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Abstract

Centromere protein-A (CENP-A), a histone H3 variant, is an important epigenetic
mark for centromere specification. For new CENP-A deposition, chicken
KINETOCHORE NULL2 (ggKNL2), a component of the licensing factor Mis18
complex, binds directly to CENP-A-containing nucleosome via CENP-C-like motif to
recruit the CENP-A chaperone Holliday junction recognition protein (HJURP) to the
centromere chromatin and ultimately forming a new CENP-A nucleosome. However,
the molecular basis of how the CENP-A nucleosome is recognized by ggKNL2
remains unclear. To address this question, I performed biochemical and structural
biological analyses on the CENP-A nucleosome in complex with ggKNL2. To
understand the centromere binding mode of KNL2 to the CENP-A nucleosome, the
cryo-EM structure of the chicken CENP-A nucleosome in complex with a ggKNL2
fragment containing the CENP-C-like motif was determined. This structure suggests
that ggKNL2 distinguishes between CENP-A and histone H3 in the nucleosome using
the CENP-C-like motif and its downstream region. Both the C-terminal tail and the
RG-loop of the CENP-A nucleosome are simultaneously recognized as CENP-A
characteristics by ggKNL2. Based on the structural findings, the mutational analysis
was performed using chicken DT40 cells and demonstrated that the interaction of
KNL2 with the CENP-A nucleosome is critical for new CENP-A incorporation and
cell viability. The CENP-A nucleosome-ggKNL2 interaction is thus essential for
KNL2 functions. It is notable that KNL2 shares the CENP-A binding mode with
CENP-C, which is a kinetochore component. Furthermore, the structural, biochemical,
and cell biology data implied the cell cycle dependent regulation of centromere
localization of ggKNL2. ggKNL2 directly binds to the CENP-A nucleosome in
interphase, while in mitosis ggKNL2 localizes to centromere depend on CENP-C.

Keywords: CENP-A; CENP-C-like motif; Cryo-EM; KNL2.
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Chapter 1: General Introduction

1.1 Cell cycle

Millions of eukaryotic species live on Earth1. Without cell division, these organisms
cannot grow and survive. Unlike binary fission for prokaryotes, eukaryotic cells
depend mitosis for cell proliferation. In the 19th century scientists observed the
mitotic process in eukaryotes and the term mitosis was first proposed by Walther
Flemming2,3. Since then, scientists have begun a long search for the principles and
mechanisms of the whole cell cycle of mitotic cells.

Precise and orderly mitosis is essential for eukaryotic cell proliferation. Normally,
through mitosis, eukaryotic cells equally divide chromosomes replicated
exponentially in the nucleus into two daughter cells. This process is accompanied by
cytoplasmic division, which eventually produces two daughter cells with the same
genetic material as the parent cell and with intact cell composition and structure.

A complete cell cycle is the process that a cell goes through from the completion of
one division to the end of the next division. Basically, one cell cycle is roughly
divided into interphase and mitotic (M) phase.

Interphase is divided into three main phases: G1, S, G2. Cells in G1 phase have just
divided from the parent cell and are smaller in size. During this period, cells need to
synthesize some proteins and RNA to promote cell growth and, at the same time,
prepare for the next phase. The next is S phase. Chromatin is structural loose to
provide enough space for RNA and DNA polymerase, so the chromatin DNA is
replicated and linked to each other as sister chromatids through centromeres. Also,
during replication, the two sister chromatids are brought close to each other by the
action of cohesins4. After DNA replication, the cells perform centriole replication and
continue to grow in G2 phase, providing adequate preparation for the M phase that
follows. In total, interphase is transition for the M phase to prepare sufficient cellular
constitutions for daughter cells.

M phase includes mitosis and cytokinesis. under the cell cycle control, many of the M
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phase events are regulated with the existence of mitotic kinases. In terms of mitosis, it
contains four phases: prophase, metaphase, anaphase and telophase. At the beginning,
the cell should be ready for accurate segregation. Nuclear envelope is broke down,
nucleolus is disappeared and the chromatin is spirally condensed into chromosomes
which defines the beginning of prometaphase. Besides, two centrosomes are separated
and then send out spindle fiber to connect to the centromere of chromosome via
kinetochore. With the force from the mitotic spindle, chromosomes are aligned at cell
equator, which is called ‘Metaphase plate’ - a central plane of the cell, in metaphase.
Normally, the chromosomes oscillate along the spindle axis instead of standing still in
plate. The end of metaphase occurs when the sister chromatids separate. This is an
irreversible process which also means that mitosis has officially entered the anaphase.
During this process, cohesins are disconnected by separase, two chromatids are
separated from the centromere, and the spindle fiber pulls the two chromatids in
opposite directions toward the opposite poles5. At this point, the number of
chromosomes doubles. In anaphase, usually, the two chromosome sets keep
approaching towards their respective cell poles while the pole to pole distance get
increasing6. The activity of many kinases that control the cell cycle is altered during
chromosome segregation, such as the gradual loss of CDK1 (Cyclin dependent kinase)
activity, in preparation for returning to interphase. In contrast to prophase, during
telophase the spindle fibers gradually disappear, nuclear envelop and nucleoli re-form,
and the chromosomes gradually decondense into chromatin and are confined to the
nucleus7. In parallel with telophase, the cytoplasm is divided equally into two
daughter cells, called cytokinesis.

The above is an overview of the entire mitotic cell cycle and is somewhat general in
nature (Fig 1)6. But whether interphase or M-phase, the mode and the specific
molecular mechanisms of division throughout the cell cycle are often different in
different species. The information of diversity about cell division can help to better
understand key regulations of the whole cell cycle and also the evolution information
of eukaryotic cell mitosis. The related research is certainly full of significance. While
exploring the mysteries of nature, it brings more information and inspiration to the
treatment of diseases related to cell division, such as chromosomal abnormalities and
even cancer.
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Figure 1. The cellular growth and division cycle.

A Cartoon of the main segments of the cell cycle. During interphase (G1,S,G2), the
cell accomplishes sufficient biosynthesis to become two. In mitosis (M), cell parts are
reorganized so the mitotic spindle can achieve the equipartition of the chromosomes
and centrosomes, leaving the distribution of more numerous components, such as
ribosomes, to the laws relating to large numbers and the process of cytokinesis, in
which the cell itself divides into two daughters. In tissues, cells can continue further
rounds of division or can exit the cell cycle.

Figure adapted from McIntosh. 20166.
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1.2 Chromosome & nucleosome

The term ‘chromatin’ was first proposed by W. Flemming and ‘chromosome’ was
create by Heinrich Wilhelm Waldeyer in the late 19th century to describe its tendency
to be dyed dark by particular dyes8,9. In the early 20th century, Morgan and his
collaborators first introduced the important concept of chromosomes contain genes10.
Chromosomes composed mainly of deoxyribonucleic acid (DNA) and histones, and
are highly condensed from filamentous chromatin (Fig 2)11. In fact, chromatin and
chromosome, the main carriers of genetic information, are the same substance with
the same composition, but with different forms during interphase and metaphase.

Figure 2. Overview of Chromatin: composition and levels of organization.

The fundamental unit of chromatin is the nucleosome, consisting of DNA, wrapped
around an octamer of two copies of each of the four core histones H2A (yellow), H2B
(red), H3 (blue) and H4 (green). For further compaction, one molecule of the linker
histone H1 (gray) can be bound, resulting in a chromatosome. Nucleosomes with
linker DNA constitutes the 10 nm fibers, which can be further compacted by stacking
of nucleosomes, leading to the 30 nm fiber. Little is known about higher-order
chromatin structures finally leading to a condensation of the genetic material to the
level of metaphase chromosomes.

Figure adapted from Shuaib. 201211.
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In 1977, Arne Leth Bak described the higher-order structure of human mitotic
chromosomes12. Although chromosome and chromatin have different high-level
structures, they both show the classical ‘beads on a string’ structure13–16. String stands
for DNA strand as the linker, while beads means nucleosome. The electron
microscopic and biochemical evidence of this repeat unit were shown by P. Oudet, M.
Gross-Bellard, and P. Chambonthat, and name it ‘nucleosome’17.

So what is nucleosome? As the first level of chromosomal high-level structures, the
nucleosome of the repeat unit is composed of DNA and proteins forming the
nucleosome core particle (NCP). The shape of a nucleosome resembles a flattened
cylinder - a DNA strand is coiled around the periphery of the histone octamer (Fig
3)18,19.

Figure 3. The nucleosome is the fundamental repeating subunit of chromatin — the
first level of higher-order packaging of chromosomal DNA by histones. Each
nucleosome particle consists of ~200 base pairs of DNA (the actual repeat length
varies among different eukaryotic species) wrapped around a histone protein core,
leading to an approximate sixfold-length compaction of the DNA. The histone core
consists of an octamer of pairs of four histones (H2A, H2B, H3 and H4) related by a
single dyad axis. The ‘core particle’, derived by nuclease digestion of chromatin, is a
metastable product with 146 base pairs wrapped around the histone octamer ~90 base
pairs per turn. A ‘linker’ region of DNA between core particles is more susceptible to
nuclease degradation than the core particle DNA and is associated with histone H1.
The core particle is shaped like a squat cylinder, with a diameter of ~11 nm and a
height of ~5.5 nm and histones (blue)). The four histones of the octamer associate by
their highly α-helical globular regions.

Figure adapted from Olins et al., 200319.
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For each nucleosome unit, the average length of DNA molecules is about 200 bp, of
which the length around the octamer is about 146 bp20. The canonical H3 nucleosome
octamer consists a pair of four histones, namely H2A, H2B, H3 and H4 (Fig 4)11,20. In
addition, the fifth histone, H1, is mainly associated with linker DNA19. Under
physiological conditions, histones are basic proteins with positive charge, which help
to bind to negatively charged DNA. In addition, a variety of non-histone proteins are
also present around the nucleosome that are involved in the maintenance of
chromosome structure or the execution of chromosome-related functions.

Figure 4. Schematic illustration of histones assembly into Nucleosome.

Two molecules of each of the four core histone proteins (H2A, H2B, H3 and H4)
form the histone octamer via formation of one tetramer of H3 and H4 and two dimers
of H2A and H2B. These entities are held together by a so-called hand-shake motif of
protein structure. The histone octamer is wrapped by 146bp of DNA to complete
nucleosome formation.

Figure adapted from Shuaib. 201211.
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The defining histone of the H3 nucleosome is H3 histone. Both H3.1 and H3.2, with
only one different amino acid (S96C), are canonical histones21. Both of them are
synthesized and then localized to the chromosome in S phase. In addition, there are
many sequence and functionally distinct variants of H3 histones including CENP-A
(Fig 5)11,21, which plays a crucial role in cell division (described below).



11

Figure 5. Sequence alignment and characteristics of H3 variants.

A Amino acid sequence alignment of different human H3 variants (H3.1, H3.2, H3t,
H3.3, H3.5, H3.X, H3.Y and CENPA). Identical amino acids are represented in black
letters and the amino acids differences among human H3 variants are shown in red
letters. The residues of H3.3, H3.5, H3.X and H3.Y corresponding to replication
independent deposition are highlighted in gray. The position 31 of H3.3 and H3.5
contain serine residue. Differences of CENP-A from other H3 variants are highlighted
in green.

B Different properties of human H3 variants include number of amino acids, %
identity with H3.1 and major functions.

Figure adapted from Hamiche et al., 201221.

1.3 Centromere & CENP-A nucleosome

The term ‘centromere’ was first defined in 193622. At M phase, pairs of sister
chromatids are connected by centromere at the main constriction region of
chromosome, and are divided into two arms - short arm (p) and long arm (q). Unlike
the chromatin of chromosomal arm, more commonly, the centromere is mainly
composed of highly repetitive heterochromatin. One of the main difference is that the
DNA wound outside the heterochromatin is high-order repeated DNA - satellite
DNA23. Among many eukaryotes, alpha satellite DNA is one of the most prevalent
one24, such as human (Homo sapiens). Compared to human, the composition of the
repeat-units of chicken (Gallus gallus) centromeric DNA is more complex, with each
repeat unit being chromosome-specific and three chromosomes containing
non-tandem-repetitive sequences25. The repetitive sequence of these DNA are not
necessary to form centromeres26. In addition, the main feature that defines eukaryotic
centromere is the presence of a histone H3 variant centromere protein A (CENP-A),
also known as centromeric histone H3 (CenH3), which is an epigenetic marker27–29.
Therefore, the nucleosomal repeat unit in centromere region is a satellite DNA
surrounded octamer, containing CENP-A, H4, H2A and H2B histones, with
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interspersed H3 nucleosomes30,31.

Highly specialized centromeres are necessary to maintain genome stability and are
essential for chromosome segregation during cell division process. For more than 100
years, scientists have focused on the study of centromere. Although many important
research advances have been shown, until now, it is still a big challenge to clarify both
functions and specific molecular mechanisms of the centromere in different species
and cell cycle phases. The specific molecular mechanism of centromere deposition is
one of the basic research questions in this subject, and also one of the most key points
that need to be answered.

1.3.1 Centromere

The centromere is an epigenetically specified region in eukaryotes, except for in
budding yeast32,33. Based on extensive studies of eukaryotes, chromosomes have been
classified into two types, monocentric chromosome and holocentric chromosome,
based on the distribution status of centromere throughout the chromosome (Fig 6)33.
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Figure 6. Centromere specification.

