in the
formation of a functional centromere. In a functional centromere, centromere proteins are
required to identify the CENP-A nucleosomes that are buried among H3 nucleosomes.
Moreover, it has been reported that H4K20mel of the CENP-A nucleosome is necessary
for the formation of a functional centromere, and that the H4K20 of CENP-A
nucleosomes can be mono-methylated more efficiently than H3 nucleosomes.
Consequently, I decided to investigate on the mechanism underlying these facts by cryo-
EM single particle analysis.

First, I decided to analyze how the flexible DNA end of the CENP-A nucleosome
may influence the structure of the centromeric chromatin. To this end, I performed cryo-
EM analysis on tri-nucleosomes that contained CENP-A nucleosome. As a result, I found
out that the CENP-A nucleosome may alter chromatin structure in a way such CENP-A
nucleosomes may be exposed from surrounding H3 nucleosomes. This can in turn
contribute to the recognition of CENP-A nucleosomes by other centromeric chromatin
proteins, such as CENP-C and CENP-N, and therefore the formation of kinetochore (Fig.
33A).

Second, I decided to elucidate how the H4K20mel is introduced to CENP-A
nucleosome, to understand why the CENP-A nucleosome is mono-methylated more
efficiently than the H3 nucleosome. In order to do so, I performed cryo-EM analysis on
the SET8-CENP-A nucleosome and the SET8-H3 nucleosome. Resultingly, I found that
SET8 can bind to the acidic patch of the nucleosome. Furthermore, the H4 tail in the

SET8-CENP-A nucleosome is oriented in a similar conformation to that of the free
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CENP-A nucleosome, but in a conformation different to that of the free H3 nucleosome.
This suggests that the different H4 tail orientations in free CENP-A nucleosomes and H3
nucleosomes may affect the mono-methylation efficiency of H4K20.

By combining the results from the first and second part of this study, it can be further
inferred that the characteristic centromeric chromatin structure may also contribute to the
mono-methylation of H4K20 in CENP-A nucleosomes, which is necessary for the
formation of the kinetochore (Fig. 33B). Importantly, the amount of SETS8 fluctuates
throughout the cell cycle, and peaks during the G2/M phase (Fig. 18C) (70-72). The fact
that CENP-A is exposed from surrounding H3 nucleosomes may also promote the binding
of SETS to the acidic patch and H4 tails of CENP-A nucleosomes. The acidic patch of
H3 nucleosomes, on the other hand, are seemingly inaccessible to SET8 in the poly-
nucleosome model. This may serve as the first level of H4K20mel regulation. The
different H4 tail conformations may then serve as the second level of H4K20mel
regulation. Therefore, both the increased accessibility to the CENP-A nucleosome over
the H3 nucleosomes and the H4 tail conformation in the CENP-A nucleosome contribute
to the methylation efficiency of SET8 (Fig. 33B).

Although this study is focused on the regional centromeres of human, the less twisted
centromeric chromatin higher-order structure may also be conserved in organisms that
contain point centromeres, such as budding yeast. Recent studies reported the cryo-EM
structure of the yeast centromeric nucleosomes, and showed that they have flexible DNA
ends, similar to the human CENP-A nucleosome (89,90). Therefore, the yeast centromeric
DNA may also form the outward-path conformation, possibly promoting the binding of
CBF1 and CBF3 to CDEI and CDEIII, respectively (90). This could provide a connection

between the epigenetic features (less twisted structure) of the point centromere to its
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genetic features (DNA sequence specificity).

Some questions remain. For example, the reason why the H4K20mel mark is
required in centromeric chromatin remains unclear (Fig. 33). In the future, more
investigation can be conducted to identify possible reader proteins that may read the
centromeric H4K20me1 mark and promote CCAN assembly. Subsequently, the structural
analysis of the identified protein and the CENP-A nucleosome carrying the H4K20mel

mark can be performed.
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Fig. 33 Summary of how structural features of the CENP-A nucleosome promotes
the formation of a functional centromere

(A) The different DNA end flexibilities of the H3 nucleosome and CENP-A nucleosome
contribute to CENP-A recognition by CENP-C and CENP-N, leading to the formation of
the kinetochore. (B) The H4K20mel mark in the centromeric chromatin is regulated at 2
separate levels, ensuring high level of H4K20mel mark in CENP-A nucleosomes.
However, the reason why the H4K20mel mark is required for kinetochore formation

remains unclear.
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