Diagram of the diverse types of centromeres found across eukaryotes. Holocentric
chromosomes assemble a diffuse centromere across the whole chromosome.
Monocentric chromosomes assemble a centromere at a single localized site on the
chromosome, which is visible as a constriction between the chromosomes in mitosis
(known as the primary constriction). Monocentric chromosomes can be further
divided into those with point centromeres and those with regional centromeres. Point
centromeres contain a specific DNA sequence that is sufficient for centromere
function (here illustrated with the S.cerevisiae DNA architecture), which assembles a
single CENP-A nucleosome. Regional centromeres contain large regions of DNA that
is often repetitive (such as alpha-satellite DNA in primates), and assemble numerous
CENP-A nucleosomes.

Figure adapted from McKinley et al., 201633.
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For most eukaryotic chromosomes, it is common for the centromere to be
concentrated in one region with an monocentric distribution. A monocentric
chromosome may posses a point centromere with only one CENP-A nucleosome,
such as S.cerevisiae, or a regional centromere with more than one CENP-A
nucleosomes assembled as in human (Homo sapiens)34,35. Moreover, based on the
location, monocentric distribution can be divided into four forms: metacentric
centromere (in the middle), submetacentric centromere (towards one end), acrocentric
centromere (near one end) and telocentric chromosomes (at one end)36. However, for a
few eukaryotes like certain nematodes, there is a phenomenon called holocentricity,
where the centromere of such cells is diffusely assembled throughout the chromosome.
Chromosome like this is called holocentric chromosomes37.

Interestingly, centromere does not always assemble on the centromeric region. In
1993, centromere was first detected locating at an abnormal location on the human
chromosome, without alpha satellite DNA but unique DNA sequences, but still, shows
stable mitotic function38. This kind of centromere is named as ‘neocentromere’. The
finding of neocentromere provides the best evidence for the sequence-independent
epigenetic mechanisms of centromere. Also, neocentromere can be used as a reliable
tool for centromeric epigenetic mechanism learning39.

1.3.2 CENP-A nucleosome

The existence of histone CENP-A defines the centromere in most eukaryotes. In the
1980s, three antigens located in the centromere region of the Hela chromosome were
identified by examining "preimmune" serum samples from a patient with scleroderma
CREST, and the 17-kd antigen was named CENP (Centromere Protein) ) - A40. Further
research identified that CENP-A, as a histone protein of chromatin, is homologous to
H329,41. Importantly, CENP-A is an epigenetic marker of centromere31,32,42–44.
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Figure 7. Model of human CENP-A primary and secondary structure showing
conservation with histone H3.

Each segment corresponds to a single amino acid, and is colored according to its
conservation with human H3.1 as indicated. The first N-terminal amino acid, shown
detached, represents the cleaved initiator methionine. Barrels represent alpha helices,
and rods represent loops. Within the histone fold domain, the helices are designated
alpha1 through alpha3, and the loops are designated L1 and L2. L1 and alpha2
comprise the CENP-A targeting domain, which is sufficient to target CENP-A to
centromeres due to its interaction with the CENP-A chaperone, HJURP. This region
also binds to CENP-N45 and is important for CENP-C recruitment46,47. CENP-C also
binds to the C terminal residues of CENP-A48–50.

Figure adapted from McKinley et al., 201633.

Checking the sequence of histone CENP-A, the histone fold domain and an
N-terminal tail are the two main distinct domains from that of human histone H3 (Fig
7)33,41. In fact, the CENP-A sequences also differed between species (Fig 8)51,52. The
multiple sequence alignment among several key species shows the strong
conservation of the CENP-A histone fold domain, showing the highest divergency
between two species is 60.4 %. While, the N-terminal tail are in higher divergence, as
the shortest one is 35 residues in chicken and the longest residues shows 52 in
zebrafish51. In the histone folding domain, the region consisting of L1 (first loop) and
alpha 2 (second alpha helix) is called the CENP-A targeting domain (CATD) which is
the key domain to targeting CENP-A to centromere (Fig 7)33. The CENP-A
nucleosome has different structural properties from the H3 nucleosome with the
presence of CATD, which causes the (CENP-A-H4)2 tetramer has a more rigid
conformation than the (H3-H4)2 tetramer. The structural difference also results in an
altered centromere chromatin structure that is conducive to the realization of
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centromere function53,54. In addition to the centromere specificity, the sequence
differences between CENP-A and H3 also give CENP-A the property of being
assembled with kinetochore (described below).

Figure 8. Comparative sequence analysis of vertebrate CENP-A and histone H3
(Gallus gallus).

Hs: Homo sapiens, Mm: Mus musculus, Gg: Gallus gallus, Fr: Fugu rubripes, Tn:
Tetraodon nigroviridis, Dr: Danio rerio. Pufferfish (Fr and Tn) and zebrafish (Dr)
CENP-A were predicted from computational analysis of databases. Identical and
similar residues are shown in black and gray, respectively. The location of degenerate
primers used to successfully amplify a stretch of chicken CENP-A is depicted on the
alignment. Schematic secondary structure ( α -helix and loops) in the histone-fold
domain is also indicated (structure assignment is from Luger et al., 199720).

Figure adapted from Regnier et al., 200351.
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1.4 Kinetochore

For the centromere, in addition to the CENP-A nucleosome and chromatin marks,
interactions with kinetochore proteins are necessary to ensure proper mitosis33,55–58. In
fact, the microtubule-centromere linkage is mediated by kinetochore, which is fully
assembled to centromere during mitosis. The term ‘kinetochore’ (movement place)
was first used in a footnote in the book Introduction to Cytology, published in 193459.

During mitosis, a complete kinetochore consisting of numerous proteins is formed on
each sister chromatid, for example, there are about more than one hundred
kinetochore proteins in human cells60. The trilaminar structural kinetochore is
revealed by Electron microscopy studies, containing electron-dense inner and outer
plates, and an electron-translucent middle layer (Fig 9A)61,62. Although the
composition of each layer of matter is not completely understood, current research
provides a basic understanding of the kinetochore. The kinetochore infrastructure
model consists of two main parts, constitutive centromere-associated network (CCAN)
and Knl1-Mis12-Ndc80 (KMN) network (Fig 9B) 61. CCAN consists of 16 protein
subunits (CENP-C, -H, -I, -K, -L,-M, -N, -O, -P, -Q, -R, -S, -T, -U, -W, and -X) that
interact with centromeric chromatin throughout the cell cycle and is a component of
the inner plate along with CENP-A nucleosome63. CCAN recruits KMN at the M
phase, and a KMN component Ndc80, also as a component of the outer plate64,
directly binds to microtubules (MTs)65,66. Thus, a linkage from a centromere to
microtubules is formed, and the chromosome migration is mediated by the
kinetochore. At last, after chromosome segregation, the outer plate disassembles.
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Figure 9. The kinetochore in M-phase.

A Mitotic chromosome segregation and a trilaminar structural model for the
kinetochore. The kinetochore is a large protein complex built on the centromere of
each sister chromatid (chromosome). The kinetochores attach to microtubules
emanating from each opposing spindle pole, segregating chromatids. Electron
microscopy studies revealed that the kinetochore has three layers in its structure:
electron-dense inner and outer plates, and an electron-translucent middle layer.

B A model of basic kinetochore structure. The main structure of the kinetochore is
formed of constitutive centromere-associated network (CCAN) composed of 16
protein subunits and the KMN (Knl1, Mis12, and Ndc80 complexes: Knl1C, Mis12C,
Ndc80C) network (KMN). CCAN interacts with the centromeric chromatin
epigenetically marked with the CENP-A nucleosome during the entire cell cycle.
CCAN recruits KMN, which directly binds to microtubules, in M-phase, forming a
linkage between the centromere and microtubules.

Figure adapted from Hara et al., 202061.

Furthermore, the spindle assembly checkpoint (SAC) proteins use kinetochore as a
binding platform to ensure that all chromosomes are attached to the poles of the
spindle before the cell enters anaphase60,67,68. Also, these SAC proteins are regulated
by the kinetochores, which corrects incorrect microtubule attachment and coordinates
cell cycle progression69,70.
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1.4.1 Kinetochore assembles on the centromere

The centromere is the assembly region of the kinetochore. Since CCAN, the inner
kinetochore complex, connects with the centromere through all the cell cycle, an
important question is how kinetochore is assembled on centromere? Some CCAN
proteins were confirmed directly bind with centromeric DNA55,71–73, for example,
human CENP-LN channel could interact with extra nucleosomal DNA duplex74. But
as for specific binding, only CENP-C and CENP-N specifically bind with CENP-A
nucleosome and they are not in competition with each other45,49. Thus, these direct
binding contribute to the CCAN specific localization to the centromere region49,50,75.

On the other hand, another kinetochore sub-complex, KMN network is recruited on
CCAN through two parallel pathways: CENP-C pathway and CENP-T pathway76.
Both of CENP-C and CENP-T are CCAN proteins, they connect the centromere
region by their C-terminus55,73. And with their N-terminal region, these two proteins
bind to the KMN network sub-complex (Fig 10)73,76–79.
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Figure 10. Two-pathways model connecting the centromere to spindle
microtubules.

A Schematic representation of human CENP-C and CENP-T. Human CENP-C
interacts with various centromere/kinetochore proteins. The Mis12 complex
(Mis12C)-binding region in the extreme N-terminus binds to KMN, which associates
with the spindle microtubules. The PEST-rich region interacts with the CCAN
subcomplexes, CENP-HIKM, and CENP-LN. There are two CENP-A
nucleosome-binding regions: central domain and CENP-C motif. The dimerization
domain in the extreme C-terminus is thought to promote self-dimerization. Human
CENP-T directly binds to the Ndc80 complex (Ndc80C) through the extreme
N-terminus (Ndc80C-binding region). Mis12C interacts to the Mis12C-binding region
next to the Ndc80C-binding region (Mis12C-binding region). There is a histone fold
domain in the C-terminus, which forms a nucleosome like complex with CENP-W, -S
and -X, which also contain histone fold domains. The complex interacts with the
centromere chromatin.

B Two pathways in the kinetochore that bridge the centromere to microtubules:
CENP-C- and CENP-T-pathways. Both CENP-C and CENP-T bind to KMN via their
N-terminus and centromere chromatin via their C-terminus, independently, making
the two pathways in the kinetochore.

Figure adapted from Hara et al., 201976.

For example, using chicken cells, it was found that artificially tethered the CENP-C N
terminus to a non-centromeric locus was sufficient to recruit KMN and that the
artificially induced functional kinetochore was able to replace the native centromere
for chromosome segregation77,80,81. With both or either of these two pathways as the
scaffold, the complete kinetochore assembles on the centromere and bridge the
centromere and microtubules76.
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1.4.2 CENP-C interact with CENP-A

CENP-C protein, belongs to the CCAN complex, is the largest CCAN subunit82.
Along with CENP-A，CENP-C was first identified by examining "preimmune" serum
samples from the scleroderma CREST patient40,83. Human CENP-C contains
multifunctional domains, and can specifically bind with other proteins: 1) N-terminal
Mis12 binding domain (binding with Mis12 complex)79,84; 2) mid-conserved domain
in the middle-conserved region (binding with CENP-HIKM and CENP-LN
complexes)85,86; 3) central domain (binding CENP-A nucleosome); 4) CENP-C motif
(binding CENP-A nucleosome)49,50; and 5) dimerization domain in CENP-C
C-terminus (forming CNEP-C dimerization)87.

As introduced, CENP-C directly binds to CENP-A nucleosome as a key factor of
CENP-C pathway88. Both CENP-C central domain and CENP-C motif, showing
sequence similarity, are recognized by CENP-A nucleosome in human cells50,89,90.
However, the CENP-C domain is conserved in most mammalian cells, while central
domain is not87. For example, chicken (Gallus gallus) CENP-C protein only has
CENP-C motif, but not the central motif (Fig 11)91.
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Figure 11. CENP-A nucleosome binding of the C-terminal fragment of CENP-C.
A Schematic diagram of the functional regions of chicken and human CENP-C
molecules. The canonical CENPC motifs for CENP-A binding (aa 655-675 in chicken
CNEP-C, aa 738-758 in human CENP-C) are colored pink. Another CENP-A binding
region (central domain) in human CENP-C is colored light pink. The C-terminal
fragment (aa 601-864: CENPC-CT) and the CENPC motif-containing peptide (aa
643-683; CM peptide) derived from chicken CNEP-C, which were used for the in
vitro CENP-A nucleosome-binding assay, are diagrammed.

Figure adapted from Ariyoshi et al., 201991.

A model of kinetochore localization of CENP-C shows the CENP-C regulation
mechanism during the cell cycle (Fig 12)92. During mitosis, the CENP-C C-terminus
binds to CENP-A nucleosome by CDK1 phosphorylation. But in the interphase,
CENP-C connects with the centromere region through CENP–HIKM–LN complex,
without directly binding with CENP-A90,92.
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Figure 12. A model of kinetochore localization of CENP-C during interphase and
mitosis.

CENP-C localizes to interphase centromeres through interaction of the CENP-C
middle region with the CENP–HIKM–LN complex. During mitosis, T651 or T734 in
gCENP-C or hCENP-C, respectively, is phosphorylated by CDK1 (depicted as “P”),
and this phosphorylation facilitates binding of the CENP-C motif to the CENP-A
nucleosome (CENP-A nuc.). Kinetochore localization of CENP-C depends on both
CENP–HIKM–NL and the CENP-A nucleosome during mitosis.

Figure adapted from Watanabe et al., 201992.

1.5 Mis18 complex & KNL2

In the fission yeast Mis18 mutant which exhibits CENP-A deposition defects, Mis18
gene was identified for the first time, and this Mis18 has human homologs Mis18α
and Mis18β 93. In addition, M18BP1 was identified as human Mis18α and Mis18β
binding partner by biochemical screening94, which shows sequence homology to
centromere protein KINETOCHORE NULL2 (KNL2) of C. elegans95. In chicken
cells, M18BP1/KNL2 (aa 1-1088) contains three domains: SANTA domain, CENP-C
like domain and SANTA domain (Fig 13)96–100. Of these, SANT and SANTA are
conserved domains. SANT domain, locating on C-terminus, is critical for CENP-C
binding in mouse cells101. Besides, it may be involved in chromatin binding as a
Myb-like DNA binding domain95. The SANTA domain is known as a
SANT-associated domain, however its function is not yet well understood.
M18BP1/KNL2 CENP-C-like domain is not quite conserved among species, for
example, it was observed in Xenopus and different fish species but not in human98,99.
To compare the sequences between CENP-C-like motif and CENP-C motif among
species, the highly conserved residues are noticed50,91,92. As introduced above, the
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CENP-C motif in kinetochore protein CENP-C can be recognized by CENP-A
nucleosome91,92, thus, the M18BP1/KNL2 CENP-C-like motif is speculate to interact
with CENP-A nucleosome. In addition, the extreme N-terminal region (aa 1-140) is
essential for the function of KNL2 and is capable of binding to Mis18 α / β 102–104.
Furthermore, in vertebrate cells, all Mis18α , Mis18β and M18BP1/KNL2 together
constitute the Mis18 complex, and it is a licensing factor for new CENP-A deposition
(described below)94,99.

Figure 13. CENP-C-like Motif in Chicken M18BP1/KNL2 Is Essential for Its
Centromere Localization and Function

Diagram of chicken M18BP1/KNL2 (top) and CENP-C (bottom). The position of the
SANT domain, CENP-C (CC)-like motif, and SANTA domain is shown. Sequences
of CENP-C-like motifs in various organisms are shown. Corresponding sequences for
chicken and human CENP-C are also shown. Human CENP-C has two CENP-A
binding regions and the second region (C terminus) corresponds to chicken CENP-A
binding region. Red text indicates highly conserved residues between CENP-C (in
CENP-A binding region) and the CENP-C-like motif in M18BP1/KNL2.

Figure adapted from Hori et al., 201799.
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1.6 CENP-A deposition

To form a functional centromere, canonical H3 histone is replaced by CENP-A at the
specialized chromatin region. The molecular mechanism of CENP-A deposition to
centromere varies among species.

At present, some progress has been made in the study of the related mechanism in
human105. New CENP-A deposited at centromeres in the early G1 phase during
interphase, not coupled with DNA replication106. The exact molecular mechanism is
shown in the figure (Fig 14)105. Specifically, CENP-C protein can discriminately bind
with CENP-A, but not H3 nucleosomes48,50. Because the M18BP1/KNL2, one of
Mis18 complex component, is recognized by CENP-C directly101,107,108. The Mis18
complex is a licensing factor for CENP-A deposition, which is localized to
centromere since anaphase before new CENP-A loading108,109. For CENP-A timely
regulating, Mis18 is positively regulated by PLK1 (polo-like kinase 1)110 and
negatively regulated by CDK (cyclin-dependent kinase)103,111. Another key factor
HJURP (Holliday junction recognition protein) is a CENP-A-specific chaperone,
which specifically deposits two new CENP-A/H4 heterodimers because of its
self-dimerization112–114. For new CENP-A recruitement106, HJURP is recruited to the
centromere region by cell cycle regulated Mis18 complex99,104,105,112,113. After the end of
CENP-A deposition, the Mis18 complex dissociated from the centromere because of
the cell cycle dependent regulation94,110,111.
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Figure 14. CENP-A recognition and propagation at regional centromeres.
CENP-C binds directly to the C-terminus of CENP-A in nucleosomes. The
C-terminus of CENP-C recruits the Mis18 complex through Mis18BP1 (also known
as Knl2). During replication the CENP-A nucleosomes are distributed equally to each
sister-centromere so that CENP-A levels are halved and histone H3.3 is deposited as a
placeholder. Free CENP-A/H4 heterodimers associate with a homodimer of HJURP
which is recruited to centromeres via the Mis18 complex in telophase, allowing
replacement of H3.3 with CENP-A in G1. Once assembled, the CATD within the
HFD of CENP-A nucleosomes is recognized by CENP-N allowing recruitment of
many other constitutive kinetochore components including the CENP-T/W/S/X
complex (not shown). The CENP-B protein is known to bind directly to centromere
repeats in mammals but is stabilized via the N-terminus of CENP-A and contributes to
kinetochore integrity. The N-terminus of CENP-C associates with the Mis12 complex.
For simplicity interactions and nomenclature are only shown for vertebrate proteins.

Figure adapted from Catania et al., 2014105.

The current CENP-A deposition model in chicken cells is not identical to that in
human (Fig 15)99. The difference is that the chicken CENP-A localization mode does
not involve the CENP-C protein. The Mis18 complex directly interact with existing
CENP-A nucleosome through KNL2 without the intermediate of CENP-C protein.
And the hexamer of Mis18α / β can be recognized by the CENP-A/H4 containing
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HJURP complex to facilitate centromeric CENP-A deposition102,103,107,115. Then the new
CENP-A carried by HJURP is deposited near the existing CENP-A nucleosome99.

Figure 15. Current model of CENP-A deposition in chicken cells.

The Mis18 complex directly associated with CENP-A nucleosome (old CENP-A)
before CENP-A deposition. HJURP, bound with CENP-AH4 (new CENP-A),
recognizes the Mis18 complex, and new CENP-A is deposited near existing CENP-A

nucleosome.  means Mis18;  means Mis18.

Figure adapted from Hori et al., 201799 and Pan et al., 2017103.
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Chapter 2: KNL2 directly binds to the CENP-A nucleosome

via the conserved CENP-C-like motif region

2.1 Introduction

Eukaryotic cells rely on mitosis for proliferation, and the whole cell cycle is roughly
divided into interphase and mitotic (M) phase. The filamentous chromatin condenses
into chromosomes during M phase, and the two replicated sister chromatids are linked
by centromere and pulled through spindle fiber to the opposite cellular poles,
eventually forming two daughter cells4–6. In most organisms, centromere is a
chromosomal specialized region defined by sequence-independent epigenetic
mechanisms27–29. CENP-A (centromere protein A), the canonical histone H3 variant,
marks the centromere region as a key marker for centromeric specification and
maintanance31,32,43,44,52. To understand how CENP-A is deposited on the centromere,
previous studies have gotten some progress in several species. To compare the current
CENP-A deposition model between human and chicken, the significant difference is
about the CENP-A recognition protein99,105. The human CENP-A deposition model
shows that CENP-C binds with existing CENP-A nucleosome, and the Mis18
complex (a licensing factor for new CENP-A deposition) interact with CENP-C to
localize to the centromere via a Mis18 complex component KNL294. However, in
chicken cells or Xenopus egg extract, KNL2 still localize to the interphase centromere
without the existence of CENP-C46,116. Actually, the KNL2 directly binds to the
CENP-A nucleosome in vitro without the intermediate of CENP-C protein96,99,100. An
interesting point is, in some species but not human and mice, KNL2 has a
CENP-C-like motif which shows quite similar conserved sequence as that of CENP-A
binding motif in CENP-C (Fig 16)50,91,92,96–100. Therefore, a reasonable speculation is
that, in chicken cells, existing centromeric CENP-A nucleosome directly binds to
KNL2 but not CENP-C protein for new CENP-A deposition in the G1 phase.

To answer this hypothesis, I conducted a series of studies using biochemistry,
molecular biology and structural biology (described in chapter 3), which eventually
led to a specific molecular mechanism for the binding of KNL2 to the CENP-A
nucleosome.
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Figure 16. Sequence alignment of the CENP-C-like motif of KNL2 or the
CENP-C motif of CENP-C from various species: Gg, chicken; Xl, frog; Dr,
zebrafish; and Hs, human.

The identical and similar residues are colored in red and orange, respectively.

2.2 Results and discussion

Chicken KNL2 contains three major domains, SANTAmotif, CENP-C-like motif and
SANT motif from N-terminal to C-terminal, respectively (Fig 13)97–100. To bind to the
CENP-A nucleosome, the CENP-C-like motif (CC; amino acid residues 523-543) was
shown as the most likely binding region in previous study99. Also, as this
CENP-C-like motif shows sequence similarity to one of the CENP-A binding motif in
CENP-C (Fig 16), known as CENP-C motif, it worth to examine the CENP-A binding
ability focusing around this region. Since the N-terminal SANTA motif position is
close to the CENP-C-like motif, it was also be examined. Within the ggKNL2 region
containing amino acids sequence 347 to 560 (aa 347-560), five various constructs
were designed in total, with or without SANTA or CENP-C-like motifs. All the
recombinant protein fragments are tagged with GST (GST-KNL2347-560, containing
both SANTA and CENP-C-like motifs; GST-KNL2456-560, containing the CENP-C-like
motif and its N-terminal upstream (CC-upstream) region but not the SANTA domain;
GST-KNL2518-560, containing CENP-C-like motif only; GST-KNL2347-455, containing
SANTA motif only; and GST-KNL2456-516, containing CC-upstream region only) for
further purification and biochemical assays (Fig 17).
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Figure 17. ggKNL2 recognizes the CENP-A nucleosome via the CENP-C-like
motif.

A Schematic diagram of the domain organization of chicken KNL2 (ggKNL2). The
CENP-C-like motif for CENP-A binding (aa 523 – 543) is colored in orange. The
identical and similar residues are colored in red and orange, respectively. The KNL2
fragments, which were used for in vitro CENP-A nucleosome-binding assays, are
diagramed.

A chimeric CENP-A, in which the native ggCENP-A N-terminal region was replaced
by the corresponding region of histone H3 (Fig 18), was prepared to reconstitute the
CENP-A nucleosome, together with histone H4, H2A,H2B and 601 DNA117,118, in
vitro. Because the full-length CENP-A reconstitution was failed, the chimeric
CENP-A is a reliable alternative histone for biochemical and structural checking91,92,99.
As a control, canonical H3 nucleosomes were also prepared.

To determine the exact KNL2 binding region with the CENP-A nucleosome, I
performed both EMSAs and BLI assays to examine the binding of CENP-A
nucleosome to each of the KNL2 fragment mentioned above.
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Figure 18. A schematic representation of the H3-chicken CENP-A chimeric
histone (141 amino acid residues) used in biochemical and structural studies.

The boundary between histone H3 and chicken CENP-A is indicated. The N-terminal
region derived from histone H3 (aa 1–63) is colored in dark green.

2.2.1 KNL2 CC containing fragments stably bind to the CENP-A

nucleosome in vitro

EMSA and BLI assays results demonstrate that all the CENP-C-like motif containing
KNL2 fragments (GST-KNL2347-560, GST-KNL2456-560, GST-KNL2518-560) specifically
bound to CENP-A nucleosome (Fig 19A-C; Fig 20A-C and F). Both of KNL2347-560

and KNL2456-560 fragments were observed to form a complex at a lower molar ratio to
the CENP-A nucleosome than that of KNL2518-560, indicating stronger CENP-A
binding ability. For comparing, the KNL2456-560 and KNL2518-560 fragments do not bind
to the H3 nucleosome, while KNL2347-560 was shown clear bound shift in the EMSA
result (Fig 19A-C) (Refer to the next section). To examine the dissociation constant
(KD) between CENP-A and these CENP-C motif containing KNL2 fragments,
KNL2518-560 BLI assay was performed, and CC only fragment was estimated to be 5.5
± 1.1 μM, while both the CC containing CC-upstream region with or without
SANTA motif (KNL2347-560 and KNL2456-560) were shown quite similar KD value
(16.4±5.9 nM and 22.0±1.8 nM, respectively) (Fig 20A-C). Comparing these data,
these KD values remind that both KNL2347-560 and KNL2456-560 possess similar binding
affinity to the CENP-A nucleosome, which of both were higher than that of the
KNL2518-560 fragment with only KNL2 CC.
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Figure 19. Electrophoretic mobility shift assay (EMSA) to examine binding
affinities of the GST-KNL2 fragments for the CENP-A or H3 nucleosome.

A GST-KNL2347–560; B GST-KNL2456–560; C GST-KNL2518–560; D GST-KNL2347–455; E
GST-KNL2456–516 (CC–upstream). The molar ratio of the KNL2 fragment against
nucleosomes are indicated.
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Figure 20. Biolayer interferometry (BLI) assays to examine the interaction
between the GST-KNL2 fragments (immobilized ligand) and CENP-A
nucleosome (A-E) or H3 nucleosome (F) (analyte):

(A) GST-KNL2347–560; (B) GST-KNL2456–560; (C) GST-KNL2518–560; (D)
GST-KNL2347–455; (E) GST-KNL2456–516 (CC–upstream). Representative BLI
sensorgrams measured with analyte concentrations ranging from 0 to 1 μM in (B, F)
or from 0 to 200 nM in (A,C-E) are plotted in the upper panel. The BLI sensorgrams
were measured at association time intervals of 120 s and dissociation time intervals of
120 s. Binding assays were technically replicated three times. BLI-derived
steady-state analysis of the binding response (nm) as a function of the concentration
of each KNL2 fragment is presented in the lower panel of (A–C). Data are mean with
standard deviations calculated from the technical replicates, n = 3.
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2.2.2 KNL2 SANTA only fragment shows non-specific binding to the

CA nucleosome

The KNL2 fragment containing both SANTA and CENP-C-like motif is shown to
bind to both CENP-A and H3 nucleosomes in vitro, while the other CC containing
fragments (KNL2456-560 and KNL2518-560) can only bind to the CENP-A nucleosome
but not H3 nucleosome (Fig 19A-D; Fig 20A-C). Does it mean that the SANTAmotif
is specifically recognized by the nucleosomes? The relevant KD value shown similar
affinities of KNL2347–560 and KNL2456–560 for the CENP-A nucleosome, which implied
that SANTA would not contribute to improving the binding affinity in the CENP-A
nucleosome–KNL2 interaction (Fig 20A, B). Besides, comparing the band shift
condition between CENP-A nucleosme-KNL2 and 601 DNA-KNL2 interaction in the
EMSA assay, the KNL2 SANTA only fragment could definitely bind to the histone
octamer binding DNA — the ‘ 601 DNA ’ was selected from synthetic random
sequences and discovered by Lowary and Widom (Fig 19D-Fig 21)117,118. Also, the
binding response of KNL2347–455 shows quite low level with a decreasing tendency,
which means this SANTA containing KNL2 fragment does not specifically bind to the
CENP-A nucleosome (Fig 20D). Therefore, my conclusion is that the SANTA motif
of KNL2 is not involved in the nucleosome-related binding and it might
nonspecifically bind to the artificial 601 DNA sequence, which is consistent with the
previous data that SANTA domain is dispensable for the KNL2 centromere
localization99.

Figure 21. Electrophoretic mobility shift assay (EMSA) to examine binding
affinities of the GST-KNL2347–455 fragments for the CENP-A or 601 DNA.

The molar ratio of the KNL2 fragment against nucleosomes are indicated.
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2.2.3 KNL2456-516 fragment does not bind to the CENP-A nucleosome

As shown in the BLI data, comparing with 5.5±1.1 μM KD value of KNL2518-560,
the smaller value of KNL2456-560 (22.0±1.8 nM) indicated that KNL2456-560 bound to
the CENP-A nucleosome more stably. However, the only difference is KNL2456-560

contains the middle region between SANTA and CENP-C-like motifs with the amino
acid (aa) residues from 456 to 516. Intriguingly, the KNL2 fragment with this
CC-upstream region only, shown as KNL2456–516, did not bind to the CENP-A
nucleosome in the binding assays (Fig 19E, Fig 20E). These data suggest that
KNL2456–516 (CC-upstream) may facilitate the CNEP-A-KNL2 complex binding by some
unknown mechanisms, but without directly binding to the CENP-A nucleosome.

2.2.4 Discussion

To sum up, KNL2518–560, the KNL2 fragment with CENP-C-like motif only, is the core
region which is sufficient for CENP-A specific binding without the existence of any
other motifs, while this stable binding can be facilitated by the CC upstream region of
KNL2456-516 for the more stable interaction. Studying how the ggKNL2 upstream
region facilitates the interaction of CENP-C-like motif with the CENP-A nucleosome
is a topic that is needed to address in the future. In addition, although DT40 cells
without SANT and SANTA structural domains are still viable, cKO-KNL2 cells
expressing KNL2 without SANT or SANTA structural domains grow slower than the
expressing of WT KNL2 in previous study99, suggesting that these structural domains
may contribute to proper KNL2 function to some extent. This topic is also needed to
study.
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2.3 Materials and methods

Recombinant protein expression

Recombinant expression plasmid: The selected cDNA fragments encoding the
C-terminal fragments of chicken KNL2 were each inserted into a pGEX-6p bacterial
expression vector (Cytiva). Each fragment is tagged by both GST tag and FLAG-tag.

cDNA fragments: C-terminal fragments of chicken KNL2 (aa 347–560, KNL2347–560;
aa 456–560, KNL2456–560; aa 518-560, KNL2518–560; aa 347–455, KNL2347–455; aa 456–
516, KNL2456–516) (Fig 17)

Tag: glutathione S transferase (GST) tag (N-terminus); FLAG tag (C-terminus)

Expression: Each KNL2 fragment was expressed in E. coli (Escherichia coli)
RosettaTM2 (DE3) as a GST-fused recombinant protein. E. coli cells were grown in
LB media at 37°C until OD600 reached 0.6, then the protein expression was induced
by addition of isopropyl-b-D-thiogalactoside (IPTG) to a final concentration of 0.2
mM, and culture was continued at 17°C overnight or 37°C for 2 h for each KNL2
fragments.

Host cell: E. coli RosettaTM2 (DE3) (Novagen)

Media: LB-Lennox media

Temperature: 37 ° C for cell growth; 17 ° C (KNL2 fragments expression:
GST-KNL2347 – 560 and GST-KNL2347 – 455) or 37 ° C (KNL2 fragments expression:
GST-KNL2456–560; GST-KNL2518-560; GST-KNL2456–516) for protein expression.

Recombinant protein purification

Sample collection: The GST-binding buffer was used to suspend cell pellet, which
was lysed by sonication on ice. Then the lysate was centrifuged for clarification.

GST-binding buffer: 20 mM HEPES pH 7.5, 300 mM NaCl, 5% glycerol and 2 mM
Dithiothreitol [DTT], supplemented with protease inhibitor cocktail (Roche).

GST affinity purification: The clarified supernatant was applied to glutathione
Sepharose FF (Cytiva) and was pre-equilibrated with GST-binding buffer. After
extensive column washing with GST-binding buffer, the immobilized GST-fusion
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protein was eluted from the column with GST elution buffer.

Beads: glutathione Sepharose FF (Cytiva)

GST elution buffer: 50 mM HEPES pH 7.5, 300 mM NaCl, 5% glycerol and 10 mM
reduced glutathione

ION exchange column chromatography purification: Base on the biochemical
properties of the aim KNL2 fragment, applying the eluted fractions to a cation
exchange column or a anion exchange column. Each GST-KNL2 fragment was eluted
with a linear NaCl gradient from 70 to 700 mM. Peak fractions containing the
GST-KNL2 fragment were combined and concentrated to 5 ml.

ION exchange column: HiTrap SP HP cation exchange column (Cytiva) for
GST-KNL2347–560 and GST-KNL2347–455; Resource Q anion exchange column (Cytiva)
for GST-KNL2456–560; GST-KNL2518-560; GST-KNL2456–516

ABuffer: 20 mM HEPES pH 7.5, 1 M NaCl, 5% glycerol and 2 mM DTT.

B Buffer: 20 mM HEPES pH 7.5, 5% glycerol and 2 mM DTT.

Size-exclusion column chromatography purification: Further, to purify the KNL2
fragments with size-exclusion column in a buffer containing 300 mM NaCl. Peak
fractions containing the GST-KNL2 fragment were combined, concentrated (typically
to 35 mg/ml), and stored at 80°C until further use for biochemical analyses.

Size-exclusion column: HiLoad 16/60 Superdex 200 pg column (Cytiva)

Buffer: 20 mM HEPES pH 7.5, 300 mM NaCl, 5% glycerol and 2 mM DTT.

Chimeric chicken CENP-A (H31-63-CAa1-end) expression91

Recombinant expression plasmid: pET15b-H31-63-CAa1-end92

Chimeric chicken CENP-A (H31-63-CAa1-end) composition: Removing N-terminal
tail (aa 1–53) from chicken CENP-A and replacing it with canonical H3 (aa 1–63 in
human H3).

Tag: His-tag (N-terminus)



39

Expression: His-tag chimeric chicken CENP-A (H31-63-CAa1-end) was expressed in
E. coli which was transformed with the pET15b-H31-63-CAa1-end plasmid92 and was
produced as inclusion body in bacteria cells. The cells are cultured in LB media
overnight at 37°C.

Host cell: E-coli strain BL21 (DE3)

Media: LB-Lennox media

Temperature: 37°C

Chimeric chicken CENP-A (H31-63-CAa1-end) purification

Sample collection: Cells were resuspended in lysis buffer and were lysed using
sonication. After centrifugation (33,000 g for 20 min), pellet was solubilized in
unfolding buffer with overnight incubation at 37°C.

Lysis buffer: 50 mM Tris pH 7.5, 0.5 M NaCl, 5% glycerol, supplemented with
protease inhibitor cocktail (Roche)

Unfolding buffer: 50 mM Tris pH 7.5, 7 M guanidine-HCl, and 5% glycerol

Ni-NTA affinity purification: The unfolding sample was then applied to a Ni-NTA
agarose column equilibrated with His-binding buffer. After extensive wash of the
column with His-binding buffer containing 50 mM imidazole, the immobilized
proteins were eluted with His-elution buffer.

Beads: Ni-NTA agarose (Qiagen)

His-binding buffer: 50 mM Tris pH 7.5, 0.5 M NaCl, 6 M urea, 10 mM imidazole

His-elution buffer: 50 mM Tris pH 7.5, 0.5 M NaCl, 6 M urea, 300 mM imidazole

Dialysis and His-tag cleavage: The eluted sample was dialyzed against dialysis
buffer and treated with thrombin protease overnight at 4°C to remove the His-tag.

Dialysis buffer: 10 mM Tris buffer (pH 7.5), 5 mM DTT

Protease: thrombin protease (Wako; 2 U thrombin/1 mg Histone)
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ION exchange column chromatography purification: Untagged H31–63-CAa1-end
was further purified by ion exchange column chromatography using a HiTrap SP
column with a linear gradient buffer of 200–900 mM NaCl.

ION exchange column: HiTrap SP column (GE Healthcare)

ABuffer: 1 M NaCl, 20 mM sodium acetate buffer (pH 5.2) , 1 mM EDTA, 6 M urea,
and 5 mM DTT

B Buffer: 20 mM sodium acetate buffer (pH 5.2) , 1 mM EDTA, 6 M urea, and 5 mM
DTT

Dialysis: The peak fractions were combined and dialyzed against water.

Lyophilization: H31 – 63-CAa1-end was lyophilized using a vacuum centrifugal
concentrator (TOMY).

Histone H3.2 expression92

Recombinant expression plasmid: pHCE-AMPFREE-gH3.2 (from
pHCE-AMPFREE (Takara))

Tag: His-tag

Expression: His-tagged chicken histone H3.2 was expressed using
pHCE-AMPFREE-gH3 in E. coli (BL21 (DE3)). (Refer to Chimeric CENP-A above)

Host cell: E-coli strain BL21 (DE3)

Media: LB-Lennox media

Temperature: 37°C

Sample collection: Cells expressing H3.2-His were resuspended in column buffer A
and lysed by sonication on ice. The cell lysates were clarified by centrifugation
(35,000 × g) at 4 ° C. The pellet was resuspended with the buffer A and lysed by
sonication on ice. Then the lysates were clarified by centrifugation (35,000 ×g) at 4°
C, and the supernatants were removed. The pellet was resuspended with buffer B and
lysed by sonication on ice. The lysate was incubated with agitation at 4°C overnight.
The lysate was clarified by centrifugation (35,000 × g) at 4 °C and the pellet was
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removed.

Lysis buffer A: 50 mM Tris-HCl, pH 8.0, 500 mM NaCl, 5% Glycerol, 5 mM DTT,
and 1× complete EDTA-free proteinase inhibitor [Roche]

Lysis buffer B: 50 mM Tris-HCl, pH 8.0, 7 M Guanidine-HCl, 5% Glycerol, and 5
mM DTT

Histone H3.2 purification (Refer to Chimeric CENP-A above)

Histone H4 expression

Plasmid: pET15-b-gH4

Tag: His-tag

Expression: His-tagged chicken histone H4 was expressed using pET15-b-gH4 in E.
coli (BL21 (DE3)). (Refer to Chimeric CENP-A above)

Host cell: E-coli strain BL21 (DE3)

Media: LB-Lennox media

Temperature: 37°C

Histone H4 purification

Sample collection: Cells expressing H4-His were resuspended in column buffer A
and lysed by sonication on ice. The cell lysates were clarified by centrifugation
(35,000 × g) at 4 ° C. The pellet was resuspended with the buffer A and lysed by
sonication on ice. Then the lysates were clarified by centrifugation (35,000 ×g) at 4°
C, and the supernatants were removed. The pellet was resuspended with buffer B and
lysed by sonication on ice. The lysate was incubated with agitation at 4°C overnight.
The lysate was clarified by centrifugation (35,000 × g) at 4 °C and the pellet was
removed.

Lysis buffer A: 50 mM Tris-HCl, pH 8.0, 500 mM NaCl, 5% Glycerol, 5 mM DTT,
and 1× complete EDTA-free proteinase inhibitor [Roche]

Lysis buffer B: 50 mM Tris-HCl, pH 8.0, 7 M Guanidine-HCl, 5% Glycerol, and 5
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mM DTT

Ni-NTA affinity purification: The supernatant was incubated with Ni-NTA agarose
for 30 min at 4 ° C. Ni-NTA agarose was washed with washing buffer four times.
Proteins were eluted with elution buffer.

Beads: Ni-NTA agarose (Qiagen)

Washing buffer: 50 mM Tris-HCl, pH 8.0, 500 mM NaCl, 6 M Urea, 5% Glycerol,
and 5 mM Imidazole, pH 8.0

Elution buffer: 50 mM Tris-HCl, pH 8.0, 500 mM NaCl, 6 M Urea, 5% Glycerol,
300 mM Imidazole, pH 8.0, and 1 mM DTT

Dialysis and His-tag cleavage: The eluted sample was dialyzed with dialysis buffer.
His-tag of proteins were cleaved with Thrombin for 75 min at RT.

Dialysis buffer: 10 mM Tris-HCl, pH 7.5, and 5 mM DTT

Protease: thrombin protease (Wako; 2 U thrombin/1 mg Histone)

ION exchange column chromatography purification: The cleaved proteins were
applied to 5 ml HisTrap HP column in salt gradient with a linear gradient of imidazole
from 20 to 500 mM. The peak fractions of His-gH4 were dialyzed against dialysis
buffer and applied to a HiTrap SP column (GE Healthcare).

ION exchange column: HisTrap HP column (GE Healthcare) and HiTrap SP column
(GE Healthcare)

Dialysis buffer: 10 mM Tris buffer (pH 7.5) containing 5 mM DTT

Dialysis: The peak fractions were combined and dialyzed against water four times.

Lyophilization: H4 was lyophilized using a vacuum centrifugal concentrator (TOMY)
and stocked as powder at 4°C.

CA/H4 tetramer preparation
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Sample refolding: The CENP-A (H31-63-CAa1-end) and His-H4 powders were
suspended in unfolding buffer, then mixed at 1:1 molar ratio in refolding buffer and
assembled as tetramers by three dialysis steps in which NaCl concentration was
decreased stepwise to 200 mM.

Unfolding buffer: 20 mM Tris-HCl, pH 7.5, 7 M Guanidine-HCl, and 20 mM DTT

Folding buffer A: 10 mM Tris pH 7.5, 1 M NaCl, 1 mM EDTA and 5 mM DTT

Folding buffer B: 10 mM Tris pH 7.5, 500 mM NaCl, 1 mM EDTA and 5 mM DTT

Folding buffer C: 10 mM Tris pH 7.5, 200 mM NaCl, 1 mM EDTA and 5 mM DTT

CA/H4 tetramer purification: The tetramer was further purified by the size
exclusion column in folding buffer C, and concentrated using Amicon Ultra
centrifugal filter (Merck). Fractions were pooled and frozen in liquid nitrogen and
kept at −80°C.

Size exclusion column: HiLoad 16/60 Superdex 200 pg column (Cytiva)

H3/H4 tetramer preparation (Refer to CA/H4 tetramer above)

Histones H2A and H2B expression

Recombinant expression plasmid: pETDuet-His-SUMO-H2A/H2B (made from a
in-house–modified version of pETDuet-1)

Tag: 6xHis-SUMO-tagged H2A (N-terminus)

Expression: To generate H2A/H2B dimer, H2A and H2B were co-expressed in E.
coli as a homodimer from a pETDuet-His-SUMO-H2A/H2B plasmid which generates
N-terminally 6xHis-SUMO-tagged H2A and untagged H2B.

Host cell: E. coli RosettaTM2 (DE3)

Histones H2A and H2B purification

Sample collection: Cells expressed H2A/H2B dimer were resuspended in high-salt
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buffer and disrupted by sonication.

Lysis buffer: 20 mM HEPES pH 7.5, 2 M NaCl, 5% glycerol, and 5 mM tris
(2-carboxyethyl) phosphine (TCEP)

Ni-NTA affinity purification: The clarified lysate was applied to a Ni-NTA agarose
column. After extensive column washing, bound proteins were eluted from the
column with suspension buffer containing 300 mM imidazole.

Beads: Ni-NTA agarose (Qiagen)

His-binding buffer: 50 mM Tris pH 7.5, 0.5 M NaCl, 6 M urea, 10 mM imidazole

His-elution buffer: 50 mM Tris pH 7.5, 0.5 M NaCl, 6 M urea, 300 mM imidazole

His-tag cleavage: The elution was incubated with SENP7 protease to remove the
HisSUMO-tag.

Protease: in-house-made SENP7 protease (Fukagawa Lab)

Size exclusion column chromatography purification: The complex was further
purified using size exclusion column chromatography in the buffer. The purified
H2A/H2B dimer was concentrated using Amicon Ultra centrifugal filter (Merck).
Relevant fractions were pooled, frozen in liquid nitrogen, and kept at −80°C.

Size exclusion column: Hi-Load Superdex 16/60 75 pg (GE Healthcare)

Buffer: 10 mM Tris pH 7.5, 200 mM NaCl, 1 mM EDTA and 5 mM DTT

601 DNA purification119

Expression: 601 DNA was expressed in E. coli cells which was transformed with the
pGEM- 601- 145 bp x 8 plasmid. The cells are cultured in LB media overnight at 37°
C.

Plasmid: pGEM- 601- 145 bp x 8

Host cell: E-coli DH5α

Media: LB-Lennox media
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Temperature: 37°C

601 DNA preparation

Sample collection: The 145-bp 601containing plasmid was purified with isopropanol
and treated with RNase. The plasmid was extracted with phenol twice and further
purified with PEG and ethanol precipitation. The plasmid was digested with EcoRV,
and the digested 601 DNA was purified with PEG and ethanol precipitation. The 601
DNAwas suspended with TE buffer.

Enzyme: EcoRV

Reconstitution of chicken CENP-A nucleosome

H2A/H2B dimers, chicken (CENPA/H4)2 hetero-tetramers and 601 DNA were mixed
with a molar ratio of 2:1:0.8 at 0.75 mg/ml of final DNA concentration in the presence
of 2 M KCl. A gradient dialysis to low salt buffer (2–0.2 M KCl) was performed at 4°
C more than 21 h120. Finally, the nucleosome solution was dialysis against final buffer
(50 mM KCl). Assembled nucleosomes were then uniquely positioned on the DNA by
a thermal shift for 1 h at 37 °C. Nucleosome formation was examined using native
polyacrylamide gel electrophoresis (Native PAGE) and DNA was detected via EtBr.
The concentration of each nucleosome sample was determined using absorbance at
260 nm.

Molar ratio: H2A/H2B dimers: chicken (CENPA/H4)2 hetero-tetramers: 601
DNA=2:1:0.8

High salt buffer: 2 M KCl in 10 mM Tris pH 7.5, 1 mM EDTA, 5 mM DTT

Low salt buffer: 0.2 M KCl in 10 mM Tris pH 7.5, 1 mM EDTA, 5 mM DTT

Final salt buffer: 50 mM KCl in 10 mM Tris pH 7.5, 1 mM EDTA, 5 mM DTT

Reconstitution of H3 nucleosome (Refer to CENP-A nucleosome above)

Electrophoretic mobility shift assay (EMSA)

Each GST-KNL2 fragments was mixed with CENP-A or H3 nucleosome in binding
buffer for 60 min on ice. The mixtures were analyzed by Native PAGE using
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SuperSep 5–20% gels. Native PAGE was typically performed at constant 200 V for
100 min at 4°C in 0.5xTAE buffer. The gels were stained with GelRedTM (Biotium,
Inc) and visualized by UV illumination at 260 nm.

Binding buffer: 20 mM HEPES pH 7.5, 1 mM EDTA, 100 mM NaCl, 5 mM TCEP,
5% glycerol, and supplemented with protease inhibitor cocktail [Roche].

Gel: SuperSep 5–20% gels (FUJIFILMWAKO Chemicals)

Biolayer interferometry (BLI) assays

The association and dissociation between each GST-KNL2 fragment and CENP-A
nucleosome was measured using the BLItz biolayer interferometer. Each GST-fused
KNL2 fragment was loaded onto the anti-GST biosensors (Forte Bio) as follows:
Biosensor probes were hydrated in BLI-binding buffer for 10 min followed by loading
0.6 μM of each GST-fused KNL2 fragment (ligand) and were incubated for 2 min.
The ligand-bound sensor tips were washed with the BLI-binding buffer for 2 min. The
CENP-A nucleosome (analyte) dissolved in BLI binding buffer was loaded onto the
GST-fused KNL2 fragment sensor tips at each concentration indicated in the BLI
figures. The association phase (2 min) was measured and followed by a dissociation
phase (2 min) in BLI-binding buffer. All the BLI measurements were performed at
room temperature. Sensorgrams were analyzed by BIAevaluation 4.1 (BIACORE) to
perform steady-state affinity fitting to estimate apparent equilibrium dissociation
constant.

BLI-binding buffer: 20 mM HEPES-NaOH (pH 7.5), 200 mM NaCl, 2 mM TCEP, 1
mM EDTA, 0.5% CHAPS

Equipment: BLItz biolayer interferometer (Forte Bio, Fremont, CA, USA)
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Chapter 3: Cryo-EM structural analysis reveals the specific

binding mechanism of the CENP-A nucleosome to the

CENP-C-like motif of ggKNL2

3.1 Results and discussion

Since the KNL2 CENP-C-like motif region is sufficient for CENP-A specific binding,
a synthetic KNL2 peptide with amino acid residues from 517 to 560 was used for
further analyses of molecular mechanism of binding of ggKNL2 to the CENP-A
nuclesome (Fig 22). To determine the specific binding residues for binding of
ggKNL2 to the CENP-A nucleosome, considering properties such as molecular size,
the cryo-EM single-particle analysis is a most suitable method (Fig 23; Table 1).

Figure 22. Schematic diagram showing functional elements in chicken KNL2
(ggKNL2).

Amino acid sequence of the chicken KNL2517-560 peptide (aa 517-560) used for
cryo-EM analysis is presented. The region observed in Cryo-EM structure is
underlined (aa 521-554). The conserved CENP-C-like motif is enclosed in the orange
box.
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Figure 23. Cryo-EM single-particle image analysis of the CENP-A nucleosome–
KNL2517–560 complex (related to Fig 24).

A A representative micrograph of the CENP-A nucleosome in complex with the
ggKNL2517–560 peptide. Scale bar indicates 100 nm.

B Representative 2D class averages of the CENP-A nucleosome – KNL2517-560

complex.

C Cryo-EM density map of the chicken CA-KNL2517-560 complex at a 3.4 Å resolution,
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colored according to the local resolution estimated by RELION.

D Gold-standard Fourier shell correlation (FSC) curve of the Cryo-EM density map is
displayed. Reported resolution (3.42 Å) was based on the FSC = 0.143 criterion
indicated by the dot line.

E Flow chart showing the image processing pipeline for the cryo-EM single-particle
image analysis of the chicken CENP-A nucelsome-KNL2517-560 complex.

In vitro, the synthetic KNL2 peptide is mixed with the reconstituted CENP-A
nucleosome at certain molar ratio (5:1) to form a complex. After performing cryo-EM
single-particle analysis, the CENP-A-KNL2517-560 complex is reconstructed at
three-dimensional (3D) level at the 3.42 Å resolution (Fig 23; Tab 1). The cryo-EM
map reveals that each side of the CENP-A nucleosome, as a flat plate structure
wrapped by the 601 DNA, is associated with the KNL2 peptide residues from 521 to
554 with a stable binding interface (Fig 22, 24A and 25).
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Table 1. Statistics for cryo-EM single particle image analysis and structure
refinement.

FSC, Fourier shell correlation; R.m.s. deviations, root-mean-square deviations.
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Figure 24. Cryo-EM structure of the CENP-C-like motif of ggKNL2 bound to the
CENP-A nucleosome.

ACryo-EM density map of the CENP-A nucleosome in complex with the KNL2517-560

peptide at 3.42 Å resolution. The side views of the complex along the two-fold axis
are shown. The density corresponding to each molecule in the complex is color coded
as indicated in the fig.

B The structure of the KNL2517-560 peptide bound to the CENP-A nucleosome. The
surface model of the CENP-A nucleosome was color coded as indicated in (A). The
key residues to CENP-A nucleosome binding are labeled.

C Structural comparison of the CENP-A nucleosome binding between KNL2 and
CENP-C. Left panel, schematic representation of the KNL2517-560 peptide structure.
Dot circles indicate the recognition sites for the H2A/H2B acidic patch, the CENP-A
C-terminal region, and the CENP-A RG-loop. The key residues in each site are
indicated. Middle panel, schematic representation of the structure of chicken CENP-C
(ggCENP-C) bound to CENP-A nucleosome. Right panel, structural comparison of
the CENP-A nucleosome-binding interface between ggKNL2 and ggCENP-C. The
backbone structures of ggKNL2 (residues 521–554, orange) and ggCENP-C (residues
642-679, PDB ID: 7BY0, magenta) are superimposed. The CENP-A nucleosome is
presented in a surface model.
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In total, the KNL2517-560 peptide binds to the CENP-A nucleosome at three regions.
Firstly, the conserved arginine residue R527 of KNL2517-560 binds to the H2A/H2B
acidic patch (Fig 24B, C; Fig 26A). Next, the conserved ggKNL2 phenylalanine
residue F535 and tryptophan residue W536, locating in a 310 helix, recognize the
C-terminal region of CENP-A (Fig 24B, C; Fig 27A). The third one is, aspartic acid
residue D544 of KNL2 directly binds to the CENP-A specific RG-loop (Fig 24B, C;
Fig 28A). I experimentally confirmed these residues are involved in binding to the
CENP-A nucleosome using specific mutant KNL2. I also used single or double
binding site mutants of the chicken KNL2 for cell biology experiments.

Figure 25. Cryo-EM structure of the CENP-A nucleosome in complex with
KNL2517-560 (related to Fig 24).
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A Cryo-EM density map of the CENP-A nucleosome in complex with chicken
KNL2517-560 peptide at a 3.42 Å resolution. The EM map for the entire complex is
shown as mesh representation together with the ribbon representation of the complex
molecules color-coded as indicated in the fig.

B Cryo-EM density map for the KNL2517-560 peptide is shown as an orange surface
representation together with the cartoon model of the CENP-A nucleosome. An
enlarged view of the density map (mesh representation) is presented with the final
structure of the KNL2517-560 peptide (stick model) in a panel. The final model contains
KNL2 peptide residues from 521 to 554.

3.1.1 The conserved arginine residue R527 of KNL2517–560 N-terminal

region binds to the H2A/H2B acidic patch

The well-defined CENP-A-KNL2517-560 complex structure is analyzed in details. The
acidic patch of histone H2A/H2B is noticed to be recognized by ggKNL2 within the
CENP-C-like motif (aa 523-543) region. The exact binding sites on the acidic patch
are aspartic residue D90 and glutamic residue E91 in histone H2A and the ggKNL2
arginine 527 (R527) residue (Fig 26A). To examine the binding contribution of
ggKNL2 R527, R527 was mutated to alanine and a recombinant KNL2518–560 mutant
(KNL2518–560 R527A) fragment was prepared. Then, I examined for its binding affinity
to the CENP-A nucleosome, using EMSA and BLI. The WT KNL2518–560was used for
binding experiment to the CENP-A nucleosome as a control. A clear band shift can be
observed as a binding signal of CENP-A-KNL2518–560 complex (Fig 26B). Comparing
with the shift band of complex containing wild-type KNL2518–560, the KNL2518–560
R527A mutant did not shown any band shift, but only the CENP-A nucleosome band
was observed. This result indicates that the R527A mutation interferes the complex
formation between the KNL2 fragment and the CENP-A nucleosome. Further
evidence is provided by the BLI assay. Comparing with the KNL2518-560 WT, BLI assay
using the KNL2518-560 R527A mutant fragment and CENP-A nucleosome showed
significantly lower wavelength shifts, which indicated the same conclusion as that of
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EMSA results (Fig 20C, Fig 26C).

As a conclusion, both the EMSA and BLI assay results indicated that the wild-type
ggKNL2 directly recognizes the CENP-A nucleosome.

Figure 26. ggKNL2 recognizes the acidic patch of histone H2A/H2B.

A The magnified view of the H2A/H2B binding site of KNL2. R527 of ggKNL2
forms hydrogen bonds with the H2A acidic residues. Side chains of the key residues
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are indicated as a stick model. Dotted lines represent the possible hydrogen bonds (<
3.0 Å).

B EMSA to examine contribution of the ggKNL2 R527 residue to the CENP-A
nucleosome binding.

C Biolayer interferometry analyses of the CENP-A nucleosome binding of
GST-KNL2518-560 WT or GST-KNL2518-560 R527mutant. Each GST-fused KNL2 fragment
was immobilized onto anti-GST prob as ligand, and CENP-A nucleosome is analyte.
The BLI sensorgrams were measured at association time intervals of 120 s and
dissociation time intervals of 120 s.

D Expression of the WT or R527A mutant GFP-KNL2 in KNL2 conditional knock
out chicken DT40 cells (cKO-KNL2). Expression of full-length KNL2 WT was
conditionally turned off by tetracycline (tet) addition in cKO-KNL2 cells (None).
GFP-fused KNL2 WT or R527Amutant was stably expressed in the cKO-KNL2 cells.
These cells were cultured in the presence or absence of tet (+tet: KNL2 OFF or －tet:
KNL2 ON) for 48 h. α-Tubulin (Tub) was probed as a loading control.

E Localization analyses of GFP-fused KNL2 WT or R527A mutant (green). CENP-T
was stained as a kinetochore marker (red), and DNA was stained using DAPI (blue).
Magnified views are shown in insets. Scale bar indicates 10 μm.

F Growth of the cKO-KNL2 cells expressing GFP-fused KNL2 WT or R527Amutant.
The upper panel shows examined cell numbers at the indicated time after tet addition
(+tet: KNL2 OFF). The cell numbers were normalized to those at 0 h for each line and
plotted as relative cell number. The lower panel shows examined untreated cells (－tet:
KNL2 ON). Parental cKO-KNL2 chicken DT40 cells (None) were also examined.

3.1.2 The conserved ggKNL2 phenylalanine residue F535 and

tryptophan residue W536, locating in a 310 helix, recognize the

C-terminal region of CENP-A
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In the downstream region of KNL2 R527, two other residues F535 and W536 also
bind to the CENP-A nucleosome in the region named CENP-A C-terminal, which is
one of the unique structural features of CENP-A (Fig 24B and Fig 27A). The
continuous cryoEM map at a higher resolution revealed a two-stranded anti-parallel β
-sheet structure in the C-terminal region of KNL2517–560 (Fig 25B). Also, a stacking
interaction was observed between KNL2W356 side chain and the CENP-A R132 side
chain (Fig 27A). Same as KNL2R527, the function and contribution of the F535 and
W536 residues for the CENP-A-KNL2 complex interaction was also required to be
evaluated. F535A/W536A double mutations are prepared for binding assay to the
CENP-A nucleosome. Again, no binding shift was observed from the EMSA data (Fig
27B), which is consistent with the low binding response from the BLI data (Fig 27C).

Therefore, it is significant that F535 and W536 are essential residues for the KNL2
binding to the CENP-A nucleosome.
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Figure 27. ggKNL2 recognizes the C-terminal region of CENP-A.

A Magnified view of the interface between the CENP-A C-terminal tail and the
KNL2517-560 peptide. Side chains of the key residues are indicated as a stick model.



58

B EMSA to examine contribution of the F535 and W536 residues in ggKNL2 to the
CENP-A nucleosome binding.

C Biolayer interferometry analyses of the CENP-A nucleosome binding of
GST-KNL2518-560 WT or GST-KNL2518-560 F535/W536 mutant. Each GST-fused KNL2
fragment was immobilized onto anti-GST prob as ligand, and CENP-A nucleosome is
analyte. The BLI sensorgrams were measured at association time intervals of 120 s
and dissociation time intervals of 120 s.

D Expression of GFP-KNL2 WT or CENP-A C-terminal tail-binding mutants in
cKO-KNL2 cells. Expression of full-length KNL2 WT was conditionally turned off
by tetracycline (tet) addition to the cKO-KNL2 cells (None). GFP-fused KNL2 WT,
F535A, W536A, or F535A/W536A was stably expressed in the cKO-KNL2 cells.
These cells were cultured in the presence or absence of tet (+tet: KNL2 OFF or tet:
KNL2 ON) for 48 h. α-Tubulin (Tub) was probed as a loading control.

E Localization analyses of GFP-fused KNL2 WT and F535A,
W536AorF535A/W536A mutant (green). CENP-T was stained as a kinetochore
marker (red), and DNAwas stained using DAPI (blue). Magnified views are shown in
insets. Scale bar indicates 10 lm.

F Growth of the cKO-KNL2 cells expressing GFP-fused KNL2 WT or each CENP-A
C-terminal tail binding mutant. The upper panel shows examined cell numbers at the
indicated time after tet addition (+tet: KNL2 OFF). The cell numbers were normalized
to those at 0 h for each line and plotted as relative cell number. The lower panel shows
examined untreated cells (tet: KNL2 ON). Parental cKO-KNL2 chicken DT40 cells
(None) were also examined.

3.1.3 A ggKNL2 C-terminal region Aspartic acid residue D544

directly binds to the CENP-A specific RG-loop

Actually, the histone H3 variant CENP-A contains two unique structural features, one
is the CENP-A C-terminal region as mentioned above, another one is the RG-loop in
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the L1 loop between helices α1 and α230,121 (Fig 18). Examining cryo-EM structure of
the complex, the KNL2 C-terminal part forms a β-sheet and the KNL2 amino acid
residues from 544 to 547 within this β-sheet is shown as a β-turn region which was
shown to be located in the vicinity of the CENP-A RG-loop (Fig 24B and C, left
panel). β-sheet formation involving the CENP-C-like motif downstream region is a
structural feature critical for CENP-A RG-loop recognition. Within the β-turn region,
the side chain of KNL2 D544 forms a H-bond interaction (2.5 Å) with the side chain
of R80 in the CENP-A RG-loop (Fig 28A). Same as that of other key KNL2 binding
residues with CENP-A nucleosome, EMSA and BLI assay were also performed for
the KNL2517-560 D544A mutant fragments to examine the CENP-A binding ability. As
expected, neither the EMSA nor the BLI assay result showed binding of the KNL2
mutant to the CENP-A nucleosome (Fig 28B and C).

Therefore, the ggKNL2 D544 residue is essential for the CENP-A RG-loop
recognition to form the CENP-A nucleosome-KNL2.
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Figure 28. The D544 residue of ggKNL2 associates with the RG-loop of the
CENP-A nucleosome.

A Magnified view of the interface between the CENP-A RG-loop and ggKNL2. The
b-turn structure of KNL2 provided the interface with the CENP-A RG-loop. Side
chains of the key residues are indicated as a stick model. Dotted lines represent the
possible hydrogen bonds (< 3.0 A ).
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B EMSA to examine the binding affinities of WT KNL2518–560 or KNL2518–560 D544A

mutant to the CENP-A nucleosome.

C Biolayer interferometry analyses of the CENP-A nucleosome binding of
GST-KNL2518-560 WT or GST-KNL2518-560 D544mutant. Each GST-fused KNL2 fragment
was immobilized onto anti-GST prob as ligand, and CENP-A nucleosome is analyte.
The BLI sensorgrams were measured at association time intervals of 120 s and
dissociation time intervals of 120 s.

D The expression of WT ggKNL2 was conditionally turned off by tet addition in
cKO-KNL2 cells (None). GFP-fused WT ggKNL2 and its D544A mutant were stably
expressed in cKO-ggKNL2 cells. These cells were cultured in the presence or absence
of tet (+tet: KNL2 OFF or -tet: KNL2 ON) for 48 h. a-Tubulin (Tub) was probed as a
loading control.

E Localization of GFP-fused KNL2 WT and D544A mutant (green). CENP-T was
stained as a kinetochore marker (red), and DNA was stained using DAPI (blue).
Magnified views are shown in insets. Scale bar indicates 10 μm. GFP and CENP-T
signals on kinetochores in mitotic cells were quantified in each cell line.

F Growth of the cKO-KNL2 cells expressing GFP-fused KNL2 WT and D544A
mutant. The upper panel shows examined cell numbers at the indicated time after tet
addition (+tet: KNL2 OFF) and were normalized to those at 0 h for each line. The
lower panel shows examined untreated cells (tet: KNL2 ON). Parental cKO-KNL2
cells (none) were also examined.

3.1.4 Cryo-EM Structural comparison of the CENP-A nucleosome

binding between KNL2 and CENP-C

As mentioned above, chicken KNL2 CENP-C-like motif shows sequence similarity to
the CENP-C motif of chicken and human CENP-C, and these region were verified to
bind to the CENP-A nucleosome by cryo-EM single particle analysis91,122. A
consequent question is whether CENP-C motif and CENP-C-like motif share the
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same CENP-A binding sites. In this study, the structure of CENP-A-ggKNL2 complex
(PDB: 7Y7I) was compared with the structures of two CENP-A-CENP-C complex
(chicken, PDB: 7BY0; human, PDB: 6MUO). The backbone structures of the
CENP-A nucleosome binding interface with ggKNL2 (residues 521–554) and
ggCENP-C (residues 642-679) superimposed on the surface model of the CENP-A
nucleosome show that the two backbones almost overlap (Fig 24B, C; Fig 29A). In
fact, all the ggKNL2, ggCENP-C and hsCENP-C can recognize two of the major
binding regions of the CENP-A nucleosome, H2A/B acidic patch binding region and
CENP-A C-terminal binding region (Fig 29)91,122–124, which is consistent with the
sequence similarity among their conserved CENP-C motifs (Fig 16). The specific
binding mechanism in chicken CENP-A-KNL2 complex structure shows that
ggKNL2 R527 interacts with H2A D90 and E91 residues(Fig 26A)，sharing the same
H2A/B acidic patch binding sites with chicken CENP-A R659 residue and human
CENP-C R522 residue(Fig 29B)91. The another sharing binding region, CENP-A
C-terminal, is recognized by F535 and W536 which are ggKNL2 counterparts of
Y667 and W668 in the CENP-C motif or W530 and W531 in the hsCENP-C central
domain (Fig 29C); this binding mode is well conserved. Further, on the CENP-A
nucleosome, these aromatic residue pairs of the side chain arrangements are
superposed (Fig 29C). Intriguingly, both ggKNL2 and ggCENP-C can specifically
recognize the CENP-A RG-loop, but the observed KNL2517-560 two-stranded

antiparallel  -sheet structure in the C-terminal region was not identified in the
CENP-A-ggCENP-C complex structure (Fig 24C; Fig 25B)91. Actually, the site of
CENP-C interaction with the RG loop remains unclear due to the low resolution of the
CENP-C-CENP-A nucleosome complex cryo-EM structural data91. However, it does
not influence the key role of the conserved canonical CENP-C motif (in CENP-C) or
CENP-C-like motif (in KNL2) downstream regions in CENP-A recognition. However,
a similar RG-loop binding region has not been found in another CENP-A binding
domain, central domain, identified in human or mouse CENP-C101,125.

Simply, both the acidic patch of H2A/B and the C-terminal regions of CENP-A are
critical regions for both KNL2 and CENP-C recognition.
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Figure 29. Structural comparison of the CENP-A nucleosome binding between
KNL2 and CENP-C (related to Figs 24, 26 and 27).

A Structural comparison of the CENP-A nucleosome-binding interface between
KNL2 and CENP-C. The backbone structures of chicken KNL2 (residues 521–554,
orange), chicken CENP-C (residues 628–679, PDB ID: 7BY0, magenta), or human
CENP-C (residues 520–537 in the central domain (CD), PDB ID: 6MUO) is shown in
each panel. The side chains of the conserved residues involved in CENP-A
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nucleosome binding are indicated as stick model. The CENP-A nucleosome is
presented in a surface model color-coded as indicated in the fig.

B Structural comparison of the H2A/H2B acidic patch recognition mode among
ggKNL2 CENP-C-like motif, ggCENP-C CENP-C motif, and the human CENP-C
CD. The side chains of the conserved arginine residues are indicated. The yellow stick
models indicate histone H2A residues in the acidic patch.

C Structural comparison of the CENP-A C-terminal tail-binding region among the
chicken KNL2 CENP-C-like motif, chicken CENP-C motif, and the human CENP-C
CD. The side chains of the conserved aromatic residues are indicated together with
chimeric chicken CENP-A or human CENP-A residues (green).

3.1.5 Discussion

Until here, the binding mechanism for the CENP-A nucleosome-KNL2 complex is
revealed by the cryo-EM structure, biochemical and cell biology in details. Among
which, Cryo-EM structural analysis data collection was performed with the guidance
and opperation of Dr. Fumiaki Makino; structural analysis was finished in cooperation
with Dr. Mariko Ariyoshi, who is co-author of my published paper; and all the cell
biology experiments were performed by Dr. Reito Watanabe and Dr. Tetsuya Hori.

Based on the BLI data (Figure 26-28 C), a possible view is that perhaps residue R527
contributes most to the CENP-A binding because of the weak binding signal,
suggesting that R527 might facilitate the CENP-A nucleosome binding via
electrostatic effect; another point is all the other three CENP-A-KNL2 binding
residues, F535, W536, and D544, are likely to equally contribute to the CENP-A
binding. As an emphasis, all interaction regions contribute to the KNL2-CENPA
nucleosome interaction, as specific mutations introduced in each KNL2 key residue
reduced the binding of ggKNL2 to the CENP-A nucleosome. Furthermore, these
mutants did not suppress the knockout phenotype of ggKNL2, indicating that each
binding site of KNL2 to the CENP-A nucleosome is essential for stable
KNL2-CENP-A interaction and KNL2 function.
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To further analyze the importance of key residues in the KNL2 function, in vivo
experiments ware performed. It should be noted that all in vivo experiments in this
paper were done by Dr. Tetsuya Hori and Dr. Reito Watanabe. Each of the GFP-fused
KNL2R527A, KNL2F535A, KNL2W536A, KNL2F535A/W536A and KNL2D544A mutants were
designed and were introduced into the KNL2 conditional knockout chicken DT40
cells (cKO-KNL2 cells), separately. Two alleles of the KNL2 coding region were
disrupted in cKO-KNL2 cells, and KNL2 cDNA was expressed under the control of
the tetracycline (tet)-responsive promoter after tet addition99. Therefore, in this cell
line, endogenous KNL2 expression could be turned off upon tet addition, and the
expression of endogenous KNL2 was replaced by that of KNL2-GFP since GFP-fused
ggKNL2 cDNA was expressed after tet addition. Using immunoblot, the endogenous
KNL2 was confirmed to be replaced by the KNL2-GFP (wild-type: WT or mutant)
(Fig 26-28D). To observe and compare the localization condition between
KNL2WT-GFP and KNL2mutant-GFP, CENP-T was used as the centromere localization
marker. In interphase, KNL2WT-GFP localization is detected overlapped with that of
CENP-T in the cKO-KNL2 cells. In contrast, most KNL2mutant-GFP did not colocalize
with CENP-T in interphase indicating that KNL2mutant-GFP did not localize to the
centromere region (Fig 26-28E). The mislocalized KNL2mutant protein formed
non-centromeric nuclear bodies, which was also observed under the condition of
CENP-C-like motif deletion mutant of KNL299. In fact, cKO-KNL2 cells expressing
only KNL2mutant-GFP caused cell death, and this growth defect could be suppressed by
expression of WT KNL2-GFP (Fig 26-28F).

As a conclusion, both the in vivo and in vitro results indicated that the wild-type
ggKNL2 directly recognizes the CENP-A nucleosome and is critical for cell viability.
Moreover, each of the checked KNL2 residues are key residues for the KNL2 binding.
KNL2 R527 binds to the acidic patch region of H2A/B, KNL2 F535A/W536A
directly recognize the C-terminal region and KNL2 D544A residue is essential for the
CENP-A RG-loop recognition. These key residues facilitate the CENP-A-KNL2
complex formation, which is essential for KNL2 centromere localization and function
in DT40 cells.
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3.2 Materials and methods

Recombinant KNL2 mutant protein preparation

(Refer to recombinant protein above in Chapter 2 for more details)

Recombinant expression plasmid: The expression vectors of KNL2 mutants were
generated based on the pGEX-KNL2518–560 vector. The selected cDNA fragments of
mutants encoding the C-terminal fragments of chicken KNL2 were each inserted into
a pGEX-6p bacterial expression vector (Cytiva). Each fragment is tagged by both
GST tag and FLAG-tag.

cDNA fragments: C-terminal fragments of chicken KNL2 (aa 518-560, KNL2518 –
560R527A, KNL2518–560F535A/W536A, KNL2518–560D544A)

Tag: glutathione S transferase (GST) tag (N-terminus); FLAG tag (C-terminus)

Reconstitution of chicken CENP-A or H3 nucleosome

(Refer to above relevant content in Chapter 2 for more details)

Electrophoretic mobility shift assay (EMSA)

(Refer to above relevant content in Chapter 2 for more details)

Biolayer interferometry (BLI) assays

(Refer to above relevant content in Chapter 2 for more details)

Competitive GST pull-down assay

15 μl of glutathione Sepharose FF beads were equilibrated with pull-down buffer.
GST-KNL2456–560 (bait) at 1 μM concentration was incubated with CENP-A
nucleosome (prey) at 0.25 μM concentration for 30 min at 4°C, and then
non-phosphorylated or phosphorylated CENP-C619–690 (competitor) was added. The
concentration of each CENP-C619–690 fragment was increased from 0 to 1 μM. The
reaction volume was topped up to 50 μl and incubated for 1 h at 4°C with agitation.
Then spun down the beads at 1,000 g for 1 min, and the supernatant was removed.
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The beads were washed with 200 μl of pull-down assay buffer 3 times. After
completely removing supernatant, the samples were boiled in 15 μl SDS-loading
buffer and analyzed on 10–20% SDS–PAGE gel. Bands were visualized with
Coomassie brilliant blue staining. Pull down assays were repeated three times. The
intensities of the visualized bands were measured with Fiji126. The intensities of all
histones in the CENP-A nucleosome were measured as the signals for the CENP-A
nucleosome and normalized by the intensities of GST-KNL2456–560. The intensity ratio
of the histones to GST-KNL2456–560 of each reaction was plotted in the bar graph. Data
are shown as mean ± SD of three independent assays.

Beads: glutathione Sepharose FF beads (Cytiva)

Pull-down buffer: 20 mM HEPES pH 7.5, 200 mM NaCl, 5% Glycerol, 2 mM TCEP,
1 mM EDTA, 0.1% CHAPS

Cryo-EM data collection

The CENP-C-like motif containing peptide(aa 517–560, KNL2517–560 peptide) derived
from KNL2 was commercially synthesized (Biologica Co. Ltd.) and dissolved in 10
mM Tris–HCl buffer (pH 7.5). In 250 μl binding buffer, the KNL2517–560 peptide and
CENP-A nucleosome were mixed at a 5:1 molar ratio. The mixture was concentrated
using an Amicon Ultra 0.5 ml filter unit (50 kDa molecular weight cut off, Merck).
The final concentration of the complex was approximately 11.2 μM. A 2.5 μl protein
solution of each complex was applied to grids and frozen in liquid ethane using a
Vitrobot IV (FEI, 4 ° C and 100% humidity). Data collection of each sample was
carried out on a CRYO ARM 300 equipped with a cold field-emission electron gun
operated at 300 kV, an Ω-type energy filter with a 20 eV slit width and a K3 Summit
direct electron detector camera. An automated data acquisition program, SerialEM127,
was used to collect cryoEM image data. Movie frames were recorded using the K3
Summit camera at a calibrated magnification of × 50,000 corresponding to a pixel
size of 0.98 Å with a setting defocus range from －1.0 to －2.5 μm. The data were
collected with a total exposure of 3 s fractionated into 40 frames, with a total dose of
~40 electrons Å-2 in counting mode. 9,450 movies were collected.

Binding buffer: 20 mM HEPES pH 7.5, 100 mM NaCl, 0.1% CHAPS, and 5 mM
TCEP

Grid: Quantifoil Cu R0.6/1.0 holey carbon grid

Equipment: Vitrobot IV; CRYO ARM 300 (JEOL, Japan); K3 Summit direct
electron detector camera (Gatan, USA)

Image processing and 3D reconstruction
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Motion correction was carried out by MotionCor2128 to align all CENP-A nucleosome
complex micrographs and the CTF parameters were estimated by Gctf129. All
CENP-A complexes were automatically selected by Auto-picking using the Laplacian
and Gaussian in RELION 3.1130, and they were extracted into a box of 192 × 192
pixels. 10,331,795 particles were selected after performing 2D classification by
RELION 3.1. An initial 3D structure was generated by de novo 3D initial model in
Relion 3.1 with C1 symmetry. An initial 3D classification into three classes with C1
symmetry resulted in one class (629,490 particles) that was used as further 3D
refinement, CTF refinement procedure and particles polishing. The map for a
well-defined nucleosome structure and the KNL2517–560 peptide at 3.36 Å resolution
was obtained after solvent mask post-processing. Further focused 3D classification
with a mask generated for the KNL2517 – 560 peptide resulted in one class (270, 464
particles). The map of the CENP-A nucleosome - KNL2517 – 560 peptide complex at
3.42 Å resolution was obtained after 3D refinement, particle polishing, CTF
refinement, and solvent mask postprocessing with C2 symmetry.

Software program: RELION 3.1

Model building

The crystal structure model of the nucleosome containing the chimeric H3/CENP-A
(PDB entry, 5Z23) and the cryo-EM structure of the CENP-C fragment in complex
with CENP-A nucleosome (PDB entry, 7BY0) were modified to generate an initial
model. Except for the canonical CENP-C motif region (aa 654–675), the model of
CENP-C was removed and the non-conserved residues were manually replaced by
alanine in program Coot131. The initial model was fit into the cryo-EM density of the
CENP-A nucleosome-KNL2517 – 560 peptide complex using UCSF Chimera132. The
model of the KNL2517–560 peptide manually replaced its sequence by that of chicken
KNL2 and modified using Coot. The model for the further region of KNL2 was
manually built. The model was subjected to real space refinement in PHENIX133.
Based on the EM map density, the complex model was iteratively modified in Coot
and refined in PHENIX. The final model coordinates and maps were deposited in the
protein data bank. The structural figures were produced using UCSF Chimera.

Software program: Coot; UCSF Chimera; PHENIX
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Chapter 4: A centromeric ggKNL2 localization mechanism

in interphase is different from that in mitotic cells

4.1 Results and discussion

Previous study reveals that ggKNL2 localizes to the centromeres throughout all the
cell cycle in chicken cells99. In the interphase, ggKNL2 localize to the centromere
region through direct binding to the CENP-A nucleosome together with other Mis18
complex components as a licensing factor for new CENP-A deposition. ggKNL2 is an
upstream factor for the new CENP-A recruitment in the interphase. Comparing the
cryo-EM structures between the CENP-A-KNL2 and CENP-A-CENP-C complexes in
chicken cells (Fig 24C), it is known that the CENP-C-like motif of ggKNL2 and the
CENP-C motif of ggCENP-C compete the same binding region on CENP-A
nucleosome91. The function and importance of KNL2 binding to the CENP-A
nucleosome in interphase were examined as demonstrated in Chapter 3 (Fig 26-28).
Therefore, the specific molecular mechanism of ggKNL2 binding in interphase is
clarified. However, in M phase, as proved in previous study, the CENP-A-KNL2
binding elements on the CENP-A nucleosome is occupied by CDK1 phosphorylated
protein CENP-C91,92. The unknown question is whether ggKNL2 localizes to
centromeres via CENP-A nucleosome interaction in the presence of ggCENP-C. To
answer this question, a cell biological experiment was designed by Dr. Tetsuya Hori to
express WT KNL2-GFP or each KNL2 mutant in the cKO-KNL2 DT40 cells to
observe the KNL2 localization. In interphase cells, WT KNL2 centromeric
localization was not influenced without the existence of CENP-C. However, for each
of the KNL2 mutants, centromeric mislocalization signals were observed (Fig 30),
which is consistent with the relevant findings of this study. Another phenomenon is
the reduction of CENP-A in each KNL2 mutant cell line (Fig 30) probably due to
defects of new CENP-A deposition and CENP-A stability. In addition, recent
cryo-EM data indicate that neither CENP-C nor CENP-N binds to CENP-A
nucleosome during the interphase in chicken DT40 cells74,134, indicating the
possibility that ggKNL2 binds to CENP-A nucleosomes instead of CENP-C and
CENP-N in interphase cells. However, in M phase, the centromere localization of
each KNL2 mutant was not affected by these mutations (Fig 30), suggesting that the
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localization of ggKNL2 at mitotic centromeres does not involve directly binding to
the CENP-A nucleosome.

Figure 30. ggKNL2 mutants for binding to the CENP-A nucleosome cause
CENP-A reduction at centromeres.

AID-based KNL2 knockout cells expressing GFP fused each KNL2 mutant and
SNAP-tagged CENP-A were used. After addition of IAA, SNAP-CENP-A signals
were visualized by TMR-Star staining. CENP-T was stained as a kinetochore marker.
Representative images were presented. Mitotic centromere localization of each KNL2
mutant was shown as a merged image (Insets): SNAP-CENP-A (red) and each KNL2

mutant (green). DNAwas stained with DAPI. Scale bar indicates 10 m.



71

Without directly binding to the CENP-A nucleosome, how does ggKNL2 localize to
mitotic centromeres? Although in interphase, ggKNL2 directly localizes to
centromeres without the existence of CENP-C, in some other species, this binding is
intermediated by the CENP-C protein101,108,135. An instructive example is that the
centromeric localization of KNL2 in Xenopus depends on CENP-C96. Reminding the
similar binding mechanism that ggKNL2 mitotic centromere localization might be
mediated by CENP-C. The ggKNL2 localization was analyzed by Dr. Reito Watanabe
in cells without CENP-C expression, with a CRISPR-based genome editing method
which introduced the mScarlet sequence into the C-terminal end of the endogenous
ggKNL2 gene alleles in the cKO-CENP-C cells92. Significantly, mitotic signals of
mScarlet-ggKNL2 drastically reduced due to the absence of CENP-C (Fig 31)，for
contrast, the interphase signal remained almost no difference, in line with previous
study116.

Figure 31. KNL2 (red) localization in CENP-C conditional knockout chicken
DT40 cells (cKO-CENP-C) with or without CENP-C expression.

DNA was stained with DAPI (blue). CENP-T was stained as a kinetochore marker
(light blue). Scale bar indicates 10 μm.

Therefore, a hypothesis model is the mitotic centromere is recognized by the CDK1
phosphorylated CENP-C, which was occupied on the interphase KNL2 binding sites
in CENP-A nucleosomes91,92. GST pull-down assay were performed to test this
hypothesis (Fig 32). Using GST-fused KNL2456-560 as a bait and the CENP-A
nucleosome as a prey in the absence or presence of phosphorylated or
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unphosphorylated ggCENP-C fragments containing the CENP-C motif
(ggCENP-C619-690). The band intensity of CENP-A nucleosome histones after pull
down indicates the competition ability between KNL2 and CENP-C fragments.
Comparing with the unphosphorylated CENPC619-690, the phosphorylated
CENP-C619-690 was competed more CENP-A nucleosome from the immobilized
GST-KNL2456-560(Fig 32), implying that the mitotic phosphorylated CENP-C619-690

prefers to bind to the CENP-A nucleosome.

Figure 32. Competitive pull-down assays for the CENP-A nucleosome binding of
ggKNL2 and ggCENP-C.
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A and B A complex of GST-KNL2456-560 with the CENP-A nucleosome was incubated
in the absence or presence of MBP-CENP-C619-690 or phosphorylated
MBP-CENP-C619-690 and pulled down by GST affinity. The concentration of
CENP-C619–690 was increased from 0 μM to1 μM (lanes 3–7).

C The ratio of band intensities of pull-downed histones (*) to GST-KNL2456 – 560 in
each lane (lanes 3–7) was estimated and presented in the bar graph. Data are mean
with standard deviations calculated from the technical replicates, n = 3.

Considering all the obtained results of molecular biology, cell biology and structural
biology, briefly, the cell cycle dependent centromeric KNL2 localization model is
mainly described as following (Fig 33). In interphase, ggKNL2 specifically binds to
the CENP-A nucleosome via the CENP-C-like motif which is critical for KNL2
function; however, the mitotic centromeric localization of ggKNL2 rely on
phosphorylated CENP-C but not on the CENP-A nucleosome (Fig 32). But it is still
unclear what is the regulation mechanism of KNL2 with binding partners throughout
the cell cycle, and whether the protein ggCNEP-C binds directly to ggKNL2 in
mitosis. Both the mechanism of KNL2 localization in mitotic centromeres and its
biological significance are intriguing.

Figure 33. A model of ggKNL2 localization dependency into centromeres in
interphase and mitotic cells.
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A ggKNL2 localizes at centromeres depending on the CENP-A nucleosome binding
in interphase cells.

B In mitotic cells, centromere localization of ggKNL2 is mediated via CENP-C, not
via CENP-A. CENP-C localizes at mitotic centromeres via the CENP-A nucleosome
interaction.



75

4.2 Materials and methods

Recombinant KNL2456-560 protein preparation

(Refer to recombinant protein above in Chapter 2 for more details)

Recombinant CENP-C619–690 protein preparation91

Recombinant expression plasmid: A cDNA fragment encoding shorter C-terminal
fragments of chicken CENP-C619-690 were inserted into a pMAL-c5X-TEV-His
plasmid (pMAL-c5X-TEV-CC619–690-His).

Plasmid: pMAL-c5X-TEV-His73

Tag: maltose-binding protein (MBP) tag (N-terminus); hexa-histidine tag
(C-terminus)

Expression: The ggCENP-C fragment (residues 619 – 690; CENP-C619 – 690) was
expressed in E. coli RosettaTM2 (DE3) as a MBP-fused recombinant protein. E. coli
cells were grown in LB at 37 °C until OD600 reached 0.6; protein expression was
induced by addition of IPTG to a final concentration of 0.2 mM, and culture was
continued at 17°C overnight.

Host cell: E. coli RosettaTM2 (DE3) (Novagen)

Media: LB-Lennox media

Temperature: 37°C for cell growth; 17°C for protein expression.

Recombinant CENP-C619–690 protein purification

Sample collection: Cells were harvested by centrifugation. The cell pellet was
resuspended in lysis buffer and lysed by sonication on ice.

Lysis buffer: 20 mM HEPES pH 7.5, 500 mM NaCl, 5% glycerol, and 2 mM TCEP
supplemented with protease inhibitor cocktail (Roche).

His affinity purification: The column was equilibrated with buffer, then apply the
supernatant of lysate into the column. The immobilized MBP-CENP-C619 – 690 was
eluted from the column with an imidazole gradient from 10 mM to 300 mM.
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Column: HisTrap column (Cytiva)

Elution buffer: 50 mM HEPES pH 7.5, 300 mM NaCl, 5% glycerol and 10 mM
reduced glutathione

ION exchange column chromatography purification: The eluted fractions are
applied to a HiTrap SP column. MBP-CENP-C619-690 was eluted with a linear NaCl
gradient from 200 to 750 mM. Peak fractions were combined, concentrated (typically
to 2–5 mg/ ml).

ION exchange column: HiTrap SP HP cation exchange column (Cytiva)

Size-exclusion column chromatography purification: Further, to purify the
MBP-CENP-C619–690 by size exclusion column with the buffer of 300 mM NaCl. Peak
fractions containing MBP-CENP-C619–690 were combined, concentrated (typically to 3
– 5 mg/ml), and stored at 80 ° C until further use for structural and biochemical
analyses.

Size-exclusion column: HiLoad 16/60 Superdex 200 pg column (Cytiva)

Buffer: 20 mM HEPES pH 7.5, 300 mM NaCl, 5% glycerol and 2 mM DTT.

Preparation of the phosphorylated CENP-C619–690 fragments

MBP-CENP-C619 – 690 phosphorylation92,136,137: MBP-gCENP-C619-690 was incubated
in the presence or absence of the active cyclin B–CDK1 (relative H1 kinase activity:
1.4 pmol P/min μl) in reaction buffer for 1 h at 25°C in vitro. To examine the
phosphorylated proteins, they were separated on SuperSep Ace, 5–20%, or
Phos-tag-5.0% SDS-PAGE (25 μM Phos-tag acrylamide and 50 μM MnCl2) and
stained with CBB stain one (ready to use; Nacalai Tesque). The reaction was
terminated by adding EDTA-NaOH, pH 8.0 (final concentration, 5 mM).

Reaction buffer: 10 mM Tris–HCl, pH 7.5, 2 mM MgCl2, 150 mM NaCl, 100 mM
ATP, and 1× complete EDTA-free proteinase inhibitor.

ION exchange column chromatography purification: After the reaction was
terminated by adding EDTA-NaOH, pH 8.0 (final concentration, 5 mM),
CDK-1treated samples were further purified using a cation exchange column. For
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cation exchange column chromatography, the CDK-1-treated sample was applied to
HiTrap SP column and eluted with a step-wise gradient of NaCl from 0 to 1,000 mM.
The purified samples were concentrated and kept at 80°C.

ION exchange column: HiTrap SP HP cation exchange column (Cytiva)

Buffer: 20 mM HEPES pH 7.5, 5% glycerol and 2 mM DTT, salt concentration
increased in steps of 50 mM from 0 to 1000 mM

Cell culture

Chicken DT40 cells were cultured in DMEM medium (Nacalai Tesque) at 38.5 °C
with 5% CO2. KNL2 conditional knockout cells99 were used for examination of
centromere localization GFP fused KNL2. Various KNL2 mutant DNAs were cloned
into a pEGFP-C3 vector, which were transfected into KNL2 knockout cells with Gene
Pulser II electroporator (BioRad). The transfected cells were selected in the medium
containing 2 mg/ml G418 (Santa Cruz Biotechnology). AID-based KNL2 conditional
knockout cell lines expressing the GFP-tagged wild-type KNL2 (KNL2WT-GFP) or
each KNL2 mutant (KNL2R527A-, KNL2F535A-, KNL2W536A-, KNL2D544A-GFP) were
established (Fig 30). First, the knockin construct with the HASNAP-CENP-A
expressing cassette was transfected for the beta-actin gene locus (beta-actin-KI) into
the AID-based KNL2 conditional knockout cells99 and selected in the medium
containing 25 μg/ml Mycophenolic acid (Wako) with 125 μg/ml Xanthine (SIGMA)
to isolate the AID-based KNL2 conditional knockout cells expressing
HA-SNAP-CENP-A (KNL2-AID [SNAPCA]). Then, the knockin constructs
containing each KNL2 mutant were transfected for the phosphoglycerate kinase 1
(PGK1) gene locus (PGK1-KI) into the KNL2-AID (SNAPCA) cells and selected in
the medium containing 2.5 mg/ml Hygromycin B (Wako) to isolate KNL2-AID
(SNAPCA) cells expressing each KNL2 mutant (KNL2mut-GFP_KNL2-AID
[SNAPCA]).

Vector：pEGFP-C3 vector (Clontech)

Medium: DMEM medium (Nacalaitesque): 10% fetal bovine serum (FBS; Sigma),
1% chicken serum (Gibco), 10 μM 2-mercaptoethanol, Penicillin/ Streptomycin (final:
100 unit/ml and 100 lg/ml, respectively) (Thermo Fisher)

Immunoblotting

Expression of each protein in culture cells was analyzed by immunoblotting. For
whole-cell samples, DT40 cells were harvested, washed with PBS, and suspended in 1
× Laemmli sample buffer (LSB; final 104 cells/ μ l), followed by sonication and
heating for 5 min at 96 ° C. Proteins were separated on SuperSep Ace, 5 – 20%
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(FUJIFILM WAKO Chemicals), and transferred to Immobilon-P (Merck) using
HorizeBLOT (ATTO). Both primary and secondary antibodies were used, to increase
sensitivity and specificity, Signal Enhancer Hikari (Nacalai Tesque) was used for all
antibodies. The antibodies were incubated with the blotted membranes for 1 h at room
temperature or for overnight at 4°C. Proteins reacting with antibodies were detected
with ECL Prime (Citiva) and visualized with ChemiDoc Touch (Bio-Rad). Acquired
images were processed using Image Lab 5.2.1 (Bio-Rad) and Photoshop CC (Adobe).

Primary antibodies: rabbit anti-KNL2; mouse anti-α-tubulin (Sigma)

Secondary antibodies: HRP-conjugated antirabbit IgG (Jackson ImmunoResearch);
HRP-conjugated anti-mouse IgG (Jackson ImmunoResearch)

Immunofluorescence and image acquisition

DT40 cells expressing various GFP fused KNL2 were centrifuged onto slide glasses
by the Cytospin3 centrifuge (Shandon), and fixed with 4% paraformaldehyde (PFA;
Thermo Fisher) in PBS for 10 min at room temperature. The fixed cells were
permeabilized in 0.5% NP-40 in PBS for 10 min at room temperature and incubated
with rabbit anti-CENP-T (1: 1,000)55 in 0.5% BSA in PBS for 1 h at 37 ° C as a
primary antibody. The reacted cells were washed with 0.5% BSA (Equitech-Bio Inc)
in PBS 3 times and were incubated with Cy3-conjugated mouse anti-rabbit IgG
(1:2,000; Jackson ImmunoResearch) in 0.5% BSA in PBS for 30 min at 37°C as a
secondary antibody. DNA was stained with 1 μ g/ml DAPI in PBS for 1 min and
mounted with VECTASHIELD mounting medium (Vector Laboratories).
Immunofluorescence images were acquired every 0.2 μm step of Z-slice (total 4–8 μ
m thick) as a Z-stack image using a Zyla 4.2 sCMOS camera (ANDOR) mounted on a
Nikon Eclipse Ti inverted microscope with an objective lens (Plan Apo lambda
100x/1.45 NA; Nikon) with a spinning disk confocal scanner unit (CSU-W1;
YOKOGAWA) controlled by NIS-elements (Nikon). The images in figures are the
maximum intensity projection of the Z-stack generated with NIS-elements and were
processed by Photoshop CC (Adobe).

Measurement for the CENP-A in the KNL2 mutant cells

To evaluate the CENP-A levels at the centromeres in wild-type or each KNL2 mutant
cell lines (KNL2WT-, KNL2R527A-, KNL2F535A-, KNL2W536A-,
KNL2D544A-GFP_KNL2-AID [SNAPCA]), IAA (final 500 μM) was added to culture
medium at time 0 and the SNAP-tagged CENP-A was labeled with TMR-Star (New
England Biolabs; final 3 μM) for 15 min at 0, 5, 24, and 48 h. The TMR-Star labeled
cells were fixed with 4% Paraformaldehyde (PFA; Thermo Fisher) in PBS for 5 min
and were permeabilized in 0.5% NP-40 in PBS for 5 min. Immunostaining was
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performed with rabbit anti-CENP-T (1:1000)55 as a primary antibody and with
Alexa647conjugated goat anti-rabbit IgG (1:1000; Jackson ImmunoResearch) as a
secondary antibody. Acquired images were processed and the signal intensities of
TMR-Star were measured as a CENP-A amount at the mitotic centromeres using the
Imaris software (Bitplane).
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